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Foreword

Medical imaging has revolutionized how we care for children and is the fastest growing area of
health care today. Every clinician, from generalist to sub-specialist, will order imaging tests on chil-
dren as he or she determines the course of action in caring for sick children. Given the high cost
of health care and the large number of uninsured children who lack access to care, we must opti-
mize how we use imaging to be more sophisticated and more prudent health care providers. Cur-
rent worldwide economic conditions will cause physicians everywhere to confront more limited
resources and weigh the costs and benefits of health care spending: “Medical technology (includ-
ing radiology) itself is not the problem. It is why, how and how often it is used and by whom
which creates the problem.”∗ This book is an important step forward toward optimizing the use
of imaging in children.

Most books and resources on imaging focus on how to interpret imaging and on the potential
benefits of the newest imaging technologies. Less attention has been given to determining when it
is appropriate to image, with what modality, and how to apply the results of imaging to clinical
care. This book fills that gap, by defining how imaging can most optimally be used to diagnose or
exclude the common conditions in children. Critically, the authors also provide a summary of the
supporting evidence and the limitations of today’s evidence-based literature.

Chapters 1 and 2 introduce the health care provider to the language, methods, and applications
of evidence-based medical care. These chapters describe the common research methods used to
study the role of imaging in medicine and reporting. From there, the chapters cover the most preva-
lent conditions and diseases affecting children in the developed nations, providing an evidence-
based summary of the role of imaging in infection, inflammation, congenital disorders, trauma,
neoplasm, in utero fetal assessment, and cardiovascular anomalies. Recognized leaders in radi-
ology who understand and use the evidence-based care approach have collaborated to make the
book both state of the art and readable for all physicians who care for children. Most of the indi-
vidual chapters have been written by pediatric radiologists in partnership with pediatricians and
other specialist physicians, providing both radiology and clinical perspectives.

Designed as a practical guide for use at the clinic or bedside rather than as a reference tome, the
book eloquently captures the nuances of medical practice today and empowers the reader to use
the current evidence behind medical imaging. It is a valuable book for all health care providers
who care for children, from pediatricians to emergency physicians to family practice clinicians and
radiologists.

∗Chisholm R. Guidelines for radiological investigations [editorial]. BMJ 1991; 303:797–780.
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viii Foreword

As can be gathered from the above statements, I have decided to include this book on my “must
haves” list and expect that readers will improve their skills as diagnosticians by incorporating the
approaches promoted by the authors.

Jay E. Berkelhamer, MD, FAAP
Past President, American Academy of Pediatrics



Foreword

I am honored to write this foreword on several counts. First, the idea of evidence-based imaging is
one in which I passionately believe. Our usual acceptance of anecdote and habit as a rationale for
clinical imaging decision making is fraught with hazard for both patients and our society. Second,
the editors and chapter authors have done an amazing job of putting forth an approach that is
philosophically sound—one in which I can believe. Third is the focus of the book. Because of our
somewhat belated concern over the long-term effects of increasingly prevalent diagnostic radia-
tion, children and adolescents have become a lightning rod for the potential hazards of marginal
and inappropriate imaging care. Finally, a book like this has even greater importance in the context
of our current times. As I write this foreword, the world is plunging deep into recession. People
are losing their jobs, and, with this, they are losing their health insurance. The new US President,
Barack Obama, ran on a platform of instituting universal health care in the United States. What
he has proposed is a very expensive plan. Where is the funding to come from? A major target,
according to the new administration, is to reduce the amount of care that does not contribute to
improving health. As we know, sometimes it can be difficult to distinguish beneficial from unnec-
essary or harmful imaging care. In this regard, this book provides us with a framework for more
cost-effective decision making and direction for determining the most appropriate imaging for
specific clinical presentations.

Such direction provides a “just in time” remedy for the ills that regulators and payers believe to
be rife in imaging. Relatively few radiologists seem consciously aware of why we are such targets
for payment reform, but perceptions that we are doing too little to reduce inappropriate imaging
are a major contributor. At the root of our problem is a lack of critical reading and thinking skills.
Because of how medical students and trainees are educated—with an emphasis on remembering
vast amounts of minutia—too few radiologists have learned to consider critically what they read or
hear in the lectures of our field’s eminences. Even in our most esteemed journals, literature reviews
tend to be exhaustive regurgitations of everything that has been written, without providing much
insight into which studies were performed more rigorously. Few take the time to consider what
information is unique to the institution generating the data and which is more generalizable to all
of our practices. The emphasis remains on reading shadows rather than on what might well be our
role in care coordination.

The aim of Evidence-Based Imaging in Pediatrics is nothing less than to begin to reverse these con-
ditions. The editors and chapter authors are well positioned to accomplish this end. They are the
anomalies in our field who have seen modern imaging practice and think we could do better. Read-
ing Evidence-Based Imaging in Pediatrics provides a window into how they think as they evaluate
the literature and arrive at their conclusions, which we can use as models for our own improve-
ment. Importantly, the editors have designed a uniform approach for each chapter and held the
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x Foreword

authors’ feet to the fire to adhere to it. As a result, we do not have to adapt to a different frame-
work as we move from gastrointestinal disease to musculoskeletal conditions to abnormalities of
the vascular system. The literature reviews that follow are selective and critical, rating the strength
of the literature to provide insight into the degree of confidence the reader might have in review-
ing the conclusions. At the end of each chapter, the authors present the imaging approaches best
supported by the evidence and what gaps exist that should give us pause for further consideration.

The outcome is a highly approachable text that suits the needs of both the busy practitioner
who wants a quick consultation on a patient with whom he or she is actively engaged and of the
radiologist who wishes a comprehensive, in-depth view of an important topic. Most importantly,
from my perspective, the book goes counter to the current trend of “dumbing down” radiology, a
trend so abhorrent in many modern textbooks. To the contrary, Evidence-Based Imaging in Pediatrics
is an intelligent effort that respects the reader’s potential to think for one’s self.

Bruce J. Hillman, MD
Theodore E. Keats Professor

Department of Radiology
The University of Virginia

Charlottesville, VA



Preface

“All is flux, nothing stays still.
Nothing endures but change.”

Heraclitus, 540–480 B.C.

Certainly, Heraclitus’ philosophy is apparent to those who care for children: we watch them grow
and change continually, and yet each child does so at different rates and in different ways. Med-
ical imaging has grown exponentially in the last three decades with the development of many
promising and often non-invasive diagnostic studies and therapeutic modalities. The correspond-
ing medical literature has also exploded in volume, leading to information overload for health
care providers. In addition, the literature varies in scientific rigor and clinical applicability, and
publications on the same topic may contradict each other. The purpose of this book is to employ
stringent evidence-based medical criteria in order to systematically review the evidence defining
the appropriate use of medical imaging in infants and children and to present to the reader a con-
cise summary of the best medical imaging choices for the care of infants and children.

The 41 chapters cover the most prevalent conditions and diseases that affect children in devel-
oped countries. Most of the chapters have been written by pediatric radiologists in close collabora-
tion with pediatric clinical physicians and surgeons in order to provide a balanced analysis of the
different medical topics and the role of imaging. We cannot answer all the questions we face in the
clinical care of children today—medical imaging is a delicate balance of science and art, often with-
out data for guidance—but we can empower the reader with the current evidence behind medical
imaging.

To make the book user friendly and to enable fast access to pertinent information, we have
organized all of the chapters in the same format. The chapters are framed around important and
provocative clinical questions relevant to the daily physician’s practice. A short listing of issues at
the beginning of each chapter helps three different tiers of users: (1) the busy physician search-
ing for a quick guidance, (2) the meticulous physician seeking deeper understanding, and (3)
the medical-imaging researcher requiring a comprehensive resource. Key points and summarized
answers to the important clinical issues are at the beginnings of the chapters, so the busy clinician
can understand the most important evidence-based imaging data in seconds. This fast bottom-line
information is also available in an electronic fully searchable format so that an expeditious search
can be done using a handheld device on the run or a computer at the medical office, hospital, or
at home. Each important question and summary is followed by a detailed discussion of the sup-
porting evidence so that the meticulous physician can have a clear understanding of the science
behind the evidence.
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xii Preface

In each chapter, the evidence discussed in the chapter is presented in Take Home Tables and
Figures, which provide an easy review in the form of summary tables and flow charts. The Imaging
Case Studies highlight the strengths and limitations of the different imaging studies with vivid
examples. Toward the ends of the chapters, the best imaging protocols are described to assure
that the imaging studies are well standardized and done with the highest available quality. The
final sections of the chapters are called Future Research; here, provocative questions are raised for
physicians and non-physicians interested in advancing medical imaging.

Not all research and not all evidences are created equal. Accordingly, throughout the book, we
use a four-level classification detailing the strength of the evidence and based on the Oxford Crite-
ria: Level I (strong evidence), Level II (moderate evidence), Level III (limited evidence), and Level
IV (insufficient evidence). The strength of the evidence is presented in parenthesis throughout the
chapters so the reader gets immediate feedback on the weight of the evidence behind each topic.

Finally, we had the privilege of working with a group of outstanding contributors from major
medical centers and universities in North America and Europe. We believe that the authors’ exper-
tise, breadth of knowledge, and thoroughness in writing different chapters provide a valuable
source of information and can guide decision making for physicians and patients. In addition to
guiding practice, the evidence summarized in the chapters may have policy-making and public
health implications. Finally, we hope that the book highlights key points and generates discussion,
promoting new ideas for future research.

L. Santiago Medina, MD, MPH
Kimberly E. Applegate, MD, MS
C. Craig Blackmore, MD, MPH
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Principles of Evidence-Based

Imaging
L. Santiago Medina, C. Craig Blackmore, and Kimberly E. Applegate

Medicine is a science of uncertainty and an art of probability.
Sir William Osler

IssuesI. What is evidence-based imaging?
II. The evidence-based imaging process

a. Formulating the clinical question
b. Identifying the medical literature
c. Assessing the literature

1. What are the types of clinical studies?
2. What is the diagnostic performance of a test: sensitivity, speci-

ficity, and receiver operating characteristic (ROC) curve?
3. What are cost-effectiveness and cost-utility studies?

d. Types of economic analyses in medicine
e. Summarizing the data
f. Applying the evidence

III. How to use this book

I. What Is Evidence-Based Imaging?

The standard medical education in Western
medicine has emphasized skills and knowl-
edge learned from experts, particularly those

L.S. Medina (�)
Co-Director Division of Neuroradiology and Brain Imaging, Director of the Health Outcomes, Policy,
and Economics (HOPE) Center, Department of Radiology, Miami Children’s Hospital, Miami, FL 33155, USA
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This chapter is based on a previous chapter titled “Principles of Evidence-Based Imaging” by LS Medina and
CC Blackmore that appeared in Evidence-Based Imaging: Optimizing Imaging in Patient Care edited by LS Medina
and CC Blackmore. New York: Springer Science+Business Media, 2006.

encountered in the course of postgraduate med-
ical education, and through national publica-
tions and meetings. This reliance on experts,
referred to by Dr. Paul Gerber of Dartmouth
Medical School as “eminence-based medicine”

3L.S. Medina et al. (eds.), Evidence-Based Imaging in Pediatrics,
DOI 10.1007/978-1-4419-0922-0_1, © Springer Science+Business Media, LLC 2010
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(1), is based on the construct that the individ-
ual practitioner, particularly a specialist devot-
ing extensive time to a given discipline, can
arrive at the best approach to a problem through
his or her experience. The practitioner builds
up an experience base over years and digests
information from national experts who have a
greater base of experience due to their focus in
a particular area. The evidence-based imaging
(EBI) paradigm, in contradistinction, is based
on the precept that a single practitioner can-
not through experience alone arrive at an unbi-
ased assessment of the best course of action.
Assessment of appropriate medical care should
instead be derived through evidence-based pro-
cess. The role of the practitioner, then, is not
simply to accept information from an expert,
but rather to assimilate and critically assess the
research evidence that exists in the literature to
guide a clinical decision (2–4).

Fundamental to the adoption of the prin-
ciples of EBI is the understanding that med-
ical care is not optimal. The life expectancy
at birth in the United States for males and
females in 2005 was 75 and 80 years, respec-
tively (Table 1.1). This is slightly lower than the
life expectancies in other industrialized nations
such as the United Kingdom and Australia
(Table 1.1). The United States spends at least
15.2% of the gross domestic product in order
to achieve this life expectancy. This is signifi-
cantly more than the United Kingdom and Aus-
tralia, which spend about half that (Table 1.1).
In addition, the U.S. per capita health expendi-
ture is $6096, which is twice the expenditures
in the United Kingdom or Australia. In con-
clusion, the United States spends significantly
more money and resources than other industri-
alized countries to achieve a similar outcome

in life expectancy. This implies that a signifi-
cant amount of resources is wasted in the U.S.
health care system. The United States in 2007
spent $2.3 trillion in health care. By 2016, the
U.S. health percent of the gross domestic prod-
uct is expected to grow to 20% or $4.2 tril-
lion (5). Recent estimates prepared by the Com-
monwealth Fund Commission (USA) on a High
Performance Health System indicate that $1.5
trillion could be saved over a 10-year period if
a combination of options, including evidence-
based medicine and universal health insurance,
was adopted (6).

Simultaneous with the increase in health
care costs has been an explosion in available
medical information. The National Library of
Medicine PubMed search engine now lists over
18 million citations. Practitioners cannot main-
tain familiarity with even a minute subset of
this literature without a method of filtering
out publications that lack appropriate method-
ological quality. Evidence-based imaging is a
promising method of identifying appropriate
information to guide practice and to improve
the efficiency and effectiveness of imaging.

Evidence-based imaging is defined as med-
ical decision making based on clinical inte-
gration of the best medical imaging research
evidence with the physician’s expertise and
with patient’s expectations (2–4). The best medi-
cal imaging research evidence often comes from
the basic sciences of medicine. In EBI, however,
the basic science knowledge has been translated
into patient-centered clinical research, which
determines the accuracy and role of diagnos-
tic and therapeutic imaging in patient care
(3). New evidence may make current diagnos-
tic tests obsolete and new ones more accu-
rate, less invasive, safer, and less costly (3).

Table 1.1. Life expectancy and health care spending in three developed countries
Life expectancy at birth (2005)
Male Female

Percentage of GDP in
health care (2003) (%)

Per capita health
expenditure (2007)

United States 753 803 15.2 $6,096
United Kingdom 774 814 7.8 $2,560
Australia 795 845 9.2 $3,123

GDP, gross domestic product.
Sources: Organization for Economic Cooperation and Development Health Data File 2002, www.oecd.org/els/health;
United Kingdom Office of National Statistics; Australian Bureau of Statistics; Per capita expenditures: Human Devel-
opment Report, 2007, United Nations, hdr.undp.org; Life expectancy: Kaiser Family Foundation web site with stated
source: WHO, World Health Statistics 2007, available at: http://www.who.int/whosis/en/.
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The physician’s expertise entails the ability
to use the referring physician’s clinical skills
and past experience to rapidly identify high-
risk individuals who will benefit from the
diagnostic information of an imaging test (4).
Patient’s expectations are important because
each individual has values and preferences that
should be integrated into the clinical decision
making in order to serve our patients’ best
interests (3). When these three components of
medicine come together, clinicians and imagers
form a diagnostic team, which will opti-
mize clinical outcomes and quality of life for
our patients.

II. The Evidence-Based Imaging
Process

The evidence-based imaging process involves
a series of steps: (A) formulation of the clin-
ical question, (B) identification of the medi-
cal literature, (C) assessment of the literature,
(D) summary of the evidence, and (E) appli-
cation of the evidence to derive an appro-
priate clinical action. This book is designed
to bring the EBI process to the clinician and
imager in a user-friendly way. This introduc-
tory chapter details each of the steps in the EBI
process. Chapter 2 discusses how to critically
assess the literature. The rest of the book makes
available to practitioners the EBI approach to
numerous key medical imaging issues. Each
chapter addresses common pediatric disorders
ranging from congenital anomalies to asthma
to appendicitis. Relevant clinical questions are
delineated, and then each chapter discusses the
results of the critical analysis of the identified
literature. The results of this analysis are pre-
sented with meta-analyses where appropriate.
Finally, we provide simple recommendations
for the various clinical questions, including the
strength of the evidence that supports these
recommendations.

A. Formulating the Clinical Question

The first step in the EBI process is formula-
tion of the clinical question. The entire process
of evidence-based imaging arises from a ques-
tion that is asked in the context of clinical prac-

tice. However, often formulating a question for
the EBI approach can be more challenging than
one would believe intuitively. To be approach-
able by the EBI format, a question must be spe-
cific to a clinical situation, a patient group, and
an outcome or action. For example, it would
not be appropriate to simply ask which imag-
ing technique is better—computed tomogra-
phy (CT) or radiography. The question must be
refined to include the particular patient popu-
lation and the action that the imaging will be
used to direct. One can refine the question to
include a particular population (which imag-
ing technique is better in pediatric victims of
high-energy blunt trauma) and to guide a par-
ticular action or decision (to exclude the pres-
ence of unstable cervical spine fracture). The
full EBI question then becomes, In pediatric vic-
tims of high-energy blunt trauma, which imag-
ing modality is preferred, CT or radiography,
to exclude the presence of unstable cervical
spine fracture? This book addresses questions
that commonly arise when employing an EBI
approach for the care of children and adoles-
cents. These questions and issues are detailed
at the start of each chapter.

B. Identifying the Medical Literature

The process of EBI requires timely access to the
relevant medical literature to answer the ques-
tion. Fortunately, massive on-line bibliograph-
ical references such as PubMed are available.
In general, titles, indexing terms, abstracts, and
often the complete text of much of the world’s
medical literature are available through these
on-line sources. Also, medical librarians are a
potential resource to aid identification of the rel-
evant imaging literature. A limitation of today’s
literature data sources is that often too much
information is available and too many potential
resources are identified in a literature search.
There are currently over 50 radiology journals,
and imaging research is also frequently pub-
lished in journals from other medical subspe-
cialties. We are often confronted with more
literature and information than we can process.
The greater challenge is to sift through the lit-
erature that is identified to select that which is
appropriate.
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C. Assessing the Literature

To incorporate evidence into practice, the clini-
cian must be able to understand the published
literature and to critically evaluate the strength
of the evidence. In this introductory chapter
on the process of EBI, we focus on discussing
types of research studies. Chapter 2 is a detailed
discussion of the issues in determining the
validity and reliability of the reported results.

1. What Are the Types of Clinical Studies?
An initial assessment of the literature begins
with determination of the type of clinical
study: descriptive, analytical, or experimental
(7). Descriptive studies are the most rudimen-
tary, as they only summarize disease processes
as seen by imaging, or discuss how an imaging
modality can be used to create images. Descrip-
tive studies include case reports and case series.
Although they may provide important informa-
tion that leads to further investigation, descrip-
tive studies are not usually the basis for EBI.

Analytic or observational studies include
cohort, case–control, and cross-sectional studies
(Table 1.2). Cohort studies are defined by risk
factor status, and case–control studies consist
of groups defined by disease status (8). Both
case–control and cohort studies may be used to
define the association between an intervention,
such as an imaging test, and patient outcome
(9). In a cross-sectional (prevalence) study, the
researcher makes all of his measurements on
a single occasion. The investigator draws a
sample from the population (i.e., asthma in

Table 1.2. Study design

Prospective
follow-up

Randomization
of subjects Controls

Case report
or series

No No No

Cross-
sectional
study

No No Yes

Case–control
study

No No Yes

Cohort study Yes/no No Yes
Randomized

controlled
trial

Yes Yes Yes

Reprinted with the kind permission of Springer Sci-
ence+Business Media from by Medina and Blackmore (40).

5- to 15-year-olds) and determines distribution
of variables within that sample (7). The struc-
ture of a cross-sectional study is similar to that
of a cohort study except that all pertinent mea-
surements (i.e., PFTs) are made at once, without
a follow-up period. Cross-sectional studies
can be used as a major source for health and
habits of different populations and countries,
providing estimates of such parameters as the
prevalence of asthma, obesity, and congenital
anomalies (7, 10).

In experimental studies or clinical trials, a spe-
cific intervention is performed and the effect of
the intervention is measured by using a con-
trol group (Table 1.2). The control group may
be tested with a different diagnostic test and
treated with a placebo or an alternative mode of
therapy (7, 11). Clinical trials are epidemiologic
designs that can provide data of high quality
that resemble the controlled experiments done
by basic science investigators (8). For example,
clinical trials may be used to assess new diag-
nostic tests (e.g., high-resolution CT for cystic
fibrosis) or new interventional procedures (e.g.,
stenting for coronary artery anomalies).

Studies are also traditionally divided into ret-
rospective and prospective (Table 1.2) (7, 11).
These terms refer more to the way the data
are gathered than to the specific type of study
design. In retrospective studies, the events of
interest have occurred before study onset. Ret-
rospective studies are usually done to assess
rare disorders, for pilot studies, and when
prospective investigations are not possible. If
the disease process is considered rare, ret-
rospective studies facilitate the collection of
enough subjects to have meaningful data. For a
pilot project, retrospective studies facilitate the
collection of preliminary data that can be used
to improve the study design in future prospec-
tive studies. The major drawback of a retro-
spective study is incomplete data acquisition
(10). Case–control studies are usually retrospec-
tive. For example, in a case–control study, sub-
jects in the case group (patients with perforated
appendicitis) are compared with subjects in a
control group (nonperforated appendicitis) to
determine factors associated with perforation
(e.g., duration of symptoms, presence of appen-
dicolith, size of appendix) (10).

In prospective studies, the event of interest
transpires after study onset. Prospective stud-
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ies, therefore, are the preferred mode of study
design, as they facilitate better control of the
design and the quality of the data acquired
(7). Prospective studies, even large studies, can
be performed efficiently and in a timely fash-
ion if done on common diseases at major insti-
tutions, as multicenter trials with adequate
study populations (12). The major drawback
of a prospective study is the need to make
sure that the institution and personnel comply
with strict rules concerning consents, protocols,
and data acquisition (11). Persistence, to the
point of irritation, is crucial to completing a
prospective study. Cohort studies and clinical
trials are usually prospective. For example, a
cohort study could be performed in children
with splenic injury in which the risk factor of
presence of arterial blush is correlated with the
outcome of failure of nonmedical management,
as the patients are followed prospectively over
time (10).

The strongest study design is the prospec-
tive randomized, blinded clinical trial (Table
1.2) (7). The randomization process helps to dis-
tribute known and unknown confounding fac-
tors, and blinding helps to prevent observer
bias from affecting the results (7, 8). However,
there are often circumstances in which it is not
ethical or practical to randomize and follow
patients prospectively. This is particularly true
in rare conditions, and in studies to determine
causes or predictors of a particular condition
(9). Finally, randomized clinical trials are expen-
sive and may require many years of follow-
up. Not surprisingly, randomized clinical trials
are uncommon in radiology. The evidence that
supports much of radiology practice is derived
from cohort and other observational studies.
More randomized clinical trials are necessary in
radiology to provide sound data to use for EBI
practice (3).

2. What Is the Diagnostic Performance of a Test:
Sensitivity, Specificity, and Receiver Operating
Characteristic (ROC) Curve?
Defining the presence or absence of an outcome
(i.e., disease and nondisease) is based on a stan-
dard of reference (Table 1.3). While a perfect
standard of reference or so-called gold stan-
dard can never be obtained, careful attention
should be paid to the selection of the standard

Table 1.3. Two-way table of diagnostic testing
Disease (gold standard)

Test
result Present Absent

Positive a (TP) b (FP)
Negative c (FN) d (TN)

FN, false negative; FP, false positive; TN, true negative; TP,
true positive.
Reprinted with the kind permission of Springer Sci-
ence+Business Media from by Medina and Blackmore (40).

that should be widely believed to offer the best
approximation to the truth (13).

In evaluating diagnostic tests, we rely on the
statistical calculations of sensitivity and speci-
ficity (see Appendix 1). Sensitivity and speci-
ficity of a diagnostic test are based on the
two-way (2 × 2) table (Table 1.3). Sensitivity
refers to the proportion of subjects with the dis-
ease who have a positive test and is referred to
as the true positive rate (Fig. 1.1). Sensitivity,
therefore, indicates how well a test identifies the
subjects with disease (7, 14).

Specificity is defined as the proportion of sub-
jects without the disease who have a negative
index test (Fig. 1.1) and is referred to as the
true negative rate. Specificity, therefore, indi-
cates how well a test identifies the subjects with
no disease (7, 11). It is important to note that the
sensitivity and specificity are characteristics of
the test being evaluated and are therefore usu-
ally independent of the prevalence (proportion
of individuals in a population who have dis-
ease at a specific instant) because the sensitivity
only deals with the diseased subjects, whereas
the specificity only deals with the nondiseased
subjects. However, sensitivity and specificity
both depend on a threshold point for consid-
ering a test positive and hence may change
according to which threshold is selected in the
study (11, 14, 15) (Fig. 1.1A). Excellent diag-
nostic tests have high values (close to 1.0) for
both sensitivity and specificity. Given exactly
the same diagnostic test, and exactly the same
subjects confirmed with the same reference test,
the sensitivity with a low threshold is greater
than the sensitivity with a high threshold. Con-
versely, the specificity with a low threshold is
less than the specificity with a high threshold
(Fig. 1.1B) (14, 15).
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Figure 1.1. Test with a low (A) and high (B)
threshold. The sensitivity and specificity of a
test change according to the threshold selected;
hence, these diagnostic performance parameters are
threshold dependent. Sensitivity with low thresh-
old (TPa/diseased patients) is greater than sensitiv-
ity with a higher threshold (TPb/dis-eased patients).
Specificity with a low threshold (TNa/nondiseased
patients) is less than specificity with a high thresh-
old (TNb/nondiseased patients). FN, false negative;
FP, false positive; TN, true negative; TP, true positive.
(Reprinted with permission of the American Society
of Neuroradiology from Medina (11).)

The effect of threshold on the ability of a test
to discriminate between disease and nondis-
ease can be measured by a receiver operat-
ing characteristic (ROC) curve (11, 15). The
ROC curve is used to indicate the trade-offs
between sensitivity and specificity for a par-
ticular diagnostic test and hence describes the
discrimination capacity of that test. An ROC
graph shows the relationship between sensitiv-
ity (y-axis) and 1–specificity (x-axis) plotted for
various cutoff points. If the threshold for sensi-
tivity and specificity are varied, an ROC curve
can be generated. The diagnostic performance
of a test can be estimated by the area under
the ROC curve. The steeper the ROC curve,
the greater the area and the better the discrim-
ination of the test (Fig. 1.2). A test with per-
fect discrimination has an area of 1.0, whereas
a test with only random discrimination has
an area of 0.5 (Fig. 1.2). The area under the

Figure 1.2. The perfect test (A) has an area under
the curve (AUC) of 1. The useless test (B) has an
AUC of 0.5. The typical test (C) has an AUC between
0.5 and 1. The greater the AUC (i.e., excellent >
good > poor), the better the diagnostic performance.
(Reprinted with permission of the American Society
of Neuroradiology from Medina (11).)
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ROC curve usually determines the overall diag-
nostic performance of the test independent of
the threshold selected (11, 15). The ROC curve
is threshold independent because it is gener-
ated by using varied thresholds of sensitivity
and specificity. Therefore, when evaluating a
new imaging test, in addition to the sensitivity
and specificity, an ROC curve analysis should
be done so that the threshold-dependent and
threshold-independent diagnostic performance
can be fully determined (10).

3. What Are Cost-Effectiveness and Cost-Utility
Studies?
Cost-effectiveness analysis (CEA) is an objec-
tive scientific technique used to assess alter-
native health care strategies on both cost and
effectiveness (16–18). It can be used to develop
clinical and imaging practice guidelines and
to set health policy (19). However, it is not
designed to be the final answer to the decision-
making process; rather, it provides a detailed
analysis of the cost and outcome variables and
how they are affected by competing medical
and diagnostic choices.

Health dollars are limited regardless of the
country’s economic status. Hence, medical deci-
sion makers must weigh the benefits of a diag-
nostic test (or any intervention) in relation to
its cost. Health care resources should be allo-
cated so the maximum health care benefit for
the entire population is achieved (10). Cost-
effectiveness analysis is an important tool to
address health cost-outcome issues in a cost-
conscious society. Countries such as Australia
usually require robust CEA before drugs are
approved for national use (10).

Unfortunately, the term cost-effectiveness is
often misused in the medical literature (20). To
say that a diagnostic test is truly cost-effective, a
comprehensive analysis of the entire short- and
long-term outcomes and costs needs to be con-
sidered. Cost-effectiveness analysis is an objec-
tive technique used to determine which of the
available tests or treatments are worth the addi-
tional costs (21).

There are established guidelines for con-
ducting robust CEA. The U.S. Public Health
Service formed a panel of experts on cost-
effectiveness in health and medicine to create
detailed standards for cost-effectiveness anal-

ysis. The panel’s recommendations were pub-
lished as a book in 1996 (21).

D. Types of Economic Analyses in Medicine

There are four well-defined types of economic
evaluations in medicine: cost-minimization
studies, cost–benefit analyses, cost-effectiveness
analyses, and cost-utility analyses. They are
all commonly lumped under the term cost-
effectiveness analysis. However, significant differ-
ences exist among these different studies.

Cost-minimization analysis is a comparison of
the cost of different health care strategies that
are assumed to have identical or similar effec-
tiveness (16). In medical practice, few diagnos-
tic tests or treatments have identical or simi-
lar effectiveness. Therefore, relatively few arti-
cles have been published in the literature with
this type of study design (22). For example, a
recent study demonstrated that functional mag-
netic resonance imaging (MRI) and the Wada
test have similar effectiveness for language lat-
eralization, but the later is 3.7 times more costly
than the former (23).

Cost–benefit analysis (CBA) uses monetary
units such as dollars or euros to compare the
costs of a health intervention with its health
benefits (16). It converts all benefits to a cost
equivalent and is commonly used in the finan-
cial world where the cost and benefits of multi-
ple industries can be changed to only monetary
values. One method of converting health out-
comes into dollars is through a contingent val-
uation or willingness-to-pay approach. Using
this technique, subjects are asked how much
money they would be willing to spend to
obtain, or avoid, a health outcome. For exam-
ple, a study by Appel et al. (24) found that indi-
viduals would be willing to pay $50 for low
osmolar contrast agents to decrease the proba-
bility of side effects from intravenous contrast.
However, in general, health outcomes and ben-
efits are difficult to transform to monetary units;
hence, CBA has had limited acceptance and use
in medicine and diagnostic imaging (16, 25).

Cost-effectiveness analysis (CEA) refers to anal-
yses that study both the effectiveness and cost
of competing diagnostic or treatment strate-
gies, where effectiveness is an objective mea-
sure (e.g., intermediate outcome: number of
strokes detected; or long-term outcome: life-
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years saved). Radiology CEAs often use inter-
mediate outcomes, such as lesion identified,
length of stay, and number of avoidable surg-
eries (16, 18). However, ideally, long-term out-
comes such as life-years saved (LYS) should be
used (21). By using LYS, different health care
fields or interventions can be compared.

Cost-utility analysis is similar to CEA except
that the effectiveness also accounts for qual-
ity of life issues. Quality of life is measured as
utilities that are based on patient preferences
(16). The most commonly used utility measure-
ment is the quality-adjusted life year (QALY).
The rationale behind this concept is that the
QALY of excellent health is more desirable than
the same 1 year with substantial morbidity. The
QALY model uses preferences with weight for
each health state on a scale from 0 to 1, where
0 is death and 1 is perfect health. The utility
score for each health state is multiplied by the
length of time the patient spends in that spe-
cific health state (16, 26). For example, let us
assume that a patient with a congenital heart
anomaly has a utility of 0.8 and he spends 1 year
in this health state. The patient with the cardiac
anomaly would have a 0.8 QALY in comparison
with his neighbor who has a perfect health and
hence a 1 QALY.

Cost-utility analysis incorporates the patient’s
subjective value of the risk, discomfort, and
pain into the effectiveness measurements of the
different diagnostic or therapeutic alternatives.
In the end, all medical decisions should reflect
the patient’s values and priorities (26). That is
the explanation of why cost-utility analysis is
becoming the preferred method for evaluation
of economic issues in health (19, 21). For exam-
ple, in low-risk newborns with intergluteal
dimple suspected of having occult spinal dys-
raphism, ultrasound was the most effective
strategy with an incremented cost-effectiveness
ratio of $55,100 per QALY. In intermediate-
risk newborns with low anorectal malforma-
tion, however, MRI was more effective than
ultrasound at an incremental cost-effectiveness
of $1000 per QALY (27).

Assessment of Outcomes: The major challenge
to cost-utility analysis is the quantification of
health or quality of life. One way to quan-
tify health is descriptively. By assessing what
patients can and cannot do, how they feel, their

mental state, their functional independence,
their freedom from pain, and any number of
other facets of health and well-being that are
referred to as domains, one can summarize their
overall health status. Instruments designed to
measure these domains are called health status
instruments. A large number of health sta-
tus instruments exist, both general instruments,
such as the SF-36 (28), and instruments that are
specific to particular disease states, such as the
Roland scale for back pain. These various scales
enable the quantification of health benefit. For
example, Jarvik et al. (29) found no significant
difference in the Roland score between patients
randomized to MRI versus radiography for low
back pain, suggesting that MRI was not worth
the additional cost. There are additional issues
in applying such tools to children, as they may
be too young to understand the questions being
asked. Parents can sometimes be used as sur-
rogates, but parents may have different values
and may not understand the health condition
from the perspective of the child.

Assessment of Cost: All forms of economic analy-
sis require assessment of cost. However, assess-
ment of cost in medical care can be confusing,
as the term cost is used to refer to many dif-
ferent things. The use of charges for any sort
of cost estimation, however, is inappropriate.
Charges are arbitrary and have no meaning-
ful use. Reimbursements, derived from Medi-
care and other fee schedules, are useful as an
estimation of the amounts society pays for par-
ticular health care interventions. For an anal-
ysis taken from the societal perspective, such
reimbursements may be most appropriate. For
analyses from the institutional perspective or
in situations where there are no meaningful
Medicare reimbursements, assessment of actual
direct and overhead costs may be appropri-
ate (30).

Direct cost assessment centers on the determi-
nation of the resources that are consumed in the
process of performing a given imaging study,
including fixed costs such as equipment and vari-
able costs such as labor and supplies. Cost analy-
sis often utilizes activity-based costing and time
motion studies to determine the resources con-
sumed for a single intervention in the context of
the complex health care delivery system. Over-
head, or indirect cost, assessment includes the
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costs of buildings, overall administration, taxes,
and maintenance that cannot be easily assigned
to one particular imaging study. Institutional
cost accounting systems may be used to deter-
mine both the direct costs of an imaging study
and the amount of institutional overhead costs
that should be apportioned to that particular
test. For example, Medina et al. (31) in a vesi-
coureteral reflux imaging study in children with
urinary tract infection found a significant differ-
ence (p <0.0001) between the mean total direct
cost of voiding cystourethrography ($112.7 ±
$10.33) and radionuclide cystography ($64.58 ±
$1.91).

E. Summarizing the Data

The results of the EBI process are a summary
of the literature on the topic, both quantitative
and qualitative. Quantitative analysis involves, at
minimum, a descriptive summary of the data
and may include formal meta-analysis where
there is sufficient reliably acquired data. Qual-
itative analysis requires an understanding of
error, bias, and the subtleties of experimental
design that can affect the reliability of study
results. Qualitative assessment of the literature
is covered in detail in Chapter 2; this section
focuses on meta-analysis and the quantitative
summary of data.

The goal of the EBI process is to produce a
single summary of all of the data on a partic-
ular clinically relevant question. However, the
underlying investigations on a particular topic
may be too dissimilar in methods or study pop-
ulations to allow for a simple summary. In such
cases, the user of the EBI approach may have to
rely on the single study that most closely resem-
bles the clinical subjects upon whom the results
are to be applied or may be able only to reliably
estimate a range of possible values for the data.

Often, there is abundant information avail-
able to answer an EBI question. Multiple studies
may be identified that provide methodologi-
cally sound data. Therefore, some method must
be used to combine the results of these stud-
ies in a summary statement. Meta-analysis is the
method of combining results of multiple stud-
ies in a statistically valid manner to determine a
summary measure of accuracy or effectiveness
(32, 33). For diagnostic studies, the summary

estimate is generally a summary sensitivity and
specificity, or a summary ROC curve.

The process of performing meta-analysis par-
allels that of performing primary research.
However, instead of individual subjects, the
meta-analysis is based on individual studies of
a particular question. The process of selecting
the studies for a meta-analysis is as important
as unbiased selection of subjects for a primary
investigation. Identification of studies for meta-
analysis employs the same type of process as
that for EBI described above, employing Med-
line and other literature search engines. Critical
information from each of the selected studies
is then abstracted usually by more than one
investigator. For a meta-analysis of a diagnostic
accuracy study, the numbers of true positives,
false positives, true negatives, and false nega-
tives would be determined for each of the eligi-
ble research publications. The results of a meta-
analysis are derived not just by simply pooling
the results of the individual studies, but instead
by considering each individual study as a data
point and determining a summary estimate for
accuracy based on each of these individual
investigations. There are sophisticated statisti-
cal methods of combining such results (34).

Like all research, the value of a meta-analysis
is directly dependent on the validity of each
of the data points. In other words, the qual-
ity of the meta-analysis can only be as good
as the quality of the research studies that the
meta-analysis summarizes. In general, meta-
analysis cannot compensate for selection and
other biases in primary data. If the studies
included in a meta-analysis are different in
some way, or are subject to some bias, then the
results may be too heterogeneous to combine
in a single summary measure. Exploration for
such heterogeneity is an important component
of meta-analysis.

The ideal for EBI is that all practice be based
on the information from one or more well-
performed meta-analyses. However, there is
often too little data or too much heterogeneity
to support formal meta-analysis.

F. Applying the Evidence

The final step in the EBI process is to apply
the summary results of the medical literature to
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the EBI question. Sometimes the answer to an
EBI question is a simple yes or no, as for this
question: Does a normal clinical exam exclude
unstable cervical spine fracture in patients with
minor trauma? Commonly, the answers to EBI
questions are expressed as some measure of
accuracy. For example, how good is CT for
detecting appendicitis? The answer is that CT
has an approximate sensitivity of 94% and
specificity of 95% (35). However, to guide prac-
tice, EBI must be able to answer questions
that go beyond simple accuracy, for example,
Should CT scan then be used for appendicitis?
To answer this question it is useful to divide
the types of literature studies into a hierarchi-
cal framework (36) (Table 1.4). At the founda-
tion in this hierarchy is assessment of technical
efficacy: studies that are designed to determine
if a particular proposed imaging method or
application has the underlying ability to pro-
duce an image that contains useful informa-
tion. Information for technical efficacy would
include signal-to-noise ratios, image resolution,
and freedom from artifacts. The second step in
this hierarchy is to determine if the image pre-
dicts the truth. This is the accuracy of an imaging
study and is generally studied by comparing
the test results to a reference standard and

Table 1.4. Imaging effectiveness hierarchy

Technical efficacy: production of an image or
information

Measures: signal-to-noise ratio, resolution,
absence of artifacts

Accuracy efficacy: ability of test to differentiate
between disease and nondisease

Measures: sensitivity, specificity, receiver
operator characteristic curves

Diagnostic-thinking efficacy: impact of test on
likelihood of diagnosis in a patient

Measures: pre- and posttest probability,
diagnostic certainty

Treatment efficacy: potential of test to change
therapy for a patient

Measures: treatment plan, operative or medical
treatment frequency

Outcome efficacy: effect of use of test on patient
health

Measures: mortality, quality-adjusted life years,
health status

Societal efficacy: appropriateness of test from
perspective of society

Measures: cost-effectiveness analysis,
cost-utility analysis

Adapted with permission from Fryback and Thornbury (36).

defining the sensitivity and the specificity of the
imaging test. The third step is to incorporate
the physician into the evaluation of the imaging
intervention by evaluating the effect of the use
of the particular imaging intervention on physi-
cian certainty of a given diagnosis (physician
decision making) and on the actual manage-
ment of the patient (therapeutic efficacy). Finally,
to be of value to the patient, an imaging proce-
dure must not only affect management but also
improve outcome. Patient outcome efficacy is the
determination of the effect of a given imaging
intervention on the length and quality of life of
a patient. A final efficacy level is that of society,
which examines the question of not simply the
health of a single patient, but that of the health
of society as a whole, encompassing the effect of
a given intervention on all patients and includ-
ing the concepts of cost and cost-effectiveness (36).

Some additional research studies in imaging,
such as clinical prediction rules, do not fit read-
ily into this hierarchy. Clinical prediction rules are
used to define a population in whom imaging
is appropriate or can safely be avoided. Clini-
cal prediction rules can also be used in combi-
nation with CEA as a way of deciding between
competing imaging strategies (37).

Ideally, information would be available to
address the effectiveness of a diagnostic test on
all levels of the hierarchy. Commonly in imag-
ing, however, the only reliable information that
is available is that of diagnostic accuracy. It is
incumbent upon the user of the imaging liter-
ature to determine if a test with a given sen-
sitivity and specificity is appropriate for use
in a given clinical situation. To address this
issue, the concept of Bayes’ theorem is criti-
cal. Bayes’ theorem is based on the concept
that the value of the diagnostic tests depends
not only on the characteristics of the test (sen-
sitivity and specificity) but also on the preva-
lence (pretest probability) of the disease in the
test population. As the prevalence of a specific
disease decreases, it becomes less likely that
someone with a positive test will actually have
the disease, and more likely that the positive
test result is a false positive. The relationship
between the sensitivity and specificity of the
test and the prevalence (pretest probability) can
be expressed through the use of Bayes’ theo-
rem (see Appendix 2) (11, 14) and the likeli-
hood ratio. The positive likelihood ratio (PLR)
estimates the likelihood that a positive test
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result will raise or lower the pretest probabil-
ity, resulting in estimation of the posttest proba-
bility [where PLR = sensitivity/(1–specificity)].
The negative likelihood ratio (NLR) estimates
the likelihood that a negative test result will
raise or lower the pretest probability, result-
ing in estimation of the posttest probability
[where NLR = (1–sensitivity)/specificity] (38).
The likelihood ratio (LR) is not a probability
but a ratio of probabilities and as such is not
intuitively interpretable. The positive predictive
value (PPV) refers to the probability that a per-
son with a positive test result actually has the
disease. The negative predictive value (NPV)
is the probability that a person with a nega-
tive test result does not have the disease. Since
the predictive value is determined once the test
results are known (i.e., sensitivity and speci-
ficity), it actually represents a posttest probabil-
ity; hence, the posttest probability is determined
by both the prevalence (pretest probability) and
the test information (i.e., sensitivity and speci-
ficity). Thus, the predictive values are affected
by the prevalence of disease in the study
population.

A practical understanding of this concept is
shown in Examples 1 and 2 in Appendix 2. The
example shows an increase in the PPV from 0.67
to 0.98 when the prevalence of carotid artery
disease is increased from 0.16 to 0.82. Note
that the sensitivity and specificity of 0.83 and
0.92, respectively, remain unchanged. If the test
information is kept constant (same sensitivity
and specificity), the pretest probability (preva-
lence) affects the posttest probability (predictive
value) results.

The concept of diagnostic performance dis-
cussed above can be summarized by incorpo-
rating the data from Appendix 2 into a nomo-
gram for interpreting diagnostic test results
(Fig. 1.3). For example, two patients present to
the emergency department complaining of left-
sided weakness. The treating physician wants
to determine if they have a stroke from carotid
artery disease. The first patient is an 8-year-
old boy complaining of chronic left-sided weak-
ness. Because of the patient’s young age and
chronic history, he was determined clinically
to be in a low-risk category for carotid artery
disease-induced stroke and hence with a low
pretest probability of 0.05 (5%). Conversely, the
second patient is 65 years old and is complain-
ing of acute onset of severe left-sided weak-

Figure 1.3. Bayes’ theorem nomogram for determin-
ing posttest probability of disease using the pretest
probability of disease and the likelihood ratio from
the imaging test. Clinical and imaging guidelines
are aimed at increasing the pretest probability and
likelihood ratio, respectively. Worked example is
explained in the text. (Reprinted with permission
from Medina et al. (10).)

ness. Because of the patient’s older age and
acute history, he was determined clinically to
be in a high-risk category for carotid artery
disease-induced stroke and hence with a high
pretest probability of 0.70 (70%). The avail-
able diagnostic imaging test was unenhanced
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head and neck CT followed by CT angiog-
raphy. According to the radiologist’s avail-
able literature, the sensitivity and specificity of
these tests for carotid artery disease and stroke
were each 0.90. The positive likelihood ratio
(sensitivity/1–specificity) calculation derived
by the radiologist was 0.90/(1–0.90)=9. The
posttest probability for the 8-year-old patient
is therefore 30% based on a pretest probabil-
ity of 0.05 and a likelihood ratio of 9 (Fig. 1.3,
dashed line A). Conversely, the posttest proba-
bility for the 65-year-old patient is greater than
0.95 based on a pretest probability of 0.70 and
a positive likelihood ratio of 9 (Fig. 1.3, dashed
line B). Clinicians and radiologists can use this
scale to understand the probability of disease
in different risk groups and for imaging stud-
ies with different diagnostic performance. This
example also highlights one of the difficulties in
extrapolating adult data to the care of children
as the results of a diagnostic test may have very
different meaning in terms of posttest probabil-
ity of disease in lower prevalence of many con-
ditions in children.

Jaeschke et al. (38) have proposed a rule of
thumb regarding the interpretation of the LR.
For PLR, tests with values greater than 10 have
a large difference between pretest and posttest
probability with conclusive diagnostic impact;
values of 5–10 have a moderate difference in test
probabilities and moderate diagnostic impact;
values of 2–5 have a small difference in test
probabilities and sometimes an important diag-
nostic impact; and values less than 2 have a
small difference in test probabilities and seldom
have important diagnostic impact. For NLR,
tests with values less than 0.1 have a large dif-
ference between pretest and posttest probabil-
ity with conclusive diagnostic impact; values of
0.1 and less than 0.2 have a moderate differ-
ence in test probabilities and moderate diagnos-
tic impact; values of 0.2 and less than 0.5 have a
small difference in test probabilities and some-
times an important diagnostic impact; and val-
ues of 0.5–1 have small difference in test prob-
abilities and seldom have important diagnostic
impact.

The role of the clinical guidelines is to
increase the pretest probability by adequately
distinguishing low-risk from high-risk groups.
The role of imaging guidelines is to increase
the likelihood ratio by recommending the diag-

nostic test with the highest sensitivity and
specificity. Comprehensive use of clinical and
imaging guidelines will improve the posttest
probability, hence increasing the diagnostic out-
come (10).

III. How to Use This Book

As these examples illustrate, the EBI process can
be lengthy (39). The literature is overwhelming
in scope and somewhat frustrating in method-
ologic quality. The process of summarizing data
can be challenging to the clinician not skilled
in meta-analysis. The time demands on busy
practitioners can limit their appropriate use of
the EBI approach. This book can obviate these
challenges in the use of EBI and make the EBI
accessible to all imagers and users of medical
imaging.

This book is organized by major diseases and
injuries. In the table of contents within each
chapter, you will find a series of EBI issues
provided as clinically relevant questions. Read-
ers can quickly find the relevant clinical ques-
tion and receive guidance as to the appropri-
ate recommendation based on the literature.
Where appropriate, these questions are further
broken down by age, gender, or other clini-
cally important circumstances. Following the
chapter’s table of contents is a summary of the
key points determined from the critical litera-
ture review that forms the basis of EBI. Sec-
tions on pathophysiology, epidemiology, and
cost are next, followed by the goals of imag-
ing and the search methodology. The chapter
is then broken down into the clinical issues.
Discussion of each issue begins with a brief
summary of the literature, including a quan-
tification of the strength of the evidence, and
then continues with detailed examination of the
supporting evidence. At the end of the chap-
ter, the reader will find the take-home tables
and imaging case studies, which highlight key
imaging recommendations and their support-
ing evidence. Finally, questions are included
where further research is necessary to under-
stand the role of imaging for each of the topics
discussed.

Acknowledgment: We appreciate the contribu-
tion of Ruth Carlos, MD, MS, to the discussion
of likelihood ratios in this chapter.
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IV. Take-Home Appendix 1:
Equations

Test result Present Outcome Absent
Positive a (TP) b (FP)
Negative c (FN) d (TN)

a. Sensitivity a/(a + c)
b. Specificity d/(b + d)
c. Prevalence (a + c)/(a + b + c + d)
d. Accuracy (a + d)/(a + b + c + d)
e. Positive

predictive
valuea

a/(a + b)

f. Negative
predictive
valuea

d/(c + d)

g. 95%
confidence
interval (CI)

p ± 1.96

√
p(1 − n)

n
p = proportion
n = number of

subjects
h. Likelihood

ratio

Sensitivity
1−Specificity = a(b+d)

b(a+c)

aOnly correct if the prevalence of the outcome is estimated
from a random sample or based on an a priori estimate
of prevalence in the general population; otherwise, use of
Bayes’ theorem must be used to calculate PPV and NPV. TP,
true positive; FP, false positive; FN, false negative; TN, true
negative.

V. Take-Home Appendix 2: Summary
of Bayes’ Theorem

A. Information before Test × Information from
Test = Information after Test

B. Pretest Probability (Prevalence) Śensitivity/
1–Specificity = Posttest Probability (Predic-
tive Value)

C. Information from the test also known as the
likelihood ratio, described by the Equation:
Sensitivity/1–Specificity

D. Examples 1 and 2 predictive values: The pre-
dictive values (posttest probability) change
according to the differences in prevalence
(pretest probability), although the diagnos-
tic performance of the test (i.e., sensitivity
and specificity) is unchanged. The following
examples illustrate how the prevalence
(pretest probability) can affect the predic-
tive values (posttest probability) having the
same information in two different study
groups.

Equations for calculating the results in the
previous examples are listed in Appendix 1.
As the prevalence of carotid artery disease

Example 1: Low prevalence of carotid artery disease.
Disease (carotid artery
disease)

No disease (no carotid
artery disease) Total

Test positive (positive
CTA)

20 10 30

Test negative (negative
CTA)

4 120 124

Total 24 130 154

Example 2: High prevalence of carotid artery disease.
Disease (carotid artery
disease)

No disease(no carotid
artery disease) Total

Test positive (positive
CTA)

500 10 510

Test negative (negative
CTA)

100 120 220

Total 600 130 730

Results: sensitivity = 500/600 = 0.83; specificity = 120/130 = 0.92; prevalence = 600/730 = 0.82; positive predictive
value = 0.98; negative predictive value = 0.55.
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increases from 0.16 (low) to 0.82 (high), the
positive predictive value (PPV) of a positive
contrast-enhanced CT increases from 0.67 to
0.98, respectively. The sensitivity and specificity
remain unchanged at 0.83 and 0.92, respectively.
These examples also illustrate that the diagnos-
tic performance of the test (i.e., sensitivity and
specificity) does not depend on the prevalence
(pretest probability) of the disease. CTA, CT
angiogram.
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Critically Assessing the Literature:

Understanding Error and Bias
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and Kimberly E. Applegate

Issues
I. What are error and bias?

II. What is random error?
A. Type I error
B. Confidence intervals
C. Type II error
D. Power analysis

III. What is bias?
IV. What are the inherent biases in screening?
V. Qualitative literature summary

The keystone of the evidence-based imaging
(EBI) approach is to critically assess the research
data that are provided and to determine if the
information is appropriate for use in answering
the EBI question. Unfortunately, the published
studies are often limited by bias, small sample
size, and methodological inadequacy. Further,
the information provided in published reports
may be insufficient to allow estimation of the
quality of the research. Two recent initiatives,
the CONSORT (1) and the STARD (2), aim to
improve the reporting of clinical trials and stud-
ies of diagnostic accuracy, respectively. How-
ever, these guidelines are only now being imple-
mented.

C.C. Blackmore (�)
Center for Health Care Solutions, Department of Radiology, Virginia Mason Medical Center, Seattle,
WA 98111 USA
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This chapter summarizes the common
sources of error and bias in the imaging lit-
erature. Using the EBI approach requires an
understanding of these issues.

I. What Are Error and Bias?

Errors in the medical literature can be divided
into two main types. Random error occurs due
to chance variation, causing a sample to be dif-
ferent from the underlying population. Random
error is more likely to be problematic when the
sample size is small. Systematic error, or bias,
is an incorrect study result due to nonrandom
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Figure 2.1. Random and systematic errors. Using the bull’s-eye analogy, the larger the sample size, the less
the random error and the larger the chance of hitting the center of the target. In systematic error, regardless of
the sample size, the bias would not allow the researcher to hit the center of the target. (Reprinted with kind
permission of Springer Science+Business Media from Blackmore CC, Medina LS, Ravenel JG, Silvestri GA.
Critically Assessing the Literature: Understanding Error and Bias. Medina LS, Blackmore DD (eds): Evidence-
Based Imaging: Optimizing Imaging in Patient. New York: Springer Science+Business Media, 2006.).

distortion of the data. Systematic error is not
affected by sample size but is rather a function
of flaws in the study design, data collection, and
analysis. A second way to think about random
and systematic error is in terms of precision
and accuracy (3). Random error affects the pre-
cision of a result (Fig. 2.1). The larger the sam-
ple size, the more precision in the results and
the more likely that two samples from truly dif-
ferent populations will be differentiated from
each other. Using the bull’s-eye analogy, the
larger the sample size, the less the random error
and the larger the chance of hitting the center
of the target (Fig. 2.1). Systematic error, on the
other hand, is a distortion in the accuracy of
an estimate. Regardless of precision, the under-
lying estimate is flawed by some aspect of the
research procedure. Using the bull’s-eye anal-
ogy, in systematic error, regardless of the sam-
ple size, the bias would not allow the researcher
to hit the center of the target (Fig. 2.1).

II. What Is Random Error?

Random error is divided into two main types:
Type I, or alpha error, occurs when an investi-
gator concludes that an effect or a difference is
present when in fact there is no true difference.
Type II, or beta error, occurs when an investiga-
tor concludes that there is no effect or no differ-
ence when in fact a true difference exists in the
underlying population (3).

A. Type I Error

Quantification of the likelihood of alpha error is
provided by the familiar p value. A p value less
than 0.05 indicates that there is a less than 5%
chance that the observed difference in a sample
would be seen if there was in fact no true differ-
ence in the population. In effect, the difference
observed in a sample is due to chance variation
rather than a true underlying difference in the
population.

There are limitations to the ubiquitous p val-
ues seen in imaging research reports (4). The p
values are a function of both sample size and
magnitude of effect. In other words, there could
be a very large difference between two groups
under study, but the p value might not be signif-
icant if the sample sizes are small. Conversely,
there could be a very small, clinically unim-
portant difference between two groups of sub-
jects or between two imaging tests, but with a
large enough sample size, even this clinically
unimportant result would be statistically signif-
icant. Because of these limitations, many jour-
nals are underemphasizing the use of p values
and encouraging research results to be reported
by way of confidence intervals.

B. Confidence Intervals

Confidence intervals are preferred because they
provide much more information than p val-
ues. Confidence intervals provide information
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about the precision of an estimate (how wide
are the confidence intervals), the size of an
estimate (magnitude of the confidence inter-
vals), and the statistical significance of an
estimate (whether the intervals include the
null) (5).

If you assume that your sample was ran-
domly selected from some population (that fol-
lows a normal distribution), you can be 95% cer-
tain that the confidence interval (CI) includes
the population mean. More precisely, if you
generate many 95% CIs from many data sets,
you can expect that the CI will include the true
population mean in 95% of the cases and not
include the true mean value in the other 5%
(4). Therefore, the 95% CI is related to statis-
tical significance at the p = 0.05 level, which
means that the interval itself can be used to
determine if an estimated change is statistically
significant at the 0.05 level (6). Whereas the p
value is often interpreted as being either statis-
tically significant or not, the CI, by providing
a range of values, allows the reader to inter-
pret the implications of the results at either end
(6, 7). In addition, while p values have no units,
CIs are presented in the units of the variable
of interest, which helps readers to interpret the
results. The CIs shift the interpretation from a
qualitative judgment about the role of chance
to a quantitative estimation of the biologic mea-
sure of effect (4, 6, 7).

Confidence intervals can be constructed for
any desired level of confidence. There is noth-
ing magical about the 95% that is traditionally
used. If greater confidence is needed, then the
intervals have to be wider. Consequently, 99%
CIs are wider than 95%, and 90% CIs are nar-
rower than 95%. Wider CIs are associated with
greater confidence but less precision. This is the
trade-off (4).

As an example, two hypothetical transcra-
nial circle of Willis vascular ultrasound stud-
ies in patients with sickle cell disease describe
mean peak systolic velocities of 200 cm/s asso-
ciated with 70% of vascular diameter stenosis
and higher risk of stroke. Both articles reported
the same standard deviation (SD) of 50 cm/s.
However, one study had 50 subjects, while the
other one had 500 subjects. At first glance, both
studies appear to provide similar information.
However, the narrower confidence intervals for
the larger study reflect greater precision and

indicate the value of the larger sample size. For
a smaller sample

95% CI = 200 ± 1.96
(

50√
50

)

95% CI = 200 ± 14 = 186 − 214

For a larger sample

95% CI = 200 ± 1.96
(

50√
500

)

95% CI = 200 ± 4 = 196 − 204

In the smaller series, the 95% CI was
186–214 cm/s, while in the larger series,
the 95% CI was 196–204 cm/s. Therefore, the
larger series has a narrower 95% CI (4).

C. Type II Error

The familiar p value alone does not provide
information as to the probability of a type II
or beta error. A p value greater than 0.05 does
not necessarily mean that there is no difference
in the underlying population. The size of the
sample studied may be too small to detect an
important difference even if such a difference
does exist. The ability of a study to detect an
important difference, if that difference does in
fact exist in the underlying population, is called
the power of a study. Power analysis can be per-
formed in advance of a research investigation
to avoid type II error. To conclude that no dif-
ference exists, the study must be powered suf-
ficiently to detect a clinically important differ-
ence and have p value or confidence interval
indicating no significant effect.

D. Power Analysis

Power analysis plays an important role in deter-
mining what an adequate sample size is so that
meaningful results can be obtained (8). Power
analysis is the probability of observing an effect
in a sample of patients if the specified effect size,
or greater, is found in the population (3). Math-
ematically, power is defined as 1 minus beta
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(1–β), where β is the probability of having
a type II error. Type II errors are commonly
referred to as false negatives in a study popu-
lation. Type I errors, in contrast, are analogous
false positives in a study population (7). For
example, if β is set at 0.10, then the researchers
acknowledge that they are willing to accept a
10% chance of missing a correlation between
abnormal computed tomography (CT) angio-
graphic findings in the diagnosis of carotid
artery disease. This represents a power of 1
minus 0.10, or 0.90, which represents a 90%
probability of finding a correlation of this mag-
nitude.

Ideally, the power should be 100% by setting
β at 0. In addition, ideally α should also be 0.
By accomplishing this, false-negative and false-
positive results are eliminated, respectively. In
practice, however, powers near 100% is rarely
achievable, so, at best, a study should reduce
the false negatives (β) and false positives (α)
to a minimum (3, 9). Achieving an acceptable
reduction of false negatives and false positives
requires a large subject sample size. Optimal
power, α and β, settings are based on a balance
between scientific rigorousness and the issues
of feasibility and cost. For example, assuming
an α error of 0.10, your sample size increases
from 96 to 118 subjects per study arm (carotid
and noncarotid artery disease arms) if you
change your desired power from 85 to 90% (10).
Studies with more complete reporting and bet-
ter study design will often report the power of
the study, for example, by stating that the study
has 90% power to detect a difference in sen-
sitivity of 10% between CT angiography and
Doppler ultrasound in carotid artery disease.

III. What Is Bias?

The risk of an error from bias decreases as the
rigorousness of the study design and analysis
increases. Randomized controlled trials are con-
sidered the best design for minimizing the risk
of bias because patients are randomly allocated.
This random allocation allows for unbiased dis-
tribution of both known and unknown con-
founding variables between the study groups.
In nonrandomized studies, appropriate study
design and statistical analysis can control only
for known or measurable bias.

Detection of and correction for bias, or sys-
tematic error, in research is a vexing challenge
for both researchers and users of the medi-
cal literature alike. Maclure and Schneeweiss
(11) have identified 10 different levels at which
biases can distort the relationship between pub-
lished study results and truth. Unfortunately,
bias is common in published reports (12), and
reports with identifiable biases often overesti-
mate the accuracy of diagnostic tests (13). Care-
ful surveillance for each of these individual bias
phenomena is critical, but may be a challenge.
Different study designs are also susceptible to
different types of bias, as will be discussed in
this section as well. Well-reported studies often
include a section on limitations of the work,
spelling out the potential sources of bias that
the investigator acknowledges from a study
as well as the likely direction of the bias and
steps that may have been taken to overcome it.
However, the final determination of whether a
research study is sufficiently distorted by bias to
be unusable is left to the discretion of the user of
the imaging literature. The imaging practitioner
must determine if results of a particular study
are true, are relevant to a given clinical question,
and are sufficient as a basis to change practice.

A common bias encountered in imaging
research is that of selection bias (14). Because a
research study cannot include all individuals in
the world who have a particular clinical situa-
tion, research is conducted on samples. Selec-
tion bias can arise if the sample is not a true
representation of the relevant underlying clin-
ical population (Fig. 2.2). Numerous subtypes
of selection bias have been identified, and it
is a challenge to the researcher to avoid all of
these biases when performing a study. One par-
ticularly severe form of selection bias occurs if
the diagnostic test is applied to subjects with a
spectrum of disease that differs from the clini-
cally relevant group. The extreme form of this
spectrum bias occurs when the diagnostic test
is evaluated on subjects with severe disease and
on normal controls. In an evaluation of the effect
of bias on study results, Lijmer et al. (13) found
the greatest overestimation of test accuracy with
this type of spectrum bias.

A second frequently encountered bias in
imaging literature is that of observer bias (15, 16),
also called test-review bias and diagnostic-
review bias (17). Imaging tests are largely
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Target Population Study
Population
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Genera lizab ility

Se lection  B ias
S ta tis tics

Figure 2.2. Population and sample. The target population represents the universe of subjects who are at risk
for a particular disease or condition. In this example, all subjects with abdominal pain are at risk for appen-
dicitis. The sample population is the group of eligible subjects available to the investigators. These may be at a
single center or group of centers. The sample is the group of subjects who are actually studied. Selection bias
occurs when the sample is not truly representative of the study population. How closely the study population
reflects the target population determines the generalizability of the research. Finally, statistics are used to deter-
mine what inference about the target population can be drawn from the sample data. (Reprinted with kind
permission of Springer Science+Business Media from Blackmore CC, Medina LS, Ravenel JG, Silvestri GA.
Critically Assessing the Literature: Understanding Error and Bias. Medina LS, Blackmore DD (eds): Evidence-
Based Imaging: Optimizing Imaging in Patient. New York: Springer Science+Business Media, 2006.).

subjective. The radiologist interpreting an
imaging study forms an impression based on
the appearance of the image, not based on
an objective number or measurement. This
subjective impression can be biased by numer-
ous factors including the radiologist’s experi-
ence; the context of the interpretation (clinical
vs. research setting); the information about the
patient’s history that is known by the radi-
ologist; incentives that the radiologist may
have, both monetary and otherwise, to pro-
duce a particular report; and the memory of a
recent experience. But because of all these fac-
tors, it is critical that the interpreting physi-
cian be blinded to the outcome or gold stan-
dard when a diagnostic test or an interven-
tion is being assessed. Important distortions
in research results have been found when
observers are not blinded vs. blinded. For exam-
ple, Schulz et al. (18) showed a 17% greater out-
come improvement in studies with unblinded
assessment of outcomes versus those with
blinded assessment. To obtain objective scien-
tific assessment of an imaging test, all read-
ers should be blinded to other diagnostic tests
and final diagnosis, and all patient-identifying
marks on the test should be masked.

Bias can also be introduced by the reference
standard used to confirm the final diagnosis.
First, the interpretation of the reference stan-
dard must be made without knowledge of the
test results. Reference standards, like the diag-
nostic tests themselves, may have a subjective
component and therefore may be affected by
knowledge of the results of the diagnostic test.
In addition, it is critical that all subjects undergo
the same reference standard. The use of dif-
ferent reference standards (called differential
reference standard bias) for subjects with dif-
ferent diagnostic test results may falsely ele-
vate both sensitivity and specificity (13, 16). Of
course, sometimes it is not possible or ethical
to perform the same reference standard proce-
dure on all subjects. For example, in a recent
meta-analysis of imaging for appendicitis, Tera-
sawa et al. (19) found that all of the identified
studies used a different reference standard for
subjects with positive imaging (appendectomy
and pathologic evaluation) than for those with
negative imaging (clinical follow-up). It simply
would not be ethical to perform appendectomy
on all subjects. Likely the sensitivity and speci-
ficity of imaging for appendicitis was overesti-
mated as a result.
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IV. What Are the Inherent Biases
in Screening?

Investigations of screening tests are suscep-
tible to an additional set of biases. Screen-
ing case–control trials are vulnerable to screen-
ing selection bias. For example, lung cancer
case–control studies have been performed in
Japan, where long-running tuberculosis con-
trol programs have been in place. This allowed
for the analysis of those who were screened
to be matched with a database of matched
unscreened controls to arrive at a relative risk
of dying from lung cancer in screened and
unscreened populations. Because screening is
a choice in these studies, selection bias plays
a prominent role. That is, people who present
for elective screening tend to have better health
habits (20). In assessing the exposure history
of cases, the inclusion of the test on which the
diagnosis is made, regardless of whether it is
truly screen or symptom detected, can lead to
an odds ratio greater than 1 even in the absence
of benefit (21). Similarly, excluding the test on
which the diagnosis is made may underesti-
mate screening effectiveness. The magnitude of
bias is further reflected in the disease preclini-
cal phase; the longer the preclinical phase, the
greater the magnitude of the bias.

Prospective nonrandomized screening trials
perform an intervention on subjects, such as
screening for lung cancer, and follow them for
many years. These studies can give informa-
tion on the stage distribution and survival of a
screened population; however, these measures
do not allow an accurate comparison to an
unscreened group due to lead time, length time,
and overdiagnosis bias (22) (Fig. 2.3). Lead-time
bias results from the earlier detection of the dis-
ease, which leads to longer time from diagnosis
and an apparent survival advantage but does
not truly impact the date of death. Length-time
bias relates to the virulence of tumors. More
indolent tumors are more likely to be detected
by screening, whereas aggressive tumors are
more likely to be detected by symptoms. This
disproportionally assigns more indolent dis-
ease to the intervention group and results in
the appearance of a benefit. Overdiagnosis is
the most extreme form of length-time bias in
which a disease is detected and “cured,” but it
is so indolent that it would have never caused
symptoms during life. Thus, survival alone is

Figure 2.3. Screening biases. For this figure, cancers
are assumed to grow at a continuous rate until they
reach a size at which death of the subject occurs. At
a small size, the cancers may be evident on screen-
ing, but not yet evident clinically. This is the preclin-
ical screen-detectable phase. Screening is potentially
helpful if it detects cancer in this phase. After further
growth, the cancer will be clinically evident. Even if
the growth and outcome of the cancer is unaffected
by screening, merely detecting the cancer earlier will
increase apparent survival. This is the screening lead
time. In addition, slower growing cancers (such as C)
will exist in the preclinical screen-detectable phase
for longer than do faster growing cancers (such as
B). Therefore, screening is more likely to detect more
indolent cancers, a phenomenon known as length
bias. (Reprinted with kind permission of Springer
Science+Business Media from Blackmore CC, Med-
ina LS, Ravenel JG, Silvestri GA. Critically Assessing
the Literature: Understanding Error and Bias. Med-
ina LS, Blackmore DD (eds): Evidence-Based Imaging:
Optimizing Imaging in Patient. New York: Springer Sci-
ence+Business Media, 2006.).

not an appropriate measure of the effectiveness
of screening (23).

For this reason, a randomized controlled trial
(RCT) with disease-specific mortality as an end
point is the preferred methodology. Random-
ization should even out the selection process
in both arms, eliminating the bias of case–
control studies and allowing direct compari-
son of groups that underwent the interven-
tion and those that did not, to see if the inter-
vention lowers deaths due to the target dis-
ease. The disadvantage of the RCT is that it
takes many years and is expensive to perform.
There are two biases that can occur in RCTs
and are important to understand: sticky diag-
nosis and slippery linkage (24). Because the tar-
get disease is more likely to be detected in a
screened population, it is more likely to be listed
as a cause of death, even if not the true cause.
As such, the diagnosis “sticks” and tends to
underestimate the true value of the test. On the
other hand, screening may set into motion a
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series of events in order to diagnose and treat
the illness. If these procedures remotely lead to
mortality, such as a myocardial infarction dur-
ing surgery with death several months later, the
linkage of the cause of death to the screening
may no longer be obvious (slippery linkage).
Because the death is not appropriately assigned
to the target disease, the value of screening may
be overestimated. For this reason, in addition
to disease-specific mortality, all-cause mortal-
ity should also be evaluated in the context of
screening trials (24). Ultimately, to show the
effectiveness of screening, not only more early-
stage cancers need to be found in the screened
group, but also there must be fewer late-stage
cancers (stage shift) (22).

V. Qualitative Literature Summary

The potential for error and bias makes the pro-
cess of critically assessing a journal article com-
plex and challenging, and no investigation is
perfect. Producing an overall summation of the
quality of a research report is difficult. How-
ever, there are grading schemes that provide
a useful estimation of the value of a research
report for guiding clinical practice. The method
used in this book is derived from that of Kent
et al. (25) and is shown in Table2.1. Use of such
a grading scheme is by nature an oversimpli-
fication. However, such simple guidelines can
provide a useful quick overview of the quality
of a research report.

Table 2.1. Evidence classification for evaluation of a study

Level I: Strong evidence
Studies with broad generalizability to most patients suspected of having the disease of concern: a

prospective, blinded comparison of a diagnostic test result with a well-defined final diagnosis in an
unbiased sample when assessing diagnostic accuracy or blinded randomized control trials or when
assessing therapeutic impact or patient outcomes. Well-designed meta-analysis based on level I or II
studies

Level II: Moderate evidence
Prospective or retrospective studies with narrower spectrum of generalizability, with only a few flaws

that are well described so that their impact can be assessed, but still requiring a blinded study of
diagnostic accuracy on an unbiased sample. This includes well-designed cohort or case–control studies
and randomized trials for therapeutic effects or patient outcomes

Level III: Limited evidence
Diagnostic accuracy studies with several flaws in research methods, small sample sizes, or incomplete

reporting, or nonrandomized comparisons for therapeutic impact or patient outcomes

Level IV: Insufficient evidence
Studies with multiple flaws in research methods, case series, descriptive studies, or expert opinions

without substantiating data

Reprinted with kind permission of Springer Science+Business Media from Blackmore CC, Medina LS, Ravenel JG, Silvestri
GA. Critically Assessing the Literature: Understanding Error and Bias. Medina LS, Blackmore DD (eds): Evidence-Based
Imaging: Optimizing Imaging in Patient. New York: Springer Science+Business Media, 2006.
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Conclusion

Critical analysis of a research publication can
be a challenging task. The reader must con-
sider the potential for type I and type II random
errors, as well as systematic error introduced
by biases including selection bias, observer bias,
and reference standard bias. Screening includes
an additional set of challenges related to lead
time, length bias, and overdiagnosis.
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3
Radiation Risk from Medical

Imaging in Children
Donald P. Frush and Kimberly E. Applegate

IssuesI. Is there a cancer risk from low-level radiation used in medical
imaging? What are the uncertainties in the data?

II. What is the estimated risk from a single chest X-ray in a child?
III. What is the estimated risk from a single abdominal CT scan in a

child?
IV. Understanding benefit versus risk of imaging tests in well-indicated

studies versus those that have very low probability of disease
V. How should I communicate radiation risk from imaging to parents

and patients?
VI. Special situation: Increased cancer risk following therapeutic

medical radiation

Key Points� Medical radiation currently accounts for an increasing percentage
(approximately 50%) of the total radiation exposure for the US pop-
ulation (previously about 15%) (moderate evidence).

� Children are 2–5 (some cite up to 10) times more sensitive to radiation
than adults (moderate evidence).

� There are no data that prove a direct link between low-level radiation
from diagnostic imaging and cancer. The best data regarding long-term
effects of low-level radiation (100–150 mSv) exposure come from the
longitudinal survivor study (LSS) of atomic bomb survivors (moderate
evidence).

� Most major medical and scientific organizations accept the linear, no-
threshold model as the preferred model for low-level radiation and
cancer risk estimation.

� The lifetime risk of fatal cancer from a single (relatively high dose)
CT in a child has been estimated to be 1:1000 (limited to moderate
evidence).
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Definition and Pathophysiology

Medical radiation is used for both diagnos-
tic and therapeutic purposes. The X-ray is an
invisible beam of ionizing radiation that passes
through the body and is altered by different
tissues to create images. Imaging tests that
use ionizing radiation include the plain X-ray
(or radiograph), fluoroscopy, and the CT scan.
Diagnostic imaging uses low-level radiation
that is defined, for the purposes of radiation
risk, as <100–150 mSv.

Radiation Terminology

Measurements are presented in standard inter-
national units (SI=Systeme Internationale) (1)
(Table 3.1). Incident X-ray radiation intensity can
be characterized by exposure in coulombs/kg
(ionizations in coulombs per mass) or the pre-
ferred air kerma in Gray (Gy) (kinetic energy
transferred per unit mass). The absorption of this
radiation intensity is then, simply, the absorbed
dose, also measured in Gy (the energy transfer
will depend on factors including physical prop-
erties of the material as well as depth in the
body), including skin and other organ doses.
The biological impact to tissue is represented
by equivalent dose in Sieverts (Sv), the product
of the absorbed dose and a weighting factor
(value depends on the type of radiation that
causes ionization in tissue with the factor being
1.0 for medical imaging). Finally, the effective
dose equivalent (alternatively, effective dose) in
Sv is the sum of products of dose equivalents
multiplied by weighting factors depending on
the radiosensitivity of organs exposed. Effec-
tive doses represent a whole body equivalent
(as if the whole body were exposed) for expo-
sures that may be regional. Because absorbed
dose and effective dose represent energy depo-
sition and ionization in tissues, these terms are
typically used in discussions of radiation risk in
humans.

Radiation Mechanisms of Effect

Ionizing radiation particles include X-rays
(photons). These high-energy photons interact
with tissue depositing energy at the nuclear

level causing ionizations. Ionizations then dam-
age DNA either directly or secondarily through
generation of free radicals, especially hydroxyl
free radicals. Single-stranded DNA damage is
usually repaired but double-stranded damage
is more difficult to repair completely. Biologi-
cal effects may be immediate causing cell death
(such as radiation necrosis), which may lead to
organism death, or consist of cell damage lead-
ing to other effects such as birth defects or can-
cer. Cell damage could be due to direct DNA
damage but may also be due to other effects
such as genomic instability (with additional
DNA aberrations in cell progeny) and regula-
tory mechanisms. For diagnostic imaging lev-
els of radiation dose, the most pertinent bio-
effect is carcinogenesis. In short, the develop-
ment of radiation-induced cancer is a multistep
process. In addition to these generalized mech-
anisms of radiation bioeffects, there are other
factors determining susceptibility; for example,
there is a genetic basis of cancer in up to 10–15%
of childhood cancer (Table 3.2) (2).

Types of Biological Effects

There are two types of biological effects:
stochastic and deterministic. Deterministic
effects have a threshold below which the effect
is not seen (Table 3.3). These effects include
cataracts, skin burns, and epilation (hair loss).
These types of effects are almost all seen in
imaging when interventional procedures are
being performed with doses well above the
low-level radiation seen in diagnostic imaging.
Recently, however, epilation was noted with
a diagnostic perfusion and CTA examination
(3). Stochastic effects do not have a threshold.
The risk of a particular effect increases with
increasing radiation dose; however the severity
of the effect is independent of dose. Radiation
carcinogenesis and radiation-induced genetic
damage are stochastic phenomena. For the
purposes of this chapter, the stochastic effect
of carcinogenesis will be discussed as most
literature and attention has been focused on
this effect. While other biological effects of
low-level radiation have been assessed (4, 5),
the overwhelming majority on investigation
with low-level radiation deals with cancer risk.
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Radiation Doses in Medical Imaging

Radiation doses for the imaging modalities
of radiography, fluoroscopy/angiography, and
computed tomography vary depending on the
type of dose measurement, age of the patient,
examination, and techniques used. A detailed
discussion of dose ranges for these various
modalities is beyond the intent of this chapter;
however readers are referred to the UNSCEAR
report (6) for a comprehensive review of dose
ranges for many of these modalities.

Fluoroscopy and angiography procedures are
better described in terms of dose rates, since
the dose from these procedures will depend on
imaging time, as well as the number of radio-
graphs (CR, DR, or conventional screen film)
(7). For the purposes of clinical practice, it can
be helpful to describe these common fluoro-
scopic (and other diagnostic imaging) proce-
dures in terms of dose equivalents compared
with chest radiography (Table 3.4). Recently,
Thierry-Chef et al. (8) estimated that lifetime
risk for developing brain cancer following a
variety of neurointerventional procedures in
children ranged from 2 to 80% (relative risk of
1.02–1.8).

It is worth mentioning, since CT is a relatively
large component of total medical dose, that
there are methods for estimating patient dose
based on the CT dose index (CTDI) in mGy and
the dose length product (DLP) in mGy.cm (the
product of CTDI and the length of the scan). It
is important to realize that this dose represents
only the determination from a phantom and
has nothing to do with the individual patient
on the scanner. However, conversion factors to
change the dose length product into an effec-
tive dose estimate are available and have been
recently well reviewed by Thomas and Wang
(9). In addition, Huda et al. have described a
method for converting pediatric CT examina-
tion parameters into effective dose estimates
for a variety of pediatric CT examinations (10).

Epidemiology and Medical
Utilization of Ionizing Radiation

We all are exposed to small amounts of
radiation from soil, rocks, building materi-
als, air, water, and cosmic radiation. This

naturally occurring background radiation dose
is about 3.0 mSv annually. When medical
radiation is added to this background, the
average dose for the US population is about
6.0 mSv (11). The largest contributors to med-
ical radiation dose are CT scanning (up to
one-half of medical exposure) followed by
nuclear medicine (about one-quarter of medical
exposure). Medical imaging is predominantly
used in developed rather than developing
nations.

Medical imaging is an extremely important
diagnostic tool; in a recent survey, leaders in
internal medicine ranked CT and MR imaging
as the most important medical innovations in
the twentieth century (12). With increased tech-
nologic advances and potential applications,
the benefits to the patients and society will
continue to become more diverse and increase.
However, there are inherent risks in those
modalities which depend on ionizing radia-
tion for imaging formation, consisting primar-
ily of radiography, fluoroscopy/angiography,
and computed tomography in the pediatric
population. One of these risks is the poten-
tial for cancer development. While there are
clearly established relationships between can-
cer development and radiation from studies of
Hiroshima atomic bomb survivors at medium-
and high-level exposures (>100–150 mSv), the
risks in the lower range are debated. In gen-
eral, assignment of this risk follows a linear,
no-threshold model. This model is accepted
by most major medical imaging organiza-
tions. There are no data from medical expo-
sures in this range of low-level exposure that
directly link diagnostic imaging with cancer
development; our understanding of this poten-
tial link comes from atomic bomb data, with
some additional contribution from epidemio-
logic studies from higher dose of radiation
used for both diagnostic and therapeutic pur-
poses. With these data, there is growing evi-
dence supporting the association with lower
level radiation and a significant increased risk
of cancer development as predicted by the lin-
ear, no-threshold model. This adds support for
subscribing to the ALARA principle. This prin-
ciple of As Low As Reasonably Achievable
means that we should use as low a radiation
dose as possible to answer the clinical question
asked.
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Increased Dose from Medical Imaging

While increased use is part of the reason for
increasing radiation exposure to the popula-
tion, technologic advances have also resulted
in some of this increase in radiation expo-
sure. Digital technology is now nearly stan-
dard for all diagnostic imaging modalities
that use ionizing radiation including radiogra-
phy, fluoroscopy/angiography, and computed
tomography. When properly performed, digi-
tal technology for radiography should provide
for lower (or similar) radiation exposures as
the traditional film-based systems. This is not
always the case. Often, dose information from
computed radiography (CR), digital radiogra-
phy (DR), and computed tomography images
is not displayed nor apparent and monitoring
dose based on annotation on the image is dif-
ficult. In addition, with film, an overexposure
resulted in a dark image serving as a qual-
ity control. This does not happen with digital
technology; there is no visual manifestation, no
“penalty” for overexposures. Collimation can
reduce the field of view for the final image and
the exposure outside of this field is no longer
accounted for as with traditional film-based
technology. Similarly, since there is no “film
repository” for poor-quality studies, a digital
radiograph which is unacceptable may essen-
tially vanish into an unmonitored, electronic
wastebasket despite the fact that the patient did
receive the dose.

Increased Use of CT Scans

CT scans contribute the highest dose from med-
ical radiation in developed nations. Worldwide,
there are an estimated 260,000,000 CT studies
annually. The United States accounts for an esti-
mated 25% of all CT exams worldwide, repre-
senting 65,000,000 CT examinations each year
(6, 13). If we apply a recent estimate that 11% of
CT examinations being performed are in chil-
dren, then the number of annual pediatric CT
examinations could be as high as 7.1 million in
the United States (14).

Assessing Risk Versus Benefit when Using
Medical Imaging in Children

Medical imaging is often now first line in
diagnosis of injury and illness in children as

well as adults. More simply stated, information
obtained from imaging alone can be lifesaving.
However, the decision to obtain imaging exam-
inations needs to balance this potential benefit
with both established and potential risks. Risks
for several of these imaging modalities include
bioeffects due to exposure to ionizing radiation.
The bulk of pediatric diagnostic imaging that
exposes children to ionizing radiation consists
of radiography, fluoroscopy/angiography, and
computed tomography; radionuclide scintig-
raphy contributes relatively little to medical
dose in children since examinations are rel-
atively infrequent and lower dose compared
with adults (i.e., cardiac imaging). As will be
discussed later, the radiation dose from imag-
ing can vary and may be relatively high.
This is particularly important since imaging
use has grown. For example, medical imag-
ing especially computed tomography currently
accounts for up to or more than 50% of all of the
radiation exposure to the US population (11).
This increased use has not gone without con-
tinued scrutiny. Brenner and Hall outlined the
growing use of CT with respect to potential can-
cer development late in 2007 (13).

While the topic of medical imaging, radia-
tion exposure, and potential risk is important
at all ages, this is especially topical for chil-
dren. Children are more sensitive to radiation
than adults. Accordingly, imaging applications
and techniques may need to differ from those
in adults to minimize the radiation exposure,
in keeping with the ALARA (as low as reason-
ably achievable) principle (15). However, adult
techniques, for example in CT (16), have tradi-
tionally been the default. A lack of understand-
ing of radiation risks in children coupled with
a neglect of the unique considerations in appli-
cations and techniques may shift the balance
away from patient benefit.

Therefore, this chapter will discuss radiation
risks with medical imaging in children. This
material will primarily address what is known
about low-level radiation—100–150 mSv (17)—
resulting from diagnostic imaging rather than
oncologic radiation treatment where radiation
bioeffects are clearly present and risks more
definitively established due to doses which may
be orders of magnitude greater. Some data on
radiation therapy for non-oncologic conditions
in children will be presented as these doses are
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lower and approach low-level radiation. While
cumulative doses from diagnostic imaging may
exceed the low-level threshold, most material
will focus on low-level doses.

The topic of radiation and biological impact
is extensive and discussion will be focused
on diagnostic imaging in the pediatric popu-
lation, and will not address fetal exposures.
Information will be provided from a perspec-
tive of radiology rather than radiation biology,
health or radiation physics, or epidemiology.
More extensive information on radiation and
the potential effects can be found in other com-
prehensive sources (18). Finally, discussion will
not include strategies for dose management,
including radioprotectants (19).

Overall Cost to Society

The American health care system costs more
than $2.3 trillion annually, more per capita than
any other developed nation. The cost of medi-
cal imaging is estimated at $100 billion per year
and is the fastest growing segment of the health
care system, growing at approximately 10–15%
annually.

CT and medical imaging use is primarily in
the United States and developed nations. Com-
pared to the United States, other developed
nations have much lower use and spending on
health care in general and imaging in particu-
lar, yet have similar life expectancy. The main
issue is the number of either unindicated or bor-
derline indicated studies in the United States
for ionizing (CT, radiography, fluoroscopy) and
non-ionizing (MRI, sonography) imaging stud-
ies. Furthermore, there is under-recognition of
the harm from false-positive imaging tests.

Goals

The goal of imaging is to diagnose or exclude
medical conditions that concern the patient,
family, or clinician. Imaging, like any test,
should ideally improve patient health outcomes
and reduce the intensity and use of resources,
especially cost, of care. Diagnostic imaging
guides clinicians in management of patients.
Imaging tests have both risks and benefits that
must be weighed for each patient.

Methodology

Information for this chapter was obtained
primarily through a MEDLINE search using
PubMed (National Library of Medicine,
Bethesda, Maryland, http://www.ncbi.nlm.
nih.gov/sites/entrez) from 1968 to January
2008. Keywords are ALARA (As Low As Reason-
ably Achievable), pediatric, radiation, radiation risk,
CT, diagnostic imaging, and the resultant related
fields from this original database.

Discussion of Issues

I. Is There a Cancer Risk from
Low-Level Radiation Used in Medical
Imaging? What Are the Uncertainties
in the Data?

Summary of Evidence: There is strong research
evidence for cellular and organism dam-
age from high levels of ionizing radiation
(strong evidence). At lower levels of radia-
tion (<100–150 mSv), the linear, no-threshold
model suggests increased cancer risk. Although
most major medical and scientific organizations
accept the linear, no-threshold model as the pre-
ferred model for low-level radiation and cancer
risk estimation, direct evidence linking medical
use of low-level radiation is lacking (insufficient
evidence).

In analyzing potential radiation biological
effects, there are other considerations in addi-
tion to the modeling discussed above, includ-
ing type of radiation, site (e.g., organ or organ
system) specific risks, regional versus whole
body exposure, acute versus protracted expo-
sure, and gender and age sensitivity.

Supporting Evidence: Dose from CT represents
the largest contribution from medical radiation
to developed nation populations. The risk of
radiation-induced cancer from CT should be
put into context against the statistical risk of
developing cancer in the entire population. The
average risk of fatal cancer developing over a
person’s lifetime is approximately 18–22%. So,
for every 1,000 children, 180–220 will develop
fatal cancer in their lifetime regardless of
exposure to medical radiation. The estimated
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increased risk of cancer over a person’s life-
time from a single CT scan is controversial
but has been estimated to be a fraction of this
risk (0.03–0.05%); this estimate is based on the
model showing that 1 in 1,000 children who
undergo abdominal CT may have later fatal
cancer induction. It is important to remember
that these estimates are population-based rather
than for the individual child.

A. Cancer Risk and Radiation Following
Diagnostic Medical Imaging

Gonzulea and Darby estimated cancer risk from
diagnostic imaging and concluded that the
attributable risk in developed countries var-
ied from 0.6, to as high as 3.2% (20), similar
to projections reported by Brenner and Hall
(11). These projections come under the same
scrutiny as with any that base conclusions on
longitudinal survivor study (LSS) Hiroshima
data and may not reflect contemporary imaging
techniques, particularly in children. In addition,
there is no provision for the benefit achieved
by diagnostic imaging. Ron et al. discuss devel-
opment of leukemia, thyroid, and breast can-
cer from diagnostic X-rays (21). For example,
one investigation by Doody et al. reported on
the association of breast cancer and scoliosis
follow-up in childhood, concluding that with a
mean dose of 110 mGy, mean exposure age 10.6
years, that there were 70 observed breast can-
cers versus nearly 36 expected (22). These data
are in agreement with those of atomic bomb
survivors.

For fluoroscopic and angiographic evalua-
tions, increases in breast cancer in girls under-
going fluoroscopic evaluation for TB have been
summarized (14). However, three investiga-
tions of cardiac catheterizations in children
have not shown an increased risk of cancer
(23–25). Doses up to 500 mGy showed no
effect (26).

Finally, diagnostic imaging exposes the medi-
cal community to radiation dose. Bearrington et
al. reported cancer and other causes of mortal-
ity for British radiologists from 1897 to 1997 and
found no significant increase in morality from
all causes reviewed except for cancer in those
radiologists in early years (5).

B. CT Scan and Risk

CT examinations, as noted above, provide a rel-
atively high dose per examination compared
with other forms of ionizing radiation used in
diagnostic medical imaging. The potential risks
of cancer development have been outlined by
Brenner, Hall, and colleagues (13, 17, 27). In
summary, depending on the age of exposure,
as well as the technique used, Brenner reports
a risk of fatal cancer in up to 1 in 500 chil-
dren from a single CT examination. Of note,
the techniques assumed for this analysis were
well beyond those currently advocated as stan-
dard (28, 29). Using lower dose (1.0 mSv) bien-
nial screening CT predictions from 2 years of
age until death in the cystic fibrosis popula-
tion, de Jong et al. concluded that while the
risk of cancer was small, projected excess rela-
tive risk could be 13% at 65 years of age. Again,
assumptions are based on LSS data and they
point out that there is no assumption of bene-
fit from screening CT (30). Chodick et al. also
estimated an excess risk of 0.29% in a pop-
ulation under 18 years of age in Israel (31).
Although a large population (in the millions)
would likely be needed to assess low-level radi-
ation risk in children, there are an estimated
7,000,000 CT examinations performed in chil-
dren per year in the United States (32). While
these large numbers provide an opportunity
for study of low-level doses from diagnostic
imaging, the cost of this type of investigation
would be prohibitively high given the decades
of follow-up required. Alternatively, a retro-
spective evaluation of those children who have
had multiple examinations could be culled for
those that have total estimated effective doses
at more than 100–150 mSv to see if this sub-
group has demonstrated the same risk for can-
cer that has been shown in the atomic bomb
population.

C. Assumptions in Estimating Radiation
Risks

In general, medium- and high-level radiation
dose effects are linear although recent reports
suggest that there may be some nonlinearity
at higher effects (33). The issue with radiation
from diagnostic imaging is that these doses
are low level, and because of potentially small
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effects, the data have been less conclusive.
There are several possible extrapolation mod-
els for cancer risk with low-level radiation.
The linear, no-threshold model is in general
the most accepted model, being supported
by scientific committees, major imaging orga-
nizations, and other scientific bodies includ-
ing the Committee on the Health Risks from
Exposure to Low Levels of Ionizing Radia-
tion, Biological Effects of Ionizing Radiation of
the National Academy of Sciences (BEIR VII),
National Council on Radiation Protection and
Measurement (NCRP), International Commis-
sion on Radiological Protection (ICRP), Ameri-
can Academy of Pediatrics (AAP), Radiological
Society of North America (RSNA), and the Soci-
ety for Pediatric Radiology (SPR).

D. Increased Radiosensitivity in Children

Children are more radiosensitive than adults.
The range quoted is 2–10 times. Preston et al.
notes that children are 2–5 times more sensi-
tive (33, 34), and Hall (35) indicates children
are up to 10 times more sensitive. Infants are
more sensitive than older children and girls are
more radiosensitive than boys. Preston et al.
(33) notes that the most recent LSS data indicate
that the female to male ratio is 1.4 (90% confi-
dence interval 1.1; 1.8) but also points out that
this difference disappears when non-gender-
specific cancers were analyzed.

E. Nonfatal Cancers

In addition, it should be understood that nonfa-
tal cancer incidence is higher than cancer result-
ing in fatality. This frequency is about 2 times
(21). Part of this is due to the fact that some can-
cers, such as breast and thyroid, have relatively
successful treatment regimes with improved
survival.

F. Additional Confounders in Risk
Estimation

Finally, these estimations represent an imper-
fect science due to other confounding vari-
ables. Prasad argues that health risks of doses
<100 mGy (absorbed dose) in “. . .humans

may not be accurately estimated by any cur-
rent mathematical model because of numerous
inherit environmental, dietary and biological
variables that cannot be accounted for in epi-
demiologic studies. In addition, the expres-
sion of radiation-induced damage depends not
only on dose, dose rate, LET, fractionation,
and protraction but also on repair mechanisms,
bystander effects, an exposure to chemical and
biological mutagens, carcinogens, tumor pro-
moters, and other toxins as well as radioprotec-
tive substances, such as antioxidants” (36).

G. Radiation Doses from Medical Imaging
and Uncertainty in Cancer Risks

There is still debate as to whether the linear,
no-threshold model is an acceptable model for
low-level radiation (recall that this is generally
the accepted model) and, what, if any, poten-
tial risks exist for the levels of radiation seen
with diagnostic imaging. Currently, there are no
data from diagnostic medical imaging modalities
that prove the connection between low-level radi-
ation doses and risk of cancer development. What
is discussed, then, are data from other sources,
predominantly the atomic bomb LLS, for cancer
risk in this low-level range. Brenner et al. goes
on to summarize that “the epidemiologic study
with the highest statistical power for evaluating
low dose risk is the LSS cohort atomic bombs
survivors” (17). As discussed previously, the
exposure to this population has potential varia-
tions from medical imaging exposure in that the
atomic bomb radiation consisted of other than
just gamma (X-ray equivalent) radiation, acute
versus protracted (such as with multiple CT
examinations) exposures, and whole body ver-
sus regional exposures. That said, the following
supports a significant risk of cancer develop-
ment at low-level exposure.

“For x- or gamma-rays, good evidence of
an increase and risk for cancer is shown at
acute doses > 50 mSv, and reasonable evi-
dence for an increase and some cancer risks
at doses above [approximately] 5 mSv. As
expected from basic radiobiology. . . the doses
above which statistically significant risks are
seen are somewhat higher for protracted expo-
sures than for acute exposures; specifically,
good evidence of an increase in some cancer
risks is shown for protracted doses >100 mSv,
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and reasonable evidence for an increase in can-
cer risks at acute doses above [approximately]
50 mSv” (17) (Table 3.5). From Preston et al.
(33) “. . .furthermore, there is statistically signif-
icant dose response when analyses were lim-
ited to cohort members with doses of 0.15 Gy
(150 mGy) or less.”

One of the difficulties in determining if there
is a significant risk of cancer development or
mortality from low-level exposures is that this
would take a very large population study over a
long period of time. For example, solid tumors
may take more than three decades to develop.
To find an effect may take a long-term study of
an exposed population of several million indi-
viduals for doses near the 10 mSv range (17).
According to Kleinerman (26), “Large popula-
tion size is usually required to evaluate the risk
of cancer, because cancer is a rare outcome,
especially in children. In addition, the lower
the radiation dose, the large the population size
required to detect a radiation effect” (Tables 3.6
and 3.7).

II. What Is the Estimated Risk From a
Single Chest X-Ray in a Child?

Summary of Evidence: The dose to a child from
a single plain radiograph is very low. Unless
these low-dose exams are repeatedly performed
in young children, the risk is considered neg-
ligable. There is little concern to terminally
ill children or to older adults whose life
expectancy is less than the latency time to
develop cancer from the radiation exposure
(several years for leukemia and several decades
for solid cancers).

Supporting Evidence: The effective radiation dose
from a single chest X-ray in a child is approxi-
mately 0.02 mSv (Table 3.4), a very small dose. It
is the equivalent of 1 day of natural background
radiation and less than the dose from a cross-
country flight. Table 3.8 provides a comparison
of radiation dose from a single chest radiograph
to air travel across the United States.

III. What Is the Estimated Risk from
a Single Abdominal CT Scan
in a Child?

Summary of Evidence: The dose to a child from a
single abdominal CT is approximately 100 times
higher than a plain X-ray but still low. When
these CT exams are repeatedly performed in
children, the risk may be significant. There is lit-
tle concern in terminally ill children or to older
adults whose life expectancy is less than the
latency time to develop cancer from the radia-
tion exposure (several years for leukemia and
several decades for solid cancers).

Supporting Evidence: As noted above, Table 3.8
shows the dose from a single abdominal CT as
compared to natural background, a chest radio-
graph, and a cross-country flight. When the CT
parameters are adjusted for children, the dose
is approximately 5 mSv. This represents up to
20 months of natural background dose. Another
way of assessing the relative risk of having a
CT scan is to compare the theoretical risk of one
abdominal CT scan to other risks. The estimated
risk of one abdominal CT has been compared
to driving a car 7,500 miles (accident risk) or
even less distance on a motorcycle. This infor-
mation shows that the risk of developing can-
cer related to a single CT scan is very small and
helps to put risk in the context of everyday life
experiences.

A. The Changing Landscaping of Radiation
Dose for Medical Imaging

The use of medical imaging is increasing in
developed nations. This does depend some-
what on the modality as radiography and flu-
oroscopy rates have remained relatively stable.
However, there has been a substantial increase
in the use of CT in both children and adults.
For example, Broder et al. looked at CT use in
the emergency department and found that, in
children, the use of chest CT increased more
than 435% during a 6-year period (2000–2006)
while the frequency of emergency room visits
increased by only 2% during the same period
(Fig. 3.1) (37).
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B. Lowering CT Dose in Children

There are a few simple strategies that can lower
the radiation exposure to children undergoing
CT. These concepts include the following: use
pediatric protocols—adjusting the kVp and mA
settings based on the child’s weight; perform a
single scan rather than multiple passes through
the child’s body—this is usually adequate to
answer the clinical question, and scan only the
indicated area of the child’s body.

IV. Understanding Benefit Versus
Risk of Imaging Tests in
Well-Indicated Studies Versus Those
That Have Very Low Probability of
Disease

Summary of Evidence: It is critical to weigh both
the benefits and the risks when using any
test, including medical imaging with ionizing
radiation. The benefit to a patient should out-
weigh risks. Risk from an imaging test must
include the potential for false-positive (and
false-negative) results that lead to unnecessary
intervention and anxiety, as well as lifetime can-
cer risk. Because children are more radiosensi-
tive than adults and have longer expected life
spans, these considerations may alter the diag-
nostic work-up and management plan for chil-
dren undergoing imaging.

What is the benefit–risk of CT in high ver-
sus very low risk groups? High-risk children
for disease, such as acute trauma, have rela-
tively low risk from CT or its radiation com-
pared to its potential benefit. In low-risk groups
for a disease such as low-impact trauma, there
is little benefit in using CT and the risk
of short-term-increased false-positive results
plus long-term radiation risk outweigh any
benefit.

Supporting Evidence: Health benefit or lifesav-
ing use of CT has been shown in certain
populations that include acute motor vehicle
trauma, non-accidental trauma, acute infection,
and acute abdominal pain. The appropriate use
of imaging has not been well researched or well
funded by research agencies.

A. The Example of CT in Children with
Headache

Medina and colleagues investigated the clinical
role and cost of head CT and MR in children
with headache (38). They compared three diag-
nostic strategies: (a) magnetic resonance imag-
ing (MRI), (b) computed tomography followed
by MRI for positive results (CT-MRI), and (c) no
neuroimaging with close clinical follow-up in
the evaluation of children suspected of having
a brain tumor.

They also grouped the children’s risk into
low, medium, and high for brain tumor prior
to imaging. With a high pre-test probability of
brain tumor (4% risk), MR imaging of the head
was the recommended and cost-effective imag-
ing strategy. When there was an intermediate
pre-test probability of brain tumor (0.4%), imag-
ing was very expensive (CT then MR if CT was
positive).

When children had chronic headache, the
pre-test probability of tumor was low (0.01%),
and neither CT nor MR was recommended.
Even with high sensitivity and specificity of CT
(95%, 95%), the posttest probability of tumor
was only 16%. In the short term, this means
children are being submitted to a false-positive
rate (low positive predictive value). MR imag-
ing would have the same results but avoid ion-
izing radiation exposure to the child. On the
other hand, there is a small risk from sedation
or anesthesia in young children undergoing MR
that would not be needed with CT. If, however,
the study is well indicated, CT has more benefit
than risk in the high-risk group of children with
headache. CT would reduce short-term morbid-
ity and mortality.

So we emphasize the importance of weighing
benefit versus risk. For many other diseases in
children, there are low-risk subgroups that get
studies ordered that expose them to both high
false-positive rates and radiation.

V. How Should I Communicate
Radiation Risk from Imaging to
Parents and Patients?

Summary of Evidence: There are growing num-
bers of web sites and published literature that
provide both appropriate language and data to
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discuss the benefits and risk of medical imag-
ing to consumers. There are survey data that
suggest that parents and families both want to
know and can understand these issues (39).

Supporting Evidence: The Internet has revo-
lutionized access to scientific and medical
information for consumers. There are growing
numbers of both scientific and medical web
sites that target consumers and include the
Image Gently Campaign (www.imagegently.
org) for children, the National Cancer Insti-
tute (www.cancer.gov/cancertopics/causes/
radiation-risks-pediatric-CT), the Health
Physics Society (http://hps.org), the American
Academy of Pediatrics (www.aap.org), and the
American College of Radiology (www.acr.org).

The “Image Gently Campaign” is an edu-
cational and awareness campaign created by
the Alliance for Radiation Safety in Pediatric
Imaging that was formed in July 2007. It is
a coalition of health care organizations dedi-
cated to providing safe, high-quality pediatric
imaging nationwide. There are four found-
ing members—Society for Pediatric Radiology,
American Association of Physicists in Medicine,
American College of Radiology, and the Amer-
ican Society of Radiologic Technologists—as
well 44 national and international societies in
this coalition representing over 500,000 health
care professionals in radiology, pediatrics, med-
ical physics, and radiation safety. The site
provides information for all stakeholders in
medicine. As an example, Table 3.8 shows the
relative radiation doses to children for common
imaging exams compared to background and
airline flight.

Information about radiation and the role of
all stakeholders to improve radiation safety in
medicine is summarized in a Blue Ribbon Panel
article (15). ACR guidelines now include dose
estimates for imaging tests and reference lev-
els for acceptable doses in all appropriateness
criteria.

Larson and colleagues surveyed parents
about their understanding of the benefits and
risks from CT for their children. They found
that two of three parents knew that CT used
ionizing radiation. After they were given an
informational brochure 99% reported under-
standing that CT used ionizing radiation. After
reading the brochure, 86% of parents reported

that there was a risk of cancer induction from
CT yet they remained willing to have their
child undergo CT when appropriate (39). They
concluded that “A brief informational hand-
out can improve parental understanding of the
potential increased risk of cancer related to
pediatric CT without causing parents to refuse
studies recommended by the referring physi-
cian.” Families and patients should be encour-
aged to ask questions about the risks and bene-
fits of CT scans and other imaging tests (40).

The risk of radiation-induced cancer from CT
should be put into context against the statistical
risk of developing cancer in the entire popula-
tion. The average risk of fatal cancer develop-
ing over a person’s lifetime is approximately
18–22%. So, for every 1,000 children, 180–220
will develop cancer in their lifetime regardless
of exposure to medical radiation. The estimated
increased risk of cancer over a person’s life-
time from a single CT scan is controversial but
has been estimated to be a fraction of this risk
(0.03–0.05%) or 1 in 1,000 children who undergo
CT. It is important to remember that these esti-
mates are population based rather than for the
individual child.

VI. Special Situation: Increased
Cancer Risk Following Therapeutic
Medical Radiation

Summary of Evidence: There are known risks of
secondary cancer development after medical
radiation treatment for both neoplastic and non-
neoplastic conditions in children (41) (strong
evidence).

Supporting Evidence: There are a number of
studies showing increased risk of cancers
after radiotherapy that include leukemia, lym-
phoma, and solid cancers (42). The risk is
variable and is related to the primary can-
cer treatment and other factors. The Children’s
Oncology Cancer group provides medical rec-
ommendations for lifelong follow-up in these
children (43).

According to Kleinerman (26) “many of the
classic epidemiologic studies of cancer fol-
lowing medical radiation exposure are dis-
tinguished by a cohort design, large popula-
tion size, long-term follow-up of the cohort,
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well-characterized dose estimates for individ-
uals, and a wide range of doses in order to
estimate a dose-response relationship; studies
based on a cohort design are generally less
likely to be biased than case control studies that
depend on the retrospective collection of data.”
Ron and colleagues also discuss the advan-
tages and disadvantages of assessing cancer
risks in those patients who have relatively high
doses for medical therapy of both neoplastic
and non-neoplastic conditions (Table 3.9) (44).
The advantages of these types of data include
that the records are relatively accurate, with
data on other potentially confounding medi-
cal problems. Radiation is generally always an
X-ray (gamma ray) exposure and the region
radiated is known. However, disadvantages
include confounding factors of underlying dis-
eases. Long-term effects from radiation ther-
apy for cancer in children have recently been
reviewed (42).

There are illustrative reports for cancer risk
from non-oncologic treatment that are worth
reviewing. For example, in a review of six
investigations dealing with thyroid cancer, all
cohort studies, the author concludes “these
studies demonstrate that the thyroid gland
is very sensitive to the carcinogenic effects
of radiation, characterized by a strong linear
dose response.” In three of these investiga-
tions, the risk was seen with doses as low
as 100 mGy. In an additional investigation, a
thyroid dose of 90 mGy was associated with
a 400% increase in malignant tumors and a
200% increase in those tumors that were benign.
A linear dose response was demonstrated in
children exposed under the age of 5 years
and were significantly more likely to develop
tumors than older children (44). Brenner et al.
discussed data from pooled studies, including
Ron et al. (44) and noted that the thyroid cancer
risk was significant at glandular doses as low
as 50 mSv (17). Kleinerman also summarizes
data demonstrating increased risk of breast
cancer seen with therapeutic doses as low as
300 mGy (26).

Take-Home Tables and Figures

Tables 3.1–3.9 and Fig. 3.1 serve to highlight key
recommendations and supporting evidence.

Table 3.1. Radiation dose units

Absorbed dose—Gray (Gy)—rad (rad) is prior
unit

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

Equivalent dose—Sievert (Sv)—rem (rem) is prior
unit

Sv = Gy × quality factor (=1)
1 Sv = 100 rem
10 mSv = 1 rem
1 mSv = 100 mrem

Reprinted with permission of Elsevier from Frush DP, Slo-
vis TL. Biological effects of diagnostic radiation on children.
In Slovis TL (ed.): Caffey’s Pediatric Diagnostic Imaging.
Philadelphia: Elsevier, 2007, 29–41.

Table 3.2. Inherited human syndromes
associated with sensitivity to X-rays

Ataxia–telangiectasia
Basal cell nevoid syndrome
Cockayne’s syndrome
Down syndrome
Fanconi’s anemia
Gardner’s syndrome
Nijmegan breakage syndrome
Usher’s syndrome

Reprinted and adapted with permission of Elsevier
from Frush DP, Slovis TL. Biological effects of diag-
nostic radiation on children. In Slovis TL (ed.): Caf-
fey’s Pediatric Diagnostic Imaging. Philadelphia:
Elsevier, 2007, 29–41, and from Hall (45).

Table 3.3. Deterministic effects: relatively
high-radiation doses needed compared to
what is used in diagnostic imaging
Injury Approximate Threshold

Skin
Transient erythema 2 Gy (200 rad)
Eyes
Cataracts (acute) >2.0 Gy (>200 rad)

Reprinted and adapted with permission of Elsevier from
Frush DP, Slovis TL. Biological effects of diagnostic radiation
on children. In Slovis TL (ed.): Caffey’s Pediatric Diagnostic
Imaging. Philadelphia: Elsevier, 2007, 29–41, and from Hall
(45).



36 D.P. Frush and K.E. Applegate

Table 3.4. Estimated medical radiation doses for a 5-year-old child
Imaging area Effective dose, mSv Equivalent number of CXRs

Three-view ankle 0.0015 1/14th
Two-view chest 0.02 1
Anteroposterior and lateral abdomen 0.05 2–1/2
Tc-99m radionuclide cystogram 0.18 9
Tc-99m radionuclide bone scan 6.2 310
FDG PET scan 15.3 765
Fluoroscopic cystogram 0.33 16
Head CT 4 200
Chest CT 3 150
Abdomen CT 5 250

CXR indicates chest radiograph; Tc-99m, technetium 99m; FDG PET, fluorodeoxyglucose positron emission tomography.
Data were provided by R. Reiman, MD (Duke Office of Radiation Safety [www.safety.duke.edu/RadSafety], written com-
munication, 2006).
Reproduced with permission of the AAP from et al. (40).

Table 3.5. Atomic bomb (longitudinal survivor study) data showing excess solid cancers
linked to radiation exposure doses. These data combine children and adults. Atomic bomb
(longitudinal survivor study) data 1950–1997

1950–1997 1991–1997

Dose (Sv) People Deaths
Expected
background

Fitted
excess Deaths

Expected
background

Fitted
excess

<0.005 37,458 3,833 3,844 0 742 718 0
0.005–0.1 31,650 3,277 3,221 44 581 596 12
0.1–0.2 5,732 668 622 39 137 109 10
0.2–0.5 6,332 763 678 97 133 118 24
0.5–1 3,299 438 335 109 75 62 28
1–2 1,613 274 157 103 68 31 27
2+ 488 82 38 48 20 8 13
Total 86,572 9,335 8,895 440 1,756 1,642 114

Reprinted with permission from Preston et al. (34).

Table 3.6. Hematopoietic cancer risks and adult
diagnostic X-rays

Kaiser-Permanente, Oregon and California, 1956–1982
565 leukemias (358 non-CLL)
318 non-Hodgen’s
208 multiple myeloma
Various diagnostic procedures
Exposure data from medical records
RRa: Non-CLL=1.4 (0.9–2.2)

NHL=0.99 (0.6—1.6)
MM =1.3 (0.6–3.0); P-trend 0.03

a2-year lag.
Reprinted with the kind permission of Springer Science+Business
Media from Ron (21).
CLL: chronic lymphatic leukemia; NHL: non-Hodgkin’s lym-
phoma; MM: multiple myeloma; RR: relative risk.
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Table 3.7. Childhood Cancer risks and diagnostic X-ray exams
Population-based study: Shanghai 1981–1991
642 cancer cases (<15 years); 642 controls
Postnatal diagnostic X-ray exposure risks:

Cancer OR 95% CI

Total cancer 1.3 1.0–1.7
Acute leukemia 1.6 1.0–2.6
Brain cancer 1.5 0.8–3.0
Lymphoma 1.3 0.6–22

Cases included prenatal and postnatal diagnostic radiation exposure in children.
The odds ratios for total cancer and acute leukemia are significant. Given large con-
fidence intervals for brain cancer and lymphoma, these are not significant.
Reprinted with the kind permission of Springer Science+Business Media from Ron
(21).
OR: odds ratio; CI: confidence interval.

Table 3.8. Relative radiation doses for children

Source
Estimated effective
dose (mSv)

Natural background radiation 3 mSv per year
Airline passenger (cross-country) 0.04 mSv
Chest X-ray (single view) 0.01 mSv
Head CT Up to 2 mSv
Chest CT Up to 3 mSv
Abdominal CT Up to 5 mSv

Based on US data and adapted from www.imagegently.org.

Table 3.9. Cancer risks following childhood therapeutic irradiation for benign diseases

Cancer site
Benign condition,
cohort

No. of irradiated
subjects

Mean age
(years)

Mean dose
(Gy) ERR/Gy (95% CI)

Thyroid Tinea capitis, Israel 10,834 7.1 0.1 32 (14–57)
Tinea capitis, New York 2,224 7.8 0.1 7.7 (<0–60)
Hemangioma,a

Gotenburg
11,914 <1.5 0.1 7.5 (0.4–18)

Hemangioma,a
Stockholm

14,435 <1.5 0.3 4.9 (1.3–10)

Enlarged tonsils,
Chicago

2,634 4 0.6 2.5 (0.6–26)

Thymus, Rochester, NY 2,650 <1 1.4 9.1 (3.6–29)
Breast Hemangioma (pooled)a 17,202 0.5 0.3 0.4 (0.2–0.6)

Thymus, Rochester, NY 1,201 <1 0.7 2.5 (1.1–5.2)
Leukemia Tinea capitis, Israel 10,834 7.1 0.3 Not available

Hemangioma (pooled)a 28,008 0.5 0.1 1.6 (–0.6 to 5.5)
Brain Tinea capitis, Israel 10,834 7.1 1.5 4.6 (2.4–9.1)b

1.5 2.0 (0.7–4.7)c

Hemangioma (pooled)a 28,008 0.5 0.1 2.7 (1.0–5.6)d

Skin Tinea capitis, Israel 10,834 7.1 6.1 0.7 (0.3–1.4)
Tinea capitis, New York 2,224 7.8 4.3 1.6 (1.3–2.1)

aRadium-226 treatment.
bBenign tumor only.
cMalignant tumor only.
dBenign and malignant tumors combined.
Reprinted with the kind permission of Springer Science+Business Media from Kleinerman (26).
Note that ERR is the excess relative risk (where relative risk=excess relative risk + 1).
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Figure 3.1. Percent increase in various pediatric CT examinations over a 6-year period compared to a 2%
increase in visits over the same time period (years 2000–2006). (Reprinted with kind permission of Springer
Science+Business Media from Broder and Fordham (37)).

Future Research

• Increase multi-center outcomes research on
the health benefits/risks of imaging in
children for common conditions (trauma,
abdominal pain, infection, and cancer).

• Increase understanding of the trend in uti-
lization of imaging, in particular those with
relatively high ionizing radiation doses (e.g.,
CT, PET) and potential non-ionizing radia-
tion alternative imaging (e.g., sonography,
MRI).
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Imaging in the Evaluation of

Children with Suspected
Craniosynostosis
Daniel N. Vinocur and L. Santiago Medina

IssuesI. What is the role of imaging in the diagnosis of craniosynostosis?
II. What is the cost and cost-effectiveness of imaging in children with

suspected craniosynostosis?
III. Is imaging required when the clinical diagnosis has clearly been

made?
IV. How often and what intracranial abnormalities are seen in cra-

niosynostosis?
V. What is the role of imaging in the prenatal diagnosis of craniosynos-

tosis?

Key Points� Plain skull radiography demonstrates moderate to high sensitivity and
specificity in craniosynostosis.

� Numerous publications support 3D-CT as the imaging modality
with the best diagnostic performance, with reported sensitivities of
96–100%. CT also detects associated intracranial pathology.

� Higher diagnostic performance is obtained with plain films and CT
if the studies are of good quality and interpreted by an experienced
reviewer.

� Cranial sonography shows preliminary promise as a diagnostic test for
craniosynostosis. The evidence is based on small cohorts; hence, larger
series are needed before it is routinely used.

� Imaging strategies for children with suspected craniosynostosis should
be based on their risk group. In healthy children with head deformity
including posterior plagiocephaly, skull radiography is recommended.
Syndromes such as Apert, Crouzon, and Pfeiffer nearly always have
associated craniosynostosis and hence require 3D imaging for surgical
planning.
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� Imaging is not necessary for diagnosis or preoperative planning in iso-
lated craniosynostosis with unequivocal clinical findings. However, in
countries with high medicolegal issues, imaging may still be required.

� Intracranial anomalies can be seen in some patients with craniosynos-
tosis but the exact incidence is not well known.

� Small retrospective US and MRI studies demonstrate the feasibility
of prenatal diagnosis of craniosynostosis. However, large prospective
studies are still required to understand the prenatal role of imaging in
craniosynostosis and their effect on postnatal outcome.

Definition and Pathophysiology

Craniosynostosis is the premature fusion of the
skull sutures. The resulting asymmetric calvar-
ial growth causes characteristic cranial deformi-
ties. The clinical outcome varies between minor
cosmetic deformity to severe head growth
restriction with mental retardation and cra-
nial palsies (1). Craniosynostosis cases can be
classified as non-syndromic (isolated) and syn-
dromic. The exact etiology of this disorder is
unknown; however, in several syndromic cases,
genetic disorders have been documented (2–4).

Epidemiology

The overall prevalence of craniosynostosis in
the general population ranges from 34 to 48 per
100,000 live births (5, 6). Higher incidence has
been reported in the state of Colorado, USA (7),
but the reason for this difference is unclear. In
the general population, syndromic cases of syn-
ostosis are less common than non-syndromic
cases (8–11). Sagittal followed by coronal syn-
ostosis are the most frequent type, account-
ing for 56 and 22% of the cases, respectively
(6). In children with syndromic craniosynostotic
disorders, such as Crouzon, Apert, and Pfeif-
fer syndromes, synostosis is almost universally
present (8–11)

Deformational plagiocephaly is defined as
the asymmetric flattening of the head due
to repeated pressure. Since 1992, there has
been an exponential increase in the number of
infants seen with deformational posterior pla-
giocephaly (positional molding) (12, 13). The
most likely explanations are the 1992 Amer-
ican Academy of Pediatrics recommendation
that infants sleep in the supine position to

decrease the risk of sudden infant death syn-
drome (SIDS) and the increased awareness
among pediatricians and other primary care
providers of plagiocephaly (14–18). This spe-
cific entity usually presents some time after
birth, progresses until 6 months of age, and
remains stable thereafter (13). The skull defor-
mity is generally considered to be only of cos-
metic significance, and in the vast majority of
cases it will respond to conservative measures
such as changing sleep position or corrective
helmets (3, 14).

Overall Cost to Society

We are not aware of studies documenting
national costs of diagnosis or treatment of cran-
iosynostosis or deformational plagiocephaly
before or after the 1992 recommendations from
the American Academy of Pediatrics. The cost
of imaging studies and cost-effectiveness analy-
sis are discussed in detail below.

Goals

The overall goal of neuroimaging for infants
with suspected craniosynostosis is the early
detection and characterization of this entity to
enable appropriate treatment. Delayed diag-
nosis and treatment may lead to (1) cosmetic
calvarial deformity which may be difficult to
correct or may require more extensive cranio-
plasty and (2) potentially irreversible neuro-
logical impairment (18). Specific imaging goals
include detailed characterization of the num-
ber of sutures, extent of suture involvement,
and complexity of 3D calvarial deformity. Sec-
ondary goals include uncovering underlying
brain anomalies associated with syndromic



Chapter 4 Imaging in the Evaluation of Children 45

synostotic disorders. More recently, there has
been growing interest in the prenatal diagnosis
of this disorder.

Methodology

Scientific article search was performed using
the Medline/PubMed electronic database
(National Library of Medicine, Bethesda,
MD) and Ovid (Wolters Klumer, New York,
New York) for original research publications
discussing the diagnostic performance
and effectiveness of imaging strategies in
craniosynostosis. The search for neuroimaging-
related publications covered the period 1980–
November 2007. The search strategy employed
different combinations of the following terms:
(1) Craniosynostosis, (2) Sensitivity, (3) Specificity,
and (4) Diagnosis. This review was limited to
human studies and the English language litera-
ture. The authors performed an initial review of
the titles and abstracts of the identified articles
followed by full text detailed review of relevant
articles.

Discussion of Issues

I. What Is the Role of Imaging in the
Diagnosis of Craniosynostosis?

Summary of Evidence: Plain skull radiography
demonstrates moderate to high sensitivity and
specificity in craniosynostosis (limited to mod-
erate evidence). Numerous publications show
3D-CT as the test with the best diagnostic per-
formance, with reported sensitivities of 96–
100% (limited to moderate evidence). Addi-
tionally CT allows the detection of associated
intracranial pathology. Higher diagnostic per-
formance is obtained when radiographs and CT
are of good quality and interpreted by expe-
rienced reviewers (limited to moderate evi-
dence). An imaging diagnostic algorithm is
summarized in Fig. 4.1. The diagnostic algo-
rithm is based on the clinical differentiation
between syndromic and isolated craniosynos-
tosis. In isolated (non-syndromic) cases, we
advocate starting with plain radiographs. If
the radiographs are negative, clinical follow-up
would be indicated. In equivocal cases, or when

the radiographs are positive, further characteri-
zation with 3D-CT is recommended. Syndromic
cases are best evaluated directly with 3D-CT,
with surgical consultation indicated in positive
cases.

Head sonography shows preliminary
promise as a diagnostic test for craniosyn-
ostosis. The evidence is based on small cohorts;
hence, larger series are needed before routine
use in medical practice (limited evidence).
Bone scintigraphy has fallen out of use, mainly
due to its low accuracy, estimated at 66%. In
addition, interpretation of images is complex
and requires great expertise (limited evidence).

Supporting Evidence

Skull Radiographs
Plain radiographs are classically considered the
first-line imaging modality in craniosynostosis
(19, 20). The standard series includes an antero-
posterior view, Towne projection, and both lat-
eral views. The low cost per study, low radi-
ation, and universal availability have made it
an attractive diagnostic choice (21). However,
large prospective studies addressing the diag-
nostic accuracy of plain radiographs for the
detection of craniosynostosis are lacking. In a
retrospective study by Cerovac and colleagues,
the overall diagnostic accuracy of plain radio-
graphy was estimated to be 91% (20) (limited
evidence). Vannier and colleagues (22) reported
wide ranges of diagnostic accuracies depending
on the suture evaluated, ranging from 56% for
the metopic suture to 88% for the sagittal suture.
Overall sensitivity and specificity were reported
between 57 and 80% and 54 and 100%, respec-
tively (limited to moderate evidence). Pilgram
et al. showed poor quality radiographic stud-
ies had significant decrease in sensitivity and
specificity estimated at 60 and 78%, respectively
(23) (Table 4.1) (limited to moderate evidence).
In an older study from 1985 with 36 patients
(18), plain radiography was reported to have an
accuracy rate of 89% when compared to surgical
inspection and pathologic examination (limited
evidence).

Computed Tomography (CT)
The introduction of computed tomography
revolutionized the imaging of craniosynos-
tosis. This modality not only depicts the
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osseous pathology exquisitely but also allows
for the detection of associated intracranial
abnormalities, including hydrocephalus and
brain developmental anomalies, such as agen-
esis of the corpus callosum (24). In addition, CT
can identify alternative causes for asymmetric
cranial morphology, such as brain hemiatrophy
and chronic subdural collections (19).

Numerous studies have been published in
the literature demonstrating the high diagnos-
tic performance of CT (Table 4.1). Agrawal et al.
(25) reported an overall sensitivity of 100% for
CT diagnosis of synostosis in 12 infants (limited
evidence). A blinded study performed on a rel-
atively small cohort (25 infants) reported that
the sensitivity of CT with 3D surface-rendered
reconstructions to be in the range of 96–100%
(limited evidence) (26). An older study from
1985 using thicker axial slices and no 3D recon-
structions (18) reported an overall accuracy for
CT diagnosis of 94%. CT reviewer experience
and image quality play an important role in
the achieved diagnostic performance. Vannier
et al. demonstrated sensitivity and specificity
of 96.4 and 100%, respectively, for experienced
CT reviewers (limited to moderate evidence)
(27). They also revealed that less experienced
CT reviewers had a significant drop in speci-
ficity of the test to 83% (limited to moderate
evidence) (Table 4.1) (27). Pilgram et al. demon-
strated that poor quality CT studies had a sig-
nificant decrease in sensitivity and specificity
estimated at 73 and 78%, respectively (limited
to moderate evidence) (23).

The use and risks of sedation or general anes-
thesia to perform CT examinations in children
have been considered by several authors (20,
21). The overall risk of death from sedation is
very low and has been estimated at 1 in one mil-
lion (28–30). Furthermore, with the advent of
spiral and multidetector CT, imaging time has
been reduced drastically; hence, most children
no longer need sedation for routine head CT.

Imaging post-processing also has an impact
on the diagnostic performance of CT. Van-
nier et al. (22) compared and concluded that
3D shaded rendering of the skull was supe-
rior to the combined information from 2D-
CT and plain radiography (limited to moder-
ate evidence). In a technical note, Medina (31)
reported from a small group of 10 patients the
advantages of 3D maximum intensity projec-

tions (MIP) in the comprehensive assessment of
craniosynostosis (limited evidence).

Ultrasound (US)
Lately growing interest has been placed on
ultrasonographic examination for craniosynos-
tosis given its lack of ionizing radiation and
need for sedation. However, sonography is
operator dependent, requires special technolo-
gist training, and is not feasible in infants older
than 13 months (32). Technically the examina-
tion consists in scanning the sutures with high-
frequency transducers (typically 7.5 MHz), uti-
lizing gel as contact medium.

In 2006, Jan Regelsberger and colleagues from
Hamburg, Germany, published a small series of
26 patients in which the diagnosis of craniosyn-
ostosis was established by ultrasound and con-
firmed later with CT. The study reported US
sensitivity of 100% relative to CT (limited evi-
dence) (32).

Plagiocephaly is a common problem with an
estimated prevalence of 20% at 8 months of age
(33). There was a sharp increase in posterior pla-
giocephaly over the last 25 years (13), after the
widespread adoption of the AAP infant posi-
tioning recommendations to decrease the inci-
dence of SIDS (34). A few articles addressed
the use of ultrasound for this specific clinical
concern (i.e., unilateral occipital craniosynos-
tosis versus deformational molding) (32, 35).
Sze and colleagues (35) published a prospec-
tive study of 41 subjects (including controls)
to understand the role of US in characteriz-
ing posterior plagiocephaly (limited to mod-
erate evidence). Their study correlated ultra-
sonographic findings with CT results. The over-
all sensitivity for US diagnosis was 100% and
the specificity was 89% (limited to moderate
evidence).

Bone Scintigraphy
Older literature emphasized the role of Tc99m-
based bone scintigraphy for the diagnosis of
craniosynostosis. The literature estimates the
overall accuracy of scintigraphy to be approx-
imately 66% (18), which renders it essentially
valueless for current practice use. In addi-
tion, interpretation of this modality requires
expert knowledge regarding the different nor-
mal phases of activity along calvarial bone mat-
uration (36).
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II. What Is the Cost and
Cost-Effectiveness of Imaging
in Children with Suspected
Craniosynostosis?

Summary of Evidence: Selection of children with
suspected craniosynostosis based on their risk
group and use of the most appropriate eval-
uation strategy could maximize clinical and
economic outcomes for these patients. A
comprehensive cost-effectiveness analysis com-
paring different imaging strategies in the diag-
nosis of craniosynostosis was performed by
Medina et al. (21) (moderate to strong evi-
dence). In healthy children with head defor-
mity, including posterior plagiocephaly, the
skull radiographic strategy had the most rea-
sonable cost per quality-adjusted life year
(QALY) gained. Three-dimensional CT was
more effective but had a high cost per QALY
gained. In children with syndromic cranio-
facial disorders (high risk), 3D-CT was the
most effective strategy and had a reasonable
cost per QALY gained. Figure 4.1 summa-
rizes the best imaging approach in suspected
craniosynostosis.

Supporting Evidence: Medina et al. (21) per-
formed formal cost-effectiveness analysis
(CEA) on diagnostic strategies in children with
suspected craniosynostosis (moderate to strong
evidence). Three risk groups were analyzed on
the basis of the prevalence (pretest probability)
of disease: low (completely healthy children;
prevalence, 34/100,000), intermediate (healthy
children with head deformity; prevalence,
1/115), and high risk (children with syndromic
craniofacial disorders (i.e., Crouzon′s syndrome
or Apert′s syndrome); prevalence, 9–10/10).
The analysis was based on cost (not charge)
expressed in 1999 U.S. dollars. Cost data for the
study are shown in Table 4.2.

In the low-risk group, the radiographic plus
3D-CT strategies resulted in a cost per quality-
adjusted life year (QALY) gained of more than
$560,000. In the intermediate risk group, the
radiographic strategy resulted in a cost per
QALY gained of $54,600. Three-dimensional CT
was more effective than the two other strate-
gies but at a higher cost, with a cost per QALY
gained of $374,200. In the high-risk group, 3D-
CT (without initial radiographs) was the most

effective strategy with a cost per QALY gained
of $33,800. Less experienced radiologists and
poor-quality studies increased the evaluation
cost per QALY gained for all of the risk groups
because of decreased effectiveness.

The authors concluded that radiologic screen-
ing of completely healthy children (low risk
for synostosis) is not warranted because of the
high cost per QALY gained for any imaging.
In healthy children with head deformity (inter-
mediate risk), the initial workup with radio-
graphs is the most cost-effective choice. Three-
dimensional CT is more effective but more
expensive. In children with syndromic cranio-
facial disorders (high risk), 3D-CT was the most
cost-effective imaging approach.

III. Is Imaging Required When
the Clinical Diagnosis Has Clearly
Been Made?

Summary of Evidence: Isolated craniosynosto-
sis with unequivocal clinical findings proba-
bly does not warrant preoperative imaging for
diagnostic correlation and preoperative plan-
ning (moderate evidence), though imaging may
be important for medicolegal considerations.

Supporting Evidence: In the setting of grow-
ing concern regarding radiation exposure (37),
Agrawal et al. (25) studied the usefulness of
preoperative imaging of clinically diagnosed
isolated sagittal craniosynostosis. In their retro-
spective study of 114 cases, they correlated clin-
ical diagnosis and pre-surgical imaging (plain
radiography and CT) with surgical and patho-
logic findings and found a correlation of 100%
for clinical diagnosis (moderate evidence). Both
imaging studies also had a 100% correlation
with surgical pathology results. In this prelim-
inary work, they concluded that clinically typ-
ical isolated sagittal craniosynostosis does not
warrant imaging.

Similarly, Cerovac and colleagues from the
Great Ormond Street Hospital for Children in
UK (20) published a retrospective series of 109
clinically diagnosed cases of isolated craniosyn-
ostosis (non-syndromic) and correlated them
with pre-surgical imaging (CT and radiogra-
phy) and surgical findings. They also demon-
strated 100% confirmation of clinical and CT
diagnosis (moderate evidence). Furthermore,
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they reported no additional treatment benefit
from CT in screening for intracranial abnormal-
ities or change in surgical planning.

IV. How Often and What Intracranial
Abnormalities Are Seen in
Craniosynostosis?

Summary of Evidence: There are few studies
addressing this question and those published
have been small and without well-defined
cohorts. Therefore, intracranial anomalies can
be seen in some patients with craniosynostosis
but the exact incidence is not well known.

Supporting Evidence: The exact incidence of asso-
ciated intracranial anomalies in craniosynosto-
sis is not well known. In a study from 1982,
Goldstein and Kidd (38) reported on a hetero-
geneous group of patients with a variety of syn-
dromic and isolated craniosynostosis (limited
evidence). In this group, 5 out of 13 patients
(38%) demonstrated an associated intracranial
abnormality, most commonly hydrocephalus.
However, only 1 of the 5 patients with an
intracranial abnormality led to change in ther-
apy (insertion of a shunt for hydrocephalus).

On the other hand, Hayward et al. (39) pub-
lished a selective study of 30 patients with
severe craniosynostosis and complex clinical
syndromes who had MR imaging. The authors
found more associated pathologies with the fol-
lowing prevalence: hindbrain herniation 19/30;
syringomyelia 1/30; hydrocephalus 12/30; and
non-specified anomalies of cerebral white
matter 4/30.

The association of intracranial anomalies
with syndromic craniosynostosis has been well
established. Crouzon syndrome is associated
with chronic tonsillar herniation (Chiari I mal-
formation) in approximately 70% of cases and
syringomyelia in 20% of cases. Other associa-
tions include hydrocephalus and absent corpus
callosum (40).

Apert syndrome has been associated with
megalencephaly and stable ventriculomegaly.
Interestingly, progressive hydrocephalus
appears to be relatively uncommon (20%)
(41). Additional associations include agenesis
of the corpus callosum/septum pellucidum,
encephalocele (42), limbic and gyral malfor-

mations, and heterotopic gray matter among
others (24, 41).

Finally, Pfeiffer syndrome demonstrates con-
siderable heterogeneity, with subgroups of
patients with mild phenotypes without men-
tal retardation (43) to more severe phenotypes
associated with mental retardation, hydro-
cephalus, and Arnold Chiari II malformation
(40).

V. What Is the Role of Imaging
in the Prenatal Diagnosis
of Craniosynostosis?

Summary of Evidence: Small retrospective US
and MRI studies in the prenatal diagnosis of
craniosynostosis have been published (limited
evidence). However, large prospective studies
are still required to understand the prenatal role
of imaging in craniosynostosis and their effect
on parental counseling, surgical planning, and
postnatal outcome of these fetuses.

Supporting Evidence: Recently, there has been
increasing interest in the antenatal diagnosis of
craniosynostosis. Early detection could poten-
tially allow for different interventions, includ-
ing elective termination of pregnancy in severe
syndromic synostosis, elective cesarean sec-
tion, early postnatal surgery, and perhaps fetal
surgery (44).

Ultrasound (US)
In the largest series found in the literature, Dela-
haye and colleagues (4) performed a retrospec-
tive study in 40 fetuses with high risk of cran-
iosynostosis. The inclusion criteria included
(1) patients with positive family history of
craniosynostosis and (2) those with an abnor-
mal screening obstetrical ultrasound. Abnormal
screening ultrasounds were based on altered
head measurements and indices. Reported sen-
sitivity and specificity was 100 and 97%, respec-
tively, for this retrospective study (4) (limited
evidence).

Miller and colleagues used screening ultra-
sound (non-targeted) in the second and third
trimesters to compile a heterogeneous retro-
spective cohort of 21 fetuses with craniosyn-
ostosis. In this study, the authors correlated
postnatal diagnosis with indirect signs of
craniosynostosis on screening ultrasound
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examinations (cranial geometry and indices).
Their study demonstrated poor correlation
between routine parameters of a non-dedicated
prenatal ultrasound in the proper identification
of synostosis (limited evidence). Using cranial
geometry and indices, only 15 of the 26 (esti-
mated sensitivity 58%) cases were diagnostic
of postnatally documented craniosynostosis
(limited evidence) (44).

MRI
Fjortoft and colleagues reviewed the imaging in
a small group of 15 fetuses that demonstrated
abnormal screening US during the second and
third trimesters and were subsequently referred
to fetal MRI imaging with the specific suspi-

cion of craniosynostosis. In this cohort, MRI
demonstrated 100% sensitivity and specificity
when correlated to follow-up postnatal medical
records (limited evidence) (45). No prospective
MR imaging studies were found.

Take Home Figures and Tables

Figure 4.1 is an algorithm with a suggested
diagnostic approach for suspected craniosynos-
tosis.

Tables 4.1 and 4.2 discuss the perfor-
mance of imaging tests for suspected cran-
iosynostosis and the costs of imaging tests,
respectively.

Child with skull asymmetry 

Non-syndromic Syndromic

Plain radiographs 3-D CT

+

or equivocal

Clinical Follow-up Surgical Consultation

+
–

–
Figure 4.1. Suggested diagnostic approach
algorithm. Summary of the best imaging
approach according to suspected syndromic
versus non-syndromic skull deformity.

Table 4.1. Diagnostic performance of imaging tests
Diagnostic test Sensitivity (%) Range References

Radiographs (good quality)
Sensitivity (%) 80 57–80 (22)
Specificity (%) 95 54–100 (22)

Radiographs (poor quality)
Sensitivity (%) 60 40–80 (23)
Specificity (%) 78 56–100 (23)

CTa,b (experienced reviewer)
Sensitivity (%) 96 93–96 (26)
Specificity (%) 100 95–100 (26)

CTa,b (less experienced reviewers)
Sensitivity (%) 96 89–100 (26)
Specificity (%) 83 43–100 (26)

CT (poor quality)
Sensitivity (%) 73 52–83 (23)
Specificity (%) 78 30–81 (23)

aCT with 3D reconstructions.
bGood quality.
Modified with permission of the ARRS from Medina et al. (21)
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Table 4.2. Cost of imaging tests

Variable Direct cost ($) Total costa ($) Medicaidb ($)

Skull radiography 44 76 38
3D-CT 80 191 261
Sedation 70 121 0c

CT plus sedation 150 312 261
aMedical center cost estimates include direct (fixed and variable) and indirect (overhead) costs.
bMedicaid reimbursement (Ohio). This cost was used for the case-based study.
cSedation by nonanesthesiologist is not reimbursed by Medicaid.
Modified with permission of the ARRS from Medina et al. (21)

Imaging Case Studies

Figures 4.2, 4.3, and 4.4 illustrate representa-
tive cases of non-syndromic and syndromic
craniosynostosis. In addition, a case of the
commonly seen non-synostotic plagiocephaly is
presented.

Figure 4.2. Case 1. Another case of isolated sagittal
craniosynostosis. Superior view from a 3D-CT recon-
struction demonstrating fusion of the sagittal suture
(star) with associated dolichocephaly.
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Figure 4.3. Case 2. Non-synostotic occipital plagiocephaly (positional molding or deformational plagio-
cephaly). A: Superior projection from a 3D-CT reconstruction demonstrating the skull deformity. B: Posterior
projection from a 3D-CT reconstruction demonstrating patent lamboid sutures (stars).

Figure 4.4. Case 3. Apert syndrome. Anterior oblique
projection from a 3D-CT reconstruction demonstrat-
ing coronal (star) and squamosal (ˆ) sutures synosto-
sis. Also note the facial hypoplasia.

Suggested Imaging Protocol
for Craniosynostosis

Plain Radiographs

Excellent quality plain films including antero-
posterior, Towne, and both lateral radiographs.

CT

Spiral or MDCT with surface rendering and
maximum intensity projections.

Axial acquisition with the following sug-
gested parameters.

• 120 kVp
• 200 mA
• Thickness 2.5 mm
• Parenchymal reconstruction: 5 mm with soft

tissue algorithm

3D Images: 0.625 mm high-resolution bone
reconstruction using 3D volume rendering and
high-definition maximum intensity projection.

Future Research

• Large studies are needed to evaluate the
role of ultrasound in the diagnosis of cran-
iosynostosis, particularly in the differentia-
tion between this entity and deformational
plagiocephaly.

• Further research is required to establish the
role of MRI and US in the antenatal diagnosis
of craniosynostosis.

• Better-defined cohorts should be studied
to determine the incidence of intracranial
abnormalities based on the type of synostotic
disorder.
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5
Sickle Cell Disease and Stroke

Jaroslaw Krejza, Maciej Swiat, Maciej Tomaszewski, and Elias R. Melhem

IssuesI. What is the role of neuroimaging in acute stroke in children with
sickle cell disease (SCD)?

II. What is the role of neuroimaging in children with SCD at risk for
their first stroke?

III. What is the role of neuroimaging in prevention of recurrent ischemic
stroke in children with SCD?

IV. Are there neuroimaging criteria that indicate that blood transfusions
can be safely halted?

V. What is the role of neuroimaging in hemorrhagic stroke in children
with SCD?

Key Points� Implementation of the Stroke Prevention Trial in Sickle Cell Anemia
(STOP) primary prevention strategy that uses transcranial Doppler
screening resulted in lower rates in stroke admissions in California
(limited evidence).

� Presence of silent infarcts on MR scans in asymptomatic children with
SCD is associated with higher risk for future stroke (limited evidence).

� The risk of first stroke can be substantially reduced by chronic transfu-
sions in asymptomatic children with SCD and hemoglobin (Hb) SS, in
whom intracranial arterial mean velocities are over 200 cm/s on tran-
scranial Doppler examination (strong evidence).

� Management of children with SCD and acute stroke requires imme-
diate non-contrast CT to exclude intracranial hemorrhage (moderate–
strong evidence).

� Children with symptoms of stroke and negative CT for hemorrhage
require urgent MRI/DWI/MRA to assess the degree and extent of
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brain structural abnormalities and PET/SPECT or MRS to determine
the degree of ischemia (moderate evidence).

� Presence of intracranial arterial stenosis and new lesions on MR imag-
ing in patients with stroke history is associated with high risk for recur-
rent stroke (limited evidence).

� There are no specific neuroimaging findings which can suggest that
blood transfusions be safely halted in children with SCD (strong evi-
dence).

� No data were found that evaluate the cost-effectiveness of the differ-
ent neuroimaging modalities in the evaluation of symptomatic and
asymptomatic patients with SCD and suspected stroke (limited evi-
dence).

Definition, Pathophysiology, and
Clinical Presentation

Sickle cell disease (SCD) is a family of reces-
sively inherited disorders of hemoglobin (Hb).
People who inherit only one sickle gene (HbS)
are sickle cell carriers. Sickle cell anemia (SCA)
is the most severe form of SCD developing
when two sickle genes are inherited (homozy-
gotic HbSS). Clinically significant SCD also
arises when people inherit the sickle gene from
one parent and another variant Hb gene from
the second parent such as HbC (SC) or beta tha-
lassemia gene (Sβ+ or Sβ0). Sickle Hb (HbS),
particularly when not carrying oxygen, poly-
merizes to gel-like consistency, the red blood
cell (RBC) becomes more rigid and deformed to
less pliable sickle shape (1, 2). The ability of RBC
to adopt a new shape becomes the only impor-
tant factor determining their transit through
microcirculation as the viscosity of blood is
abnormally increased primarily due to a loss of
normal RBCs’ deformability (3, 4). Sickle RBCs
are much more vulnerable to mechanical stress
during passage through the vasculature, result-
ing in hemolytic anemia. There is also accumu-
lating evidence that activated white blood cells
change their rheological properties contribut-
ing to SCD pathophysiology (5, 6). Chronically
elevated levels of biologic mediators and acute
reactants and ongoing activation of the coag-
ulation system associated with persistence of
inflammation in sickle subjects, even when they
are in “steady state,” further increase plasma
viscosity and RBC aggregation (4, 7, 8). The vis-
cosity of the oxygenated sickle blood is about
1.5-fold that of normal at equal shear rates but

is increased to 10-fold that of normal blood in
the deoxygenated state (9).

There is a wide range of values for all
RBC indices in chronic SCA (10). The reduc-
tion in volume of RBC restricts the oxygen-
carrying capacity of Hb, leading to chronic
hemoglobin desaturation (11). Children with
HbSS are more vulnerable to frequent episodes
of pain, chest crisis, stroke (12–15), and delayed
growth (16) than those with HbSC or HbSβ0 tha-
lassemia, who usually have less-severe neuro-
logical complications in later life. There is ongo-
ing controversy as to whether stroke is more
common in those with sickle cell trait (HbAS)
than in the general population.

Stroke is a major cause of morbidity in SCD
typically defined as a cerebral vascular accident
(CVA) of sudden onset with focal neurological
deficit persisting over 24 h, developed either
spontaneously or in the context of an acute ill-
ness such as infection (17). There is a high risk of
CVA recurrence—particularly for patients pre-
senting spontaneously—that is reduced but not
eliminated by regular blood transfusion (17, 18).

Both ischemic and hemorrhagic strokes may
be encountered as well as common subclinical
strokes called “silent infarcts.” The typical areas
of infarction are the frontal and parietal lobes,
particularly in boundary zones of territories
supplied by the internal carotid (ICA) and mid-
dle (MCA) and anterior (ACA) cerebral arter-
ies whereas the posterior circulation is affected
much less frequently. Large-vessel vasculopa-
thy and vaso-occlusion at the microvascular
level, which enhances rheological insult, appear
to be the dominant mechanisms of stroke in
SCD. Not all patients who die after developing
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neurological symptoms have large-vessel dis-
ease, however. In addition to the typical small
necrotic lesions in the border between the cortex
and the subcortical white matter, acute demyeli-
nation and venous sinus thrombosis have also
been documented on MRI (19, 20).

There is a broad spectrum of acute presenta-
tion with CVA and other neurological compli-
cations in patients with SCD (21–23). Besides
clinical stroke, patients with SCD also can have
transient ischemic attacks (TIAs) with symp-
toms and signs resolving within 24 h (21–23),
although many of these individuals are found
to have had recent cerebral infarction or atrophy
on imaging (12). The insidious onset of “soft
neurological signs,” such as difficulty in tap-
ping quickly, is usually associated with cere-
bral infarction (24, 25). In addition, seizures
(26), coma (27) and headache (28) are com-
mon presentations of stroke and CVA in chil-
dren with SCD. Altered mental status—with
or without reduced level of consciousness,
headache, seizures, visual loss, or focal signs—
can occur in numerous contexts, including
infection, shunted hydrocephalus (29), acute
chest syndrome (ACS) (30, 31), aplastic anemia
secondary to parvovirus (32), after surgery (28,
33), transfusion (34), immunosuppression (35,
36), and apparently spontaneously (37). In one
large series of 538 patients with ACS, 3% of chil-
dren had neurological symptoms at presenta-
tion, and such symptoms developed in a fur-
ther 7–10% in association with ACS (30). These
patients are classified clinically as having had a
CVA (12), although there is a wide differential
of focal and generalized vascular and nonva-
scular pathologies—often distinguished using
acute magnetic resonance techniques (37)—
with important management implications (26,
29, 34, 38–41). Sixty-seven percent of those who
have had an initial stroke and are not trans-
fused will develop another, most likely within
36 months (42). With each episode, the child
is usually left with more residual neurological
deficit including some degree of mental retar-
dation.

Epidemiology

SCD is one of the most prevalent genetic dis-
orders and primarily affects people originat-

ing from sub-Saharan Africa, the Middle East,
the Mediterranean, the Indian subcontinent,
the Caribbean and South America, and their
descendants in other parts of the world and
immigrants from the above countries (43–50).
The incidence of SCA in the African American
population is 0.2–0.3%; that of SS trait is
9–11% and that of SC disease is 3% (48, 51–54).
The sickle gene is present in about 20% of the
indigenous black population in Africa (50, 55,
56). Approximately 80,000 African Americans
in the USA have SCD. About 1 in 12 African
Americans and 1 in 100 Hispanic Americans
are carriers of the disease (57). This prevalence
has remained constant primarily because the
trait provides partial protection against malar-
ial infection from Plasmodium falciparum (50, 58,
59). When RBCs containing HbS are deoxy-
genated, malarial parasites within these cells
are destroyed. The parasites by themselves
lower the pH causing the cells to sickle faster.
Such protection has become irrelevant in the
USA where malaria is no longer endemic.

Epidemiology of Stroke

Overall prevalence of stroke in all forms of
SCD is 4%, and in those with SCA is 5%. First
stroke occurs in all age groups, except for chil-
dren under 1 year of age. The annual inci-
dence of first stroke is approximately 0.6 per
100 patient-years or 600/100,000/year in SCA
children. However, the highest incidence occurs
in the first decade of life with rates of 1.02 per
100 patient-years in SCA patients 2–5 years of
age and 0.8 in those 6–9 years of age (12). The
cumulative risk of first stroke in SCA patients
is 11% by the age of 20 years, 15% by age 30,
and 24% by age 45 (12). The combined incidence
of hemorrhagic and ischemic strokes in a gen-
eral sample of American children 14 years of
age was reported as 3.3 per 100,000 yearly or
0.0033 per 100 patient-years (60). The types of
stroke differ between adults and children with
SCD. Infarctive strokes are relatively more com-
mon in children than in adults while the reverse
is true for hemorrhagic stroke. In the Coopera-
tive Study of Sickle Cell Disease (CSSCD) report
9.6% of first strokes in SCD patients under age
20 were hemorrhagic, while 52% of all strokes
in those over 20 years were hemorrhagic (12).
When compared with their peers, children with
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SCD have a 220-fold increase in stroke risk and
a 410-fold increase in cerebral infarction.

In the CSSCD, stroke occurred less fre-
quently in the other common genotypes of SCD.
Age-adjusted prevalence rates of stroke at study
entry were 2.43% for SB0 thalassemia (SCD-
Sβ0), 1.29% for SCD-Sβ+, and 0.84% for SCD-
SC. About 21% of SCD-SC patients who had a
stroke were less than 10 years old compared to
those with SCD-SS (31% under age 10).

Risk of Stroke

Clinically apparent stroke represents the most
significant and recurrent threat to the SCD
patient population. When compared with their
peers, children with SCD have a 220-fold
increase in stroke risk and a 410-fold increase
in cerebral infarction; 11% of patients will have
a clinically apparent stroke by age 20 years
and 24% by age 45 years (12). The risk of
first symptomatic stroke is highest during the
first decade of life, with an incidence of 1.02%
per year between the ages of 2 and 5 years.
Moreover, 17–35% of SCD children without a
compatible history of a cerebrovascular event
have “silent” infarctions detectable with MRI
(41, 61, 62). Children with silent infarcts are
at higher risk for further ischemia than are
SCD children with a normal MRI (41, 61, 62).
The Cooperative Study of Sickle Cell Disease
(CSSCD) amassed clinical data from October
1978 through September 1988 on a cohort of
4,082 patients with SCD from 23 clinical cen-
ters across the USA (12). Subjects were followed
for an average duration of 5.2 ± 2.0 years. The
overall incidence of first stroke was 0.46 per
100 patient-years, the age-adjusted incidence of
first CVA was 0.61% per 100 patient-years. The
incidence and prevalence of CVA is given in
Table 5.1.

Epidemiology of Recurrent Stroke

Stroke in SCD has a high tendency to recur. In
untransfused patients there is a 67% recurrence
rate with 70% of the recurrent strokes occur-
ring within the first 3 years following the initial
stroke (42). The high risk of CVA recurrence can
be reduced but not eliminated by chronic blood
transfusion (18, 63). Estimated risk of stroke of
children with SCD receiving blood transfusion
therapy for at least 5 years after initial stroke is

2.2 per 100 patient-years (63). There is no suf-
ficient evidence to state that hydroxyurea ther-
apy reduces the risk of stroke (64, 65); how-
ever, data from nonrandomized clinical series
suggest that hydroxyurea might be an alter-
native to transfusion for primary stroke pre-
vention (insufficient evidence) (66). Chance of
stroke recurrence in SCD patients is given in
Table 5.2.

Epidemiology of Silent Infarcts Diagnosed
by MRI

Children with silent infarcts are at higher risk
for further ischemia than are SCD children with
a normal MRI (41, 59, 60). About 17–35% of SCD
children without a compatible history of a CVA
have “silent” infarctions (41, 63, 67), and up to
25% have silent infarction by adolescence, typ-
ically between the ACA and MCA or between
MCA and Posterior Cerebral Artery (PCA) ter-
ritories (41, 68, 69). There is evidence of white
matter damage in these border zones, even
in those having normal T2-weighted MRI (70)
and no neurological symptoms (24, 25). These
patients, however, might have had subtle tran-
sient ischemic attacks, headaches, or seizures
(69). Cognitive difficulties (71, 72), which com-
monly affect attention (71) and executive func-
tion (73), are common in SCD, sometimes from
infancy (73); they can be progressive (74) and
are associated with brain abnormalities on MRI
(70, 71, 74, 75).

Overall Cost to Society

SCD affects about 72,000 African Americans
(54). Nationally, total health-care costs for SCD
exceeded $0.9 billion in 1995 (data provided by
NHBLI). This estimated cost does not include
direct and indirect non-health-related costs,
patient’s and family member’s time lost from
school, lost workdays and reduced productiv-
ity of the patient, lost earnings of unpaid care-
givers, transportation expenses, and income
lost from premature death. Moreover, pain, dis-
ruption of family life, and stress on the patient
and family are not included in the estimate.
In 2007 dollars, the total cost may exceed $1.5
billion, which makes SCD one of the most
costly genetic disorders in the USA. During the
years 1989–1993, there were on average 75,000
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hospitalizations per year of patients with SCD
for a total direct cost of $475 million per year
(in 1996 dollars) (76). Government paid 66% of
the cost of hospitalizations. Thus, research into
interventions that prevent complications or
result in better outpatient management of
patients with SCD is important and has great
potential for cost savings.

Cost of Screening

STOP research findings and NHBLI recom-
mendations pose challenges to the health-care
system. The time on transfusions necessary
to decrease the stroke risk for patients with
SCD remains unclear. As recommended by
NHBLI, every child between the ages of 2 and
16 (approximately half of 72,000 people with
SCD) should undergo two transcranial Doppler
(TCD) studies a year. Estimated TCD exams
cost $21.6 million ($300/TCD) a year, while esti-
mated recommended transfusions cost about
$154 million (77, 78).

Cost-Effectiveness Analysis

No data exist concerning cost-effectiveness of
assessing the risk of first stroke, of neuroimag-
ing in acute stroke, or of predicting stroke out-
come in children with SCD.

Goals

The goal of neuroimaging such as computed
tomography (CT), magnetic resonance (MR),
positron emission tomography (PET), single
photon emission CT (SPECT), and TCD in acute
stroke is to document whether the stroke is
ischemic or hemorrhagic, to assess the extent
of parenchymal abnormalities, and to deter-
mine the presence of cerebrovascular changes.
However, initiation of neuroprotective therapy,
including exchange transfusion therapy to min-
imize secondary brain damage and neutralize
“ischemic cascade,” should not be delayed by
arrangement for imaging studies. CT without
contrast is the primary imaging modality for
the assessment of acute stroke because of its
24/7 availability, ease of accessibility, and abil-
ity to exclude hemorrhagic causes. MRI and
MR engiography (MRA) are recommended for
better assessment of extent of infarction and

demonstration of cerebrovascular abnormali-
ties. In the case of hemorrhagic stroke, the goal
is to identify with conventional angiography
an arteriovenous malformation or aneurysm(s)
amenable to surgery or catheter intervention.
Exchange transfusion prior to invasive angiog-
raphy is recommended.

The ultimate goal is to preserve brain func-
tion in children with SCD. A secondary goal
is to prevent the progression of preclinical
ischemia to permanent neuronal loss with dis-
ability. The first step is to identify young
children at high risk of stroke before devel-
opment of focal neurological deficits. The pre-
ferred imaging is dependent upon the neuro-
radiologist and the institution but typically is
large-vessel velocity measurements with tran-
scranial Doppler ultrasound confirmed by con-
ventional MRI or quantitative MRI and MRA
(Fig. 5.1). This should be followed by pre-
ventive therapy in those with evidence of
parenchymal and/or cerebrovascular changes.
In patients with neurological symptoms and
negative MRI/MRA findings PET or SPECT is
recommended.

Methodology

We conducted a systematic review of the
literature using a database search of MED-
LINE (PubMed, National Library of Medicine,
Bethesda, MD) and of Web of Science R© (Insti-
tute of Scientific Information, Philadelphia, PA)
to identify studies dealing with sickle cell dis-
ease and stroke and relevant to neuroimaging.
The search covered years 1990–2007, using the
following key terms: (1) sickle cell disease and
(2) stroke, and one of the following: exp cerebral
ischemia, cerebral infarction, cerebrovascular disor-
ders or cerebrovascular accidents, epidemiology, cost,
ultrasound, TCD or transcranial Doppler sonog-
raphy, TCCS or transcranial color-coded sonog-
raphy, TCCD or transcranial color-coded duplex
sonography, MRI or magnetic resonance imaging,
MRA or magnetic resonance angiography, angiog-
raphy, DSA, or digital contrast angiography, CT
or computed tomography, PET or positron emis-
sion tomography, SPECT or single photon emis-
sion computerized tomography. There was one ran-
domized controlled trial, no meta-analyses, and
no cost analysis of neuroimaging diagnostic
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options. We expanded our retrieval to include
also clinical trials, cohort studies, multicenter
studies, comparative studies, case–control stud-
ies, and case reports having more than five sub-
jects for the key question of the age-specific
natural history of ischemic stroke. Reviews, let-
ters, hospital bulletins, and single case reports
were excluded.

Discussion of Issues

I. What Is the Role of Neuroimaging
in Acute Stroke in Children with
Sickle Cell Disease?

Summary of Evidence: CT without contrast is
the best tool to exclude hemorrhagic stroke
in children as well as adults. There is need
for a research study, however, to determine
whether anatomical MR can replace CT (79, 80).
Patients without hemorrhagic stroke should
then undergo MRI with DWI and MRA to
detect an infarct(s), determine location and
extent of ischemic lesions, and presence of
large-vessel occlusion/narrowing as soon as
possible, the best on emergency basis. Vascu-
lar imaging of the neck vasculature with CT or
MR angiography to exclude arterial dissection
(81) and venous thrombosis should be under-
taken within 48 h of presentation with arte-
rial ischemic stroke. MRI and MR angiography
become preferable due to noninvasive nature,
and no requirement to administer iodinated
IV contrast. MR venogram must be specially
requested if cerebral venous thrombosis is sus-
pected (82). Imaging from the aortic arch to the
intracranial vasculature should be performed in
all children with arterial ischemic stroke. Tran-
scranial Doppler (TCD) is not useful in acute
stroke (limited evidence) (83–85).

Symptomatic children with negative CT and
MR studies should be followed subacutely by
PET or SPECT to identify loss of cerebral neu-
ronal metabolic function.

Supporting Evidence

CT
Non-contrast CT provides sufficient infor-
mation to make decisions about emergency
management in hyperacute stroke, i.e., <6 h
after onset of symptoms (moderate evidence)
(86–89). Unenhanced CT has 57% sensitivity

and 100% specificity for acute stroke detection
(90). The sensitivity can be improved up to 80%
by use of variable window width and center
level settings or 10-point topographic scoring
system (91). The utility of CTA in acute adult
stroke relies on demonstrating occlusion or sig-
nificant arterial narrowings within intracranial
vessels and on evaluating the carotid and verte-
bral arteries in the neck. The sensitivity of CTA
was determined to be 88.5–98% in these aspects
(92, 93). The utility of CTA in SCD children with
stroke has not been determined.

MRI
MRI with diffusion-weighted imaging (DWI)
provides additional useful information on pres-
ence of ischemic stroke (moderate evidence)
and visualization of silent cerebral infarcts
(moderate evidence) (94–96). DWI determine
ischemic regions that later progresse to infarc-
tion and the volume of acute infarct correlates
well with clinical outcome. Based on adults data
DWI was reported to have had high sensitiv-
ity and specificity of 88–100% and 86–100%,
respectively (97–99). DWI is superior to con-
ventional MRI imaging and CT in demonstrat-
ing ischemic stroke during the first 24 h after
presentation (moderate evidence) (80, 100–102).
The pattern of ischemic changes in the brain
can be indicative but not specific for a par-
ticular stroke etiology (insufficient evidence)
(103, 104).

MRA
Like CT angiography, MR angiography (MRA)
is useful for detecting intravascular occlusion
due to a thrombus and for evaluating the
carotid bifurcation in patients with acute stroke.
Kandeel and colleagues reported that MRA is
85% accurate when compared to DSA (104). In
a study of 22 SCD patients, MRA abnormal-
ity in a long segment (6 mm) with reduced
distal flow correlated with subclinical infarc-
tion, while short focal areas of abnormal MRA
most commonly in branching regions showed
no associated MRI infarction (105).

More recent data from adults showed that
MRA has 70–86% sensitivity for detection of
intracranial stenosis compared to DSA, while
sensitivity of CTA is higher up 98% (92, 93, 106).
Although CTA has better sensitivity than MRA,
the advantage of MRA in SCD is that, unlike
CTA, it does not require contrast agent, which
can be toxic and can exacerbate symptoms in
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acute stroke (107). MR spectroscopy allows dis-
tinguishing an ischemic lesion from other non-
ischemic changes but utility of MRS in hypera-
cute stroke is limited in children with SCD.

Angiography
Digital subtraction angiography (DSA) is not
included in standard acute stroke imaging
protocol in children with SCD (108). DSA
is accurate in detecting intracranial vascu-
lar abnormalities (AVM, aneurysm, dissection,
occlusion) and quantifying arterial narrowing
(moderate evidence) but is invasive and carries
a risk of stroke (109–111). MR and CT angiog-
raphy are not as accurate as DSA in evalu-
ating vasculature (limited evidence) (112–116),
but DSA is performed when endovascular ther-
apy is anticipated.

Nuclear Medicine (PET, SPECT)
PET and SPECT are indicated if CT and MR
are negative in patients with clinical stroke to
detect the functional activity of the cerebral tis-
sues by using radioactive tracers to indicate
glucose metabolism of 2-deoxy-2-[18F]fluoro-d-
glucose (FDG) and evaluate microvascular per-
fusion ([15O]H2O) (limited evidence) (117, 118).
PET studies (117, 119, 120) that have been done
in patients with SCD have shown a variety
of abnormalities including hypometabolism in
frontal areas of the brain and areas of low
perfusion that appear normal on MRI. The
study of Powars et al. (120) suggested that few
patients with SCD have normal PET studies,
and areas of hypometabolism in brain regions
with normal MR appearance are not uncom-
mon (not sufficient evidence). The authors sug-
gest that PET could be used to select patients
for treatment as four patients showed improve-
ment in metabolism and perfusion with trans-
fusion treatment. The most powerful predic-
tor of ischemia in other applications of PET
is an increased oxygen extraction fraction, but
this application and metabolism measurements
remain to be established in children with SCD.

II. What Is the Role of Neuroimaging
in Children with Sickle Cell Disease
at Risk of Their First Stroke?

Summary of Evidence: Transcranial Doppler
sonography (TCD) is currently the most com-
monly used screening method to identify

children with SCD who are at high risk for first
stroke. In the Stroke Prevention Trial in Sickle
Cell Anemia (STOP) (121) — a multicenter,
randomized trial of standard care versus trans-
fusion therapy to prevent first stroke in 130
children with SCD—the transcranial Doppler
ultrasonography was employed to identify
patients with high risk at stroke based on mean
flow velocity measurements in terminal seg-
ment of ICA and MCA. Patients with velocities
over 200 cm/s, consistent with cerebral arterial
narrowing and at high risk of first-time stroke,
were enrolled. Those treated with chronic blood
transfusions (to keep the hemoglobin above
30%) had 92% lower stroke rate. Based on this
trial and its follow-up study (122), the NHLBI
recommends TCD screening in children starting
at 2 years of age and continue annually if TCD
is normal and every 4 months if TCD shows
velocity over 170 cm/s but less than 200 cm/s.
Asymptomatic children with abnormal TCD
results should be retested within 2–4 weeks
to confirm abnormality, while transfusion is
recommended in symptomatic children and
abnormal velocities, as patients with TIA whose
symptoms are recognized and reported and
with confirmed abnormality on neuroimaging
are treated as having had a stroke.

There have been no randomized trials testing
preventive treatment after the first stroke. How-
ever, a number of case series and a more recent
review have reported that the risk of reduction
appears to be substantial, reducing at least the
recurrence in the first few years from over 50 to
around 10% (123–125) (limited evidence).

The stroke risk may vary substantially among
children with SCD who have abnormal TCD
results, because high velocity can be consistent
with arterial narrowing as well as hyperemic
high blood flow (126). Although there are no
data to stratify the risk of stroke based on pres-
ence of narrowing or hyperemia, in both sit-
uations higher risk of stroke seems to corre-
late with increased TCD velocities. The risk of
ischemic stroke is also higher in children with
silent infarctions on MRI and cerebrovascular
disease on MRA.

Supporting Evidence: The use of TCD is cur-
rently the most commonly used screening
method to identify children at high risk of
both first and recurrent stroke (strong evidence)
(121, 122, 127). TCD is a safe, noninvasive,
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well-tolerated, relatively low-cost procedure in
which the velocity of blood flow can be mea-
sured in intracranial arteries using an ultra-
sound probe placed over the temporal bone
(128, 129). In comparison with conventional
angiography, TCD flow velocity measurements
showed a sensitivity of 90% and specificity of
100% for the diagnosis of arterial narrowing
greater than or equal to 50% lumen diameter
reduction (moderate evidence) (109, 114). The
STOP trial showed associations between stroke
risk and TCD mean velocities in the MCA or ter-
minal ICA (Table 5.3).

The NHLBI issued a clinical alert recom-
mending TCD screening for cerebrovascular
disease every 6 months on all children with SCD
between the ages of 2 and 16 and considera-
tion of chronic transfusions in those with two
abnormal TCD test results (130). The timing of
repeated TCDs is not clearly defined. If TCD is
normal annual testing is proposed while every
4 months if TCD is marginal. Children with
abnormal TCD results should be retested within
2–4 weeks (limited evidence) (78, 122, 131, 132).

Fullerton et al. (133) evaluated administra-
tive data in California comparing the rates of
hospital admissions for the first stroke in chil-
dren with SCD between the early 1990s (before
STOP) and from 1998 to 2000 (after STOP) and
found sharp reduction in first stroke admis-
sions (limited evidence). Further reports from
STOP I and II trials (131) and two ongoing clin-
ical trials in children with SCD — one test-
ing other approaches to screening, silent infarct
documented by MRI (SILENT Cerebral Infarct
Multi-Center Clinical Trial) (134), and the other
testing hydroxyurea compared with transfusion
for secondary stroke prevention (Stroke With
Transfusions Changing to Hydroxyurea Trial)
(135) — may show improved outcomes in the
future.

Imaging TCD has become a widely employed
in practice because it allows accurate identifica-
tion of intracranial arteries in color and place-
ment of a sample volume in a site of arterial
segment, where the velocity is the highest. Also
imaging TCD allows determination of the angle
of insonation and correction of velocity mea-
surements for the error related to more than
zero angles. However, there are no data to sup-
port that angle-corrected flow velocity measure-
ments are better than uncorrected ones in risk

assessment in children with SCD. There are sev-
eral articles suggesting that imaging TCD flow
velocity measurements obtained without cor-
rection for the angle of insonation can be used to
identify children at high risk for stroke instead
of conventional TCD (limited to moderate evi-
dence) (85, 127, 136–140).

Elevation of cerebral blood flow velocities on
TCD may precede abnormal findings in MRA
(141, 142). MRA is more costly and children
under 3 years may require general anesthesia;
however, MRA can confirm the presence and
extent of cerebrovascular disease in those with
elevated TCD velocities (limited evidence) (104,
143, 144).

Risk of Symptomatic Stroke in Children with
Silent Infarct on MRI
Data from the CSSCD showed that silent
infarction seen on MRI was associated with
an increased risk of symptomatic stroke (1.03
per 100 patient-years) and progression of silent
infarction (7.06 per 100 patient-years) (moder-
ate evidence) (41, 62, 69). The Silent Cerebral
Infarct Multi-Center Clinical Trial, in which
estimated number of 204 children with silent
infarction seen on MRI will be randomized
to chronic blood transfusions or observation,
is currently enrolling patients and will report
after 2012 (145).

III. What Is the Role of Neuroimaging
in Prevention of Recurrent Ischemic
Stroke in Children with Sickle Cell
Disease?

Summary of Evidence: Recurrent stroke is
observed in children with SCD despite proper
regimen of transfusion therapy. Arterial
stenosis is the main risk factor for recurrent
stroke. Elevated cerebral artery mean veloci-
ties (>200 cm/s) on TCD and new lesions on
MRI or MRA indicate higher risk of recurrent
stroke. SCD children should be monitored after
first stroke episode with TCD and MRI/MRA
although no randomized or controlled data are
available to optimize frequency of follow-up.

Supporting Evidence: Two studies found a high
risk of stroke recurrence in children who
had arterial abnormalities on conventional
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angiography (limited evidence) (123, 125). Moy-
amoya syndrome is characterized by chronic
progressive narrowing of proximal segments of
intracranial arteries with the characteristic dis-
tal collateral network on angiography.

It is a risk factor for stroke recurrence even
in those children undergoing regular transfu-
sion (limited evidence) (146, 147). Serial MRI
scans in these individuals with pre-existing
cerebral damage might show new lesions as
well as extension of existing abnormality (148).
Some studies show this risk to be reduced
after extracranial–intracranial bypass or indi-
rect revascularization (149, 150) (limited evi-
dence). Further studies of these procedures are
needed as some researchers have not found pro-
gression (151), and the cerebrovascular disease
can stabilize as demonstrated on both MRA
(152) and TCD (limited evidence) (78).

IV. Are There Neuroimaging Criteria
That Indicate That Blood
Transfusions Can Be Safely Halted?

Summary of Evidence: Limited data on discon-
tinuation of blood transfusion suggest that halt-
ing transfusions increases the risk of stroke. A
decision analytic model suggests follow-up of
SCD children during transfusion therapy with
annual TCD until age 10 years. The model also
suggests transfusions until 18 years in chil-
dren with high risk of stroke. The main risk of
prolonged blood transfusions is iron overload
which can result in organ failure and death.

Supporting Evidence: The STOP II trial followed
the children in STOP I and showed that dis-
continuation of transfusions led to recurrence
of TCD abnormalities and development of new
stroke events (moderate evidence) (145, 153).
However, only the baseline TCD results were
used to determine stroke risk against follow-
up observations. Transfusion therapy converts
approximately 60% of patients to normal TCD
results (153, 154) (moderate evidence). Similar
findings were observed on MRA examinations
(78) (limited evidence). The STOP II trial con-
cluded that transfusions should not be stopped
once TCD results were normal (moderate evi-
dence) (153).

However, 20% of children who discontinued
transfusion therapy did not develop abnormal
TCD or stroke. Mazumdar et al. performed
a decision analysis model to compare various
stroke prevention strategies for a hypothetical
cohort of 2-year-old children (155), such as (1)
annual transcranial Doppler ultrasonography
screening until age 16 years with children at
high risk for stroke receiving monthly trans-
fusion for life; (2) annual transcranial Doppler
ultrasonography until age 16 years with trans-
fusions until age 18 years; (3) biannual transcra-
nial Doppler ultrasonography until age 16 years
with transfusions until age 18 years; (4) annual
transcranial Doppler ultrasonography until age
10 years with transfusion until age 18 years; (5)
one-time screening at age 2 years with transfu-
sion until age 18 years; and (6) no intervention.

The optimal stroke prevention strategy was
projected to be annual transcranial Doppler
ultrasonography screening until age 10 years
with transfusion for children at high risk until
age 18 years. Better adherence to chelation ther-
apy would improve life expectancy in all inter-
vention strategies with fewer deaths from iron
overload in comparison to other more intensive
strategies (155) (limited evidence).

V. What Is the Role of Neuroimaging
in Hemorrhagic Stroke in Children
with SCD?

Summary of Evidence: Infarctive strokes are rel-
atively more common in children than in adults
with SCD while reverse is true for hemorrhagic
stroke (12). Primary hemorrhagic stroke is much
more devastating and in majority of patients is
fatal (12). High leukocyte count and low steady-
state Hb concentration were identified to be the
main risk factors of hemorrhagic stroke in SCD
patients (12). Other potential risk factors are
hypertension, treatment with corticoids, previ-
ous ischemic stroke, or hypertransfusion (36).
CT without contrast is still the first line exam-
ination in diagnosing hemorrhagic stroke. In
acute intraparenchymal hemorrhage (ICH) the
accuracy of MRI examination seems to be sim-
ilar to accuracy of CT, especially when gra-
dient echo sequences are used (79, 80); how-
ever, in patients with subarachnoid hemorrhage
(SAH) CT is superior (156). TCD seems to be
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ineffective in predicting hemorrhagic stroke
(122). The role of TCD in pediatric SAH is
unclear though in adults it is used to detect and
monitor vasospasm. In cases with ICH DSA is
advisable to rule out lesions that should be
treated with surgery. In cases with SAH DSA
is used to detect ruptured cerebral aneurysms.
Hydration and reduction of HbS to less than
30% prior to DSA is the usual method of prepa-
ration, and there have been few reports of stroke
complications since this practice was initiated.

It is not known if transfusion prevents recur-
rent hemorrhage. Patients with any form of
intracranial bleeding, excepting subdural from
trauma, need evaluation for a surgically cor-
rectable aneurysm even if the bleeding appears
to be primarily intracerebral. If there is no
aneurysm then transfusion for at least a year
is often recommended, but it is not clear if this
helps. Recurrent hemorrhage is less common
than recurrent ischemic stroke, partly because
more of the first events are fatal.

Supporting Evidence: The Cooperative Study of
Sickle Cell Disease (CSSCD) showed about 9.6%
of first strokes in SCD-SS patients less than 20
years old were hemorrhagic, compared to 52%
of first strokes in those over 20 years old (12).
There is nearly a 250-fold increase in the risk
of hemorrhagic stroke compared with children
under age 20 years (23). In CSSCD study almost
all fatal cases (24%) were due to hemorrhagic
stroke. However, in the first published series
the mortality rate associated with hemorrhagic
stroke was over 50% (157), similar to the rate
(40%) reported by Strouse et al. (34). Typical
clinical presentation of hemorrhagic stroke in
SCD includes focal neurological deficits, severe
headache, nuchal rigidity, and coma.

The CSSCD study showed that risk of hem-
orrhagic stroke increases along with decreas-
ing steady-state Hb concentration (RR 1.61 per
1 g/dL decrease) and increasing steady leuko-
cyte count (1.94 per 5 × 109/L increase) (lim-
ited evidence) (12). Associations with hyperten-
sion, recent blood transfusions, treatment with
corticosteroids, previous ischemic stroke, moy-
amoya, cerebral aneurysms, or acute chest syn-
drome (ACS) were also reported (insufficient
evidence) (34, 39, 146, 158–161).

CT is being used as an initial imaging study.
In emergency setting non-contrast CT is ade-
quate and the most cost-effective strategy in
diagnosing acute hemorrhagic stroke (moder-
ate evidence) (162). In acute ICH the accuracy
of MRI is similar to accuracy of CT, especially
with the use of gradient echo sequences (79, 80)
(strong evidence). MRI is better than CT in eval-
uations of chronic hemorrhage (79, 80) (strong
evidence). MRI, however, is not feasible in up
to 20% acute stroke patients due to contraindi-
cations to MRI, impaired consciousness, hemo-
dynamic compromise, vomiting, or agitation,
and lack of cooperation (163). To obtain suc-
cessful MRI results patients often need general
anesthesia.

CT should be used if subarachnoid hem-
orrhage is suspected (156) (insufficient evi-
dence). DSA is used to identify the source
of bleeding (164, 165) (limited evidence), but
most children require general anesthesia. DSA
is invasive, however, and carries risk of stroke
(166, 167). CTA and MRA are less accu-
rate then DSA in depicting intracranial vas-
cular anatomy, especially in visualization of
tertiary branches and small cerebral arteries
(164). The additional advantage of DSA is the
potential to initiate therapy such as endovas-
cular coiling of aneurysms and embolization
of AVMs. TCD is not effective in predicting
hemorrhagic stroke (122); however, TCD can
be used to detect and monitor intracranial
vasospasm in patients with SAH (168) (limited
evidence).

Take Home Figures and Tables

Figure 5.1 shows a decision tree about the
role of neuroimaging in the primary preven-
tion against stroke and management of children
with sickle cell disease (SCD) with neurological
symptoms.

Table 5.1 shows incidence of first stroke and
prevalence of CVA in the population of children
with sickle cell disease. Table 5.2 shows risk
of recurrent stroke in SCD patients. Table 5.3
shows risk for stroke in SCD patients in accor-
dance with initial TCD velocities.



Chapter 5 Sickle Cell Disease and Stroke 63

Fi
gu

re
5.

1.
D

ec
is

io
n

tr
ee

sh
ow

s
th

e
ro

le
of

ne
ur

oi
m

ag
in

g
in

pr
im

ar
y

pr
ev

en
ti

on
ag

ai
ns

t
st

ro
ke

an
d

m
an

ag
em

en
t

of
ch

ild
re

n
w

it
h

si
ck

le
ce

ll
d

is
ea

se
(S

C
D

)
w

it
h

ne
ur

ol
og

ic
al

sy
m

pt
om

s.
T

C
D

—
tr

an
sc

ra
ni

al
D

op
pl

er
so

no
gr

ap
hy

,M
R

I—
m

ag
ne

ti
c

re
so

na
nc

e
im

ag
in

g,
M

R
A

—
M

R
an

gi
og

ra
ph

y,
D

W
I—

d
if

fu
si

on
w

ei
gh

te
d

im
ag

in
g,

PE
T

—
po

si
tr

on
em

is
si

on
to

m
og

ra
ph

y,
SP

E
C

T
—

si
ng

le
ph

ot
on

em
is

si
on

co
m

pu
te

d
to

m
og

ra
ph

y,
D

SA
—

d
ig

it
al

su
bt

ra
ct

io
n

an
gi

og
ra

ph
y,

H
U

R
—

hy
d

ro
xy

ur
ea

,M
C

A
—

m
id

d
le

ce
re

br
al

ar
te

ry
,I

C
A

—
in

te
rn

al
ca

ro
ti

d
ar

te
ry

.N
ot

e:
op

ti
m

al
fr

eq
ue

nc
y

of
re

sc
re

en
in

g
w

it
h

T
C

D
is

no
te

st
ab

lis
he

d
;y

ou
ng

er
ch

ild
re

n
w

it
h

ve
lo

ci
ty

cl
os

er
to

20
0

cm
/

s
sh

ou
ld

be
re

sc
re

en
ed

m
or

e
fr

eq
ue

nt
ly

.



64 J. Krejza et al.

Table 5.1. Incidence (in %) of first stroke and prevalence of CVA in the population
of children with sickle cell disease

Hb SS Hb SC Hb S-β+ Hb S-β0 Total

Overall incidence 0.61 0.17 0.11 0.10 0.46
Age-adjusted incidence 0.61 0.15 0.09 0.08
Overall prevalence 4.07 0.80 1.48 1.56 3.75
Age-adjusted prevalence 4.01 0.84 1.29 2.43

Data from Ohene-Frempong et al. (12).

Table 5.2. Risk of recurrent stroke in SCD
patients in accordance with initial event

Initial event
Events per 100
patient-years

Symptomatic stroke
– Before age 20 6.4
– After age 20 1.6

Silent infarct 0.54

Data from Ohene-Frempong et al. (12) and from Balkaran
et al. (40).

Table 5.3. Risk of stroke in SCD patients in
accordance with initial TCD mean velocities

TCD velocity (cm/s) Stroke risk (%)

≥200 40
>170 7
<170 2

Data from STOP trial results from Adams et al. (122).
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Imaging Case Studies
Case 1

Figure 5.2 presents brain images of an 11-year-
old girl with sickle cell disease without neuro-
logical deficits.

Figure 5.2. Brain images of an 11-year-old female with sickle cell disease (genotype HbSS) without neurolog-
ical deficits. A: Axial T2-weighted image with small silent lesion located in left parietal region. B: Axial flair
image showing the same lesion in left parietal lesion. C: Axial slice of CBF map obtained using arterial spin
labeling perfusion MRI coregistered to T1-weighted image. D: Sagittal projection of the CBF map registered
to T2-weighted volumetric image; note the high CBF signal in sagittal sinus. E: Image from transcranial color-
coded Doppler study of the middle cerebral artery with velocity measurements and angle correction. F: Axial
projection of the 3D reconstruction of time-of-flight MRA.
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Suggested Imaging Protocol for
Sickle Cell Disease and Stroke

Shown in Fig. 5.1.

Future Research

• Is TCD useful to assess the risk of stroke
among children with hemoglobin SC and
β-thalassemia?

• Is advanced MR imaging helpful to better
select SCD patients for chronic transfusions?

• Is advanced MR imaging useful in secondary
stroke prediction?

• Is neuroimaging useful to identify children
in whom chronic transfusions can be safely
stopped?

• Is there a role for PET-CT for better identifi-
cation of ischemia in children with SCD?
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6
Imaging of Hypoxic-Ischemic

Encephalopathy in the Full-Term
Neonate

Amit M. Mathur and Robert C. McKinstry

IssuesI. What are the clinical features of neonatal hypoxic ischemic
encephalopathy (HIE)?

II. What is the optimal time and what are the ideal MRI sequences to
image neonatal HIE?

III. Why should infants with neonatal encephalopathy be imaged?
IV. Does the pattern of brain injury on MR help predict outcomes in

neonatal HIE?
V. Does cooling alter the pattern of brain injury?

Key Points� Clinical neurological evaluation of the neonate with depression and/or
encephalopathy is nonspecific. The neonatal course may suggest
hypoxic-ischemic insult but the clinical examination cannot fully eval-
uate the extent or severity of the brain injury (moderate evidence).

� The role of ultrasound (US) and computed tomography (CT) in the
evaluation of hypoxic-ischemic brain injury at term is limited. Ultra-
sound could be used to evaluate neonates in the neonatal ICU if the
patient is too sick to travel to the MR scanner. CT can be used to assess
for traumatic brain injury if there is a history of complicated deliv-
ery. CT also plays a role in the acute management of suspected acute
intracranial hemorrhage. However, CT and US fall short of MR imag-
ing in the evaluation of the parenchymal changes of hypoxic-ischemic
injury (moderate evidence).

� Conventional MR imaging with T1-weighted, T2-weighted and T2∗-
weighted imaging is more sensitive than US and at least as sensitive as
CT for HIE (moderate evidence).
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� Diffusion-weighted imaging (DWI) is complementary to conventional
MR imaging, improving sensitivity to ischemic injuries during the first
week after the ischemic insult (moderate to strong evidence).

� MR spectroscopy (MRS) may detect injuries in the first week after the
insult that are otherwise occult. Elevated lactate and decreased NAA
predict a poor clinical outcome (moderate to strong evidence).

� FLAIR and contrast-enhanced imaging sequences do not improve sen-
sitivity of the MR exam beyond the other conventional sequences, DWI
and MRS (moderate evidence).

� MR imaging holds promise for evaluating prognosis, triaging patients
for neuroprotective therapies, and serving as early predication of ther-
apeutic efficacy (limited to moderate evidence).

Definition and Pathophysiology

Hypoxic-ischemic brain injury in term neonates
is often preceded by a significant obstetric
history (uterine rupture, abruption, cord pro-
lapse, etc.), evidence of impaired placental gas
exchange (metabolic acidosis on the cord gas),
poor adaptation at birth needing resuscitation
(low Apgar scores), presence or development
of encephalopathy, and evidence of other end
organ injury (e.g., liver or kidney) (1).

Standard of care for this condition has
been restricted to maintaining the respira-
tory/metabolic milieu, keeping the infant nor-
mothermic, and treating seizures when they
arise. A review of recent multicenter trials has
shown improved survival in moderate and
severe encephalopathy with both head cooling
and body cooling (2).

Recent evidence from clinical and exper-
imental models has demonstrated a bipha-
sic pattern of injury following reversal of the
hypoxic-ischemia process (3–5). It has been rec-
ognized that the physiologic consequences of
hypoxic-ischemia evolve over hours to days.
The hypoxic-ischemic cascade results in two
phases of energy failure that culminate in brain
injury. The “primary” energy failure occurs at
the time of the hypoxic-ischemic insult itself,
resulting in depletion of high-energy metabo-
lites (ATP and phosphocreatine), progressive
depolarization of cells, severe cytotoxic edema,
tissue acidosis, and extracellular accumulation
of excitatory amino acids due to a failure of
reuptake by astroglial cells and also exces-
sive release due to depolarization (6). Loss
of ionic homeostasis results in an influx of

calcium into cells, triggering a number of
destructive pathways by activating lipases, pro-
teases, and endonucleases (7). Once the cerebral
blood flow and oxygenation are re-established,
the initial metabolic impairments resolve over
30–60 min. This is followed by a latent phase
after which there may be complete recovery or
development of a secondary phase. Whether
injury reversal occurs depends on several fac-
tors including the severity of the primary
injury, body temperature, substrate availability,
preconditioning, and simultaneous disease pro-
cesses (1). The “secondary” phase of energy
failure starts about 6–15 h later and extends
over several hours to days. This phase is clini-
cally associated with seizures and a worsening
neurological examination. There is secondary
cytotoxic edema, excitotoxic amino acid accu-
mulation, mitochondrial failure, altered growth
factors and protein synthesis, and apoptotic cell
death (8–10).

In term infants with moderate to severe
encephalopathy, MR spectroscopy results are
consistent with this model of biphasic injury.
MR spectroscopy demonstrates normal oxida-
tive metabolism shortly after birth followed
by a secondary phase of energy failure. The
severity of this secondary phase correlates
with neurodevelopmental outcome in these
infants (2).

Epidemiology

Neonatal encephalopathy secondary to
hypoxic-ischemic injury (HIE) affects 1.6
per 1,000 live term-born infants (American
College of Obstetricians and Gynecologists
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2003) (11). Perinatal HIE is but one subset of
neonatal encephalopathy; other subsets include
those resulting from prenatal stroke, infection,
cerebral malformation, genetic disorders, and
many other conditions. Although there are lon-
gitudinal studies that have shown a decrease
in the incidence of perinatal HIE in the past
few decades, this has not been consistent across
different countries. In the United States, the
incidence of perinatal HIE in the state of Cali-
fornia declined from 14.8 per 1,000 live births
in 1991 to 1.3 per 1,000 live births in 2,000 (12).
A similar decline was seen in a British hospital
from 7.7 per 1,000 live births in the 1970s to 1.9
per 1,000 in the mid-1990s (13, 14). However,
a Swedish report showed a slight increase in
the incidence of birth asphyxia and neonatal
encephalopathy between 1985 and 1991 (15).
This difference could reflect a trend in mov-
ing away from using the diagnosis of “birth
asphyxia” to currently used terminology of
“perinatal hypoxic-ischemic encephalopathy”
or “neonatal encephalopathy.” Perinatal HIE
carries an appreciable burden of illness and has
a mortality of 15–20% in the newborn period.
In addition, 25% of survivors have permanent
neurological deficits such as cerebral palsy or
mental retardation (16).

Overall Cost to Society

The long-term consequence of neonatal HIE is
most commonly cerebral palsy, a nonprogres-
sive disorder of the developing brain princi-
pally affecting the motor system. Cerebral palsy
affects 2–3 per 1,000 newborns, with a conser-
vative estimate of its impact on society being
about $5 billion per year (17). Cerebral palsy can
be associated with epilepsy and abnormalities
of speech, vision, and intellect. The impact of
diseases affecting the newborn is much greater
than diseases that affect the elderly because
of the burden of disease when one considers
mortality, years of life lost, and years of pro-
ductive life lost. Lifetime costs for all patients
with cerebral palsy are estimated to total
$11.5 billion (17).

Goals

When a neonate is encephalopathic and
hypoxic-ischemic injury is suspected, the goals
of the MR imaging study are the following:

• Establish whether the brain development
has progressed normally for gestational age.
Malformations of cortical development or
other significant congenital brain malforma-
tions could present with a similar clinical
picture.

• Establish timing of injury to assess whether
there is evidence for in utero brain injury
that preceded events during labor and deliv-
ery. Subacute and/or chronic brain injury
detected on conventional MR imaging in the
first few days of life is likely the result of
an unfavorable maternal–fetal milieu rather
than HIE related to events during the
birthing process.

• Differentiate between the various patterns of
HIE in the newborn, and establish the extent
and severity of the brain injury. With this
information, the NICU team can begin to
analyze the potential etiologies (e.g., hyper-
coaguable state associated with sinus venous
thrombosis) and take appropriate measures
to minimize further injury.

• Help to establish prognosis for the family
and caregivers. Armed with the prognostic
information, an appropriate care plan can be
developed and early intervention can be ini-
tiated to maximize the child’s neurological
and cognitive potential.

Methodology

The authors queried the MEDLINE database
using PubMed (National Library of Medicine,
Bethesda, MD) through a combination of the
web-based interface (http://www.ncbi.nlm.
nih.gov/sites/entrez) and searches performed
using Endnote (Thomson Reuters, New York).
Initial imaging queries were generated using
terms including magnetic resonance imaging and
MRI, limiting the searches with English, Human,
and Newborn: birth–1 month. Terms hypoxia,
ischemia, hypoxic-ischemic, hypoxia-ischemia, HIE,
and encephalopathy were added to evaluate the
role of MR imaging in the evaluation of the
encephalopathic neonate. Specific modifiers
included outcome, prediction, and hypothermia.
The role of individual MR sequences was
evaluated with the terms diffusion, perfusion,
spectroscopy, FLAIR, T2∗, susceptibility, hemor-
rhage, functional MRI, and fMRI. To expand the
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search, each query generated by the PubMed
web interface was expanded by following links
to related articles, which were then examined
for relevance. No limits were placed on the
date range of the PubMed search. There-
fore, the queries spanned dates from 1950 to
June 2008.

Discussion of Issues

I. What Are the Clinical Features
of Neonatal HIE?

Summary of Evidence: Clinical neurological
evaluation of the neonate with depression
and/or encephalopathy is nonspecific. The
neonatal course may suggest a hypoxic-
ischemic insult, but the clinical examination
may not fully reveal the extent or severity of
the brain injury (moderate evidence).

Supporting Evidence: The neurological syndrome
that accompanies significant neonatal HIE is
essential to the diagnosis. The three cardinal
features that point to the perinatal origin of
HIE include evidence of fetal distress (abnor-
mal fetal heart rate tracing, meconium-stained
amniotic fluid), depression at birth, and an
overt neonatal neurological syndrome in the
first several hours to days of life. The severity of
neonatal encephalopathy is assessed using cri-
teria described by Sarnat and Sarnat and modi-
fied by Finer (16) (Table 6.1).

The diagnosis of neonatal HIE is based on a
detailed history of pregnancy, labor, and resus-
citation including fetal acid–base status, neuro-
logical examination, metabolic parameters such
as hypoglycemia, hyponatremia, hypocalcemia,
hypoxemia, lactate level, and acidosis. Non-
HIE causes of neonatal encephalopathy such
as meningitis or metabolic disorders should be
considered (1).

In addition to the history and physical exam-
ination, supplementary evaluations including
electroencephalography (EEG) and neuroimag-
ing are very important (19).

MR imaging is the most accurate imag-
ing modality in the evaluation of neonatal
encephalopathy to assess the timing, extent,
and severity of injury (19, 20, 21). Although

the advantage with MRI of superlative anatom-
ical detail is tempered by the need to study
the infant within a magnet, away from the
neonatal intensive care unit (NICU) the infor-
mation obtained on MRI is superior to other
neuroimaging modalities (19).

II. What Is the Optimal Time and
What Are the Ideal MRI Sequences
to Image Neonatal HIE?

Summary of Evidence: Diffusion-weighted ima-
aging (DWI) is complementary to conventional
MR imaging, improving sensitivity to ischemic
injuries during the first week after the ischemic
insult (moderate to strong evidence).

MR spectroscopy (MRS) may detect injuries
in the first week after the insult that are oth-
erwise occult. Elevated lactate and decreased
NAA predict a poor clinical outcome (moderate
to strong evidence).

FLAIR and contrast-enhanced imaging
sequences do not improve sensitivity of the MR
exam beyond the other conventional sequences,
DWI and MRS (moderate evidence).

See Table 6.2 for a summary of MR imag-
ing evaluation of evolving hypoxic-ischemic
injury.

Supporting Evidence: Ideally, neonates with peri-
natal HIE should have two MR scans. The
first scan is optimally performed within 24–
48 h of life. Proton spectroscopy is the most
sensitive MR technique at this time to iden-
tify brain injury, showing elevation of lac-
tate and, in severe cases, a reduction in
n-acetyl aspartate (NAA) in the cerebral cor-
tex more so than the deep nuclear gray mat-
ter (22, 23). MRS detected abnormalities in the
deep nuclear gray matter in all six patients on
whom it was performed versus conventional
T1 and T2 images, which only showed mild
edema in 3/7 patients [24]. Diffusion-weighted
imaging (DWI) can give false-negative results
in up to 30% of infants if performed in
the first few hours of delivery (25) and will
underestimate the extent of injury if performed
in the first 24 h of life. Sensitivity is increased by
analyzing apparent diffusion coefficient (ADC)
values (26), which can be abnormal even when
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DWI does not show abnormalities. An early
scan may help guide clinicians in deciding the
timing, severity, and extent of injury. Early
changes on conventional T1 and T2 images with
negative diffusion are likely to indicate an onset
of injury remote from birth. This information,
along with data from electroencephalographic
studies and the clinical course of the infant,
is vital for both parents of these infants and
neonatologists in deciding the plan of care.

The second scan should be undertaken at
7–10 days of life. At this time, diffusion
imaging, T2-weighted spin echo images
with long repetition times, and inversion
recovery/spoiled gradient echo T1-weighted
sequences are preferred for detecting brain
injury (27). Affected cortex appears hyperin-
tense on T2-weighted images. T1-weighted
images show areas of low signal intensity in
the involved cortex. The most obvious finding
is the loss of gray–white matter distinction.
Injury over the high convexities of the cortex is
best visualized in coronal and sagittal planes.
An exception is in perirolandic injury where
T1-weighted images may show hyperintense
signal in the cortex (Fig. 6.1 panel c). The
pattern of diffusion abnormalities changes
over time. Initial diffusion abnormalities in
the deep nuclear gray matter may pseudonor-
malize by the end of the first week, and new
diffusion restriction may become apparent in
the corpus callosum (Fig. 6.1) or the posterior
limb of the internal capsule (PLIC). This may
represent Wallerian degeneration or injury
in the “secondary phase” of the cascade of
brain injury (28, 29, 30, 31). Some studies
have shown that even though ADC values in
affected areas may pseudonormalize by the
end of the first week (25, 32), FA values remain
abnormal (33).

If only one MR scan can be obtained, a scan at
3–4 days of life can help establish timing, extent,
and severity of the injury. Specifically, the DWI
and ADC will show the maximum deflection
from normal neonatal values, the lactate peak
of the MR spectrum will remain elevated, and
the conventional MR sequences will be abnor-
mal. A single scan at the end of the first week
will delineate the injury but will make timing
difficult or impossible.

T1- and T2-weighted imaging is a standard
part of every MR protocol as they are designed

to image the intrinsic relaxation properties of
brain water. MR imaging is recommended,
when evaluated against cranial sonography and
computed tomography, for detection of brain
injury in the term newborn (34).

T2∗-weighted images are designed to detect
small fluctuations in the local magnetic field
due to susceptibility effects associated with
hemorrhage and/or calcification. Presently,
three T2∗-weighted options are available: gra-
dient echo (GRE) imaging, echo planar imag-
ing (EPI), and susceptibility-weighted imaging
(SWI). EPI has the benefit of extremely fast scan
times, followed by GRE and SWI. In terms of
sensitivity to small amounts of cerebral hem-
orrhage, there is a moderate evidence (Level
2) study that SWI is the superior technique
(35, 36). However, SWI is time consuming and
may not be suitable for evaluation of an unse-
dated newborn. A moderate evidence (Level 2)
study has shown that GRE is more sensitive in
the posterior fossa, while both GRE and EPI
performed well for detection of supratentorial
hemorrhage (37).

The value of FLAIR T2-weighted and
contrast-enhanced sequences in the newborn
period is a matter of some debate in the litera-
ture. There is no strong evidence (level 1) that
directly addresses the value of FLAIR. Recent
evidence from moderate evidence (Level 2)
study directly addressed the relative value of
T1, T2, FLAIR, DWI, and contrast-enhanced
images in the evaluation of HIE (38). These
investigators found that adding FLAIR and
contrast-enhanced images to T1, T2, and DWI
did not improve detection of HIE. An earlier
limited evidence (Level 3) study concluded
similarly that FLAIR did not improve detection
of HIE, largely due to hypomyelination of the
newborn brain (39).

Diffusion MR imaging has received the most
attention for the detection HIE in the term
neonate (22, 25, 26, 40–52) because of its estab-
lished utility in adult stroke. Diffusion imaging
complements T1-weighted and T2-weighted
imaging for detection of the acute injury
(Fig. 6.2), the timing of the insult (25, 48),
and the associated secondary injury pattern
(29–31). Some studies have shown that DWI
and ADC during the first week of life are
less sensitive than conventional imaging (42,
47), with reported sensitivity as low as 47%.
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Others report high sensitivity (100%) with low
specificity (20%) (41). However, ADC changes
dramatically over the first 2 weeks following an
injury (25, 32, 46, 53), with maximum restriction
occurring at day 3–4 of life (25) and pseudonor-
malization of the ADC at the end of the first
week (25, 33). Therefore, sensitivity and speci-
ficity will be highly dependent on the timing
of the exam relative to the injury. At this point,
the imaging “gold standard” for HIE remains
the conventional MR sequences obtained at
7–10 days of life.

III. Why Should Infants with
Neonatal Encephalopathy Be Imaged?

Summary of Evidence: The clinical neurological
examination in term neonates with HIE can
be subjective and non-specific. Early diagno-
sis of brain injury is important for both neu-
roprotective interventions and prognosis. Neu-
roimaging plays an essential role in the assess-
ment of brain injury in these patients by helping
establish the timing and likely cause of injury
and the expected neurological outcome (strong
evidence).

While sonography (US), computerized
tomography (CT), and magnetic resonance
imaging (MRI) have all been used in imaging
infants with HIE, MRI has emerged as the
imaging modality of choice because of lack
of ionizing radiation exposure, high inter-
observer reliability, and high predictive value
of neurodevelopmental outcome (moderate to
limited evidence).

Unsedated MRI examination is possible in
neonates. In addition to conventional T1- and
T2-weighted MR images, MR spectroscopy and
diffusion-weighted imaging (with apparent dif-
fusion coefficient maps for quantitative analy-
sis) are needed to establish timing and extent of
brain injury (strong evidence).

Supporting Evidence: The central nervous system
(CNS) of the neonate may be injured by a num-
ber of different mechanisms including hemor-
rhage, hypoxic-ischemia, hypoglycemia, inborn
errors of metabolism, hyperbilirubinemia, and
neonatal infections. Neurological assessment of
the affected neonate includes assessment for
encephalopathy, cranial nerve function, motor

function (tone, posture, movement, power, and
reflexes), primitive reflexes, and sensory exam-
ination. However, because of the immaturity of
the CNS in the neonate, this clinical assessment
is imprecise. Although it may alert the exam-
iner to the presence or absence of injury, the
precise cause of injury and the severity, extent,
and location of injury are difficult to establish
on clinical grounds alone. Neuroimaging plays
a critical role in the assessment of brain injury
in these patients (20, 21).

The role of ultrasound (US) and computed
tomography in the evaluation of hypoxic-
ischemic brain injury at term is limited.
Although sonography was shown to be use-
ful in evaluating neonatal HIE with good accu-
racy (91%) and sensitivity (100%) and but poor
specificity (33%) when compared prospectively
to MRI in a single series (54), its use has not
been routinely recommended in evaluation of
neonatal HIE because it is operator dependent
and has poor inter-observer reliability (34, 55)
(moderate evidence).

CT can be used to assess for traumatic brain
injury (fracture or hemorrhage) if there is a
history of complicated delivery. However, in a
head to head study (56), MRI had better inter-
observer agreement and demonstrated findings
of HIE as well as CT. Further, MRI eliminates
the use of ionizing radiation, a putative cause
of malignancy (moderate evidence).

MRI examination is considered an estab-
lished tool in the evaluation of term neonates
with encephalopathy (57). It is the most sen-
sitive and specific technique for examining
infants with HIE (58) and is a good predictor of
neurodevelopmental outcome (34, 59).

Recent advances in MR imaging of
neonates have included the availability of
MR-compatible incubator and ventilator sys-
tems that can provide a stable environment for
the often critically ill and unstable neonate (60).
Neonates can be safely and successfully imaged
without sedation using standard monitoring
with a MR compatible pulse-oximeter and a
cardio-respiratory monitor (61). In addition,
custom-built coils have dramatically improved
signal-to-noise ratios (SNR). MR diffusion
imaging including diffusion tensor imaging
(DTI), diffusion-weighted imaging (DWI), and
fractional anisotropy (FA) provide valuable
insights about timing of injury (62, 63, 64),
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while MR spectroscopy (MRS) helps evalu-
ate the metabolic state in the injured brain
(65, 66, 67) (34). Emerging MR techniques
include neonatal perfusion imaging, which
non-invasively measures cerebral blood flow,
and functional MR imaging, which evaluates
brain function and connectivity.

Diffusion-weighted imaging (DWI) is com-
plementary to conventional MR imaging,
improving sensitivity to ischemic injuries
during the first week after the ischemic insult
(62–64).

IV. Does the Pattern of Brain Injury
on MR Help Predict Outcome
in Neonatal HIE?

Summary of Evidence: While it is accepted that
the risk of an abnormal neurodevelopmen-
tal outcome increases with the severity of the
injury, the pattern of injury on MRI also conveys
important prognostic information. In particu-
lar, the basal ganglia–thalamus and watershed
patterns of injury are associated with impair-
ments in different developmental domains.
The basal ganglia–thalamus predominant pat-
tern or abnormal signal intensity in the pos-
terior limb of the internal capsule on MRI
is associated with severely impaired motor
and cognitive outcomes. Given the frequent
occurrence of cerebral watershed injury with
the basal ganglia–thalamus predominant pat-
tern, cognitive deficits may result from dam-
age to areas outside the deep gray nuclei
themselves. By contrast, newborns with the
watershed pattern have predominantly cogni-
tive impairments that often occur without func-
tional motor deficits (moderate evidence).

Supporting Evidence: Selective neuronal necro-
sis is the most common form of injury follow-
ing perinatal HIE and is prevalent in almost
all cases (16). The distribution of the lesion
depends on the severity and duration of the
hypoxia-ischemia.

In severe and prolonged insults, diffuse neuronal
injury is seen in the cerebral cortex, hippocam-
pus, deep nuclear gray matter, brainstem, cere-
bellum, and spinal cord (16, 68). This lesion car-
ries a high mortality (35%) (68), and survivors
(65%) are likely to have quadriparesis, severe

seizure disorder (10–30%) (19), choreoathetosis,
microcephaly, and mental retardation (68).

There is often abnormal signal intensity and
restricted diffusion in the posterior limb of the
internal capsule (PLIC). Abnormalities in the
PLIC are excellent predictors of abnormal out-
come in term infants with HIE (59, 69). The
internal capsule is an area of great importance
in the evaluation of the brain of the newborn
infant. It myelinates around term age and is
therefore a marker of maturation that is read-
ily identifiable on MRI scans. Absent or abnor-
mal myelination within the posterior portion of
the internal capsule is found in many metabolic
disorders; it is also a strong predictor of normal
and abnormal motor outcome in HIE (28). The
absence of normal signal in the PLIC was shown
to predict an abnormal outcome with a sensi-
tivity of 0.90, a specificity of 1.0, a positive pre-
dictive value of 1.0, and a negative predictive
value of 0.87. The test correctly predicted motor
outcome in 93% of infants with moderate HIE
(59) in more detail correlation of these predic-
tors with outcome.

Prolonged partial insults cause a cerebral cortical-
deep nuclear neuronal injury. The affected area
includes the parasagittal and periRolandic cor-
tex, hippocampus, basal ganglia, and thalamus.
Brainstem involvement may also occur. This
pattern is seen in 35–65% of cases of HIE (70).
These lesions are associated with predomi-
nantly motor deficits with tone and posture
abnormalities. Choreoathetoid movements may
become apparent between 1 and 4 years of life
in these infants (19). Intellectual function is
relatively preserved in infants with later onset
disease (71). Infants with involvement of
the thalamus have associated cognitive
delay (72).

Severe and abrupt insults such as those follow-
ing placental abruption, cord prolapse, or uter-
ine rupture result in a pattern of injury that
involves predominantly deep nuclear gray matter
and brainstem. All surviving infants are likely to
develop motor disability in the form of cerebral
palsy. Cognitive impairment depends on asso-
ciated cortical injury that may overlap in 50% of
these cases (68, 73). Twenty to thirty percent of
infants in this group may require gastrostomy
feeding tubes (74).

Parasagittal cerebral injury is another pattern
that is predominantly an ischemic lesion in
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term infants. The lesions are usually bilateral
and involve the cerebral cortex and subcortical
white matter in the “watershed areas” between
major cerebral arteries (16). This lesion is seen
in the setting of acute hypotension and is seen in
about 45% of surviving infants with HIE (75). It
results in spastic quadriparesis along with spe-
cific cognitive deficits such as disproportionate
disturbance in the development of language or
of visual–spatial abilities or both (76).

V. Does Cooling Alter the Pattern of
Brain Injury?

Summary of Evidence: Therapeutic hypothermia
(whole body or head) is an accepted treatment
modality in infants with HIE. It is unclear as to
what impact hypothermia has on MR images in
these infants (limited evidence).

Supporting Evidence: Two studies have looked at
MR changes in infants who underwent thera-
peutic hypothermia for perinatal HIE. Ruther-
ford et al. looked at MR imaging in 14 infants
with HIE who underwent head cooling, 20
infants with body cooling, and 52 noncooled
infants with similar severity of HIE (77). They
found that both modes of hypothermia were
associated with a decrease in basal ganglia and
thalamic lesions, which are predictive of abnor-
mal outcome.

Inder et al. analyzed a group of 26 infants
with HIE. Infants were randomized to either
body cooling or normothermia (78). The
hypothermia group had less cortical gray
matter signal abnormality on MR imaging.
They postulated that there might be differ-
ing regional benefits from systemic cooling.
Although the studies are difficult to interpret
because the initial distribution of injury is not
known, there does appear to be a decrease in
the amount of injury.

Take Home Tables

Table 6.1 presents grading of neonatal
encephalopathy. Table 6.2 discusses MR
imaging of evolving hypoxic-ischemic injury.

Table 6.1. Grading of neonatal encephalopa-
thy
Encephalopathy
grade Clinical features

Mild or Stage 1 • Hyperalertness, decreased
sleep

• Uninhibited reflexes, excessive
reaction to stimuli, weak suck
but normal tone

• Sympathetic overactivity—eyes
wide open, decreased blinking,
mydriasis

• Duration less than 24 h
Moderate or

Stage 2
• Lethargy or obtundation

(i.e., delayed and incomplete
response sensory stimuli),
mild hypotonia

• Cortical thumbs, suppressed
primitive reflexes

• Seizures, hypotonia, lethargy
• Parasympathetic activation

with miosis (even on dim
light), heart rate less than 120
beats per minute, increased
peristalsis, and copious
secretions

Severe or
Stage 3

• Stupor response only to strong
stimuli with withdrawal or
decerebrate posturing only

• Rarely coma, severe hypotonia
(i.e., flaccidity)

• Suppression of deep tendon
and primitive (i.e., Moro, tonic
neck, oculocephalic, suck)
reflexes

• Suppression of brainstem
reflexes (corneal or gag)

• Clinical seizures less frequent
than Stage 2

Modified with permission from Sarnat and Sarnat (18).
Copyright © 1976, American Medical Association. All rights
reserved.

Table 6.2. MR imaging evaluation of evolving
hypoxic-ischemic injury
MR sequence Day 1 Days 3–4 Day 7 Year 2

T1 – + + ±
T2 – – + +
FLAIR – – – +
DWI/ADC ± + – –
MRS + + ± –

Plus signs indicate that the test is a specific indicator at the
time point. Minus signs indicate that the test is insensitive
at the specified time point. If inconsistent results have been
reported the plus/minus designation is shown.
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Imaging Case Studies

Case 1

Figure 6.1 presents images of a neonate with
encephalopathy and seizures.

Figure 6.1. A: Neonate with encephalopathy and seizures. T1-weighted images on day 1 of life (left) are unre-
markable. By day 10, the T1-weighted images demonstrate the classic pattern of deep nuclear gray matter
injury (arrows). This illustrates that T1-weighted and T2-weighted (not shown) imaging alone are not sensi-
tive to the earliest changes of HIE. B: DWI on day 1 (left) shows reduced diffusion in the posterior limb of
the internal capsule bilaterally and the adjacent ventrolateral thalami. By day 10 (right), those regions have
pseudonormalized on DWI and there is early Wallerian degeneration of the splenium of the corpus callosum
(arrow). C: DWI (left) on DOL 1 shows reduced diffusion in the distribution of the corticospinal tracts bilat-
erally (arrows). The T1-weighted images on day 10 show hyperintensity of the cortex bordering the central
sulcus. At 1 month, the child was doing well with no further seizures or obvious deficits, which reinforce that
MR imaging must be correlated with long-term outcome to assess its true utility. This case illustrates the vari-
able sensitivity of MR by pulse sequence and time after the injury. In addition, the Wallerian degeneration of
the splenium of the corpus callosum without overt parieto-occipital injury suggests that not all of the primary
injury is evident.
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Case 2

Figure 6.2 presents images of a neonate with
encephalopathy on DOL 2.

Figure 6.2. A: Neonate with encephalopathy on day of life 2. Single voxel PRESS proton MR spectroscopy
from the left deep nuclear gray matter region with TE 144 ms (left) and TE 288 ms (right) shows the charac-
teristic inversion of the lactate doublet at 1.33 ppm. The degree of elevation of the lactate peak is inversely
correlated with clinical outcome. B: T1-weighted images (far left) show subtle abnormality in the deep nuclear
gray matter region (arrows). FLAIR fails to show the abnormality. DWI and ADC show restricted diffusion
in the thalami bilaterally. Despite a neonatal ICU course marked by seizures and abnormal MR imaging and
spectroscopy, the neurodevelopment outcome (Bayley Scales of Infant Development) assessed at 1 year of age
is within normal limits. Again, the neonatal imaging predicts a poor outcome, yet the clinical assessment is
normal 1 year later. If MR is to serve as a predictor of outcome, long-term clinical follow-up studies will be
needed to establish the positive and negative predictive values of MR imaging in the newborn period.

Suggested Imaging Protocols for HIE
in the Full-Term Neonate

A comprehensive evaluation of neonatal
encephalopathy must address the issues
discussed above. Has the brain developed
normally? Are there signs of subacute/chronic
injury? Are there signs of recent brain injury?
If brain injury is present, what are the extent
and severity of the injury? Are there signs of
complication such as hemorrhage or hydro-

cephalus? Based on the literature cited herein,
the suggested MR protocol for evaluation of the
term neonate with suspected HIE is

1. T1-weighted images;
2. T2-weighted images;
3. T2∗-weighted images;
4. diffusion-weighted images with computa-

tion of the apparent diffusion coefficient
(ADC); and

5. proton MR spectroscopy.
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Future Research

The gaps in our current knowledge point to
future research opportunities for MR imaging
in neonatal HIE. One shortcoming is that MR
imaging on the first day of life does not con-
sistently characterize the severity and extent
of HIE that eventually manifests on follow-up
MR imaging (25). Advanced MR spectroscopy
methods (79) hold promise for predicting
severity on the first day of life, but routine MRI
and MRS currently underestimate the injury. If
MR imaging is to serve as an objective measure
for triage of encephalopathic neonates with sus-
pected HIE for novel interventions, then more
work needs to be focused on improving sen-
sitivity on day 1 of life. Potential avenues for
research include arterial spin label (ASL) perfu-
sion (80) and functional connectivity MRI (81),
which have not yet been reported in the evalua-
tion of HIE.

While structural MR imaging with diffusion
and MR spectroscopy on days 3–4 of life have
shown prognostic value, it remains unproven
that early detection of severity and extent of
HIE improves patient outcomes. Clinicians and
families may initiate rehabilitation programs
with the intent of maximizing the child’s neu-
rodevelopmental potential. However, the MRI
adds cost to the initial evaluation of the neonate,
with the presumption that the overall cost to
society will be reduced if early intervention
yields better outcomes. This still needs to be
proven.

Another open question is whether MRI can
serve as a surrogate for clinical outcomes in
trials of novel therapeutic intervention. MRI
could afford significant cost savings in prospec-
tive therapeutic trials if interim analyses and
short-term outcomes could be based on objec-
tive imaging endpoints rather than on neurode-
velopmental assessments that may take months
or years to reach significance. MR imaging is
commonly used to assess endpoints in adult
multiple sclerosis trials, and MRI endpoints are
central to the design of an ongoing pediatric
therapeutic trial (82). An open question remains
whether cooling alters the time course of diffu-
sion restriction in HIE. If so, what is the optimal
timing of the MR scan if one wants to detect HIE
changes in the brain of a neonate who is being
cooled?

To date, most studies of HIE attempt to corre-
late clinical outcome with severity of the injury
pattern on MRI. However, there are exam-
ples of rule breakers that come through our
clinical practice on a regular basis. Why do
neonates with a deep nuclear gray matter injury
or periventricular white matter injury have
seizures? Presumably, the MRI is not detecting
the full spectrum of brain injury in this popula-
tion. How do we avoid the problem of satisfac-
tion of search? What strategies should we pur-
sue to detect brain injury that does not fit one
of the classic imaging patterns? Many questions
remain unanswered at this point.
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Evidence-Based Neuroimaging for

Traumatic Brain Injury in Children
Karen A. Tong, Udochukwu E. Oyoyo, Barbara A. Holshouser,

Stephen Ashwal, and L. Santiago Medina

IssuesI. Which pediatric patients with head injury should undergo imaging
in the acute setting?

II. What is the diagnostic performance (sensitivity and specificity) of
imaging for injury requiring immediate treatment/surgery?

III. What is the role of imaging in the diagnosis and outcome of children
with head trauma?

IV. What is the role of advanced imaging (functional MR, MR spec-
troscopy, diffusion imaging, SPECT, and PET) in children with trau-
matic brain injury (TBI)?

Key Points� Head injury is not a homogeneous phenomenon and has a com-
plex clinical course. There are different mechanisms, varying severity,
diversity of injuries, secondary injuries, and effects of age or underly-
ing disease. A highly sensitive clinical decision rule in more than 20,000
children has been derived for the identification of children who should
undergo CT imaging after head trauma (moderate evidence).

� The important CHALICE (Children’s Head injury Algorithm for the
prediction of Important Clinical Events) prediction rule (Fig. 7.1) has
the potential to improve and standardize the care of pediatric patients
with head injuries (strong evidence).

� Calvarial plain radiographs have a poor sensitivity for identifying
pediatric patients with intracranial pathology (moderate to strong evi-
dence) and hence are not recommended unless for highly selected
patients with suspected non-accidental trauma. (See Chapters 12 and
13 on non-accidental head injury and non-CNS non-accidental injury,
respectively.)

� CT is the mainstay of imaging in the acute period. The majority of evi-
dence relates to the use of CT for detecting injuries that may require
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immediate treatment or surgery. Speed, availability, ease of exam, and
lesser expense of CT studies remain important factors for using this
modality in the acute setting (Table 7.1). Sensitivity of detection also
increases with repeat scans in the acute period (strong evidence).

� It is safe to discharge children with TBI home after a negative CT study
(moderate to strong evidence).

� The sensitivity and specificity of MRI for brain injury is generally supe-
rior to CT, although most studies have been retrospective and few
direct comparisons have been performed in the recent decade. CT is
clearly superior to MRI for the detection of fractures. MRI outperforms
CT in detection of most other lesions (limited to moderate evidence),
particularly diffuse axonal injury (DAI). MRI allows more detailed
analysis of injuries, including metabolic and physiologic measures,
but further evidence-based research is needed. There are few pediatric
studies regarding the use of imaging and outcome predictions.

� Accurate prognostic information is important for determining man-
agement, but there are different needs for different populations. In
severe TBI, information is important for acute patient management,
long-term rehabilitation, and family counseling. In mild or moderate
TBI, patients with subtle impairments may benefit from counseling
and education.

Definition and Pathophysiology

Head trauma is difficult to study because it
is a heterogeneous entity that encompasses
many different types of injuries that may occur
together (Table 7.2). Definitions of age groups,
injuries, and outcomes are also variable. Clas-
sification of injury severity is usually defined
by the Glasgow Coma Scale (GCS) score, a
scale ranging from 3 to 15, which is often
grouped into mild, moderate, or severe cat-
egories. There is inconsistency in timing of
measurement, with some investigators using
“initial or field GCS” while others use “post-
resuscitation GCS.” Grouping of GCS scores
also vary. There is no universal definition of
mild or minor head injury (1) as some use GCS
scores of 13–15 (2, 3), while others use 14–15 (1)
and still others use only 15. Variable definitions
result in inconsistencies in imaging recommen-
dations. Moderate TBI is generally defined by
GCS of 9–12. Severe TBI is defined by GCS of
3–8.

Classification and measures of outcome are
even more variable. The most commonly used
outcome measure is the Glasgow Outcome
Scale (GOS) (4). It is an overall measure based
on degree of independence and ability to par-

ticipate in normal activities with the following
five categories: (1) death, (2) vegetative state
(VS), (3) severe disability, (4) moderate disabil-
ity, and (5) good recovery. The GOS is often
dichotomized although grouping is variable.
Recently modified, the extended GOS (5) has
eight categories that also account for ability to
work. In children, outcomes have been varibly
measured using the GOS or other scales such
as the Pediatric Cerebral Performence Category
Scale (PCPCS) (12). Less common adult out-
come scales include the Differential Outcome
Scale (DOS) (6), the Rappaport Disability Rat-
ing Scale (DRS) (7), the Disability Score (DS) (8),
the FIM (Functional Independence Measure)
instrument (9), the Supervision Rating Scale
(SRS) (10), and the Functional Status Examina-
tion (FSE) (11, 12).

Timing of outcome measurement also varies.
Some investigators measure outcomes at dis-
charge, 3, 6, or 12 months (or more) after
injury. This may be problematic because out-
comes often improve with time. However,
there is moderate to strong evidence that 6
months is an appropriate time point to measure
outcomes for clinical trials (13). Neuropsycho-
logical assessment is the most sensitive mea-
sure of outcome, although this is difficult to
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perform in severely injured patients, resulting
in selection bias. There is a wide variety of
psychometric scales for various components of
cognitive function such as intellect, orientation,
attention, language, speech, information pro-
cessing, motor reaction time, memory, learning,
visuoconstructive ability, verbal fluency, men-
tal flexibility, executive control, and personality.
Currently, there have been a few studies in
children showing relationships between neu-
roimaging in the acute period and long-term
neuropsychological impairment (limited evi-
dence) (14, 15).

Epidemiology

The prevalence of TBI is difficult to determine,
because many less severely injured patients
are not hospitalized and cases with multiple
injuries may not be included. Estimates are
often based on existing disabilities. Approxi-
mately 1.74 million individuals per year suf-
fer mild TBI that results in a physician visit or
temporary disability of at least 1 day (16) and
more than 1 million visits per year to emer-
gency departments are for TBI-related injuries
in the United States (17). As many as 50% are
pediatric patients (18–20). There are more than
230,000 TBI-related hospitalizations/year (17),
perhaps up to 500,000/year (21). TBI is respon-
sible for nearly 40% of all deaths from acute
injuries (16). There are approximately 50,000
TBI-related deaths/year, in the United States
(22). Other studies have demonstrated lower
mortality rates (23). The major causes of TBI
are falls (28%), motor vehicle accidents (MVA)
(20%), struck by vehicles or objects (19%),
and assaults (11%). Among children 0 to 14
years, TBI results in an annual estimated 2,685
deaths; 37,000 hospitalizations, and 435,000
emergency department visits (22). Head injuries
in child abuse will be discussed in a separate
chapter.

Overall Cost to Society

There has been an overall decline in TBI-
related deaths, probably from multiple factors
including improvements in medical care, use

of evidence-based guidelines, and injury pre-
vention efforts (17). An estimated 5.3 million
U.S. residents live with permanent TBI-related
disabilities (17). Direct costs are estimated at
$4 billion/year (16). In 2000, total direct and
indirect costs of TBI were estimated at $60 bil-
lion/year (22). In the United States, where there
are 95,000 hospital admissions from pediatric
head injuries, the yearly cost has been esti-
mated at greater than $1 billion (24–26). There
are little data on costs of TBI related solely
to imaging. There has been one small study
(limited evidence) that determined that 60% of
patients were found to have additional lesions
on MRI, but because none of these additional
findings changed management, MRI resulted
in a nonvalue-added incremental increase of
$1,891 per patient and a $3,152 incremental
increase in charges to detect each patient with
a lesion not identified on CT (27).

Goals

To detect the presence of injuries that may
require immediate surgical or procedural inter-
vention.

To detect the presence of injuries that may
benefit from early medical therapy.

To determine the prognosis of patients to
tailor rehabilitative therapy or aid family
counseling.

Methodology

A search of the Medline/PubMed electronic
database (National Library of Medicine,
Bethesda, MD) and Ovid (Wolters Klumer,
New York, New York) was performed using
keywords including (1) head injury, head
trauma, brain injury, brain trauma, traumatic
brain injury or TBI; and (2) CT, computed
tomography, computerized tomography, MR,
magnetic resonance, spectroscopy, diffusion,
diffusion tensor, functional magnetic, func-
tional MR∗, T2∗, FLAIR, GRE, gradient echo.
A systematic literature review was performed
through January 2008. Limits included English
language, abstracts, and human subjects. A
search of the National Guideline Clearinghouse
at www.guideline.gov was also performed
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using keywords including (1) head injury,
head trauma, brain injury; and (2) parameter,
guideline.

Discussion of Issues

I. Which Pediatric Patients with Head
Injury Should Undergo Imaging in
the Acute Setting?

Summary of Evidence: A highly sensitive clini-
cal decision rule in more than 20,000 children
has been derived for the identification of chil-
dren who should undergo CT imaging after
head trauma (moderate evidence). The impor-
tant CHALICE prediction rule (Table 7.3) has
the potential to improve and standardize the
care of pediatric patients with head injuries
(strong evidence). Calvarial plain radiographs
have a poor sensitivity for identifying pedi-
atric patients with intracranial pathology (mod-
erate to strong evidence) and are not recom-
mended unless for patients with suspected non-
accidental trauma (28). A recommended deci-
sion tree for children with acute head injury is
shown in Fig. 7.1.

Supporting Evidence: Multiple studies have now
been conducted to determine clinical prediction
rules for the identification of which pediatric
victims with minor head trauma require imag-
ing. These studies show great promise, but to
date, validation has not been completed. The
largest study is the recent CHALICE (Children’s
Head injury Algorithm for the prediction of
Important Clinical Events) study conducted by
Dunning and colleagues. The CHALICE was a
large prospective multicenter diagnostic cohort
study in the UK (28) (strong evidence). All
children who had a clinically significant head
injury (death, need for neurosurgical interven-
tion or abnormality on a CT study) were identi-
fied. Abnormalities on CT included intracranial
hematomas of any size, cerebral contusion, dif-
fuse cerebral edema, and depressed skull frac-
tures. Simple or non-depressed skull fractures
alone were not considered to be significant pre-
dictors of intracranial injury (28). Multivariate
recursive partitioning on 40 clinical variables
was performed. About 22,772 children were
recruited over 2.5 years; 56% were under 5 years

of age and 65% were male children; 281 chil-
dren showed an abnormality on CT, 137 had
a neurosurgical intervention, and 15 died. The
CHALICE (Children’s Head injury Algorithm
for the prediction of Important Clinical Events)
rule was derived (Table 7.3) with a sensitivity of
98% (95% confidence interval (CI) 96–100%) and
a specificity of 87% (95% CI 86–87%) for the pre-
diction of clinically significant head injury and
requires a CT imaging rate of 14%. Prospective
validation of this rule with new cohorts is still
pending.

Palchak and colleagues derived a rule based
on the evaluation of 2,043 pediatric patients
under 18 years who had head trauma and pos-
itive findings on history or clinical examina-
tion such as loss of consciousness, memory loss,
headache, or emesis (29). Of the nine predictive
variables studied, abnormal mental status, clini-
cal findings of calvarial fracture, history of eme-
sis, scalp hematoma in children 2 years of age
or less, and cephalagia were identified in 96 of
98 patients with a positive intracranial lesion on
CT (98% sensitivity, 95% CI 93–100%) (moder-
ate evidence). Greenes and Shutzman (30) per-
formed a prospective study on 608 patients
under 2 years of age in a single hospital set-
ting (moderate evidence). Their study demon-
strated that pediatric patients with suspected
non-accidental trauma, lethargy, or a major
scalp hematoma had an increased risk of signif-
icant intracranial injury. This study found that
loss of consciousness, seizures, or emesis alone
were not an adequate predictor of intracranial
injury, and furthermore, the absence of clini-
cal symptoms or signs did not fully exclude
the possibility of having positive intracranial
pathology (30). They allocated patients into four
risk groups, with CT imaging recommended in
the highest risk group of children who vom-
ited more than three times or had loss of con-
sciousness, lethargy, a high-risk mechanism, or
considerable bruising (30). This study and the
CHALICE study revealed that it was safe to
discharge children with a negative CT study
(28, 30).

Haydel and Shembekar (31) in 2003 evaluated
the adult New Orleans criteria (32) in children
under age 5 years. They studied 175 children
with Glasgow Coma Scale of 15 at a single
institution. They concluded that the 14 posi-
tive CT scans could be identified with this adult
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predictive rule (31). The Canadian CT rule for
children was proposed by the UK National
Institute of Clinical Excellence before the
CHALICE study was published (28). The
CHALICE group assessed the diagnostic per-
formance of this rule in children (33) to detect
intracranial injury and found a sensitivity of
94% (95% CI 91–97%), specificity of 89% (95%
CI 89–90%), and a CT ordering rate of 12% (28).

Boran and colleagues (34) studied 421 chil-
dren with GCS of 15 and without any focal neu-
rological deficit (moderate evidence). Intracra-
nial lesions were noted in 37 cases (8.8%). The
clinical parameters associated with an increased
incidence of intracranial pathology were post-
traumatic seizures and loss of consciousness.
However, when patients with these predic-
tive parameters were subtracted, intracranial
lesions were still identified in 4.1% of the cases
and 1.8% required neurosurgical operation (34).
Boran and colleagues (34) also found a low sen-
sitivity of plain radiographs of 43.2% and speci-
ficity of 93%. The CHALICE study (28) as well
as other studies (35) support the recommenda-
tion of not performing skull radiographs except
for patients who may have had a non-accidental
injury. Calvarial plain radiographs have a poor
sensitivity for identifying pediatric patients
with intracranial pathology (moderate to strong
evidence) (28).

II. What Is the Sensitivity and
Specificity of Imaging for Injury
Requiring Immediate
Treatment/Surgery?

Summary of Evidence: CT is the mainstay of
imaging in the acute period. The majority of
evidence relates to the use of CT for detect-
ing injuries that may require immediate treat-
ment or surgery. Speed, 24/7 availability, ease
of acquisition, and lesser expense of CT studies
remain important factors for using this modal-
ity in the acute setting. Sensitivity of detection
also increases with repeat scans in the acute
period (strong evidence).

Supporting Evidence: The incidence of injury-
related abnormalities on CT is related to the
severity of injury. The incidence of CT abnor-
malities in moderate head injury (with GCS of

9–13) has been reported to be 61% (36). The sen-
sitivity of CT for detecting abnormalities after
severe TBI (GCS below 9) varies from 68 to
94%, while normal scans range from approx-
imately 7 to 12% (37). Several studies have
shown that timing of CT studies also affects the
sensitivity. Oertel and colleagues (strong evi-
dence) prospectively studied 142 patients with
moderate or severe injury, who had undergone
more than one CT scan within the first 24 h,
and found that the initial CT scan did not detect
the full extent of hemorrhagic injuries in almost
50% of patients, particularly if scanned within
the first 2 h (38). The likelihood of progressive
hemorrhagic injury, potentially requiring sur-
gical intervention, was greatest for parenchy-
mal hemorrhagic contusions (51%), followed
by epidural hematoma (EDH) (22%), subarach-
noid hemorrhage (SAH) (17%), and subdural
hemorrhage (SDH) (11%). Servedei and col-
leagues (strong evidence) prospectively stud-
ied 897 patients with more than one CT scan
and found that 16% of patients with diffuse
brain injury demonstrated significant evolu-
tion of injury. This was more frequent in those
patients with midline shift, often evolving to
mass lesions (39). Similar results have been seen
in retrospective studies (40). Therefore, it is use-
ful to perform repeat CT scans in the acute
period, particularly after moderate and severe
injury, although the timing has not been clearly
determined.

III. What Is the Overall Sensitivity
and Specificity of Imaging in the
Diagnosis and Prognosis of Children
with Head Trauma?

Summary of Evidence: The overall sensitivity
and specificity of MRI for brain injury is gener-
ally superior to CT, although most studies have
been retrospective and very few head-to-head
comparisons have been performed. CT is clearly
superior to MRI for the detection of fractures.
MRI outperforms CT in detection of most other
lesions (limited to moderate evidence), partic-
ularly diffuse axonal injury (DAI). Because dif-
ferent sequences vary in ability to detect certain
lesions, it is often difficult to compare results.
MRI allows more detailed analysis of injuries,
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including metabolic and physiologic measures,
but further evidence-based research is needed.

There are few pediatric studies regarding
the use of imaging and outcome prediction.
Pediatric TBI patients are known to have dif-
ferent biophysical features, risks, mechanisms,
and outcomes after injury. There are also dif-
ferences between infants and older children,
although this remains controversial. Catego-
rization of pediatric age groups is variable and
measures of injury or outcomes are inconsistent.
The GCS and GOS have been used for pediatric
studies, sometimes with modifications (41–43)
or with variable dichotomization (41, 44). For
infants and toddlers, some investigators have
used a Children’s Coma Scale (CCS) (45). There
are several pediatric adaptations of the GOS,
such as the King’s Outcome Scale for Child-
hood Head Injury (KOSCHI) (46), the Pediatric
Cerebral Performance Category Scale (PCPCS),
or the Pediatric Overall Performance Category
Scale (POPCS) (47). Management guidelines are
controversial.

Supporting Evidence: MRI has higher sensitiv-
ity than CT for intracranial injury, although
most comparison studies were performed in
the late 1980s and early 1990s (with older gen-
eration or lower field scanners). Orrison and
colleagues (moderate evidence) retrospectively
studied 107 patients with MRI and CT within
48 h and showed that MRI had an overall sen-
sitivity of 97% compared to 63% for CT even
when a low-field MRI scanner was used, with
better sensitivity for contusion, shearing injury,
subdural and epidural hematoma (48). Ogawa
and colleagues (moderate evidence) detected
more lesions with conventional MRI than CT
with the exception of subdural and subarach-
noid hemorrhages, in a prospective study of 155
patients, although they were studied at vari-
able time points (49). Other studies (moder-
ate evidence) showed better detection of non-
hemorrhagic contusions and shearing injuries
(50) and of brainstem lesions (51).

The literature on imaging and prediction of
outcome from head injury is limited in pedi-
atric subjects. Importantly, within the pediatric
population, age may be a confounding variable
or effect modifier for outcomes. Levin and col-
leagues (moderate evidence) studied 103 chil-
dren at one of the original four centers partic-

ipating in the Trauma Coma Databank (TCDB)
and found heterogeneity in 6-month outcomes
based on age. Worst outcomes were found in
the 0–4-year-old patients and best outcomes
were found in the 5–10-year-old patients, while
adolescents had intermediate outcomes. They
suggested that studies involving severe TBI in
children should analyze age-defined subgroups
rather than pooling a wide range of pediatric
ages (52).

There is less literature regarding the utility
of imaging in predicting outcome in pediatric
TBI compared to adults. Many studies have
consisted of relatively small sample sizes and
used varying outcome, possibly accounting for
conflicting reports regarding outcomes related
to TBI in children. There have been several
studies evaluating CT in predicting outcome in
children with variable results. Suresh and col-
leagues (moderate evidence) studied 340 chil-
dren and compared CT findings to discharge
GOS outcomes. Progressively worse outcomes
were found with fractures, epidural hematoma
(EDH), contusion, diffuse head injury, and
acute SDH (44). Death occured in 16% of their
patients. Hirsch and colleagues (moderate evi-
dence) studied 248 children after severe TBI and
compared initial CT findings to the level of con-
sciousness (measured by a modified GCS score)
at 1 year after injury. They found that chil-
dren with normal CT or isolated SDH or EDH
were least impaired, while children with diffuse
edema had the most impairment. Those with
parenchymal hemorrhage, ventricular hemor-
rhage, or focal edema had intermediate out-
comes (53). A study of 82 children (moder-
ate evidence) found that unfavorable progno-
sis (using a 3-category Lidcombe impairment
scale) was more likely to occur after shearing
injury or intracerebral/subdural hematomas,
whereas a better outcome was more likely in
patients with epidural hematoma (54). Another
study of 74 children (moderate evidence) found
that the presence of traumatic subarachnoid
hemorrhage on CT was an independent pre-
dictor of poorer discharge outcome (P< 0.001)
but did not find that DAI or diffuse swelling
was associated with outcome. After stepwise
logistic regression analysis, CT findings did not
have prognostic significance compared to other
variables such as GCS and the oculocephalic
reflex (42). Another study (moderate evidence)
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compared 59 children and 59 adults and found
that a CT finding of absent ventricles/cisterns
was associated with a slightly lower frequency
of poor outcome (6-month GOS) in children,
suggesting that diffuse swelling may be more
benign in children than adults unless there was
a severe primary injury or a secondary hypoten-
sive insult (55).

Bonnier and colleagues studied 50 children
with severe TBI before 4 years of age (moderate
evidence) (56). TBI severity (initial GCS score
or coma duration) was significantly associated
with subcortical lesions. A greater deteriora-
tion in intellectual quotient over time was noted
in patients with subcortical lesions. Sigmund
and colleagues studied 40 children with TBI
using CT and MRI (moderate evidence) (57). T2-
weighted, FLAIR, and susceptibility-weighted
MRI findings showed no significant differ-
ence in lesion volume between normal and
mild outcome groups, but did indicate signifi-
cant differences between normal and poor and
between mild and poor outcome groups. CT
revealed no significant differences in lesion vol-
ume between any groups. The findings suggest
that these MRI findings provide a more accu-
rate assessment of injury severity and detection
of outcome-influencing lesions than does CT in
pediatric DAI patients (moderate evidence).

Wilde and colleagues studied morphomet-
rics (morphological measurements) using MRI
in 16 children with DAI and 16 individu-
ally matched uninjured children (limited evi-
dence) (58). Analysis demonstrated significant
volume loss in the hippocampus, amygdala,
and globus pallidus in the TBI group. Spanos
and colleagues studied 16 children 9–16 years of
age and 16 demographically matched typically
developing children (59). A significant group
difference was found in cerebellar white matter
volume with children in the TBI group (limited
evidence) (59).

Some lesions, such as DAI, are clearly bet-
ter detected with MRI and have been reported
in up to 30% of patients with mild head
injury with normal CT (60) (limited evidence).
However, sensitivity depends on the sequence,
field strength and type of lesion. Gradient
echo (GRE) type sequences are best for detect-
ing hemorrhagic DAI, although the propor-
tion of hemorrhagic versus non-hemorrhagic
DAI is not truly known. An early report (lim-

ited evidence) suggested that less than 20%
of DAI lesions were visibly hemorrhagic (61),
but this is likely to be erroneously low, due
to poor sensitivity of the imaging methods
available at that time. Tong and colleagues
compared a new susceptibility-weighted imag-
ing (SWI) sequence (at 1.5 T), a modified
GRE sequence, and showed significantly bet-
ter detection of small hemorrhagic shearing
lesions compared to conventional GRE (62)
(limited evidence). They studied 40 children
with TBI using SWI to detect hemorrhage
(moderate evidence). Children with lower GCS
scores (≤8, n=30) or prolonged coma (>4 days,
n=20) had a greater average number (P=0.0007)
and volume (P=0.008) of hemorrhagic lesions
(63). Scheid and colleagues (moderate evi-
dence) prospectively studied 66 patients using
high-field (3.0 T) MRI and found that T2∗-
weighted GRE sequences detected significantly
more lesions than conventional T1- or T2-
weighted sequences (64). Babikian and col-
leagues studied 18 children and adolescents 1–4
years after injury using susceptibility weighted
imaging (limited evidence). Negative correla-
tions between lesion number and volume with
neuropsychologic functioning were shown (14).

The fluid-attenuated inversion recovery
(FLAIR) sequence is useful for detecting SAH,
SDH, contusions, non-hemorrhagic DAI, and
perisulcal lesions, but there are few studies
comparing the sensitivity of FLAIR to other
sequences. One study (limited to moderate
evidence) found that FLAIR sequences were
significantly more sensitive than spin echo (SE)
sequences (P<0.01) in detection of all lesions
studied within 1–36 days (0.5 T), particularly in
those who had DAI-type lesions (65).

There have been some studies evaluating
MRI for outcome prediction in children with
TBI. Prasad and colleagues (moderate evidence)
prospectively studied 60 children with acute CT
and MRI. Hierarchical multiple regression indi-
cated that the number of lesions, as well as
certain clinical variables such as GCS (modi-
fied for children) and duration of coma, were
predictive of outcomes up to 1 year (modi-
fied GOS) (41). Several investigators have stud-
ied the correlation between depth of lesion
and outcomes, with varying results. Levin and
colleagues (moderate evidence) studied 169
children prospectively as well as 82 patients
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retrospectively with MRI at variable time
points, and showed a correlation between
depth of brain lesions and functional outcome
(66). Grados and colleagues (moderate evi-
dence) studied 106 children with a SPGR (T1-
weighted) MRI sequence obtained 3 months
after TBI, and classified lesions into a depth-
of-lesion model. They found that depth and
number of lesions predicted outcome, although
correlation was better with discharge out-
comes than 1 year outcomes (67). Blackman
and colleagues (moderate evidence) studied 92
children in the rehabilitation setting (using vari-
able imaging modalities) and used a depth-
of-lesion classification (based on the Grados
model) to study neuropsychological outcomes.
They found that this classification had lim-
ited usefulness. Although patients with deeper
lesions tended to have longer stays in rehabili-
tation, they were able to “catch up” after suffi-
cient time had elapsed (68). In a recent study of
hemorrhagic DAI lesions (moderate evidence),
Tong and colleagues found that the degree and
location of hemorrhagic lesions correlated with
GCS, duration of coma and outcomes at 6–12
months after injury (63). Levin and colleagues
(moderate evidence) showed that in children,
as in adults, corpus callosum area (measured
on subacute MR) correlated with functional out-
come. They also found that the size of the
corpus callosum decreased after severe TBI in
contrast to mild/moderately injured children
who showed growth of the corpus callosum on
follow-up studies (69).

IV. What Is the Role of Advanced
Imaging (Functional MRI, MR
Spectroscopy, Diffusion Imaging,
SPECT, and PET) in Children with
TBI?

Summary of Evidence: There is moderate evi-
dence that MR spectroscopic changes can help
predict outcome in children with TBI. SPECT
hypoperfusion abnormalities may be an indi-
cator of a worse outcome in children (moder-
ate evidence). Brain PET metabolic abnormali-
ties may predict outcome in children (limited to
moderate evidence). Data about functional MRI
and diffusion tensor imaging are limited. Large
studies are required with these advanced imag-

ing modalities to determine the role and out-
come prognosis in children with TBI.

Supporting Evidence: Table 7.1 describes briefly
the current imaging methods of TBI includ-
ing their principle, advantages/limitations, and
use. Diffusion-weighted imaging (DWI) has
also recently been shown to improve the
detection of non-hemorrhagic shearing lesions,
although there are only a few small studies
describing sensitivity. Hou and colleagues stud-
ied 37 adults with TBI and showed that higher
apparent diffusion coefficient (ADC) values in
normal appearing brain correlated with unfa-
vorable outcomes (P<0.05) (moderate evidence)
(70). Galloway and colleagues studied 37 chil-
dren with TBI and showed that the average
total brain ADC could correctly predict out-
come in 84% of cases (moderate evidence) (71).
Schaefer and colleagues studied 26 patients (age
range 4–72 years) with closed head injury (lim-
ited evidence) (72) and showed a correlation
between volume of abnormal signal intensity
on DWI and modified Rankin score (r=0.772,
P<0.001) (72). A small study (insufficient evi-
dence) of patients scanned within 48 h found
that DWI identified an additional 16% of shear-
ing lesions that were not seen on conventional
MRI. The majority of DWI-positive lesions
(65%) had decreased diffusion (73). Another
descriptive study (limited evidence) character-
ized several different types and patterns of
DWI lesions, although there was no compari-
son with other MRI sequences or analysis of dif-
fusion changes over time (74). A recent study
(limited evidence) found a strong correlation
between apparent diffusion coefficient (ADC)
histograms and GCS score (75). Few studies
have studied the role of diffusion tensor imag-
ing (DTI). Wozniak and colleagues studied 14
children with TBI and 14 controls aged 10–18
years who had DTI studies and neurocognitive
evaluations at 6–12 months (76). The TBI group
had lower fractional anisotropy (FA) in three
white matter regions: inferior frontal, superior
frontal, and supracallosal (limited evidence).
Supracallosal FA correlated with motor speed
and behavior ratings. Parent-reported executive
deficits were inversely correlated with FA. A
few small studies (insufficient or limited evi-
dence) have shown decreased anisotropy in
brain parenchyma of TBI patients (77–79).
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Although CT and MR imaging are often
limited to observing structural abnormali-
ties associated with TBI, magnetic resonance
spectroscopy (MRS) can detect subtle cellular
abnormalities that may more accurately esti-
mate the extent of brain injury, particularly
DAI. Makaroff and colleagues studied 11 chil-
dren with TBI (limited evidence) (80). Four
children demonstrated elevated lactate and
diminished NAA in several regions, indicat-
ing global ischemic injury. All four children
had seizures, abnormal neurological examina-
tion, and required admission to the PICU. In
four other children, lactate was detected in
least one region, indicating a focal ischemic
injury. Two children had seizures and two
had abnormal neurological examination. The
remaining three children had no evidence of
elevated lactate. Clinically no seizures were
demonstrated and no PICU admission was
required. Holshouser and colleagues performed
MRS in 40 children with TBI 1–16 days after
injury (moderate evidence) (81). Neurologic
outcome was evaluated at 6–12 months after
TBI. A logistic regression model demonstrated
a significant decrease in the NAA/creatine
and increase in the choline/creatine ratios in
normal-appearing (P<0.05) and visibly injured
brain (P<0.001). In normal-appearing brain
NAA/creatine decreased more in patients with
poor outcomes (1.32 ±0.54) than in those with
good outcomes (1.61 ±0.50). Babikian and col-
leagues studied 20 children and adolescents
and demonstrated a moderate to strong corre-
lation of decreased NAA and worse cognitive
scores (limited evidence) (15). Ashwal and col-
leagues in 38 children with TBI demonstrated
that the occipital glutamate/glutamine in the
short echo MRS was significantly increased in
TBI when compared with controls (limited evi-
dence) (82). No difference was seen in this ratio
between children with good and poor outcome.
Ashwal and colleagues studied 38 children
and demonstrated that occipital gray matter
myoinositol in children was increased with TBI
(4.30 ± 0.73) compared with controls (3.53±0.48;
P=0.003). In addition, patients with poor out-
comes 6–12 months after injury had higher
myoinositol levels (4.78±0.68) than patients
with good outcomes (4.15±0.69; P=0.05) (mod-
erate evidence) (83), indicating that myoinositol
elevation after pediatric TBI is associated with

a poor neurologic outcome. The reasons for the
increased myoinositol may be due to astroglio-
sis or a disturbance in osmotic function. Ash-
wal and colleagues (moderate evidence) also
demonstrated significant decreases in NAA-
derived ratios and elevation of Cho/Cre mea-
sured in occipital GM within 13 days of
neurological insult. These metabolite changes
correlated with poor neurological outcome at
6–12 months after injury (n=52) (84). In a sub-
group of these patients (n=24) neuropsycholog-
ical evaluations were performed at 3–5 years
after neurological insult. It was found that these
metabolite changes strongly correlated with
below average functioning in multiple areas
including full scale IQ, memory, sensorimotor,
and attention/executive functioning (85).

Single photon emission computed tomog-
raphy (SPECT) can measure regional cerebral
blood flow (CBF) and assess localized perfu-
sion deficits that may correlate with cognitive
deficits even in the absence of structural abnor-
malities. However, SPECT has low spatial and
temporal resolution, does not permit imaging of
transient cognitive events, and interpretation is
often highly subjective. It also uses low ioniz-
ing radiation and requires patient cooperation.
SPECT studies generally show patchy perfusion
deficits, often in areas with no visible injury on
CT. One of the largest studies, although retro-
spective, was performed by Abdel-Dayem and
colleagues (moderate evidence) who reviewed
SPECT findings in 228 subjects with mild or
moderate TBI. They found focal areas of hypop-
erfusion in 77% of patients. However, there was
no comparison to CT or MRI (86). Stamatakis
and colleagues (moderate evidence) studied
61 patients with SPECT and MRI, within 2–
18 days after injury, and found that SPECT
detected more extensive abnormality than MRI
in acute and follow-up studies (87). A small
study (limited evidence) of patients with persis-
tent post-concussion syndrome after mild TBI
found that SPECT showed abnormalities in 53%
of patients whereas MRI and CT only showed
abnormalities in 9 and 5% respectively (88). A
more recent study by Gowda and colleagues
(89) studied 28 children and 64 adults with
SPECT using technetium Tc99m ethyl cysteinate
dimer within 72 h of the traumatic brain injury.
The most common abnormality was hypoper-
fusion of the temporal lobe in children and
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the frontal lobe in adults (moderate evidence).
A significantly higher number of a perfusion
abnormalities were seen in patients with post-
traumatic amnesia (P=0.03), loss of conscious-
ness (P=0.02), and post-concussion syndrome
(P=0.01) than in patients without these symp-
toms. CT findings were abnormal in 31 (34%)
versus SPECT in 58 (63%). Difference between
the SPECT and CT detection rate was statisti-
cally significant (P<0.05).

Positron emission tomography (PET) can
measure regional glucose and oxygen utiliza-
tion, CBF at rest, and CBF changes related
to performances of different tasks. Spatial and
temporal resolution is also limited, although
better than SPECT. However, PET is not widely
available, uses low ionizing radiation, and
requires patient cooperation. A few PET stud-
ies have reported various areas of decreased
glucose utilization, even without visible injury.
Bergsneider and colleagues (limited to moder-
ate evidence) prospectively studied 56 patients
with mild to severe TBI, evaluated with 18F flu-
orodeoxyglucose (FDG)-PET within 2–39 days
of injury, 14 of which had subsequent follow-
up studies. They describe in this and pre-
vious reports that TBI patients demonstrate
a triphasic pattern of glucose metabolism
changes that consist of early hyperglycolysis,
followed by metabolic depression, and subse-
quent metabolic recovery (after several weeks)
(90). Wu and colleagues (91) performed a study
evaluating the gray matter and white matter
with PET. Fourteen TBI patients and 19 nor-
mal volunteers were studied with a quantita-
tive FDG-PET, a quantitative H2

15O-PET, and
MRI acutely following TBI. The gray to white
matter ratios for both FDG uptake rate and
changes of glucose metabolic rate were signif-
icantly decreased in TBI patients (P<0.001). The
changes of glucose metabolic rate decreased sig-
nificantly in gray matter (P<0.001) but not in
white matter (P>0.1). The glucose to white mat-
ter ratios of changes in glucose metabolic rate
correlated with the initial GCS of TBI patients
with r=0.64. The patients with higher changes
of glucose metabolic rate (>1.54) showed good
recovery a year after TBI. A more recent study
by Lupi and colleagues examining PET in 58
consecutive patients, (age range 14–69 years),
with 44 having TBI demonstrated a relative
hypermetabolic cerebellar vermis as a common

finding in the injured brain regardless of the
nature of the trauma (92).

There are a few small studies evaluating sen-
sitivity of Xenon CT and even fewer describing
the sensitivity of functional MRI (fMRI) or MR
perfusion. Newsome and colleagues studied
eight children with moderate to severe TBI and
eight matched, uninjured control children with
fMRI using an N-back task to test effects of TBI
on working memory performance and brain
activation (limited evidence) (93). Two patterns
in TBI patients were seen. Patients whose crite-
rion performance was reached at lower memory
loads than control children demonstrated less
extensive frontal and extrafrontal brain activa-
tion than controls. Patients who performed the
same, highest (3-back) memory load as controls
demonstrated more frontal and extrafrontal
activation than controls. This is a small series
and further longitudinal studies are needed.

Take Home Figures and Tables

Figure 7.1 is an algorithm for diagnosing acute
head injury in children.

Children with Suspected
Head Trauma

CHALICE RULE

Negative Positive

Clinical 
Follow-up

CT Scan

Negative Positive

Neurosurgical
Consultation

Figure 7.1. Recommended decision tree for children
with acute head injury.
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Table 7.1 reviews current imaging methods
for TBI. Table 7.2 lists types of head injuries.
Table 7.3 is a children’s head injury algorithm

for the prediction of important clinical events
(CHALICE) rule.

Table 7.1. Current imaging methods of traumatic brain injury (TBI)
Modality Principle and advantages/limitations Use in TBI

CT Based on X-rays, measures tissue density;
rapid, inexpensive, widely available
24/7, ionizing radiation

Detects hemorrhage and “surgical
lesions”

Xenon CT
perfusion

Inhalation of stable xenon gas which acts
as a freely diffusible tracer; requires
additional equipment and software that
is available only in a few centers

Detects disturbances in CBF due to
injury, edema, or infarction

MRI Uses RF pulses in magnetic field to
distinguish tissues, employs many
different techniques; currently has
highest spatial resolution; complex and
expensive

Detection of various injuries, subtle
injuries, sensitivity varies with
different techniques

MRI—FLAIR Suppresses CSF signal Detection of edematous lesions,
particularly near ventricles and
cortex; as well as extra-axial blood

MRI—T2a

GRE
Accentuates blooming effect,a such as

blood products
Detection of small parenchymal

hemorrhages
MRI—DWI Distinguishes water mobility in tissue Detection of recent tissue infarction or

traumatic cell death
MRI—DTI Based on DWI, maps degree and direction

of water diffusion along major fiber
bundles; requires special software

Detects impaired connectivity of white
matter tracts, even in
normal-appearing tissue

MRI—MT Suppression of “background” brain tissue
containing protein-bound H2O,
enhances contrast between water and
lipid-containing tissue

May detect microscopic neuronal
dysfunction, even in
normal-appearing tissue

MRI—MRS Analyzes chemical composition of brain
tissue; requires special software

Metabolite patterns indicate neuronal
dysfunction or axonal injury, even in
normal-appearing tissue

MR volumetry Measures volumes of various brain
structures or regions; time consuming,
requires special software

Detects atrophy of injured tissue, can
quantitate progression over time

fMRI Measures small changes in blood flow
related to brain activation; requires
cooperative patients

Detects impairment or redistribution
of areas of brain activation

MR perfusion
(global,
non-fMRI)

Measures tissue perfusion using contrast
or non-contrast methods; better temporal
resolution than PET, SPECT; not as well
studied

Detects disturbances in CBF due to
injury, edema, or infarction

SPECT Photon-emitting radioisotopes used to
measure CBF. Low ionizing radiation

Detects disturbances in CBF due to
injury, edema, or infarction

PET Positron emitting radioisotopes act as
freely diffusible tracers, used to measure
CBF, metabolic rate (glucose metabolism
or oxygen consumption) or response to
cognitive tasks; available only in a few
centers. Low ionizing radiation

Detects disturbances in CBF due to
injury, edema, or infarction

aBlooming effect is usually caused by hemosiderin from a prior hemorrhagic lesion.
Abbreviations: CT, computed tomography; MRI, magnetic resonance imaging; FLAIR, fluid-attenuated inversion recovery;
GRE, gradient recalled echo; DWI, diffusion-weighted imaging; DTI, diffusion tensor imaging; MT, magnetization trans-
fer; MRS, magnetic resonance spectroscopy; fMRI, functional magnetic resonance imaging; SPECT, single photon emission
computed tomography; PET, positron emission tomography; CBF, cerebral blood flow.
Modified with the kind permission of Springer Science+Business Media from Tong KA, Oyoyo U, Holshouser BA, Ashwal
S. Neuroimaging for Traumatic Brain Injury. In Medina LA, Blackmore CC (eds): Evidence-Based Imaging: Optimizing
Imaging in Patient Care. New York: Springer Science+Business Media, 2006.
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Table 7.2. Types of head injury (excluding penetrating/
missile injuries and non-accidental trauma)

Primary injuries
1. Peripheral, non-intracranial

◦ Scalp or soft tissue injury
◦ Facial or calvarial fractures

2. Extra-axial
◦ Extradural or epidural hemorrhage
◦ Subdural hemorrhage
◦ Traumatic subdural effusion or “hygroma”
◦ Subarachnoid hemorrhage
◦ Intraventricular hemorrhage

3. Parenchymal
◦ Contusion

� Hemorrhagic
� Non-hemorrhagic
� Both

◦ Shearing injury or “diffuse axonal injury”
� Hemorrhagic
� Non-hemorrhagic
� Both

4. Vascular
◦ Arterial dissection/laceration/occlusion
◦ Dural venous sinus laceration/occlusion
◦ Carotid-cavernous fistula

Secondary injuries
5. Cerebral edema
6. Focal infarction
7. Diffuse hypoxic-ischemic injury
8. Hydrocephalus
9. Infection

Reprinted with the kind permission of Springer Science+Business Media
from Tong KA, Oyoyo U, Holshouser BA, Ashwal S. Neuroimaging for
Traumatic Brain Injury. In Medina LA, Blackmore CC (eds): Evidence-
Based Imaging: Optimizing Imaging in Patient Care. New York: Springer
Science+Business Media, 2006.
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Table 7.3. The children’s head injury algorithm for the prediction of important
clinical events (CHALICE) rule

A computed tomography scan is required if any of the following criteria are present:
1. History

– Witnessed loss of consciousness of >5 min duration
– History of amnesia (either antegrade or retrograde) of >5 min duration
– Abnormal drowsiness (defined as drowsiness in excess of that expected by the

examining doctor)
– ≥3 vomits after head injury (a vomit is defined as a single discrete episode of vomiting)
– Suspicion of non-accidental injury (NAI, defined as any suspicion of NAI by the

examining doctor)
– Seizure after head injury in a patient who has no history of epilepsy

2. Examination
– Glasgow Coma Score (GCS) <14, or GCS <15 if <1 year old
– Suspicion of penetrating or depressed skull injury or tense fontanelle
– Signs of a basal skull fracture (defined as evidence of blood or cerebrospinal fluid from ear or

nose, “panda eyes”, “battle’s sign”, hemotympanum, facial crepitus, or serious facial injury)
– Positive focal neurology (defined as focal neurological abnormality, including motor, sensory,

coordination, or reflex abnormality)
– Presence of bruise, swelling or laceration >5 cm if <1 year old

3. Mechanism
– High-speed road traffic accident either as pedestrian, cyclist, or occupant (defined as

accident with speed >40 m/h)
– Fall of >3 m in height
– High-speed injury from a projectile or an object

If none of the above variables are present, the patient is at low risk of intracranial pathology

Reprinted with permission by BMJ Publishing Group Ltd from Dunning et al. (28).

Imaging Case Studies

Case 1: Example of MR Imaging for Traumatic
Brain Injury (TBI)

This case study (Fig. 7.2) illustrates imaging
findings of diffuse axonal injury (DAI) in a 10-
year-old male struck by a car.
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Figure 7.2. Magnetic resonance imaging findings of diffuse axonal injury (DAI) in a 10-year-old boy who
was struck by a car. He had an initial GCS score of 3, was in a coma for 11 days, and had elevated ICP. His
admission CT scan was normal (A). MRI was obtained 2 days after injury. Subtle hyperintense signal is seen in
the right basal ganglia and posterior limb of the internal capsule (arrow), on the T2-weighted images (B). The
FLAIR sequence (C) accentuates the edema in those areas (long arrow), as well as along the periphery of the
frontal lobes (short arrows). The standard T2∗-GRE sequence (D) shows a subtle punctuate hypointense focus
in the right internal capsule (arrow). The SWI technique (a modified T2∗-GRE sequence) shows multiple tiny
hemorrhagic foci within the bilateral basal ganglia and capsular white matter (closed arrows) as well as within
the left frontal contusion (open arrow) (E). (Reprinted with the kind permission of Springer Science+Business
Media from Tong KA, Oyoyo U, Holshouser BA, Ashwal S. Neuroimaging for Traumatic Brain Injury. In
Medina LA, Blackmore CC (eds): Evidence-Based Imaging: Optimizing Imaging in Patient Care. New York:
Springer Science+Business Media, 2006.).
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Case 2: Example of MR Spectroscopy

This case study (Fig. 7.3) illustrates metabolite
changes in single voxel short echo time pro-
ton spectra (TE = 20 ms) from a young adult

Figure 7.3. Metabolite changes in single voxel short echo time proton spectra (TE = 20 ms) from a young adult
male patient hospitalized with severe TBI (GCS of 4) following a motor vehicle accident compared to a normal
27-year-old control subject. (A) is taken from occipital gray matter shows increased glutamate/glutamine
(Glx) compared to the control spectrum (B) (arrows). (C) is taken from parieto-occipital white matter shows
increased choline (Cho) compared to the control spectrum (D) (arrowheads). Evaluation at 6 months after the
injury revealed severe disabilities (GOS of 3) in this patient. (Reprinted with the kind permission of Springer
Science+Business Media from Tong KA, Oyoyo U, Holshouser BA, Ashwal S. Neuroimaging for Traumatic
Brain Injury. In Medina LA, Blackmore CC (eds): Evidence-Based Imaging: Optimizing Imaging in Patient
Care. New York: Springer Science+Business Media, 2006.).

male patient admitted to hospital with severe
TBI (GCS of 4) following a motor vehicle acci-
dent, compared to a normal age-matched con-
trol subject.
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Suggested Protocols for Acute TBI
Imaging

CT

Standard and bone algorithms; viewed with
brain, intermediate, and bone windows. Axial
5 mm images.

MR

T1-weighted, T2-weighted, FLAIR, T2∗-
weighted GRE, DWI.

Future Research

• Promising CHALICE pediatric head trauma
prediction rule needs to be validated in
actual practice.

• Clinical trials have been disappointing in TBI
research, perhaps due to different mecha-
nisms of injury included in trials; but also
probably due to nonuniformity in classifi-
cation of injuries and outcomes. There is a
need for a consistent, widely accepted clas-
sification of information to facilitate com-
parisons of different groups of patients
and institutions. The vast amount of clin-
ical and imaging data may yield elabo-
rate approaches; however, this must be bal-
anced with clinical practicality. The practice
guideline should be simple, relevant, reli-
able, and acceptable to clinicians in routine
practice (94).

• More research is needed to develop a multi-
modal prognostic index for a wide range of
disabilities.

• Larger, prospective studies are needed to
evaluate the sensitivity, specificity, predictive
accuracy, and cost-effectiveness of various
neuroimaging methods in TBI.
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Imaging of Brain Neoplasm

Soonmee Cha

IssuesI. Who should undergo imaging to exclude pediatric brain cancer?
II. What is the appropriate imaging in subjects at risk for pediatric brain

cancer?
Special case: How can a tumor be differentiated from a tumor-
mimicking lesion?

III. What is the role of proton magnetic resonance spectroscopy (MRS)
in the diagnosis and follow-up of brain neoplasms?

IV. Can imaging be used to differentiate post-treatment necrosis from
residual tumor?

V. What is the added value of functional MRI (fMRI) in the surgical
planning of patients with suspected brain neoplasm or focal brain
lesions?

Key Points� Brain imaging is necessary for optimal localization, characterization,
and management of pediatric brain cancer prior to surgery in patients
with suspected or confirmed brain tumors (strong evidence).

� Due to its superior soft tissue contrast, multi-planar capability, and
bio-safety, magnetic resonance imaging without and with gadolinium-
based intravenous contrast material is the preferred method for pedi-
atric brain cancer imaging when compared to computed tomography
(moderate evidence).

� The role of proton MR spectroscopy in the diagnosis and follow-up of
pediatric brain cancer remains uncertain (insufficient evidence).

� No adequate data exist on the role of imaging in monitoring pediatric
brain cancer response to therapy and differentiating between tumor
recurrence and therapy-related changes (insufficent evidence).
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� There is added value of functional MRI in the surgical planning of
patients with suspected brain cancer or focal brain lesion (moderate
evidence).

Definition and Pathophysiology

Definition of Brain Cancer

The term brain cancer, or more commonly
referred to as malignant brain tumor, is used
here to represent all primary and secondary
neoplasms of the brain and its covering,
including the leptomeninges, dura, skull, and
scalp. Pediatric brain cancer is comprised of
a variety of central nervous system tumors
with a wide range of histopathology, molecu-
lar/genetic profile, clinical spectrum, treatment
possibilities, and patient prognosis. The patho-
physiology of pediatric brain cancer is complex
and dependent on various factors, such as his-
tology, molecular and chromosomal aberration,
tumor-related protein expression, primary ver-
sus secondary origin, and host factors (1–4).

Unique Challenges of Brain Cancer

When compared to systemic cancers (e.g., lung,
breast, prostate, colon), brain cancer is unique
in several different ways. First, the brain is cov-
ered by a tough, fibrous tissue dura matter and
a bony skull that protects the inner contents.
This rigid covering allows very little, if any,
increase in volume of the inner content and,
therefore, brain tumor cells adapt to grow in
a more infiltrative rather than expansive pat-
tern. This growth pattern limits the disruption
to the underlying cytoarchitecture. Second, the
brain capillaries have a unique barrier known as
the blood–brain barrier (BBB), which limits the
entrance of systemic circulation into the central
nervous system. Cancer cells can hide behind
the protective barrier of BBB, migrate with mini-
mal disruption to the structural and physiologic
milieu of the brain, and escape imaging detec-
tion since intravenous contrast agent becomes
visible when there is BBB disruption, allowing
the agent to leak into the interstitial space (5–9).

Epidemiology

The epidemiologic studies of brain cancer sug-
gest that the incidence of pediatric brain cancer

is rising but the actual details remain unclear.
There are two fundamental problems that might
explain the difficulty in elucidating epidemio-
logical changes in pediatric brain cancer. First,
the definition and histopathological criteria for
each type of primary pediatric brain cancer
remain inconsistent and variable. Second, there
is a lack of true brain cancer registry that is
critical for monitoring incidence and epidemi-
ology. Rather, data from nine registries have
been compiled since 1973 by the National Can-
cer Institute as the Surveillance, Epidemiology,
and End Results (SEER) program and extrap-
olated to represent national data. These data
demonstrate an overall incidence of pediatric
central nervous system cancer to be 3.5 per
100,000 children less than 15 years of age. Pedi-
atric central nervous system cancers account
for about 15–20% of all childhood cancers, and
the peak age is 5–8 years old. There is no
definitive evidence to suggest any gender or
race predilection for pediatric brain tumors. An
additional source of epidemiologic information
is a report from the Central Brain Tumor Reg-
istry of the United States (CBTRUS), a non-
profit agency organized for the purpose of col-
lecting and publishing epidemiologic data for
brain tumors (CBTRUS 2002). Syndromes asso-
ciated with central nervous system tumors are
neurofibromatosis type 1 and 2, tuberous scle-
rosis type 1 and 2, von Hippel–Lindau syn-
drome, Li–Fraumeni syndrome, nevoid basal
cell carcinoma, Turcot’s syndrome, Gorlin syn-
drome, Ataxia-telangiectasia syndrome, Gard-
ner’s syndrome, and Down syndrome (10). The
molecular genetics of pediatric brain tumors
may provide valuable insights into the eti-
ology and biology of these tumors, but the
specific genetic alterations for tumor devel-
opment in a majority of patients remain
elusive.

The most common primary pediatric brain
cancers are astrocytomas, which account for
approximately 50% of all pediatric CNS tumors
(11). Pediatric astrocytomas can arise within the
optic pathway (15–25%), cerebral hemisphere
(12%), spine (10–12%), and brain stem (12%)
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(12). Contrary to adult primary brain cancer,
which is more common in supratentorial brain,
more than half of all pediatric brain cancers
occur in infratentorial brain. The most com-
mon infratentorial pediatric brain cancer is
medulloblastoma/primary neuroectodermal
tumor (PNET) (30–35%), closely followed by
pilocytic astrocytoma (20–35%), brain stem
gliomas (25%), ependymoma (10%), and other
miscellaneous types (5%) (12). The long-term
survival rates for the two most common types
of pediatric brain cancers, namely pilocytic
astrocytoma and medulloblastoma, differ sub-
stantially in that medulloblastoma tends to
have poorer survival especially when it occurs
in children younger than 3 years of age or those
with metastatic disease at the time of initial
diagnosis (12).

Overall Cost to Society

Brain cancer is a rare neoplasm but affects peo-
ple of all ages (13). It is more common in the
pediatric population and tends to cause high
morbidity and mortality (12). The overall cost to
society in dollar amount is difficult to estimate.
There are very few articles in the medical litera-
ture that address the cost-effectiveness or over-
all cost to society in relation to imaging of brain
cancer. Kovanlikaya et al. (14) studied the role
and cost-effectiveness of surveillance imaging
in the management of pediatric patients with
brain tumor and found that surveillance imag-
ing is an effective follow-up tool in detecting
symptomatic recurrence. One of the few articles
that discusses the actual monetary cost to soci-
ety is a 1998 article by Latif et al. (15) from Great
Britain. The team measured the mean costs of
medical care for 157 patients with brain can-
cer in British Pounds. Based on this study, the
average cost of imaging was less than 3% of
the total, whereas radiotherapy was responsi-
ble for greater than 50% of the total cost. The
relative contribution of imaging in this study
appears unrealistically low, however, and what
is not known from this report is what kind and
how often imaging was done in these patients
with brain cancer during their hospital stay
and as out-patients. In addition, the vastly dif-
ferent health care reimbursement structure in

Britain and the United States makes interpreta-
tion difficult.

Goals

The goals of imaging in pediatric patients with
suspected brain cancer depend on when and
why the imaging is being conducted; hence,
it is critical to determine the main objectives
prior to imaging (16). In general there are three
goals for imaging in pediatric patients with sus-
pected brain cancer: (1) diagnosis, (2) therapy
planning, and (3) post-therapy disease monitor-
ing. First, the initial imaging goal is for diagno-
sis. Because of its wider availability and quick
imaging time, CT is often used for acute pre-
sentation, especially in the emergency room set-
ting. Second, the goal of imaging once an abnor-
mality is detected is for treatment planning. For
this purpose, MRI with contrast is the test of
choice since it has superior soft tissue resolu-
tion, multi-planar capability, and lack of ioniz-
ing radiation. In addition, if the nature of the
brain lesion is still in question after the initial
imaging, further imaging with MRI may be nec-
essary to differentiate brain cancer from tumor-
mimicking lesions such as infarcts, abscesses,
or demyelinating lesions (17–19). Once a pre-
liminary diagnosis of brain cancer is made
and other possibilities have been excluded, the
next imaging performed is for surgical plan-
ning to assist neurosurgeons. In the immedi-
ate postoperative period, the two most impor-
tant imaging objectives are to determine the
amount of residual tumor and to assess post-
operative complications such as hemorrhage,
contusion, or other brain injury. Imaging dur-
ing or after therapy (radiation therapy and
chemotherapy) depends on whether the pur-
pose is for a routine follow-up or for a specific
reason, such as clinical deterioration, or change
in therapy. In either situation, imaging with-
out and with intravenous contrast agent is stan-
dard, but if there is a specific question, such
as cancer progression versus therapy-related
changes, physiology-based imaging methods
such as positron emission tomography (PET),
single photon emission computed tomography
(SPECT), diffusion and perfusion MR imaging,
and/or proton MR spectroscopic imaging are
often added to complement anatomic imaging.
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Methodology

A MEDLINE search (from 1966 to 2007) was
performed using PubMed (National Library
of Medicine, Bethesda, Maryland) for original
research publications discussing the diagnos-
tic performance and effectiveness of imaging
strategies in brain cancer. Keywords included
are (1) brain tumor, (2) brain cancer, (3) pedi-
atric, (4) CNS neoplasm, (5) diagnostic imaging,
and (6) clinical evaluation. In addition, the fol-
lowing three cancer databases were reviewed:

1. The Surveillance, Epidemiology, and
End Results (SEER) program main-
tained by the National Cancer Institute
(www.seer.cancer.gov) for incidence, sur-
vival, and mortality rates, classified by
tumor histology, brain topography, age, race,
and gender. SEER is population-based ref-
erence standard for cancer data and collects
incidence and follow-up data on malignant
brain cancer only.

2. The Central Brain Tumor Registry of the
United States (CBTRUS) (www.cbtrus.org)
collects incidence data on all primary brain
tumors from 11 collaborating state registries;
however, follow-up data are not available.

3. The National Cancer DataBase (NCDB)
(www.facs.org/cancer/ncdb) serves as a
comprehensive clinical surveillance resource
for cancer care in the United States. While
not population based, the NCDB identi-
fies newly diagnosed cases and conducts
follow-up on all primary brain tumors from
hospitals accredited by the American Col-
lege of Surgeons. The NCDB is the largest of
the three databases and also contains more
complete information regarding treatment
of tumors than either the SEER or CBTRUS
databases.

Discussion of Issues

I. Who Should Undergo Imaging
to Exclude Pediatric Brain Cancer?

Summary of Evidence: Determinationof which
children with clinical suspicion of brain cancer
should undergo imaging is a complex issue
for a number of reasons. First, the three most

common clinical symptoms of brain cancer are
headache, seizure, and focal weakness—all of
which are neither unique nor specific for the
presence of brain cancer. Hence, it is difficult
to perform a prospective study based on these
clinical symptoms to determine whether or not
imaging is indicated. Second, the clinical man-
ifestation of brain cancer is heavily dependent
on the topography of the lesion. For example,
lesions in the motor cortex may have more acute
presentation, whereas more insidious onset of
cognitive or personality changes are commonly
associated with prefrontal cortex tumors. Third,
neurocognitive dysfunction may not necessar-
ily be due to a mass lesion within the brain but
can also be the secondary effects of systemic
disease, chemical or hormonal imbalance, toxic
exposure, drug or radiation therapy, or non-
organic neurodegenerative disorder (20, 21).

Despite the aforementioned nonspecific clin-
ical presentation of subjects with brain cancer,
there are guidelines one can use to determine
who should undergo imaging (Table 8.1). A rel-
atively acute onset of any one of these symp-
toms that progresses over time should strongly
warrant brain imaging, preferably with MRI
(strong evidence).

Supporting Evidence: It remains difficult, how-
ever, to narrow down the criteria for the “sus-
pected” clinical symptomatology of brain can-
cer. In a retrospective study of 653 patients with
supratentorial brain cancer, Salcman (22) found
that the three most common clinical features
of brain cancer were headache (70%), seizure
(54%), and cognitive or personality change
(52%). Similarly, Snyder et al. (23) studied 101
patients who were admitted through an emer-
gency room and discharged with a diagno-
sis of brain cancer. They found that the three
most frequent clinical features were headache
(55%), cognitive or personality changes (50%),
and ataxia (40%). Headache is by far the most
common clinical presentation of brain cancer
(24). Unfortunately, however, there are numer-
ous other serious, as well as self-limiting,
diseases where headache is the most prevalent
presenting symptom. Table 8.1 lists various clin-
ical symptoms that are associated with pediatric
brain cancer.

Available evidence suggests that MR imag-
ing is the imaging modality of choice in high-
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risk patients with suspected brain cancer (25).
Once the subject is identified as high risk for
suspected brain cancer, an MRI without and
with gadolinium-based contrast agent is the rec-
ommended imaging test of choice (strong evi-
dence).

Since CT scanners are more widely avail-
able and easily performed than MR scanners,
especially in an emergency department set-
ting, it is commonly performed, even though
CT is inferior to MR in lesion detection and
characterization. There is no evidence to sup-
port the combination of CT and MRI improves
the outcome nor cost-effective for patients with
brain cancer. Table 8.2 lists advantages and lim-
itations of CT and MRI in the evaluation of chil-
dren with suspected brain cancer.

It should be noted that there is marked differ-
ence between adult and pediatric subjects with
suspected brain cancer in terms of epidemiol-
ogy, clinical presentation, tomography of the
lesion, histologic tissue type, metastatic poten-
tial, and prognosis (26). Headache, posterior
fossa symptoms such as nausea and vomiting,
ataxia, and cranial nerve symptoms predomi-
nate in children due to the fact that the over-
whelming majority of pediatric brain cancers
occur infratentorially (12).

The two most common types of pediatric
brain cancer are medulloblastoma and juve-
nile pilocytic astrocytoma (JPA), both of which
commonly occur in the posterior fossa. Medul-
loblastomas and other small round blue cell
tumors (pineoblastoma, primitive neuroecto-
dermal tumor) have high propensity to spread
along the leptomeningeal route within the cen-
tral nervous system (10). JPAs are also com-
monly seen in supratentorial brain, especially
near the hypothalamic region (26, 27). Progno-
sis differs vastly depending on the tissue his-
tology and metastatic potential, since medul-
loblastoma and other small cell tumors tend
to have aggressive biology and poor outcome
whereas JPAs tend to have more favorable long-
term prognosis (1, 12, 13).

Non-migraine, non-chronic headache in a
child should raise a high suspicion for an
intracranial mass lesion, especially if there are
any additional posterior fossa or visual symp-
toms, and imaging should be conducted with-
out delay. (See Chapter 9 on headache.)

II. What Is the Appropriate Imaging
in Subjects at Risk for Pediatric Brain
Cancer?

Summary of Evidence: In the high-risk children
suspected of having brain cancer, MRI with-
out and with gadolinium-based contrast agent
is the imaging modality of choice (Table 8.3).
There is no evidence to suggest that the addition
of other diagnostic tests, such as CT, catheter
angiography, or PET scan, improves either the
cost-effectiveness or the outcome in the high-
risk group at initial presentation (Table 8.3).

Supporting Evidence: High-risk subjects with
pediatric brain cancer are defined as those chil-
dren with abnormality on initial CT in con-
junction with specific symptoms and signs as
listed in section “Definition and Pathophys-
iology.” There is strong evidence to suggest
that MRI is the diagnostic imaging test of
choice in high-risk subjects suspected of hav-
ing brain cancer (16, 24, 28) (Table 8.3). For
example, superiority of MRI over CT in detec-
tion of brain cancer has been supported by
an animal study done by Whelan et al. (29).
As aforementioned, it is not uncommon for a
child with suspected brain cancer to undergo
unenhanced CT examination as the first imag-
ing, often in an emergency department setting.
Unenhanced CT is good for assessing acute
intracranial hemorrhage, midline shift/mass
effect, or hydrocephalus. CT, however, is not
ideal for detecting subtle parenchymal abnor-
mality (16). As seen in Fig. 8.1, in compar-
ing an unenhanced CT and an enhanced MRI,
a rather large abnormality can be quite sub-
tle to detect on the CT study due to its infe-
rior soft tissue contrast, whereas the lesion is
clearly visible in the MRI. However, CT does
have advantage in depicting calcium much bet-
ter than MRI as can be seen in Fig. 8.1A.
Contrast-enhanced CT offers improved sensi-
tivity but the addition of iodinated contrast
agent is not without risk of anaphylactic reac-
tion (truly the risk is very low for non-ionic
low osmolar contrast in children—moderate
to severe reactions are less than 1:10,000). As
shown in Fig. 8.2, MRI is superior to CT in
its ability to depict brain cancer in multiple
planes with greater soft tissue resolution and
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without the use ionizing radiation. It is impor-
tant to note that the addition of MRI contrast
agent, gadolinium, is necessary to fully charac-
terize the extent of disease, especially to assess
leptomeningeal spread of disease (Fig. 8.2D–F)
(Table 8.3). Table 8.4 lists suggested MR imag-
ing protocols for a pediatric subject suspected of
having brain cancer. Imaging strategy in pedi-
atric brain cancer subjects should be tailored to
the need of clinical management and treatment
decisions.

Nuclear Medicine Imaging Tests

There has been tremendous progress in research
involving various brain radiotracers, which
provide the valuable functional and metabolic
pathophysiology of brain cancer. Yet, the ques-
tion remains as to how best to incorporate
radiotracer imaging methods into diagnosis
and management of patients with brain cancer.
The most widely used radiotracer imaging
method in brain cancer imaging is 201Thalium
single photon emission computed tomography
(SPECT) (Table 8.3). Although very useful,
it has a limited role in initial diagnosis or
predicting the degree of brain cancer malig-
nancy. Positron emission tomography using
18F-2-fluoro-2-deoxy-d-glucose (FDG) radio-
tracer can be useful in differentiating recurrent
brain cancer from radiation necrosis but, similar
to SPECT, its ability as an independent diag-
nostic and prognostic value above that of MR
imaging and histology remains debated (30)
(Table 8.3).

In pediatric patients with brain cancer, it is
important to assess whether imaging of the
entire craniospinal axis is warranted to detect
any drop metastases and staging (Table 8.3).
This is especially true for children with
aggressive neoplasm with high propensity for
tumor spread along the cerebrospinal fluid
route such as medulloblastoma/PNET and
ependymoma.

In pediatric patients with suspected brain
metastatic disease, MRI is the imaging test of
choice, especially when leptomeningeal spread
of disease is considered. CT is indicated when
there is suspected calvarial metastasis. Surveil-
lance imaging with MRI is a cost-effective way
of monitoring disease stability or symptomatic
progression in pediatric patients with brain
cancer (14).

Special Case: How Can a Tumor Be
Differentiated from a Tumor-Mimicking
Lesion?

There are several intracranial disease
processes—such as infarcts, radiation necrosis,
demyelinating plaques, abscesses, hematomas,
and encephalitis—that can mimic brain cancer
and pose a diagnostic dilemma on both clinical
presentation and conventional magnetic reso-
nance (MR) imaging (18, 31–35). On imaging,
any one of these lesions and brain cancer
can both demonstrate contrast enhancement,
peri-lesional edema, varying degrees of mass
effect, and central necrosis.

There are numerous reports in the litera-
ture of misdiagnosis and mismanagement of
individuals who were erroneously thought to
have brain cancer and, in some cases, went on
to surgical resection for histopathologic confir-
mation (36–38). Surgery is clearly contraindi-
cated in these patients and can lead to unnec-
essary increase in morbidity and mortality. A
large acute demyelinating plaque, in partic-
ular, is notorious for mimicking an aggres-
sive brain cancer (17, 39). Due to the presence
of mitotic figures and atypical astrocytes, this
uncertainty occurs not only on clinical presenta-
tion and imaging but also on histopathological
examination (34). The consequence of unneces-
sary surgery in subjects with tumor-mimicking
lesions can be quite grave, and hence every
effort should be made to differentiate them from
brain cancer.

Anatomic imaging of the brain suffers from
nonspecificity and its inability to differen-
tiate tumor from tumor-mimicking lesions
(17). Recent developments in non-anatomic,
physiology-based MRI methods, such as dif-
fusion/perfusion MRI and proton spectro-
scopic imaging, promise to provide infor-
mation not readily available from structural
MRI and improve diagnostic accuracy. How-
ever, review of current literature suggests that
none of these physiology-based MRI meth-
ods have shown sufficient specificity in pedi-
atric brain cancer imaging to alter treat-
ment decision (e.g., avoid tissue diagnosis)
or differentiate tumor and tumor-mimicking
lesion.

Table 8.5 lists neurological diseases that can
mimic brain cancer both on clinical grounds and
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on imaging. By using diffusion-weighted imag-
ing, acute infarct and abscess could readily be
distinguished from brain cancer since reduced
diffusion is seen with the first two entities.
Highly cellular brain cancer can have reduced
diffusion (40) but may not have the same degree
of reduced diffusion as acute infarct or abscess
(41–44).

III. What Is the Role of Proton
Magnetic Resonance Spectroscopy
(MRS) in the Diagnosis and
Follow-Up of Brain Neoplasms?

Summary of Evidence: The Blue Cross Blue
Shield Association (BCBSA) Medical Advisory
Panel concluded that the MRS in the evalu-
ation of suspected brain cancer did not meet
the Technology Evaluation Center (TEC) crite-
ria as a diagnostic test, hence further studies in
a prospectively defined population are needed.
A similar conclusion was obtained by the sys-
tematic literature review done by Hollingworth
et al. (45). However, the study highlighted two
important findings in the literature (1): one
large study demonstrating a statistically signif-
icant increase in diagnostic accuracy for inde-
terminate brain lesions from 55%, based on MR
imaging, to 71% after analysis of 1H-MR spec-
troscopy (45) and (2) several studies have found
that 1H-MR spectroscopy is highly accurate for
distinguishing high- and low-grade gliomas,
though the incremental benefit of 1H-MR spec-
troscopy in this setting is less clear (45).

Supporting Evidence: No systematic review of
MRS has been done only for pediatric patients
with brain neoplasms. The systematic reviews
available include adult and pediatric patients.
The Blue Cross and Blue Shield Association
(BCBSA) Medical Advisory Panel made the fol-
lowing judgments about whether 1H-MRS for
evaluation of suspected brain tumors meets the
BCBSA Technology Evaluation Center (TEC)
criteria based on the available evidence (46).
The Advisory Panel reviewed seven published
studies that included a total of up to 271 sub-
jects (47–53). These seven studies were selected
for inclusion in the review of evidence because
(1) the sample size was at least 10; (2) crite-
ria for a positive test were specified; (3) there
was a method to confirm 1H-MRS diagnosis;

and (4) the report provided sufficient data to
calculate diagnostic test performance (sensitiv-
ity and specificity). The reviewers specifically
addressed whether 1H-MRS for evaluation of
suspected brain tumors meets the following five
TEC criteria:

1. The technology must have approval from
the appropriate governmental regulatory
bodies.

2. The scientific evidence must permit conclu-
sions concerning the effect of the technology
on health outcomes.

3. The technology must improve the net health
outcomes.

4. The technology must be as beneficial as any
established alternatives.

5. The improvement must be attainable outside
the investigational settings.

With the exception of the first criterion, the
reviewers concluded that the available evi-
dence on 1H-MRS in the evaluation of brain
neoplasm was insufficient. The TEC also con-
cluded that the overall body of evidence does
not provide strong and consistent evidence
regarding the diagnostic test characteristics of
MRS in determining the presence or absence
of brain neoplasm, both for differentiation of
recurrent/residual tumor versus delayed radi-
ation necrosis (53) and for diagnosis of brain
tumor versus other non-tumor diagnosis (47, 48,
50–52). Assessment of the health benefit of MRS
in avoiding brain biopsy was evaluated in two
studies (47, 52), but the results were limited
by study limitations. Therefore, human studies
conducted on the use of MRS for brain tumors
demonstrate that this non-invasive method is
technically feasible and suggest potential ben-
efits for some of the proposed indications.
However, there is a paucity of high quality
direct evidence demonstrating the impact on
diagnostic thinking and therapeutic decision
making.

The systematic review by Hollingworth et
al. showed no articles evaluated patient health
or cost-effectiveness (45). Methodologic qual-
ity was mixed; most used histopathology as
the reference standard but did not specify
blinded interpretation of histopathology (45).
One large study demonstrated a statistically
significant increase in diagnostic accuracy for
indeterminate brain lesions from 55%, based
on MR imaging, to 71% after analysis of 1H-
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MR spectroscopy (45). Several studies have
found that 1H-MR spectroscopy is highly accu-
rate for distinguishing high- and low-grade
gliomas, though the incremental benefit of
1H-MR spectroscopy in this setting is less
clear. Interpretation for the other clinical sub-
groups is limited by the small number of
studies (45).

IV. Can Imaging Be Used to
Differentiate Post-treatment Necrosis
from Residual/Recurrent Tumor?

Summary of Evidence: No adequate data exist
on the role of imaging in monitoring pediatric
brain cancer response to therapy and differen-
tiating between tumor recurrence and therapy-
related changes (insufficient evidence).

Supporting Evidence: Imaging differentiation of
post-treatment necrosis and residual/recurrent
tumor is challenging because they can appear
similar and can coexist in a single given
lesion. Hence, the traditional anatomy-based
imaging methods have a limited role in the
accurate differentiation of the two entities.
Nuclear medicine imaging techniques such as
single photon emission computed tomography
(SPECT) and 18F-fluorodeoxyglucose (FDG)
positron emission tomography (PET) have been
proposed as a diagnostic alternative, particu-
larly when co-registered with MRI to provide
functional information on tissue metabolism
and oxygen consumption, and thus offer a the-
oretical advantage over anatomic imaging in
differentiating tissue necrosis and active tumor.
Chao et al. (54) studied 47 patients with brain
tumors treated with stereotactic radiosurgery
and followed with FDG PET. For all tumor
types, the sensitivity of FDG PET for diagnos-
ing tumor was 75% and the specificity was
81%. For brain metastasis without MRI co-
registration, FDG PET had a sensitivity of 65%
and a specificity of 80%. For brain metastasis
with MRI co-registration, FDG PET had a sen-
sitivity of 86% and specificity of 80%. MRI co-
registration appears to improve the sensitiv-
ity of FDG PET, making it a useful modality
to distinguish between radiation necrosis and
recurrent brain metastasis (54). Khan et al. (55)
studied the value of SPECT versus PET in 19
patients with evidence of tumor recurrence in

CT or MR images using both 201TI SPECT and
FDG PET imaging and were unable to detect
a statistically significant difference in sensitiv-
ity or specificity between the two scans. They
found both techniques to be sensitive for tumor
recurrence for lesions 1.6 cm or larger and con-
cluded that SPECT, given its greater availabil-
ity, simplicity, ease of interpretation, and lower
cost, is a better method of choice (55). However,
there is insufficient data to determine whether
SPECT, PET, or any other imaging modality can
confidently discriminate tumor recurrence from
treatment effect.

V. What Is the Added Value
of Functional MRI (fMRI) in the
Surgical Planning of Patients with
Suspected Brain Neoplasm or Focal
Brain Lesions?

Summary of Evidence: The addition of fMRI in
the surgical planning of patients with suspected
brain neoplasm or focal brain lesions can influ-
ence diagnostic and therapeutic decision mak-
ing (moderate evidence).

Supporting Evidence: Functional MRI is a non-
invasive tool to assess brain function and has
been around since the early 1990s, largely as
a research tool with limited clinical availabil-
ity and application. Over the past several years,
however, fMRI has crossed over to the clin-
ical realm and has gained more acceptance
as a useful clinical tool. The growing use of
fMRI in clinical areas include mapping of crit-
ical or eloquent areas such as the motor cor-
tex in patients undergoing brain surgery, early
identification of psychiatric disorder, and mea-
surement of the effect of therapies on neu-
rodegenerative and neurodevelopmental disor-
ders. Medina et al. (56) evaluated the effect of
adding fMRI on diagnostic work-up and treat-
ment planning in 53 patients with seizure dis-
orders who are candidates for surgical treat-
ment. They found that fMRI results influenced
diagnostic and therapeutic decision making.
Specifically, the fMRI results indicated lan-
guage dominance changed, confidence level in
identification of critical brain function areas
increased, patient and family counseling were
altered, and intraoperative mapping and surgi-
cal approach were altered (56).



Chapter 8 Imaging of Brain Neoplasm 111

Take Home Tables

Tables 8.1 and 8.2 show clinical symptoms of
brain cancer and a comparison of MR/CT,
respectively. Table 8.3 shows the sensitivity and

specificity of brain tumor imaging. Table 8.4
shows a protocol of MR imaging of suspected
brain cancer. Table 8.5 lists lesions mimicking
brain cancer.

Table 8.1. Clinical symptoms suggestive of a brain cancer

• Non-migraine, non-chronic headache of moderate to severe degree
(see Chapter 9 on headache)

• Partial complex seizure
• Focal neurological deficit
• Speech disturbance
• Cognitive or personality change
• Visual disturbance
• Altered consciousness
• Sensory abnormalities
• Gait problem or ataxia
• Nausea and vomiting without other gastrointestinal illness
• Papilledema
• Cranial nerve palsy

Reprinted with the kind permission of Springer Science+Business Media from
Cha S. Imaging of Brain Cancer. In Medina LS, Blackmore CC (eds.): Evidence-
Based Imaging: Optimizing Imaging in Patient Care. New York: Springer Sci-
ence+Business Media, 2006.

Table 8.2. Comparison of CT and MRI
Advantages Limitations

Computed
tomography (CT)

• Widely available
• Short imaging time
• Lower cost
• Excellent for detection of acute

hemorrhage, calcification?, or bony
abnormality

• Inferior soft tissue resolution
• Prone to artifact in posterior fossa
• Ionizing radiation
• Risk of allergy to iodinated contrast

agent

Magnetic resonance
imaging (MRI)

• Multi-planar capability
• Superior soft tissue resolution
• No ionizing radiation
• Safer contrast agent

(gadolinium-based) profile

• Higher cost
• Not as widely available
• Suboptimal for detection of acute

hemorrhage or bony/calcific
abnormality

Reprinted with the kind permission Springer Science+Business Media from Cha S. Imaging of Brain Cancer. In Medina LS,
Blackmore CC (eds.): Evidence-Based Imaging: Optimizing Imaging in Patient Care. New York: Springer Science+Business
Media, 2006.

Table 8.3. Diagnostic performance (sensitivity and specificity) of brain tumor imaging
Type of brain cancer Imaging modality Sensitivity (%) Specificity (%)

Primary brain cancer MRI with contrast Gold standard –
CT with contrast 87 79

Primary brain cancer in children
(Medina et al.)

MRI 92 99
CT 81 92

Brain metastasis MRI with single dose contrast 93–100 –
MRI without contrast 36 –
201Tl SPECT 70 –
18FDG PET 82 38

Recurrent tumor versus
treatment-related necrosis

201Tl SPECT 92 88
18FDG PET
MRI with co-registration 86 80
MRI without co-registration 65 80

Adapted with permission of Elsevier from Hutter A, Schweyte KE, Bierhals AJ, McKinstry RC. Brain neoplasms:
epidemiology, diagnosis, and prospects for cost-effective imaging. Neuroimag Clin N Am 2003;13:237–250.
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Table 8.4. MR imaging protocol for a subject with suspected
brain cancer

• 3D Localizer
• Axial and sagittal pre-contrast T1-weighted imaging
• Diffusion-weighted imaging
• Axial fluid-attenuated inversion recovery
• Axial T2-weighted imaging
• Axial, coronal, and sagittal post-contrast T1-weighted imaging
• Optional: dynamic contrast-enhanced perfusion MR imaging
• Proton MR spectroscopic imaging

Reprinted with the kind permission of Springer Science+Business Media from
Cha S. Imaging of Brain Cancer. In Medina LS, Blackmore CC (eds.): Evidence-
Based Imaging: Optimizing Imaging in Patient Care. New York: Springer Sci-
ence+Business Media, 2006.

Table 8.5. Brain cancer-mimicking lesions

• Infarct
• Radiation necrosis
• Abscess
• Demyelinating plaque
• Subacute hematoma
• Encephalitis

Reprinted with the kind permission of Springer Sci-
ence+Business Media from Cha S. Imaging of Brain Can-
cer. In Medina LS, Blackmore CC (eds.): Evidence-Based
Imaging: Optimizing Imaging in Patient Care. New York:
Springer Science+Business Media, 2006.

Imaging Case Studies
Case 1

Figure 8.1 presents image of an 8-year-old girl
with headache and seizure and a pathologic
diagnosis of ependymoma.

Figure 8.1. An 8-year-old girl with headache and seizure and a pathologic diagnosis of ependymoma. A:
Unenhanced CT image through the level of frontal lobe demonstrates a subtle mass lesion in the right frontal
lobe associated with scattered areas of calcification (small black arrows). B: Fluid-attenuated inversion recovery
(FLAIR) MR image better demonstrates the large frontal lobe mass (white arrow) compressing the adjacent
ventricle. C: Contrast-enhanced T1-weighted MR image shows heterogeneous enhancement of the mass more
intensely involving the lateral portion (large black arrow).
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Case 2

Figure 8.2 presents images of a 7-year-old girl
with nausea and vomiting and a pathologic
diagnosis of medulloblastoma.

Figure 8.2. A 7-year-old girl with nausea and vomiting and a pathologic diagnosis of medulloblastoma. Sagit-
tal (A) and axial (B) unenhanced T1-weighted and sagittal T2-weighted (C) images of the brain shows a large
midline mass (arrows) within the posterior fossa near the fourth ventricle. Sagittal (D), axial (E), and coronal
enhanced T1-weighted (F) images demonstrate widespread leptomeningeal spread of tumor (white arrows)
both within supra- and infratentorial brain characteristic of medulloblastoma.

Suggested Imaging Protocols for
Brain Neoplasms

Shown in Table 8.4.

Future Research

• Identification and validation of noninvasive
imaging biomarkers of tumor activity during
and after therapy.

• Development and clinical validation of phys-
iologic MR imaging to assess biologic and
molecular features of pediatric brain cancer.

• National database dedicated to epidemiol-
ogy of pediatric brain cancer.
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Children with Headache:

Evidence-Based Role of
Neuroimaging

L. Santiago Medina, Michelle Perez, and Elza Vasconcellos

IssuesI. When is neuroimaging appropriate in children with headache?
II. What is the sensitivity and specificity of CT and MR imaging for

space-occupying lesions?
III. What is the sensitivity and specificity of imaging in patients with

headache and subarachnoid hemorrhage suspected of having an
intracranial aneurysm?

IV. What is the role of advance imaging techniques in primary headache
disorders?

V. What is the cost-effectiveness of neuroimaging in patients with
headache?

Key Points� Although most headaches in children are benign in nature, a small per-
centage is caused by serious diseases such as brain neoplasm.

� Neuroimaging is recommended in children with headache and an
abnormal neurologic examination or seizures (moderate evidence).

� Sensitivity and specificity of MR imaging are greater than CT for
intracranial lesions. For intracranial surgical space-occupying lesions,
however, there is no difference in diagnostic performance between MR
imaging and CT (limited evidence).

� Conventional CT angiography (CTA) and MR angiography have sen-
sitivities greater than 85% for aneurysms greater than 5 mm. Multide-
tector CT (MDCT) sensitivity and specificity are greater than 90% for
aneurysms greater than 4 mm (moderate evidence).

� MDCTA and digital subtraction angiography (DSA) have similar sen-
sitivities and specificities for aneurysms >4 mm (moderate evidence).
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� Advance brain imaging may help differentiate the different types of
primary headache disorders. Preliminary MRI studies in patients with
migraine have demonstrated increased iron levels and increased fMRI
activation in the midbrain. PET has demonstrated increased uptake in
the hypothalamus and phosphorus MRS has revealed mitochondrial
dysfunction in those with cluster headaches (limited evidence).

Definition and Pathophysiology

Headaches can be divided into primary and
secondary (Table 9.1). Primary causes include
migraine, cluster, and tension-type headaches
while secondary etiologies include neoplasms,
arteriovenous malformations, aneurysm, infec-
tion, trauma, and hydrocephalus. Diagnosis of
primary headache disorders is based on clin-
ical criteria as set forth by the International
Headache Society (1). A detailed history and
physical examination help distinguish between
primary and secondary headaches. Neuroimag-
ing should aid in the diagnosis of secondary
headache disorders. Secondary headaches in
children are more likely to present as acute
headache, sudden onset in an otherwise healthy
child, or as a chronic progressive headache,
with gradual increase in frequency and sever-
ity. Acute recurrent headaches in an otherwise
healthy child most often represent migraine or
episodic tension-type headaches (47). Sinus dis-
ease is a common cause of acute headache. (See
Chapter 11 on acute and chronic sinusitis in
children.)

Epidemiology

Pediatric headache is a common health prob-
lem in children, with a significant headache
reported in more than 75% by the age of
15 years (48). In approximately 50% of patients
with migraines, the headache disorder starts
before the age of 20 years (2). In the USA, ado-
lescent boys and girls have a headache preva-
lence of 56 and 74% and a migraine prevalence
of 3.8 and 6.6%, respectively (3). A small per-
centage of headaches in children are secondary
in nature.

A primary concern in children with headache
is the possibility of a brain tumor (4, 5).
Although brain tumors constitute the largest
group of solid neoplasms in children and are
second only to leukemia in overall frequency

of childhood cancers, the annual incidence is
low at 3 in 100,000 (5). Primary brain neoplasms
are far more prevalent in children than they
are in adults (6). They account for almost 20%
of all cancers in children but only 1% of can-
cers in adults (2). Central nervous system (CNS)
tumors are the second cause of cancer-related
deaths in patients younger than 15 years (7).

Overall Cost to Society

Headache is the most common and one of the
most disabling type of chronic pain among chil-
dren and adolescents (49, 50). The incidence of
migraine peaks in adolescence, but the preva-
lence of migraine continues to increase and is
highest in the most productive years of life
between the ages of 25 and 55 years (8, 9). The
direct and indirect annual cost of migraine in
the USA has been estimated at more than $5.6
billion (10). A recent US study showed that
migraine families incur far higher direct and
indirect healthcare costs (70% higher than non-
migraine families) with most of the difference
concentrated in outpatient costs (51). Of inter-
est, in families that the sole migraineur was a
child versus a parent the total healthcare costs
per family were about $600 higher and almost
$2,500 higher when both a parent and child
were affected (51). Work absence days, short-
term disability, and workman’s compensation
days all were higher among migraine families
than among families without a migraineur (51).

Goals

• To diagnose the secondary causes of
headache (Table 9.1) so that appropriate
treatment can be instituted.

• Exclude secondary etiologies of headache in
patients with atypical primary headache dis-
orders.
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• Decrease the risk of brain herniation prior
to lumbar puncture by excluding intracranial
space-occupying lesions.

• Study the role of advance brain imaging in
the differentiation of the types of primary
headache disorders.

Methodology

MEDLINE search using Ovid (Wolters Klumer
US Corporation, New York, NY) and PubMed
(National Library of Medicine, Bethesda MD)
was used. Systematic literature review was
performed from 1966 to January 2008. Key-
words included (1) headache, (2) cephalgia,
(3) diagnostic imaging, (4) clinical examina-
tion, (5) practice guidelines, and (6) surgery.
The Cochrane Collaboration had no reviews of
imaging for headache.

Discussion of Issues

I. When Is Neuroimaging
Appropriate in Children with
Headache?

Summary of Evidence: Determination of the
appropriateness of imaging is made based
on the frequency, pattern, family history, and
associated seizure or neurological findings
(Table 9.2) (moderate evidence). These guide-
lines reinforce the primary importance of
careful acquisition of the medical history
and performance of a thorough examination,
including a detailed neurologic examination
(11). Among children at risk for brain lesions
based on these signs and symptoms, neu-
roimaging with either MR imaging or CT is
valuable in combination with close clinical
follow-up (Table 9.2).

Supporting Evidence: In 2002, the American
Academy of Neurology and Child Neurology
Society published evidence-based neuroimag-
ing recommendations for children (12). Six
studies (one prospective and five retrospec-
tive) met inclusion criteria (moderate evidence).
Data on 605 of 1275 children with recurrent
headache who underwent neuroimaging found
only 14 (2.3%) with nervous system lesions
that required surgical treatment. All 14 chil-

dren had definite abnormalities on neurologic
examination. The recommendations from this
study were as follows: (1) neuroimaging should
be considered in children with an abnormal
neurologic examination or other physical find-
ings that suggest CNS disease. Variables that
predicted the presence of a space-occupying
lesion included (a) headache of less than 1-
month duration, (b) absence of family his-
tory of migraine, (c) gait abnormalities, and (e)
occurrence of seizures; (2) neuroimaging is not
indicated in children with recurrent headaches
and a normal neurologic examination; (3) neu-
roimaging should be considered in children
with recent onset of severe headache, change in
the type of headache, or if there are associated
features suggestive of neurologic dysfunction.

Medina and colleagues (11) performed a
4-year retrospective study of 315 children
with no known underlying CNS disease who
underwent brain imaging for a chief com-
plaint of headache (moderate evidence). All
patients underwent brain MR imaging. Sixty-
nine patients also underwent brain CT. Clin-
ical data were correlated with findings from
MR imaging and CT and the final diagnosis
using logistic regression. Thirteen (4%) patients
had surgical space-occupying lesions, includ-
ing nine malignant neoplasms, three hemor-
rhagic vascular malformations, and one arach-
noid cyst.

In this study, they identified seven inde-
pendent multivariate predictors of a surgical
lesion, the strongest of which were sleep-
related headache (odds ratio 5.4, 95% CI: 1.7–
17.5) and no family history of migraine (odds
ratio 15.4, 95% CI: 5.8–41.0). Other predictors
included vomiting, absence of visual symp-
toms, headache of less than 6 months’ dura-
tion, confusion, and abnormal neurologic exam-
ination findings. The risk of surgical lesion
increased with the increased number of these
seven factors (P<0.0001). No difference between
MR imaging and CT was noted in detection
of surgical space-occupying lesions, and there
were no false-positive or false-negative surgical
lesions detected with either modality on clinical
follow-up.

In a study by Schwedt and colleagues of
241 pediatric patients with headache who had
MRI or CT, 23 patients (9.5%) had findings
requiring a change in management (13) (lim-
ited to moderate evidence). These included five
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sinus disease, four tumors, four old infarcts,
three Chiari I, two moyamoya, one intracra-
nial vascular stenosis, one internal jugular vein
occlusion, one arteriovenous malformation, one
demyelinating disease, and one intracerebral
hemorrhage. When sinus disease was excluded,
three patients (1.2%) had normal neurologic
symptoms and signs and imaging findings that
resulted in a change in management (limited to
moderate evidence).

II. What Is the Sensitivity and
Specificity of CT and MR Imaging for
Space-Occupying Lesions?

Summary of Evidence: Sensitivity and speci-
ficity of MR imaging is greater than CT for
intracranial lesions. For surgical intracranial
space-occupying lesions, however, there is no
difference between MR imaging and CT in
diagnostic performance (moderate evidence).
The use of intravenous contrast material after
unenhanced CT of the brain in children did
not change the diagnosis frequently (moderate
evidence).

Supporting Evidence: Sensitivity and specificity
of CT and MR imaging for intracranial lesions
is shown in Table 9.3. Medina and colleagues
(moderate evidence) (11) showed that the
overall sensitivity and specificity with MR
imaging (92 and 99%, respectively) were higher
than with CT (81 and 92%, respectively). Com-
parison of patients who underwent both MR
imaging and CT revealed no significant dis-
agreement between the tests for surgical space-
occupying lesions (McNemar test, P = 0.75).
The US Headache Consortium evidence-based
guidelines from systematic review of the lit-
erature similarly concluded that MR imag-
ing may be more sensitive than CT in iden-
tifying clinically insignificant abnormalities,
but MRI imaging may be no more sensitive
than CT in identifying clinically significant
pathology (14).

A recent study by Branson et al. in 353
children with unenhanced and enhanced CT
demonstrated that unenhanced CT of develop-
ing brains has high sensitivity and specificity in
the diagnosis of pathologic findings (15). Sensi-
tivity, specificity, positive predictive value, and
negative predictive value for unenhanced scans

were 97, 89, 87, and 97%, respectively (15). The
use of contrast material led to a change in the
original normal or equivocal diagnosis to an
abnormal diagnosis for only 5 (2.7%) of the 183
normal unenhanced scans. Therefore, the use of
intravenous contrast material after unenhanced
CT of the brain in children did not change the
diagnosis frequently (15).

III. What Is the Sensitivity and
Specificity of CT and MRI Imaging of
Patients with Headache and
Subarachnoid Hemorrhage Suspected
of Having an Intracranial Aneurysm?

Summary of Evidence: In North America, 80–
90% of nontraumatic SAH in older children and
adults is caused by the rupture of nontraumatic
cerebral aneurysms (16). CT angiography and
MR angiography have sensitivities greater than
85% for aneurysms greater than 5 mm. Most
recent studies with newer generations of mul-
tidetector CT report sensitivity and specificity
greater than 90% for aneurysms greater than
4 mm (moderate evidence). Studies that have
compared sensitivity and specificity of CTA and
digital subtraction angiography (DSA) report
similar sensitivities and specificities (moderate
evidence). The sensitivity of CTA and MRA
examinations drops significantly for aneurysms
less than 5 mm.

Supporting Evidence: White et al. (17) searched
the literature from 1988 to 1998 to find stud-
ies with 10 or more subjects in which the con-
ventional angiography results were compared
with noninvasive imaging. They included 38
studies, which scored more than 50% on eval-
uation criteria by using intrinsically weighted
standardized assessment to determine suitabil-
ity for inclusion (moderate evidence).

The rates of aneurysm accuracy for CT
angiography and MR angiography were 89 and
90%, respectively. The study showed greater
sensitivity for aneurysms larger than 3 mm
than for aneurysms of 3 mm or smaller for
CT angiography (96 verses 61%) and for MR
angiography (94 versus 38%).

White et al. (18) also performed a prospective
blinded study in 142 patients who underwent
intra-arterial digital subtraction angiography to
detect aneurysms (moderate evidence). Results
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were compared with CT angiography and MR
angiography. The accuracy rates per patient
for the best observer were 87 and 85% for
CT angiography and MR angiography, respec-
tively. The accuracy rates for brain aneurysm
for the best observer were 73 and 67% for
CT angiography and MR angiography, respec-
tively. The sensitivity for the detection of
aneurysms 5 mm or larger was 94% for CT
angiography and 86% for MR angiography. For
aneurysms smaller than 5 mm, sensitivities for
CT angiography and MR angiography were 57
and 35%, respectively.

More recent studies using CTA have shown
even higher sensitivity and specificity, which
may reflect technological improvements. Uysal
and colleagues using spiral CT in 32 cases with
aneurysm size from 3 to 13 mm (19) reported
sensitivity of 97% and specificity of 100% (lim-
ited evidence). Teksam and colleagues studied
100 consecutive patients with 113 aneurysms
with MDCT (20) and reported sensitivity for
detecting aneurysms of less than 4 mm, 4–
10 mm, and greater than 10 mm on a per
aneurysm basis of 84, 97, and 100%, respectively
(moderate evidence). Overall specificity was
88%. Karamessini and colleagues using CTA
with 3D techniques in 82 consecutive patients
(21) demonstrated sensitivity of 89% and
specificity of 100% for CTA and sensitivity
of 88% and specificity of 98% for DSA when
compared with the reference standard of sur-
gical findings (moderate evidence). Therefore,
CTA was equivalent to DSA. Tipper and col-
leagues with 16-row MDCT in 57 patients
with 53 aneurysms (22) reported sensitivity
and specificity of 96.2 and 100% for both CTA
and DSA, respectively (moderate evidence). In
this study, mean diameter of the aneurysm
was 6.3 mm with a range of 1.9–28.1 mm
(22). Study published by Taschner and col-
leagues (23) in 2007 in 27 consecutive patients
with 24 aneurysms using a 16-row multisec-
tion CT angiography (CTA) reported an over-
all sensitivity and specificity of 100 and 83%,
respectively (limited evidence). Study by Papke
and colleagues comparing digital subtraction
angiography (DSA) with 16-row CTA in 87
patients (24) reported sensitivity and speci-
ficity of 98 and 100% for DSA and CTA,
respectively (moderate evidence). Yoon and col-
leagues using 16-row multidetector CTA in
85 patients (25) had overall sensitivity and

specificity of 92.5 and 93.3%, respectively (mod-
erate evidence). For aneurysms less than 3 mm,
however, sensitivity decreased for reader 1 and
reader 2 to 74.1 and 77.8%, respectively (25).
More recent study done by Lubicz and col-
leagues (26) in 54 consecutive patients with
67 aneurysms using a 64-row multisection CT
angiography reported an overall sensitivity
and specificity of 94 and 90.2%, respectively
(moderate evidence). For aneurysms less than
3 mm, CTA had a mean sensitivity of 70.4%
(26). Intertechnique and interobserver agree-
ments were good for aneurysm detection with
a mean Kappa of 0.673 (26). Agid and col-
leagues (27) in 73 patients with 47 aneurysms
using a 64-row multisection CT angiogra-
phy reported an overall sensitivity and speci-
ficity of 98 and 98%, respectively (moderate
evidence).

IV. What Is the Role of Advance
Imaging Techniques in Primary
Headache Disorders?

Summary of Evidence: High-resolution MR tech-
nique using transverse relaxation rates have
demonstrated increased tissue iron levels in
the brain stem (periaqueductal gray, red nuclei,
and substantia nigra in patients with headache
disorders (limited evidence). Functional MR
has demonstrated activation of the red nuclei
and substantia nigra in patients during spon-
taneous migraine episodes (28, 29) (limited
evidence).

In cluster headache disorders, MR phospho-
rus spectroscopy (31P-MRS) has demonstrated
brain mitochondrial dysfunction (30, 31) (lim-
ited evidence). PET has demonstrated strong
activation in the hypothalamic gray matter in
acute cluster headache attacks (32) (limited
evidence). In contrast to migraine disorders,
there is no brain stem activation during acute
cluster headache episodes compared with the
resting state (33). These initial studies sug-
gest that although primary headaches such as
migraine and cluster headache may share a
common pain pathway—the trigeminovascu-
lar innervation—their underlying pathogenesis
differs significantly (30).

Supporting Evidence: The underlying patho-
physiology of migraine disorders is not well
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understood (34). Conventional CT and MRI
studies are usually normal with no evidence
of a structural lesion. Studies have shown
involvement of the nociceptive pathways in
chronic daily headache and migraine (34).
Study by Raskin and colleagues (35) revealed
migraine-like headache in patients with elec-
trodes implanted in the periaqueductal gray
(PAG) matter. The ventral brain stem has also
been identified to be involved in migraine dis-
orders (35). There are also reports of multi-
ple sclerosis plaque (36) and cavernous mal-
formation (37) involving the PAG and causing
migraine-like disorders. Imaging studies have
been performed to study the iron homeosta-
sis in the midbrain. High-resolution MR tech-
niques have been used to map the transverse
relaxation rates R2 (1/T2), R2∗ (1/T2∗), and
R2’ (R2∗–R2) in the PAG, red nuclei (RN), and
substantia nigra (SN) (38). A positive correla-
tion (r=0.80; P<0.006) was identified between
the duration of illness and the increase in R2’
(increased tissue iron levels) for patients with
episodic migraine disorders and chronic daily
headaches (38, 39) (limited evidence). Another
study by Kruit and colleagues (40) in patients
studied in a 1.5 T MR scanner revealed higher
iron concentrations in the RN and putamen
in patients with migraines (limited to moder-
ate evidence); functional MR has demonstrated
activation of the RN and SN in patients during
spontaneous migraine episodes (28, 29) (limited
evidence).

In cluster headache, in vivo MR phos-
phorus spectroscopy (31P-MRS) has demon-
strated brain mitochondrial dysfunction charac-
terized by reduced phosphocreatine levels, an
increased ADP concentration, and a reduced
phosphorylation potential (30, 31) (limited evi-
dence). In a study of nine patients, PET demon-
strated strong activation in the hypothalamic
gray matter in acute cluster headache attacks
(32) (limited evidence). In contrast to migraine
disorders, there is no brain stem activation dur-
ing acute cluster headache episodes compared
with the resting state (33). These initial studies
suggest that, although primary headaches such
as migraine and cluster headache may share
a common pain pathway—the trigeminovascu-
lar innervation—their underlying pathogenesis
differs significantly (30).

V. What Is the Cost-Effectiveness of
Neuroimaging in Patients with
Headache?

Summary of Evidence: A CEA study (41)
assessed the clinical and economic conse-
quences of three diagnostic strategies in the
evaluation of children with headache sus-
pected of having a brain tumor: MR imaging,
CT followed by MR imaging for positive
results (CT-MR imaging), and no neuroimag-
ing with close clinical follow-up (41). This
model suggests that MR imaging maximizes
quality-adjusted life years (QALY) gained at a
reasonable cost-effectiveness ratio in patients at
high risk of having a brain tumor. Conversely,
the strategy of no imaging with close clinical
follow-up is cost saving in low-risk children.
Although the CT-MR imaging strategy maxi-
mizes QALY gained in the intermediate-risk
patients, its additional cost per QALY gained
is high. In children with headache, appropriate
selection of patients and diagnostic imaging
strategies may maximize quality-adjusted
life expectancy and decrease costs of medical
workup.
Supporting Evidence: A CEA in children with
headaches has been published in Pediatrics (41).
A decision-analytic Markov model and CEA
were performed incorporating the risk group
pretest probability, MR imaging and CT sensi-
tivity and specificity, tumor survival, progres-
sion rates, and cost per strategy. Outcomes were
based on QALY gained and incremental cost per
QALY gained.

The results were as follows: for low-risk chil-
dren with chronic non-migraine headaches of
more than 6 months’ duration as the sole symp-
tom (pretest probability of brain tumor, 0.01%
[1 in 10,000]), close clinical observation without
neuroimaging was less costly and more effec-
tive than the two neuroimaging strategies. For
the intermediate-risk children, with migraine
headache and normal neurologic examination
(pretest probability of brain tumor, 0.4% [4 in
1,000]), CT-MR imaging was the most effec-
tive strategy but costs more than $1 million
per QALY gained compared with no neu-
roimaging. This cost is not typically justified
by health policy makers. For high-risk children
with headache of less than 6 months’ duration
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and other clinical predictors of a brain tumor,
such as an abnormal neurologic examination
(pretest probability of brain tumor, 4% [4 in
100]), the most effective strategy was MR imag-
ing, with a cost-effectiveness ratio of $113,800
per QALY gained compared with no imaging.

The cost-effectiveness ratio in the high-risk
children with headache is in the comparable
range of annual mammography for women
aged 55–64 years at $110,000 per life-year saved
(42), colonoscopy for colorectal cancer screen-
ing for persons older than 40 years at $90,000
per life-year saved (42, 43), and annual cervical
cancer screening for women beginning at age
20 years at $220,000 per life-year saved (42, 44).
Therefore, this CEA model supports the use of
MR imaging in high-risk children.

Table 9.1. Common causes of primary and
secondary headache

Primary headaches
• Migraine
• Cluster
• Tension type

Secondary headaches
• Intracranial space-occupying lesions

o Neoplasm
o Arteriovenous malformation
o Abscess
o Hematoma

• Cerebrovascular disease
o Intracranial aneurysms
o Occlusive vascular disease

• Infection
o Acute Sinusitis
o Meningitis
o Encephalitis

• Inflammation
o Vasculitis
o Acute disseminated encephalomyelitis

• Increased intracranial pressure
o Hydrocephalus
o Idiopathic Intracranial Hypertension

(Pseudotumor cerebri)

Reprinted with the kind permission of Springer Sci-
ence+Business Media from Medina LS, Shah A, Vasconcel-
los E. Adults and Children with Headache: Evidence-Based
Role of Neuroimaging. In Medina LA, Blackmore CC (eds):
Evidence-Based Imaging: Optimizing Imaging in Patient
Care. New York: Springer Science+Business, 2006.

Take Home Tables and Figures

Table 9.1 shows common causes of primary and
secondary headaches. Table 9.2 summarizes
clinical guidelines in children with headache.
Table 9.3 shows the sensitivity and specificity of
CT and MRI imaging. Figure 9.1 provides the
decision trees for diagnostic workup of children
with headache.

Table 9.2. Suggested guidelines for neuro-
imaging in pediatric patients with headache

• Persistent headaches of less than 6 months
duration

• Headache associated with abnormal
neurologic examination

• Headache associated with seizures
• Recent onset of severe headache or change in

the type of headache
• Persistent headache without family history of

migraine
• Headaches that persistently awaken a child

from sleep or occurs immediately upon
awakening.

• Family or medical history of disorders that
may predispose one to CNS lesions, and
clinical or laboratory findings that suggest
CNS involvement

Reprinted with permission of the RSNA from Medina et al.
(11).

Table 9.3. Diagnostic performance of
imaging

Variable
Baseline
(%)

Range
(%) References

Diagnostic tests
MR imaging 92 82–100 (11, 45, 46)
Sensitivity 99 81–100 (11, 46)
Specificity

CT
Sensitivity 81 65–100 (11, 45, 46)
Specificity 92 72–100 (11, 45, 46)

Modified with the kind permission of Springer Sci-
ence+Business Media from Medina LS, Shah A, Vasconcel-
los E. Adults and Children with Headache: Evidence-Based
Role of Neuroimaging. In Medina LA, Blackmore CC (eds):
Evidence-Based Imaging: Optimizing Imaging in Patient
Care. New York: Springer Science+Business, 2006.
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Figure 9.1. Decision tree for use in children with headache. Neuroimaging is suggested for patients who meet
any of the signs or symptoms in the guidelines (Table 9.2). For patients who do not meet these criteria or those
with negative findings from imaging studies, clinical observation with periodic reassessment is recommended.
(Reprinted with permission of the RSNA from Medina et al. (11).).

Imaging Case Studies

Case 1: Colloid Cyst

Patient presented with headache and vomiting
(Fig. 9.2).

A B

Figure 9.2. A: Unenhanced CT shows a small focal lesion with increased density at the level of the fora-
men of Monro. B: Axial flair sequence reveals increased T2-weighted signal in the lesion. No hydrocephalus
noted. Neuroimaging findings consistent with colloid cyst. (Reprinted with permission from Medina LS, Shah
A, Vasconcellos E. Adults and Children with Headache: Evidence-Based Role of Neuroimaging. In Medina
LA, Blackmore CC (eds): Evidence-Based Imaging: Optimizing Imaging in Patient Care. New York: Springer
Science+Business, 2006.).

Case 2: Chiari I

Patient presented with persistent headaches
triggered by cough or exertion (valsalva maneu-
ver) (Fig. 9.3).
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A B

Figure 9.3. A: Unenhanced CT at craniocervical junction was interpreted as unremarkable. B: Sagittal MRI
T1-weighted image reveals pointed cerebellar tonsils extending more than 5 mm below the foramen magnum
consistent with Chiari I. No cervical cord hydrosyrinx noted. (Reprinted with the kind permission of Springer
Science+Business Media from Medina LS, Shah A, Vasconcellos E. Adults and Children with Headache:
Evidence-Based Role of Neuroimaging. In Medina LA, Blackmore CC (eds): Evidence-Based Imaging: Opti-
mizing Imaging in Patient Care. New York: Springer Science+Business, 2006.).

Case 3: Brain Stem Infiltrative Glial
Neoplasm

Patient presented with ataxia andheadaches
(Fig. 9.4).

A B

Figure 9.4. A: Unenhanced CT through posterior fossa is limited by beam-hardening artifact. A hypo-dense
lesion is seen in the pons. B: Axial proton density MR image better depicts the anatomy and extent of the
lesion without artifact. (Reprinted with the kind permission of Springer Science+Business Media from Medina
LS, Shah A, Vasconcellos E. Adults and Children with Headache: Evidence-Based Role of Neuroimaging. In
Medina LA, Blackmore CC (eds): Evidence-Based Imaging: Optimizing Imaging in Patient Care. New York:
Springer Science+Business, 2006.).
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Suggested Imaging Protocols for
Headaches

CT Imaging

• CT without contrast. Axial 5–10 mm non-
spiral images should be used to assess for
subarachnoid hemorrhage, tumor hemor-
rhage, or calcifications.

• CT with contrast. Axial 5–10 mm non-spiral
enhanced images should be used in patients
with suspected neoplasm. Infection or other
focal intracranial lesion. If indicated, CT
angiography can be performed as part of the
enhanced CT.

MR Imaging

Basic brain MR protocol sequences include
sagittal T1-weighted conventional spin-echo
(repetition time, 600 ms; echo time, 11 ms
[600/11]), axial proton density-weighted con-
ventional or fast spin-echo (2,000/15), axial
T2-weighted conventional or fast spin-echo
(3,200/85), axial FLAIR (fluid attenuation inver-
sion recovery) spin-echo (8,800/152, inver-
sion time [TI], 2,200 ms), and coronal T2-
weighted fast spin-echo (3,200/85) images. In
patients with suspected neoplasm, infection, or
focal intracranial lesions gadolinium enhanced
T1-weighted conventional spin-echo (600/11)
images should be acquired in at least two
planes.

Future Research

• Large-scale prospective studies to validate
risk factors and prediction rules of signif-
icant intracranial lesions in children with
headache.

• Large diagnostic performance studies com-
paring the sensitivity, specificity, and ROC
curves of neuroimaging in children with
headache.

• Larger studies evaluating the role of advance
brain imaging in primary headache disor-
ders such as migraine and cluster headaches.
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10
Pediatric Neuroimaging of Seizures

Byron Bernal and Nolan Altman

IssuesI. What is the likelihood of having an abnormal structural finding in
neuroimaging in newly diagnosed epilepsy in infancy and child-
hood?

II. Can neuroimaging predict future seizures or seizure outcome?
III. Is neuroimaging justified in patients with first febrile seizures?
IV. What is the probability to find structural abnormalities in neu-

roimaging performed in children with temporal lobe epilepsy?
V. What is the role of functional MRI in patients who are candidates for

epilepsy surgery?
VI. What is the role of nuclear medicine in children with temporal lobe

epilepsy?

Key Points� Neuroimaging (MRI/CT) in children with seizures rules out life-
threatening brain lesions requiring immediate medical or surgical
treatment (moderate evidence).

� Magnetic resonance imaging is the neuroimaging study of choice in
the workup of first unprovoked seizure (moderate evidence).

� Emergency imaging with CT or MR should be performed in cases of
long-lasting post-ictal confusion or focal deficit, in first unprovoked
seizure (limited to moderate evidence).

� Magnetic resonance is indicated in children with motor or develop-
mental delays or under 1 year of age with symptomatic seizures (mod-
erate evidence).

� Neuroimaging is not recommended for a simple febrile seizure (lim-
ited evidence).

� MRI is more sensitive than CT in detecting temporal lobe pathology
(limited evidence).
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� The presence of a focal lesion on MRI is a strong predictor of intractable
seizures in children with new onset of temporal lobe epilepsy (TLE)
(moderate evidence).

� Abnormal MRI may be found in more than 35% of patients with TLE
(moderate evidence).

� Generalized abnormalities in neuroimaging are correlated with higher
risk of status epilepticus (moderate evidence).

� Use of fMR increases importantly the post-test probabilities of hemi-
spheric language dominance in patients with epilepsy (Bayesian
analysis).

Definition and Pathophysiology

Seizures should be differentiated from epilepsy.
A seizure is just a symptom; epilepsy is a
disease characterized by recurrent seizures.
Children suffering from epilepsy will have
by definition “seizures,” but not all children
with seizures have epilepsy. Seizures may be
partial or generalized. In partial seizures, a
focal origin is suggested by clinical semiol-
ogy and demonstrated by electroencephalogra-
phy (EEG). Sometimes the epileptic seizure is
not convulsive. Focal non-convulsive seizures
consist of sensory phenomena (visual, audi-
tory, olfactory, or body perception) with pre-
served awareness of the episode. Complex partial
seizures are seizures without convulsions char-
acterized by lack of awareness of the patient. In
contrast to partial seizures, generalized seizures
are due to generalized discharges of the brain.
They produce global motor convulsions and
complete lack of awareness of the episode.
Grand mal and petit mal absences are typical
generalized seizures.

As any other symptom, seizures may have
different etiologies, can be accompanied by
other symptoms, and recede once the cause
is removed. A symptomatic seizure is a con-
vulsion that occurs due to a specific etiology
such as hypoglycemia or brain tumor. Symp-
tomatic seizures are divided into acute symp-
tomatic and remote symptomatic. Acute symp-
tomatic seizures are due to proximate precipi-
tant (drug intoxication, alcohol withdrawal, or
viral encephalitis), whereas remote symptomatic
seizures are caused by pre-existing long-lasting
lesions (e.g., cortical dysplasia, ganglioglioma,
and hippocampal sclerosis).

In many cases, seizures appear without an
evident cause. They are called non-symptomatic
seizures and could be categorized as crypto-
genetic or idiopathic seizures. In cryptogenic
seizures, no cause is found after appropriate
workup, even though the clinical findings sug-
gest a structural lesion, such as focal clinical
signs with EEG correlation. Idiopathic seizures
are generalized seizures with no focal electrical
or clinical signs. In these cases, a genetic factor
is presumed.

The term unprovoked seizures is used when
the seizures appear without a clinical history,
indicating an etiology (acute or remote) in a
child with normal neurological examination.
The term is used as a temporary diagnosis while
the workup is underway, and the seizure can be
classified properly.

Two types of seizures are of particular impor-
tance in the pediatric population. Children
between 6 months and 5 years of age may have
seizures with fever not related to meningitis or
other infections of the central nervous system
(CNS). These seizures are termed febrile seizures.
Febrile seizures are further divided into simple
febrile seizures and complex febrile seizures.
Complex febrile seizures are characterized by
focal onset, lasting more than 15 min, or occur
in multiple episodes (1).

Epidemiology

There is a relative paucity of epidemiologic
studies on seizures in the pediatric population.
Some of the few studies done have conflicting
results due to lack of agreement in the defi-
nition of the seizure disorders and diagnostic
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workup. For example, incidence and prevalence
of seizures vary among studies depending on
whether cases with febrile seizures or symp-
tomatic seizures are included or not (2), and
also with respect to the country where the study
takes place.

Prevalence and Incidence

The prevalence of epilepsy in American chil-
dren and adolescents is 4.71 per 1,000 inhabi-
tants, according to a study conducted by Cowan
et al. (3), based on 1,159 cases recruited in
central Oklahoma. In an extensive review of
the world literature on the epidemiology of
epilepsy in the pediatric population, Levin-
ton and Cowan (4) found the prevalence of
epilepsy to be between 4 and 5 per 1,000, despite
the variation in sampling methods and case
definitions.

The effect of socioeconomic factors and coun-
try development on the prevalence or inci-
dence of epilepsy is not clear. There are some
reports of high prevalence rates in developing
countries (5, 6). A recent report shows preva-
lence up to 18.4 per 1,000 in a population
of 1,742 children between 0 and 19 years of
age in a rural area of Honduras (7). In con-
trast, a study performed in Estonia showed a
prevalence rate of 3.6 per 1,000 inhabitants (8),
even lower than that found in other developed
countries.

Incidence of epilepsy in children ranges
among countries, from 52.6 to 151.5 per 100,000
inhabitants (4). Variations may be explained
by true ethnic differences but are most likely
because of differences in case recruitment and
definition.

The incidence of seizures is age dependent,
peaking at extremes of life. In neonates and
infants, it ranges between 100 and 140 cases
per 100,000 (9). The proportions of the differ-
ent types of epilepsies have been ascertained
in some cohort studies. In a 20-year cohort
study, done in Tel-Aviv (Israel), of 440 pedi-
atric patients with seizures (from which neona-
tal seizures were excluded), Kramer and col-
leagues (10) found the following distribution
of seizure types: partial seizures secondarily
generalized (20.6%), complex partial seizures
(12.5%), simple partial seizures (8.6%), benign

rolandic epilepsy (8%); absence seizures 7%;
and generalized tonic–clonic seizures (66.6%).
The remaining were classified as several dif-
ferent types of idiopathic generalized epilepsy.
Another large cohort study in children with
epilepsy (309 children) has been conducted in
Hong Kong by Kwong and coworkers (11).
Forty-two percent of the epilepsy was idio-
pathic, 16.8% cryptogenetic, and 40.8% remote
symptomatic. Seizures were partial in 48.5% of
children and generalized in 46.9%. The cumula-
tive incidence of febrile seizures is 2% (12) with
a recurrence between 12 and 100%, depend-
ing on the number of risk factors involved
(13, 14).

Acute non-febrile symptomatic seizures
(unprovoked seizures) affect 1 out of 1,000
neonates. The presence of neurodevelopmen-
tal abnormalities increases the probability of
future unprovoked seizures (15). Complex
partial seizures, also known as psychomotor
or temporal lobe seizures, are of the utmost
importance because they may be suitable for
surgical treatment. However, there are no epi-
demiologic studies of temporal lobe epilepsy in
children.

Overall Cost to Society

No data were found in the medical literature
on the cost to society in regard to the neu-
roimaging assessment of seizures in the pedi-
atric population. The best work on the general
cost of childhood epilepsy is of Argumosa and
Herranz (16). In a critical review, these authors
review the costs of epilepsy in the pediatric
population. The direct costs per patient per year
vary from 869 euros for children with controlled
seizures to 11,980 euros for those with refrac-
tory epilepsy requiring surgery. The annual cost
per child for diagnostic investigation ranges
from 86 to 266 euros. These tests include plasma
levels of antiepileptic drugs, EEGs, and neu-
roimaging. The impact of the cost of workup
in the United States, which includes neuroimag-
ing, can be inferred from the study of Begley et
al. performed in two different regions of North
America. Although the study is not focused on
the pediatric population, the costs of laboratory
and neuroimaging are at least the same as that
for adults. The mean annual cost per patient
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decreased from $3,157 for the first year to $702
for the second. The costs continue diminishing
to $411 in the fourth year (17).

Goals

The main goal of neuroimaging in pediatric
seizures is to rule out focal lesions that could
threaten the patient’s life. Secondary goals of
neuroimaging in seizures are the identification
of focal brain lesions related to the epilepto-
genic focus and the rejection or confirmation of
a clinical diagnosis.

Methodology

For each of the procedures, i.e., MRI and CT,
a systematic review of the literature was per-
formed utilizing PubMed (National Library of
Medicine, Bethesda, MD). All searches were
limited for publications in the last 20 years (up
to December 31, 2007), abstracts available in
English, and within the age range of 0–18 years.
The following criteria were utilized:

1. ((EBM[Title] OR Evidence[Title]) AND
((“seizures”[MeSH Terms] OR seizures[Text
Word]) OR (“epilepsy”[MeSH Terms] OR
epilepsy[Text Word])))

2. ((Epilepsy[Title] OR seizure[Title]) AND
(neuroimaging[Title] OR neuroimage
[Title]))

3. ((Epilepsy[Title] OR Seizure [Title]) AND
((MRI [Title]) OR (CT [Title])))

4. Searches 1, 2, and 3 with same key words
replacing [Title] by [Text Word]

Titles and abstracts were reviewed to deter-
mine appropriateness of content. Articles with
less than 30 patients, no standard of reference,
or no significant influence on clinical decision
making were excluded. Likelihood ratios, prob-
ability, sensitivity, specificity, predictors, and
techniques were sought and summarized for
each procedure.

Of a total of 169 abstracts, 48 abstracts met
criteria for full-text reviewing. References of
these articles were also utilized if relevant to the
search.

Discussion of Issues

I. What Is the Likelihood of having an
Abnormal Structural Finding in
Neuroimaging in First Unprovoked
Seizure or Newly Diagnosed
Epilepsy in Infancy and Childhood?

Summary of Evidence: The likelihood of finding
a structural abnormality in neuroimaging in
first unprovoked seizure ranges between 10 and
34% (moderate evidence). The clinically sig-
nificant yield is between 3 and 8% (moderate
evidence). In first unprovoked temporal lobe
epilepsy (TLE), the yield increases to 38–50%
(limited to moderate evidence).

The sensitivity to detect structural lesions in
TLE is 31% for CT and 64% for MRI (moderate
evidence). Emergency imaging with CT or MR
should be performed in cases of long-lasting
post-ictal confusion or focal deficit. See Table
10.1 for neuroimaging yield in children with
first unprovoked seizure.

Supporting Evidence: In a prospective study,
Shinnar et al. (18) describe the results of 159 CTs
and 59 MRIs performed on 411 children with
an apparent first unprovoked seizure (moderate
evidence). Forty-five children (21%) had abnor-
mal neuroimaging findings, with similar yields
found between generalized and partial seizures.
MRI was abnormal in 34% and CT in 22%. In
8 of 27 patients who had both MRI and CT,
MRI showed a different or new lesion not seen
on the CT. However, only four children were
found to have lesions requiring intervention.
From these results the authors conclude that in
spite of this fact that “the yield in finding acute
lesions is low,. . .there is. . ..substantial yield of
imaging abnormalities in children with a first
unprovoked seizure that may influence prog-
nosis and decision of whether to treat or not.”
Sharma et al. (19) found in a well-described
retrospective study (moderate evidence) clin-
ically significant abnormal neuroimaging in
8% of 475 children with “new-onset afebrile
seizures” (95% CI: 6.4–11.8). Two risk factors
were associated with a high probability of sig-
nificant abnormal neuroimaging: the presence
of a predisposing condition (such as concur-
rent mental retardation, lateralized neurological
signs, and systemic illness) and focal seizures in
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children younger than 33 months of age. One
hundred and twenty-one children who con-
formed to the high-risk group yielded abnormal
neuroimaging in 26%. Berg et al. (20) conducted
a consortium study in Connecticut (moderate
evidence). In this study, 488 of 613 children
with newly diagnosed epilepsy were imaged
with MRI (388, 63.3%), CT (197, 32.1%), or
both (97, 15.8%). Abnormal findings were found
in 62 (12.7%); this increased to 15.4% if only
partial seizures were computed (20). Similar
results were described by Khodapanahandeh
and Hadizadeh in a retrospective study of 125
children (limited evidence), where neuroimag-
ing (CT or MRI) found abnormalities in 12 of
119 (10%) children (21).

In a more recent article, Byars et al. (22)
explored the yield of MRI in 249 children after
the first seizure. Thirty-four children (13.7%)
had structural brain abnormalities that possibly
were related to their seizures (23). As expected,
the authors also found that children who had
structural abnormalities had lower cognitive
function scores, including IQ, language, and
executive functions. Unfortunately, the authors
did not differentiate between provoked and
unprovoked seizures, so this result should be
considered as a global yield of MRI in all cases
of first seizure.

If the first seizure is of temporal lobe type
(for example, complex partial seizure), the yield
of MRI ranges between 38 and 50%. Initially,
Harvey et al. (24) (moderate evidence) found
structural abnormalities in 24 of 63 (38%) chil-
dren with new onset of TLE, of whom 8 (13%)
showed findings requiring medical interven-
tion. In 2002, Sztriha and coworkers (25), in a
prospective cohort study, described a group of
30 children with first-time seizures of tempo-
ral origin (moderate evidence). Forty-three per-
cent of the MRI performed showed structural
abnormalities. More recently, Spooner et al. (26)
described a cohort study of 77 children (moder-
ate evidence) with new-onset epilepsy, of which
64 had the diagnosis of temporal lobe epilepsy
(TLE) with more than 7 years of follow-up. Tem-
poral lesions were found in 28 subjects (44% of
all cases) including hippocampal sclerosis in 10,
tumor in 8, and cortical dysplasia in 7 patients.
The yield increased to 48% if only the MRI cases
(59) were taken into account. All children with
lesions on MRI were not seizure free.

The sensitivity of MRI and CT in detect-
ing structural lesions in pediatric temporal lobe
epilepsy (new-onset and chronic TLE) has been
assessed by Sinclair et al. (27). In their retrospec-
tive study of 42 children (limited evidence) who
had MRI (42) and CT (39) exams, neuroimag-
ing was compared with pathology. They found
that MRI was abnormal in 27 of 42 children
(64%), while CT was abnormal in 12 of 39 (31%)
children.

The role of CT in the evaluation of chil-
dren with new-onset seizures (including febrile
seizures) has been studied by Garvey et al.
(23) in a retrospective analysis of 99 neurolog-
ically normal children (limited evidence) pre-
senting with seizures to the emergency room.
Fifty were unprovoked seizures. A total of 19
children had brain abnormalities (19%), 7 of
whom required further investigation or inter-
vention. Two risk factors were identified: first
unprovoked seizure (p<0.01) and focal seizures
or focal post-ictal clinical abnormality (p<0.04).
Similar results have been reported by Maytal
et al. (28) in a 1-year retrospective study of
66 patients (limited evidence). Fourteen cases
(21%) had abnormal CT results. Two of them
prompted immediate therapeutic intervention,
as they were children of child abuse with sub-
dural hematomas that were drained.

In 2000, the Quality Standards Subcommit-
tee of the American Academy of Neurology,
the Child Neurology Society, and the American
Epilepsy Society published practice guidelines
in the evaluation of first non-febrile seizures
in children (unprovoked seizure) based on
EBM (29). Analysis of their results found that
a range of 0–7% of children had lesions on
CT which changed patient management (i.e.,
tumors, hydrocephalus, arachnoid or poren-
cephalic cysts, and cysticercosis). The prac-
tice guidelines conclude that MRI yields more
lesions than does CT but it does not always
change medical management. Only a few cases
with temporal sclerosis or cortical dyspla-
sia were candidates for epilepsy surgery. The
guidelines also conclude that there is insuf-
ficient evidence to support the recommenda-
tion for routine neuroimaging after the first
unprovoked seizure. However, neuroimaging
may be indicated in cases of focal seizures
associated with clinical neurological findings.
If a neuroimaging study is required, MR is the
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preferred modality. Emergency imaging with
CT or MR should be performed in cases of long-
lasting post-ictal focal deficit or in those patients
who remain confused several hours after the
seizure. MRI should be considered in children
less than 1 year of age with significant and
unexplained cognitive or motor impairment,
partial seizures, or EEG with focal abnormality.

II. Can Neuroimaging Predict Future
Seizures or Patient Outcomes?

Summary of Evidence: Focal lesions found by
MRI are predictors of intractable seizures in
children with new-onset TLE (moderate evi-
dence). Outcome is poor (lack of seizure con-
trol) in 50% of patients with diffuse lesions in
neuroimaging (limited evidence). Generalized
abnormalities in neuroimaging correlate with
higher risk of suffering status epilepticus (mod-
erate evidence). Type of cortical dysplasia does
not correlate with drug refractoriness or sever-
ity of cognitive impairment (insufficient evi-
dence). There are conflicting studies of neu-
roimaging as a predictor of poor drug treat-
ment response or surgical outcome. See Table
10.2 for neuroimaging as a predictor of seizure
outcome.

Supporting Evidence: Seizure outcome and neu-
roimaging may be correlated in three different
ways. First, can the neuroimaging findings pre-
dict the probability of treatment success? Sec-
ond, can neuroimaging results predict cognitive
developmental delays or abnormalities? Third,
can neuroimaging predict the outcome of neu-
rosurgery in intractable epilepsy?

Neuroimaging as a Predictor of Treatment
Outcome
In a prospective study by Spooner et al. (26)
(moderate evidence) of 77 patients, it was
found that lesions such as hippocampal sclero-
sis, tumor, and cortical dysplasia found by MRI
were predictors of intractable seizures in chil-
dren with new-onset TLE. One hundred percent
of children with lesions on MRI remained with
seizures during a follow-up period greater than
10 years. Unfortunately, this observation has
not been replicated. The contribution of neu-
roimaging to detect risk factors to predict if a
child will suffer a status epilepticus event (SE)

was assessed by Novak et al. (30) (limited evi-
dence). Forty-four patients with symptomatic
epilepsy (with demonstrated brain lesions) and
one or more status epilepticus events were stud-
ied retrospectively and compared to 88 chil-
dren with the same condition but without SE.
Univariate analysis revealed that generalized
abnormalities in neuroimaging correlated with
higher risk of suffering of an SE (odds ratio =
2.9, p = 0.03). The same conclusion was reached
by Karasallho et al. (31) in a retrospective study
of 83 pediatric patients (limited evidence). The
histopathologic outcome effect has also been
investigated, although in a very limited man-
ner. In 2006, Mazurkiewicz et al. (32) reported
a retrospective study of 46 pediatric subjects
(limited evidence) with cortical dysplasia. The
authors sought to correlate the type of cortical
dysplasia with the clinical outcome. The group
consisted of 31 patients with focal cortical dys-
plasia, 6 with schizencephaly, 4 with hetero-
topia, 3 with lissencephaly, and 2 with band het-
erotopia. The authors did not find correlations
between the type of cortical dysplasia and the
presence of drug-resistant epilepsy or severity
of the cognitive impairment.

Neuroimaging as a Predictor of Developmental
Outcome
Tekgul et al. (33) studied MRI predictors of
neurodevelopmental outcome in a retrospec-
tive study of 89 term infants with neonatal
seizures (limited evidence). Cerebral dysplasia
and global hypoxia–ischemia were associated
with poor developmental outcome, especially
those who have multifocal or diffuse cortical
or subcortical gray matter lesions. Thirty-six
infants (40%) had severe cognitive impairment,
and 31% had persistence of seizures after inten-
sive care unit discharge. Overall outcome was
judged poor for 50% of the subjects with diffuse
lesions. In contrast, only 1/18 (6%) in the group
with normal MRI was graded as having a poor
outcome.

Neuroimaging as a Predictor of Epilepsy
Surgery Outcome
Seizure outcome of intractable epilepsy was
studied in children in a retrospective study of
50 subjects with at least 2 consecutive years of
follow-up (34). The study was limited to non-
tumor-related partial epilepsy cases (limited
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evidence). However, the author found that the
only risk factor of poor drug treatment outcome
was the presence of focal lesions on neuroimag-
ing (MRI/CT). The opposite was found in sur-
gical cases. Of the 20 patients that underwent
epilepsy surgery, 60% had excellent outcome
despite them representing 90% of the cases with
focal neuroimaging abnormalities. Similar find-
ings have been reported by two small-sample,
retrospective studies (35, 36) (limited evidence).
These findings, however, conflict with those
reported by Hennessy et al. (37). They demon-
strated, in a retrospective study of 80 lesions
in 234 consecutive temporal resections (limited
evidence), that a lesion found on a preoper-
ative CT (followed by “complete histological
resection”) was not able to predict outcome.
Likewise, Goldstein et al. described in a retro-
spective study of 33 children (limited evidence)
that MRI lesions do not predict seizure out-
come after temporal lobectomy in childhood
(38).

III. Is Neuroimaging Justified in
Patients with First Febrile Seizures?

Summary of Evidence: Neuroimaging is not rec-
ommended for a simple febrile seizure (limited
evidence). There are not enough data to rec-
ommend or not recommend neuroimaging in
complex febrile seizures. See Table 10.3 for neu-
roimaging yield in first febrile seizure.

Supporting Evidence: No articles with strong or
moderate evidence were found. The role of neu-
roimaging in febrile seizures and its value to
rule out meningitis are summarized by Offringa
and Moyer (39) in an evidence-based medicine
study (limited evidence). Combining the yield
of CT and MRI scans, only 1.2% of 2,100 cases
of seizures associated with fever had significant
findings (e.g., tumor, malformations, and atro-
phy). The conclusions of this group are simi-
lar to the American Academy of Pediatrics (40)
(limited evidence), which suggests that CT or
MRI is not recommended for a simple febrile
seizure.

Complex febrile seizures may have prog-
nostic implications. Notwithstanding, only one
study which met selection criteria was found.

Teng and coworkers (41) reported the findings
in a retrospective study of 71 children (limited
evidence) seen in the ER because of a first com-
plex febrile seizure (as diagnosed and classi-
fied by two epileptologists). All subjects had
neuroimaging. Fifty-one children (72%) had
only one of three features that characterize a
complex febrile seizure. Twenty children (28%)
had multiple complex features (long duration,
involvement of only one side of the body, and
long post-ictal state). However, none of the
71 patients had intracranial pathologic condi-
tions on neuroimaging that required emergency
intervention.

IV. What Is the Probability of Finding
Structural Abnormalities in
Neuroimaging Performed in Children
with Temporal Lobe Epilepsy (TLE)?

Summary of Evidence: Abnormal MRI may be
found in more than 36% of patients with TLE
(moderate evidence). MRI is twice as sensi-
tive as CT in detecting temporal lobe pathol-
ogy (limited evidence) (Fig. 10.2). MRI findings
can classify TLE into three categories: devel-
opmental lesions, hippocampal sclerosis, and
cryptogenic. Therefore, MRI is recommended in
the evaluation of TLE. See Table 10.4 for neu-
roimaging abnormalities in children with tem-
poral lobe epilepsy.

Supporting Evidence: Sixty-three children with
new-onset temporal lobe epilepsy were stud-
ied by Harvey et al. (moderate evidence) (42).
Imaging was performed in 58 (92%) by MRI
and 48 (76%) by CT. MRI was abnormal in 23
children (37%). Unilateral hippocampal sclero-
sis (HS) was seen in 12 (19% of all patients with
TLE), bilateral HS in 1, temporal lobe tumor in
8, arachnoid cyst in 1, and cortical dysplasia in
1. CT was abnormal in 23% of cases, includ-
ing all tumors, but failed to detect all cases of
HS. CT demonstrated calcifications of a small
hamartoma in the posterior area of the hip-
pocampus in one case that was not detected
on MR. Based on neuroimaging findings, the
authors proposed to divide partial seizures into
three groups: Group I: developmental temporal



134 B. Bernal and N. Altman

lobe epilepsy. This epilepsy is associated with
tumors and long-standing, non-progressive cor-
tical lesions such as gangliogliomas, dysembry-
oplastic neuroepithelial tumors, and pilocytic
xanthoastrocytomas. Seizures begin in mid to
late childhood (mean age 8.2 years in 10 sub-
jects) and neurobehavioral problems are infre-
quent. Group II: temporal lobe epilepsy with
hippocampal sclerosis (Fig. 10.3). Prior clini-
cal history of neurologically significant insult,
such as complicated febrile seizures, hypoxic–
ischemic encephalopathy, or meningitis, is usu-
ally present. Group III: cryptogenic temporal
lobe epilepsy, in whom no etiology could be
determined.

This classification was utilized by Sztriha
et al. (25) in a cohort study of 30 children (lim-
ited evidence). Patients had TLE with onset
before age 14. Eight children (28%) had devel-
opmental temporal lobe epilepsy, 7 (23%) had
hippocampal sclerosis, and 15 (50%) had cryp-
togenic TLE.

The sensitivity of CT and MRI to detect tem-
poral lobe pathology in TLE was assessed by
Sinclair et al. (27) (limited evidence). Forty-two
pediatric patients were studied. All patients
underwent temporal lobectomy for intractable
epilepsy, with histopathology results as the
reference standard. MRI was clearly more
sensitive than CT. MRI correctly identified
the pathology in 27 of the 42 cases (64%),
while CT scan did in 12 of 39 cases (31%).
However, of 15 cases where the MRIs were
reported normal, 10 showed abnormal pathol-
ogy results, including mesial temporal sclero-
sis (MTS), porencephaly, and 1 case of gan-
glioglioma (10 false-negative results). Of seven
cases found without pathology, two MRIs were
reported abnormal (two false-positive results).
CT produced 21 false-negative and 0 false-
positive results. Therefore, the sensitivity and
specificity of MRI and CT was 71.5%/71.4%
and 38.2%/100%, respectively. The authors did
not utilize FLAIR sequences and only part of
the sample group was scanned utilizing inver-
sion recovery techniques that have increased
the yield of MTS and other cortical lesions
related with intractable epilepsy in recent years.
No studies reporting sensitivity/specificity
of FLAIR or high-resolution T2 signal in
MRI sequences were found in the pediatric
population.

V. What Is the Role of Functional
MRI in Patients Who Are Candidates
for Epilepsy Surgery?

Summary of Evidence: fMRI influences diagnos-
tic and therapeutic decision making (moderate
evidence). fMRI increases importantly the post-
test probability of language lateralization. The
cost of the non-invasive fMRI study is signif-
icantly less than that of the invasive WADA
test.

Supporting Evidence: fMRI is a non-invasive MR
technique that detects minute signal enhance-
ment produced by blood oxygen level changes
associated with brain cortical activity. These
signal changes are also known as the BOLD
(blood oxygen level-dependent) effect. fMRI
only recently has a separate billing code for
clinical use after undergoing stringent evalua-
tion as a diagnostic study by the US govern-
ment. fMRI may replace the intracarotid amo-
barbital exam (the Wada arteriography test)
in the lateralization and location of language
in children who are candidates for epilepsy
surgery. The vast majority of fMRI papers are
based on small samples of adults or a mix-
ture of children and adults. One article that ful-
filled our inclusion criteria was the prospec-
tive study (moderate evidence) by Medina et
al. (43), which assessed the role of fMRI in 60
pediatric candidates for epilepsy surgery. fMRI
results altered patient and family counseling
in 35 (58%); avoided further studies (includ-
ing Wada test) in 38 (63%); altered intraopera-
tive mapping plans in 31 (52%); and changed
surgical approach plans in 25 (42%) of cases.
In five (8%) patients, fMRI averted two-stage
surgery. In four (7%) patients, the extent of sur-
gical resection was altered because eloquent
language areas were identified close to the
seizure focus. The authors concluded that fMRI
influences diagnostic and therapeutic decision
making.

A Bayesian analysis study has been per-
formed to assess the role of fMRI in determining
how this test modifies pretest to post-test prob-
abilities of language dominance in the epilepsy
population (44). The study pooled data from
studies published between 1995 and 2002 hav-
ing language fMRI compared with Wada tests
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or electrocortical stimulation as the standard of
reference. Two hundred and forty cases having
both exams were pooled. From the literature
review and utilizing the Wada test as the refer-
ence study, the authors found that the sensitiv-
ity (and specificity) of fMRI in language lateral-
ization was 92.5% (95% CI: 89.1%, 95.9%), and
the likelihood ratio was 12.3 [(sensitivity)/(1 –
specificity); 95% CI: 8.2, 23.4)]. When the ref-
erence standard was the electrocortical stimu-
lation, sensitivity (and specificity) was 90.3%
(95% CI: 80–100%), and the likelihood ratio was
9.3 (95% CI: 4, ∞). From the Bayesian analysis,
the authors conclude that, in epilepsy patients
with right-hand dominance or ambidexterity,
the post-test probability (of truly language lat-
eralization in the left hemisphere) is greater
than 95%. In the left-handed epilepsy patients,
there was high post-test probability (80–97%)
of a correlation between functional MR hemi-
sphere activation and definite left-handed lan-
guage dominance (44).

A cost study of functional MRI and the Wada
test has been published (45). The total direct
costs of the Wada test ($1,130.01 ± $138.40) and
of functional MR imaging ($301.82 ± $10.65)
were significantly different (p <0.001) (44). The
cost of the more invasive Wada test was 3.7
times higher than that of functional MR imag-
ing (45).

VI. What Is the Role of Nuclear
Medicine in Children with TLE
Seizures?

Summary of Evidence: PET and ictal SPECT can
localize epileptogenic zones in children with
TLE (limited evidence).

Supporting Evidence: No large prospective stud-
ies have been done addressing the role of
nuclear medicine in children with seizure dis-
orders. There is however a retrospective article
by Lee et al. (46) describing 21 pediatric patients
who had TLE and evaluated with ictal SPECT
and interictal PET (limited evidence). PET cor-
rectly localized the epileptogenic zone in 20 of
21 patients (95%) and SPECT in 12 of 15 patients
(80%).

Take Home Figures

Table 10.1 presents neuroimaging yield in
children with first unprovoked seizure. Table
10.2 shows neuroimaging as a predictor of
seizure outcome. Table 10.3 shows neuroimag-
ing yield in first febrile seizure. Table 10.4 shows
neuroimaging abnormalities in children with
temporal lobe epilepsy.

Figure 10.1 represents an algorithm for deci-
sion making in children with first febrile
seizures.

Table 10.1. Neuroimaging yield in children with first unprovoked seizure
Author Patientsa CT/MRI Yield (%) Comments

Shinnar et al. (18) 218 159/59 22/34 Only four children (1.8%) with significant findings
Sharma et al. (19) 475 454/21 8b Predictors of abnormal neuroimaging:

predisposing condition and focal seizure in
younger than 33 months

Berg et al. (20) 488 294/485 12.7b Three cases had normal CT and abnormal MRI
Khodapanahandeh

and Hadizadeh
(21)

119 108/11 10b Significant relationship found between partial
seizure and abnormal neuroimaging

Byars et al. (22) 249 0/249 14 Structural brain abnormalities correlated with
overall low cognitive functioning

TLE
Sztriha et al. (25) 30 0/30 43.3 Only in first seizure of temporal origin
Spooner et al. (26) 61 3/58 43.8b Yield corrected: 47.5 (see text)
Harvey et al. (24) 63 48/58 38.1b One normal MRI case had CT calcifications in the

posterior hippocampus
CT in new-onset seizures including febrile seizures
Garvey et al. (23) 50 50 19.2 Two predictors of positive yielding: unprovoked

seizure, focal seizure
Maytal et al. (28) 66 66 21.2 Two cases required immediate therapeutic

intervention
aPatients with neuroimaging.
bCombined yield.
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Table 10.2. Neuroimaging as a predictor of seizure outcome

Author Cases Predictor Outcome
Sensitivity
(as reported) Comments

Spooner et al.
(26)

77 Structural
lesion on
MRI

Poor seizure
control

100% Patient with lesions remained
with seizures

Novak et al.
(30)

44 Generalized
abnormali-
ties on
MRI

Status
epilepticus
(SE)

OR = 2.85,
p = 0.034

Control group: seizure patients
without SE

Mazurkiewicz
et al. (32)

46 Cortical
dysgenesis

Seizure control NA No correlation found

Tekgul et al.
(33)

89 Diffuse
cerebral
dysgenesis

Abnormal
development

50% Poor cognitive outcome

Chen et al.
(34).

49 Focal lesions
on MRI

Poor seizure
control

57a Non-tumor partial epilepsies

Duchowny
et al. (35)

31 Focal lesions
on MRI

Success of
epilepsy
surgery

? Outcome judged in an average
of 4.6 years

Hennessy
et al. (37)

234 Focal lesion on
CT

Success of
epilepsy
surgery

? Statistics based on 80 lesions.
Not able to predict

Goldstein
et al. (38)

33 MRI lesions Success of
epilepsy
surgery

? Not able to predict outcome

aPercentage of patients in Class IV outcome with focal neuroimaging abnormality. Class IV defined as at least one seizure
per week.
?, not reported.

Table 10.3. Neuroimaging yield in first febrile seizure
Author Patients CT/MRI Yield Comments

Offringa et al. (30) 2100 (EBM—review) 2100 (combined) 1.2 “Yield” refers only to findings
of meningitis

Teng et al. (41) 71 71 (combined) 0 “Yield” refers only to
significant findings. All
cases were complex partial
seizures

Table 10.4. Neuroimaging abnormalities in children with temporal lobe
epilepsy

Author Patients CT/MRI Yield Comments

Harvey et al. (42) 63 48/58 23/36.5 CT failed to detect HS but
demonstrated calcifications
missed in one case by MRI

Sinclair et al. (27) 42 39/42 31/64 MRI yielded two false
positives. Cases controlled
with histopathology
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Figure 10.1. Algorithm for decision making in children with first febrile seizure.
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Imaging Case Studies
Case 1

Figure 10.2 presents CT and MRI images of a
child with epilepsy and postural plagiocephaly.

Figure 10.2. Distinct yield between CT and MRI in a case with partial seizures. The axial CT (A) is compared
to the MR (B) in a child with epilepsy and postural plagiocephaly. The CT fails to show the cortical abnor-
mality demonstrated by the T2-weighted MRI sequence. The left parasagittal frontal region corresponds most
likely to an area of focal cortical dysplasia characterized by the loss of gray–white matter interface and the
increased T2-weighted signal intensity (arrows). This focal lesion is associated with a poor outcome with phar-
macotherapy and may have a better prognosis with surgery. (Reprinted with kind permission of Springer
Science+Business Media from Bernal B, Altman N. Neuroimaging of Seizures. In Medina LA, Blackmore CC
(eds.): Evidence-Based Imaging: Optimizing Imaging in Patient Care. New York: Springer Science + Business
Media, 2006.).
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Case 2

Figure 10.3 presents MRI of a patient with com-
plex partial seizures and left temporal EEG
abnormalities.

Figure 10.3. Role of MRI in patients with temporal
lobe epilepsy (TLE). MRI is positive in 37% of chil-
dren with TLE. Of this group, more than 50% may
have hippocampal sclerosis. The image corresponds
to a patient with complex partial seizures and left
temporal EEG abnormalities. Coronal image at the
level of the temporal lobes demonstrates left hip-
pocampal sclerosis characterized by reduction in size
and increased signal intensity (arrows), compared to
the normal right hippocampus. (Reprinted with kind
permission of Springer Science+Business Media from
Bernal B, Altman N. Neuroimaging of Seizures. In
Medina LA, Blackmore CC (eds.): Evidence-Based
Imaging: Optimizing Imaging in Patient Care. New
York: Springer Science + Business Media, 2006.).

Suggested Imaging Protocols for
Seizures

CT Scan Brain Protocol for the Study of First
Seizure

In the acute or emergent setting, we recom-
mend non-enhanced axial contiguous 5 mm-
slice sequence of the entire brain. Radiation
doses should follow the ALARA recommen-
dation.

MRI of the Brain for the Workup of Epilepsy
and Non-febrile Seizures

The suggested MRI protocol consists of the fol-
lowing sequences:

T1-weighted, sagittal 3D volume 1-mm ST
no gap, axial fluid-attenuated inversion recov-
ery, axial dual echo (gradient and spin echo),
diffusion-weighted axial, T2-weighted coronal
fast spin echo, T2 coronal, oblique, high reso-
lution through the temporal lobe plus contrast
T1-weighted axial and coronal sequences.

Future Research

• More studies to understand pediatric seizure
disorders other than febrile seizures and
temporal lobe epilepsy.

• Studies to determine the sensitivity and
specificity of neuroimaging in detecting and
categorizing brain lesions are needed.

• More studies on the added value of fMRI are
needed in the pediatric population.

• More research is needed in evaluating the
role of neuroimaging in first febrile seizures.

• Evaluation of 3T MR in pediatric epilepsy.
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11
Diagnosis and Management of Acute

and Chronic Sinusitis in Children
Yoshimi Anzai and Angelisa Paladin

IssuesI. Is there a role for imaging in the initial diagnosis of uncomplicated
acute bacterial sinusitis in children?

II. What is the diagnostic performance of sinus radiography and sinus
CT in acute bacterial sinusitis? What diagnostic criteria should we
use for acute sinusitis?

III. When are imaging studies indicated for the diagnosis and the man-
agement of children with sinusitis?

IV. What is the most cost-effective strategy for the diagnosis and the
management of patients with acute sinusitis?

V. What is the role of imaging in children with chronic sinusitis?
VI. Special situation: what is the role of imaging in immunocompro-

mised children?

Key Points� The clinical signs and symptoms of acute bacterial sinusitis overlap
with that of non-specific upper respiratory tract viral infection (strong
evidence).

� Children under the age of 6 years should not undergo sinus radio-
graphs due to their limited sinus development (moderate evidence).

� Sinus radiographs are moderately sensitive to diagnose acute bacte-
rial sinusitis compared with sinus puncture and culture (moderate evi-
dence).

� Sinus CT is highly sensitive to diagnose acute bacterial sinusitis but
specificity is low in part due to vaguely defined diagnostic criteria in
the literature (limited evidence).
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� Definitive imaging criteria are the presence of frothy air–fluid levels
or complete sinus opacification but do not include mucosal thickening
(limited evidence).

� Despite relatively high sensitivity and specificity, imaging is not indi-
cated in the initial diagnostic workup for acute uncomplicated sinusi-
tis, due to cost and radiation dose (strong evidence).

� CT scan is indicated for patients that fail to respond to medical man-
agement or with severe symptoms suspicious for complications related
to acute sinusitis (moderate evidence).

� In chronic sinusitis, computed tomography is a modality of choice as
it provides anatomical roadmaps much better than plain radiography
or ultrasound (limited to moderate evidence). Although rare, for chil-
dren suspected of serious complications, such as intracranial or orbital
abscess, MR with contrast is recommended to assist surgical treatment
planning.

Definition and Pathophysiology

Acute sinusitis is a bacterial infection of the
paranasal sinuses lasting less than 4 weeks.
Under normal circumstances, the paranasal
sinuses are assumed to be sterile. However,
the paranasal sinuses are continuous to nasal
mucosa or nasopharynx that is heavily colo-
nized with bacteria. These bacteria are present
in low density and removed by the normal
mucociliary function of the paranasal sinuses.
Normal mucous secretions contain antibodies
and, together with mucociliary clearance, work
to clear bacteria from the paranasal sinuses.
Thus, maintaining the mucociliary flow and
an intact local mucosal surface are key host
defenses against infection (1).

The common predisposing events that set the
stage for acute bacterial sinusitis are an acute
viral upper respiratory infection that results in
a viral rhinosinusitis (predisposes to approxi-
mately 80% of bacterial sinus infections) and
an allergic inflammation (predisposes to 20%
of bacterial infection). Once the mucosa of the
paranasal sinuses swells due to either viral
infection or allergy, it causes sinus ostia obstruc-
tion, thus interfering with normal mucociliary
clearance. This leads to low pressure within
the paranasal sinuses, thus further exaggerat-
ing mucosal thickening and poor sinus clear-
ance, resulting in acute bacterial sinus infec-
tion. Streptococcus pneumoniae and Haemophilus
influenza are two common organisms for acute
bacterial sinusitis. Since the widespread use of

the heptavalent pneumococcal conjugate vac-
cine (PCV7) in 2004, pneumococcal strains have
declined; thus, H. influenza has become a more
prevalent organism (2, 3). Other organisms
include Moraxella catarrhalis, other Streptococcus
and Staphylococcus species.

Epidemiology

Acute sinusitis is one of the most common diag-
noses in primary care setting in the United
States, affecting 31 million individuals diag-
nosed each year (4). Fourteen percent of Amer-
icans claim to have had a previous diagnosis
of sinusitis (5). The prevalence of sinusitis has
increased in the last decade due to increased
air pollution and resistance to antibiotics. There
is no gender difference in sinusitis prevalence.
Sinusitis is more common in the Midwest and
southern part of the country compared to the
coasts.

Acute sinusitis more often affects patients
with a history of allergy or asthma. Other
patients with high risk of developing acute
sinusitis include individuals with defects
in immunity (HIV, agammaglobulinemia),
delayed or absent mucociliary activity (Kara-
gener’s, cystic fibrosis), structural defects
(cleft palate), and white blood cell functional
abnormalities (chronic granulomatous disease,
Wegener’s granulomatosis) (6). Dental infec-
tions may cause 5–10% of all cases of maxillary
sinusitis; the roots of the upper back teeth
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(second bicuspid, first and second molars) abut
the floor of the maxillary sinus.

Sinusitis affects all age groups. The preva-
lence of sinusitis among children is even higher
than adults and may be as high as 32% in young
children (7–9). The average child has between
6 and 8 “cold” episodes annually, and it is
estimated that 5–10% of all upper respiratory
infections are complicated by sinusitis. Children
under the age of 6 years are the most likely to
have acute bacterial sinusitis (10).

Acute maxillary sinusitis in adults is char-
acterized by purulent nasal discharge, facial
tenderness, headache or toothache, and fever.
Children, however, may have less specific
symptoms, such as a prolonged daytime cough
lasting more than 10 days. The development of
paranasal sinuses in children also contributes
to diagnostic challenges. The maxillary and the
ethmoid sinuses are present at birth. The sphe-
noid sinuses generally start to pneumatize by
the age of 5 years; the frontal sinuses start
to develop around the age of 7–8 years (10).
Both frontal and sphenoid sinuses continue to
develop until late adolescence. Sinus tender-
ness is not a typical sign observed in pediatric
patients with acute sinusitis.

Overall Cost to Society

Sinusitis has a significant economic impact on
health-care organizations. In 1992, Americans
spent $200 million on prescription medications
and more than $2 billion for over-the-counter
medications to treat sinusitis (11). There were
11 million doctor visits and 1.3 million outpa-
tient visits due to sinusitis in 1999 (12). Approx-
imately 500,000 sinus surgeries are performed
each year. The study using data from AHCPR’s
1987 National Medical Expenditure Survey
(inflated to 1996 dollars) estimated that overall
health-care expenditures attributable to sinusi-
tis were $5.8 billion, mainly from ambulatory
and emergency department services and 500,00
surgical procedures performed on paranasal
sinuses (13). Approximately 31% ($1.8 billion)
of the cost was attributed to treatment expen-
ditures for children 12 years or younger (14).
They concluded that sinusitis needed to be rec-
ognized as a serious, debilitating, costly dis-
ease that warrants precise diagnosis and effec-

tive specific therapy (15). This estimate of direct
costs does not include indirect costs, such as
expense of care of sick children, transportation
costs, the value of work time lost, baby-sitting
costs, ancillary medication costs, and expendi-
tures for treatment of adverse effects. Clearly,
sinusitis imposes a considerable economic bur-
den for the patients and the family. Therefore,
improved diagnosis and the use of the most
effective agents with the highest tolerability
profile will improve outcomes and lower the
overall cost of therapy.

It is important to keep in mind that the
majority of “sinusitis” is caused by viral upper
respiratory tract infection. The symptoms of
acute viral sinusitis and allergic rhinitis over-
lap with that of acute bacterial sinusitis, lead-
ing to misdiagnosis. Consequently, acute bac-
terial sinusitis is overdiagnosed (in as many
as 50–60% of cases), and therefore antibiotics
are overprescribed in the primary care setting.
Clinical studies showed that as many as 60%
of patients with cold are prescribed antibiotics
(16). The overprescription of antibiotics leads
to a widespread antibiotic-resistant infection.
Antibiotic-resistant infections are an increas-
ing problem in hospitals in terms of the num-
ber of resistant organisms and their prevalence.
Consequently, the costs of these infections are
also increasing. Antibiotic resistance increases
the costs of care in hospitals in various ways
including increased length of stay, more admis-
sions to intensive care unit, and more intensive
resource use.

Goals

In patients presenting with acute sinusitis
symptoms, the goal is to differentiate those
with acute bacterial sinusitis who benefit from
antibiotics from those with non-specific viral
infection. Imaging is not indicated for the ini-
tial diagnostic workup for acute sinusitis, due
to increasing cost and radiation for pediatric
patients. Diagnosis and treatment decision, par-
ticularly prescribing antibiotics or not, is often
made based on clinical examination for uncom-
plicated sinusitis.

Imaging is, however, indicated for patients
who failed to respond to initial medical man-
agement. The goal of imaging at this setting is
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to exclude (or include) diagnosis of acute bac-
terial sinusitis and to assess potential causes
of poor mechanical drainage of the paranasal
sinuses and complications such as orbital cel-
lulitis or abscess formation (i.e., orbital sub-
periosteal abscess and anterior cranial fossa
abscess).

Methodology: Medline and PubMed

The authors performed a MEDLINE search
using PubMed (National Library of Medicine,
Bethesda, MD) for data relevant to the diagnos-
tic performance and accuracy of both clinical
and radiographic examinations of patients with
acute sinusitis. The diagnostic performance
of clinical examination (history and physical
exam) and clinical outcome was based on a sys-
tematic literature review performed in MED-
LINE from January 1966 to October 2008. The
clinical examination search strategy used the
following statements: (1) acute rhinosinusitis,
(2) acute bacterial sinusitis, (3) pediatric, (4)
children, (5) clinical examination, and (6) out-
comes. The review of the current diagnostic
imaging literature was done with MEDLINE
covering from January 1966 to October 2008
with the following key statements and words:
(1) acute bacterial sinusitis, (2) radiograph, (3)
CT, and (4) ultrasound, as well as combina-
tions of these search strings. We excluded ani-
mal studies and non-English articles.

Discussion of Issues

I. Is There a Role for Imaging in the
Initial Diagnosis of Uncomplicated
Acute Bacterial Sinusitis in Children?

Summary of Evidence: Diagnosis of acute sinusi-
tis should be made on clinical criteria in chil-
dren. Radiographic imaging study should not
be obtained to diagnose acute sinusitis or to
confirm clinical diagnosis of acute sinusitis, par-
ticularly in children under the age of 6 years
(17). Imaging as an initial diagnostic workup
not only substantially increases the cost but
also is potentially harmful due to radiation
exposure.

It is, however, controversial if sinus radiog-
raphy is needed as a confirmatory test of acute
sinusitis in children older than 6 years with per-
sistent and severe symptoms. Some practition-
ers may elect to perform sinus radiographs with
the expectation that the study may be normal.
Normal radiographs are powerful evidence that
bacterial sinusitis is not the cause of a child’s
symptoms. Though solid evidence is lacking,
guidelines from the ACR (American College of
Radiology) and others state that the diagnosis of
uncomplicated acute sinusitis should be made
on clinical grounds alone and reserve the use
of imaging for situations of medically refractory
cases or worsening during the course of antibi-
otics treatment (18) ( http://acsearch.acr.org/)
(moderate evidence).

Supporting Evidence: Diagnosis of acute sinusi-
tis should be made on clinical criteria in chil-
dren who present with upper respiratory symp-
toms that are either persistent or severe. Clini-
cians should distinguish acute bacterial sinusi-
tis (ABS) from acute viral rhinosinusitis using
clinical diagnostic guidelines (strong evidence).

The clinical diagnostic guidelines for ABS in
children are (a) persistent symptoms includ-
ing nasal or postnasal discharge (of any qual-
ity) and daytime cough (which may be worse
in night) and (b) symptoms lasting more than
10–14 days but less than 30 days (10). Severe
symptoms include a temperature of at least
102◦F and purulent nasal discharge present con-
currently for at least 3–4 consecutive days in
a child who seems ill or toxic (10). Respira-
tory symptoms related to acute viral sinusitis
may not have completely resolved by the 10th
day but almost always have peaked in severity
and begun to improve. Therefore, persistence
of respiratory symptoms without any signs of
improvement suggests the presence of bacte-
rial infection. Facial pain is rare and unreliable
for children. Periorbital swelling may indicate
ethmoid sinusitis. If fever is present in uncom-
plicated viral infection, it is usually at earlier
phase of illness and accompanied by other con-
stitutional symptoms such as headache. Puru-
lent nasal discharge does not appear for several
days in uncomplicated viral infection. The con-
current presentation of fever and purulent nasal
discharge for at least 3–4 consecutive days helps
diagnose acute bacterial sinusitis (17).
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Physical examination does not contribute to
the diagnosis of acute bacterial sinusitis. Tran-
sillumination has little value, and its clinical
use is controversial. Sinus aspiration is the gold
standard for the diagnosis of acute bacterial
sinusitis; but it is an invasive, time-consuming,
and potentially painful procedure that should
be performed only by a specialist (otolaryngol-
ogist) (19).

Radiographic imaging should not be
obtained for patients who meet diagnostic cri-
teria for ABS. Imaging studies are not necessary
to confirm a diagnosis of clinical acute bacterial
sinusitis in children younger than 6 years of age
(strong recommendation). In children younger
than 6 years of age, clinical history correlates
with sinus radiography in 88% of time (20);
therefore radiography can be safely omitted for
children under age 6 (strong consensus based
on limited evidence). The paranasal sinuses are
still under development in younger children.
Therefore, lack of aeration of the sinuses may
be physiological rather than infectious, limiting
the accuracy of radiography (21).

For children over 6 years of age with per-
sistent symptoms, the need for radiograph as
a confirmatory test of acute sinusitis remains
controversial. When an alternative diagnosis is
considered, imaging might be useful. Normal
radiographs or CT is a powerful evidence that
bacterial sinusitis is not the cause of the symp-
toms (22) (limited evidence).

A practical guideline by AHRQ indicates that
imaging study is not warranted when the likeli-
hood of acute sinusitis is either high or low, but
imaging is useful when a diagnosis is in doubt
(limited evidence).

Sinus CT is indicated for children with
acute sinusitis symptoms in the following
three conditions: (1) when complications related
to sinusitis are suspected, (2) when symp-
toms persist without response to medical man-
agement, and (3) when surgery is consid-
ered (strong recommendation based on mod-
erate evidence). Complicated sinusitis is sus-
pected when patients present with ptosis,
cranial nerve palsies, and facial and orbital
swelling. Contrast-enhanced CT of the sinuses
and orbit is recommended when orbital cel-
lulites or periosteal abscess as a complication
of sinusitis is suspected (18, 23, 24). Contrast-
enhanced MRI is occasionally recommended

when intracranial extension, such as epidural
empyema or brain abscess, is suspected (21,
25–28) (limited evidence).

II. What Is the Diagnostic
Performance of Sinus Radiography
and Sinus CT in Acute Bacterial
Sinusitis? What Diagnostic Criteria
Should We Use for Acute Sinusitis?

Summary of Evidence: Although the diagnosis
of acute sinusitis should be made on clinical
grounds, the accuracy of such clinical diagnosis
is not well documented compared with the gold
standard of direct sinus puncture. Compared
with sinus radiography as the gold standard,
clinical diagnosis has moderate accuracy (mod-
erate evidence) (13). Summary receiver operat-
ing characteristics (SROC) is used to represent
the accuracy of a diagnostic test, where one is
perfect accuracy and 0.5 is no better than the
flip of a coin. The area under the curve (AUC)
of clinical diagnosis compared with sinus radio-
graph is 0.74 (29). Compared with sinus punc-
ture as the gold standard, sinus radiography
offers moderate ability to diagnose acute sinusi-
tis (SROC area 0.83) (moderate evidence) (30–
34). No single study comparing CT or MR with
sinus puncture to evaluate the accuracy of CT or
MR for acute sinusitis was found. Given CT and
MRI’s superior spatial and soft tissue resolution
to radiography, both are likely more sensitive
for detection of acute sinusitis, but specificity is
questionable. Lack of definitive diagnostic cri-
teria for sinus disease makes it difficult to inter-
pret studies investigating specificity of sinus CT
or MRI.

Sinus puncture performed by an otolaryngol-
ogist is the gold standard; however, it is rarely
performed due to its invasiveness and cost.
An inexpensive, simple, and accurate diagnos-
tic test is needed to better differentiate patients
who need antibiotics from those with non-
specific viral illness. Good, high-quality evi-
dence for acute uncomplicated sinusitis in chil-
dren is limited. Diagnostic modalities show
poor concordance. More evidence is needed for
defining the optimal treatment and diagnostic
methods for this common condition (35) (insuf-
ficient evidence).
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Supporting Evidence: The most accurate and
cost-effective way to diagnose acute sinusi-
tis remains uncertain. The diagnosis of acute
sinusitis is often made based on clinical
grounds, but the accuracy of such clinical diag-
nosis is not well documented. Engels et al.
performed a meta-analysis of diagnostic tests
for acute sinusitis that showed clinical history
and physical examination had moderate ability
to identify patients with positive radiography
(SROC area 0.74) (33).

Using sinus opacity or the presence of an
air–fluid level as the criterion for sinusitis,
sinus radiography had sensitivity of 0.73 and
specificity of 0.80. Compared with sinus punc-
ture and aspiration as the gold standard, sinus
radiography offers moderate ability to diag-
nose acute sinusitis (SROC area 0.83). Another
systematic review performed by Varonen et al.
published concurrently with Engels et al. study
focused on adult patients suspected of acute
maxillary sinusitis. They compared sinus radio-
graphy, ultrasound, and clinical examination
with sinus puncture as the gold standard and
concluded that sinus radiography was a more
accurate method for diagnosing acute sinusi-
tis (SROC area of 0.82) than clinical exami-
nation. Clinical examination even by experi-
enced physicians was less reliable (area under
SROC is 0.75) (34). Using sinus puncture as the
gold standard, Berg and Carenfelt reported that
clinical examination had a sensitivity of 66%
and specificity of 79% in the setting of emer-
gency clinic (36). Sinus radiograph is accurate
than clinical examination for diagnosis of acute
bacterial sinusitis. However, clinical applica-
tion for sinus radiograph as an initial workup
is not justified due to its costs and radiation
exposure.

In Europe, A-mode ultrasound is used to
diagnose acute maxillary sinusitis in primary
care setting with moderately strong accuracy
(SROC area of 0.80) (30, 34, 37). Savolainen et al.
reported among 234 patients suspected of max-
illary sinusitis that ultrasound had a sensitiv-
ity of 81% and specificity of 72%, as compared
with sinus puncture (38). Ultrasound waves are
transmitted to the sinus, then reflected back
from the interface of two different media. A
sinus cavity filled with secretions results in an
echo in the display screen. It is insensitive to
mucosal thickening of the sinus (39).

Computed tomography (CT) provides supe-
rior assessment of all paranasal sinuses com-
pared with sinus radiograph (40). However,
CT has not been directly compared with sinus
puncture for assessment of diagnostic accuracy
(33, 34). Given the invasiveness of sinus punc-
ture and the need for otolaryngology refer-
ral (additional cost), sinus CT can be used as
a proxy of sinus puncture. Sinus CT is con-
sidered more sensitive than sinus radiograph
for diagnosis of acute sinusitis. A study com-
paring sinus plain radiograph and CT in 47
consecutive patients showed that sinus radio-
graph had a high specificity but markedly low
sensitivity for disease in the ethmoid, frontal,
and sphenoid sinuses (41). The sensitivity of
sinus radiograph for maxillary sinus was 80% in
this study. Another study enrolled 134 patients
with suspected sinusitis who underwent a sin-
gle Waters view of sinus, and CT revealed that
plain film has markedly low sensitivity for a
disease outside of maxillary sinus. The sen-
sitivity and specificity of Waters view com-
pared with CT for maxillary sinus disease was
67.7% and 87.6%, respectively (42). They recom-
mended the use of a low-dose, high-resolution
CT scan of the paranasal sinuses (moderate evi-
dence). The problem is its lack of specificity data
of sinus CT, compared with sinus puncture. A
question is if CT scan overdiagnoses sinusitis.

Another reason that accuracy of sinus CT
remains uncertain and controversial is lack of
definitive diagnostic criteria. Diagnostic crite-
ria of sinus radiography for acute sinusitis
are complete opacification and sinus air–fluid
level. Diagnostic criteria considered positive for
acute sinusitis on sinus CT are not well defined
but usually include mucosal thickening greater
than 4 mm, any degree of sinus opacification,
and any type of fluid level. Mild mucope-
riosteal thickening can be found on head CT
in patients without any sinusitis-related symp-
toms in up to 40% of individuals (43). Gwaltney
et al. reported on CT scan of 31 patients with
self-diagnosed common cold. They found that
87% of 31 patients had occlusion (or mucosal
thickening) of ethmoid infundibulum, and 65%
of patients had mucosal abnormality in maxil-
lary sinuses (44). It is of paramount importance
to define what CT findings constitute acute
bacterial sinusitis. The only specific CT find-
ing to indicate acute sinusitis is a frothy, bubbly
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air–fluid level, which indicates purulent secre-
tion within the sinuses (21). Waterish smooth
air–fluid level may be nasal secretion with-
out bacterial infection or clear secretion related
to allergic rhinitis (45). Complete opacification
of a sinus with bone thickening may indicate
chronically obstructed sinus rather than acute
sinusitis (46).

For children under 6 years whose paranasal
sinuses are still under development, mucosal
thickening or fluid level may be physiologi-
cal, rather than acute sinusitis. This is another
reason that imaging test should be reserved
for when complicated sinusitis is suspected or
alternative diagnosis is suggested in cases of
poor response to medical therapy (10).

III. When Are Imaging Studies
Indicated for the Diagnosis and the
Management of Children with
Sinusitis?

Summary of Evidence: Imaging studies, sinus
radiography, and CT or MR are normally not
indicated as the initial diagnostic workup for
uncomplicated acute sinusitis. Imaging stud-
ies are indicated when patients do not respond
to medical management, when diagnosis is in
doubt, or when complications related to sinusi-
tis are suspected.

Sinus CT should be performed in children
who present with complications of acute bac-
terial sinusitis or who have very persistent or
recurrent disease not responding to medical
management. When patients do not respond
to medical management, the patients may have
mechanical obstruction that prevents restora-
tion of mucociliary clearance, such as a polyp
or structural anomalies of the nasal cavity and
sinuses.

Sinusitis is a self-limiting disease with com-
plete cure in most cases. However, serious com-
plications still do occur in a small percentage
(3.7–11%) of these patients with acute sinusi-
tis (47). When patients with sinusitis symptoms
present with orbital swelling, ptosis, visual
changes, cranial nerve palsies, and mental sta-
tus changes, contrast-enhanced CT and/or MR
is recommended to diagnose orbital celluli-
tis/abscess, epidural or subdural empyema,

cavernous sinus thrombosis, and intracranial
extension of infection (28).

When surgery is considered for patients
with recurrent or medically refractory disease,
detailed sinus CT is indicated to define the bony
anatomy, including the osteomeatal complex,
and correlated with patients’ clinical symptoms
(48, 49) (limited evidence).

Supporting Evidence: Sinusitis is a common con-
dition among pediatric patients and in most
cases is a self-limited disease. Most cases of
sinusitis resolve completely with appropriate
antibiotic therapy. Children with complicated
acute sinusitis have severe symptoms, includ-
ing high fever, intense headache that is above
or behind the eye, periorbital swelling, or pres-
sure over the face. Complicated acute sinusi-
tis results from a delay in initiating treatment,
antibiotic-resistant infection, and incomplete
treatment. Immunocompromised patients, such
as those with cystic fibrosis, often present
with extensive sinus infection. The incidence of
sinusitis-related complications remains indeter-
minate as many literatures reporting sinusitis-
related complications were case series or case
reports. A retrospective review from a single
institution revealed that 5.3% of ENT emergen-
cies were sinusitis complications. Among them,
orbital complications were the most common
(62%), followed by acute subdural empyema
(23%) and meningitis (15%) (50). Among the
transplant patients, patients with graft versus
host disease (GVHD) were 4.3 times more likely
than patients without GVHD to develop sinusi-
tis post-transplant (51).

These include intraorbital complications,
such as orbital cellulitis and subperiosteal
abscess, cavernous sinus thrombosis, epidu-
ral empyema, meningitis, cerebritis, and brain
abscess. Therefore, contrast-enhanced CT or
MR is indicated when patients with sinusitis
symptoms present with orbital swelling, prop-
tosis, visual changes, and cranial nerve palsies
(27, 52, 53). Clary et al. investigated the accuracy
of sinus CT for orbital abscess as compared with
surgical exploration in 19 patients and reported
that CT had a sensitivity of 93% and specificity
of 67% (54).

With the advent of antibiotics, the incidence
of orbital cellulitis is low. Approximately 3% of
sinusitis progresses to orbital cellulitis (40). This
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can be divided into preseptal and postseptal
cellulitis. The septum is defined as the medial
orbital periosteal reflection attaching to the
medial eyelid at the tarsal plate. The majority
of orbital cellulitis is either due to direct spread
from ethmoid sinusitis through porous lamina
papyracea or through the valveless anterior and
posterior ethmoid veins (40). The periosteum of
the medial orbital wall is loosely attached to
the lamina papyracea; as such, it often forms
subperiosteal abscess or phlegmon. Clinically,
these patients may present with deviation of the
globe or proptosis. Cavernous sinus thrombosis
results from infection of the midface, orbit, and
sinonasal cavity. This may lead to cranial nerve
palsies and blindness. In the setting of orbital
cellulitis, the presence of cranial nerve palsies
involving cranial nerve III, IV, V, and/or VI
raises the suspicion of cavernous sinus throm-
bosis. Contrast-enhanced CT or MR shows an
engorged superior ophthalmic vein. Enhancing
cavernous carotid artery may stand out from
the surrounding thrombosed cavernous sinus
(55–58).

Intracranial spread of sinus infection most
commonly originates from frontal or sphe-
noid sinusitis (59, 52). Intracranial extension of
infection is facilitated by the abundant valve-
less emissary venous plexus of the poste-
rior frontal sinus, known as Behcet’s plexus.
Infection spreads through the sinus to dura,
meninges, and parenchyma, resulting in epidu-
ral or subdural empyema, meningitis, cerebritis,
and brain abscess (55). Contrast-enhanced brain
MR is recommended when intracranial spread
of sinusitis is suspected (52, 55). One study com-
paring diagnostic accuracy of CT, MR, and clini-
cal diagnosis for sinusitis-related complications
revealed that the diagnostic accuracy was 82%
for clinical assessment compared with 91% for
CT for orbital complications. For patients with
intracranial complications, meningitis was the
most common diagnosis, and MRI was more
accurate (97%) in determining the diagnosis
than CT (87%) or clinical findings (82%). Both
CT and MR have improved the management
and outcomes of patients who have sinusitis
with complications (60).

Surgery of the sinuses or nasal passage may
be considered for patients who do not respond
to medical management for sinusitis. Sinus
CT is the primary imaging test and provides
detailed images of sinus anatomy in multiple

planes. Attention should be paid to the sta-
tus of the osteomeatal complex, particularly the
curvature and the superior extension of the
uncinate process. Sinus CT often reveals vari-
ous anatomical variations, such as nasal septum
deviation or concha bullosa. A study evaluating
anatomical variations of sinuses on CT revealed
that 64.9% of 202 patients had anatomical varia-
tions. The significance of such anatomical vari-
ant remains uncertain, as these anatomical vari-
ations are often seen in patients without any
sinusitis symptoms (61).

IV. What Is the Most Cost-Effective
Strategy for the Diagnosis and the
Management of Patients with Acute
Sinusitis?

Summary of Evidence: The most cost-effective
method to manage patients presented with mild
to moderate symptoms of acute sinusitis is to
use clinical guidelines and treat with first-line
antibiotic therapy (59). For patients with severe
symptoms or high disease prevalence popula-
tion, empirical antibiotic treatment is cost effec-
tive. This leads to many unnecessary antibiotic
prescriptions that lead to antibiotic-resistant
infection.

Cost-effectiveness analysis (CEA) comparing
four different management strategies (empirical
antibiotics, no antibiotics, clinical diagnosis, or
sinus CT-based treatment) of adult acute sinusi-
tis revealed that empirical antibiotic therapy is
most cost effective from the societal perspective,
as patients return to normal life more quickly,
offsetting the upfront cost of antibiotics (62, 63).
From the payer’s perspective, clinical diagnosis-
based treatment was the most cost-effective
strategy (62). The effectiveness of antibiotic
therapy in children remains controversial. The
study results depend highly on the inclusion
criteria of the study population. Antibiotic ther-
apy was effective for patients with radiograph-
ically confirmed pediatric acute sinusitis, but
little or no effect is seen when patients were
selected based on clinical diagnosis (9) (mod-
erate evidence). This is likely due to the fact
that some of these patients had viral infection,
therefore potentially diluting the effectiveness
of antibiotic therapy (64).

A full sinus CT instead of screening or lim-
ited sinus CT is recommended for patients with
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chronic sinusitis who undergo sinus surgery.
The screening sinus CT for preoperative assess-
ment was thought to be inadequate for opera-
tive planning (65).

Supporting Evidence: A diagnostic workup strat-
egy for any disease should be directly con-
nected to its management of the disease.
Although sinusitis is a self-limiting disease in
most cases, undertreating acute sinusitis may
lead to rare but serious complications. Chil-
dren remain sick longer, thus requiring addi-
tional cost for childcare, time away from work
for parents, loss of productivity of parents,
transportation, and over-the-counter medica-
tions (63). Overtreating sinusitis may result
in unnecessary costs and adverse effects from
antibiotic therapy, such as allergic reaction or
gastrointestinal disturbance, as well as future
development of antibiotic-resistant infection.
Treating viral illness with antibiotic should not
change the natural history of sinusitis, other
than reduced quality of life from adverse drug
effects. Accurate diagnosis by CT scan improves
effectiveness of antibiotic therapy, by selecting
patients who benefit from antibiotics. However,
such additional benefit is too small to justify the
additional cost of CT scan and the additional
risks from radiation exposure in children.

The effectiveness of antibiotic therapy in chil-
dren remains controversial. The results depend
highly on the study inclusion criteria. Antibi-
otic therapy was found effective for patients
with radiographically confirmed acute sinusi-
tis (moderate evidence). Patients treated with
antibiotics recovered more quickly than those
under placebo (20). On the third day of treat-
ment, 83% of children receiving antibiotics were
cured or improved compared with 51% of the
children in the placebo group. However, lit-
tle or no effect is seen in antibiotic treatment
when patients were selected based on clinical
diagnosis alone. A study by Garbutt (9) chal-
lenged the notion that children having acute
sinusitis based on clinical ground will ben-
efit from antibiotic therapy. Since “sinusitis
patients” defined by clinical diagnosis include
children with viral infection, the effectiveness of
antibiotics is diluted.

The American Academy of Pediatrics clini-
cal practice guidelines for the management of
sinusitis show that children with mild and mod-
erate symptoms who do not attend day care

should receive the usual dose of amoxicillin
(17). Those patients who (a) do not improve
while receiving the usual dose of amoxicillin, or
(b) have recently been treated with antibiotics,
or (c) have illness that is moderate to severe,
or (d) attend day care should receive high
dose of amoxicillin with clavulanate. Higher
doses of amoxicillin are effective for S. pneu-
moniae species that are intermediate in resis-
tance to penicillin, and potassium clavulanate
is effective against β-lactamase-producing H.
influenza and M. catarrhalis. Children with
penicillin allergy should receive cefuroxime,
cefpodoxime, cefdinir, azithromycin, or clar-
ithromycin.

The AAP guidelines make no recommenda-
tions about the use of antihistamines, deconges-
tants, and intranasal steroids based on limited
or controversial data (10).

V. What Is the Role of Imaging in
Children with Chronic Sinusitis?

Summary of Evidence: Clinical diagnosis of
chronic sinusitis is even more difficult than
that of acute sinusitis. Children with chronic
sinusitis have relatively vague symptoms that
overlap with viral upper respiratory infec-
tion, allergy, and migraine. Imaging plays an
important role in excluding diagnosis or iden-
tifying anatomical causes leading to sinusitis.
Computed tomography is a modality of choice
as it provides anatomical road maps much
better than plain radiography or ultrasound
(limited to moderate evidence). Although rare,
for children suspected of serious complications
such as intracranial or orbital abscess, MR
with contrast is recommended to assist surgical
treatment planning.

Supporting Evidence: Chronic sinusitis is defined
as sinusitis symptoms lasting more than 12
weeks. The diagnosis of chronic sinusitis is dif-
ficult because of relatively non-specific signs
and symptoms that overlap with viral upper
respiratory infection and allergy. Children or
adolescents with chronic headache are often
misdiagnosed as sinus headache and receive
sinus medication (66). Imaging plays a major
role in making or excluding diagnosis or assess-
ing the anatomy of sinuses leading to recurrent
or chronic infection (67).
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In terms of the choice of imaging for chil-
dren with chronic sinusitis, sinus radiography
was reported to overestimate abnormalities. In
a study which performed sinus radiography
and CT in 34 children with chronic sinusitis,
sinus radiography (Waters and occipitomental
views) overestimated ethmoid sinus disease in
24% and maxillary sinus disease in 56% (68)
(limited evidence). Sinus CT provides details on
anatomy as well as the extent of disease better
than sinus radiography and remains the imag-
ing study of choice for patients with chronic
sinusitis. CT scan is often performed in chil-
dren who remain symptomatic following multi-
ple courses of antibiotics in order to diagnose or
rule out the presence of obstructive lesion inter-
fering mucociliary clearance.

If sinus CT is completely normal in children
who are suspected of having chronic sinusi-
tis, diagnosis can be excluded. When sinus CT
shows a focal intranasal mass with unilateral
sinus opacification, this may lead to evalua-
tion by endoscopy for possible surgical resec-
tion. The problem lies, however, when sinus CT
shows mild, non-specific, diffuse mucosal thick-
ening without correlation with clinical symp-
toms; in terms of facial pain, or tenderness, it
is difficult to determine if sinusitis contributes
to patients’ clinical symptoms.

A study comparing CT scan findings of 60
children aged 2–12 with chronic sinusitis with
50 control subjects who underwent CT scan
for indications other than sinusitis found that
mucoperiosteal thickening is a highly preva-
lent finding seen in 60% of patients and 46% of
control groups (limited to moderate evidence).
Early-stage (mild) mucoperiosteal thickening
was present in the majority of children who had
sinus CT (98% of control and 85% of children
with chronic sinusitis) (69). Certain anatomi-
cal variations are thought to contribute causal-
ity of chronic sinusitis as these variations may
interfere with sinus drainage pathways. These
include, but are not limited to, nasal septum
deviation, concha bullosa, and Haller cells. Sig-
nificance of anatomic variations in children is
still controversial as these findings can be seen
in asymptomatic subjects (70).

Medical management remains the cor-
nerstone for children with chronic sinusitis.
Indication for sinus surgery is controversial.
No prospective randomized trial comparing
medical management with surgery has been

reported. The decision regarding the need for
sinus surgery should not be solely based on
imaging abnormalities. A study investigating
the impact of sinus CT on therapeutic decision
making by otolaryngologists showed that the
concordance between CT abnormalities and
patient’s symptoms and the obstruction of
osteomeatal complex are the main predictors
of favorable surgical treatment (71). Sinus
surgery may be performed in children with
nasal obstruction from polyposis or refractory
sinusitis aggravating asthma (72). Outcome
assessment for 308 children with chronic sinusi-
tis after sinus surgery revealed that endoscopic
sinus surgery improved outcomes in 2-year
follow-up in the intermediate stages of chronic
sinusitis (stages II and III out of stages I–IV)
(73). Some study suggested the use of IV antibi-
otics for children who have failed to respond to
traditional oral antibiotic therapy (74).

VI. Special Situation: What Is the
Role of Imaging in
Immunocompromised Children?

Summary of Evidence: Invasive fungal sinusitis
(IFS) has been increasingly seen in immuno-
compromised children. The incidence has
increased in accordance with increased use
of antibiotics, steroids, chemotherapy, and
radiation treatment. IFS is a difficult disease to
treat. CT findings that are characteristic of IFS
include mucoperiosteal thickening associated
with bone erosion or extrasinus soft tissue
invasion to orbit or retroantral fat pad. CT is
helpful for planning of surgical debridement.
However, diagnosis of IFS should not be solely
based on CT, as CT findings suggestive of IFS,
bone erosion, or extrasinus invasion are often
absent in an earlier course of disease (75). With
a high clinical suspicion, rigid nasal endoscopy
with biopsy is recommended for early diag-
nosis (75). Complete surgical resection and
reversal of neutropenia are critical elements for
improved outcomes.

Supporting Evidence: Invasive fungal sinusitis
(IFS) is a rare but life-threatening disease in
children with underlying immunocompro-
mised disease. Incidence has been increasing
in accordance with expansion of transplant
medicine and progress in antineoplastic
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medication for hematological malignancies.
Common fungal organisms seen in immuno-
compromised children include aspergillosis,
mucormycosis, and zygomycosis. IFS often
spreads directly to the brain via vascular
channels or is blood borne from pulmonary
infection. Abscess formation along blood
vessels often causes thrombosis of vessels,
leading to neurological deficit (76). Therefore,
when immunocompromised patients present
with stroke type of symptoms, intracranial
involvement of IFS is highly suspected. IFS
in immunocompromised children has a high
mortality rate and requires early diagnosis and
treatment.

Imaging study such as sinus CT plays an
important role in demonstrating the extent
of disease, the degree of bone destruction,
the orbital invasion, the extrasinus soft tissue
invasion, and the vascular encasement. When
intracranial involvement is suspected, such as
epidural abscess/phlegmon, cerebritis, or sep-
tic emboli, brain MR with and without con-
trast is essential to make a diagnosis and plan
appropriate surgical management. MR allows
differentiation of direct cerebral invasion from
multiple brain abscess or septic emboli. Venous
sinus thrombosis is also another serious compli-

cation that can be diagnosed with MR and MR
venogram.

However, classic CT findings of IFS are often
absent in earlier course of disease. Retrospec-
tive review of CT findings in 23 immunocom-
promised patients (limited evidence) with con-
firmed IFS showed that many patients had
mucoperiosteal thickening of sinuses (21/23),
but bone erosion (8/23) or orbital invasion
(6/23) was seen only in more advanced IFS.
They found that disease was frequently uni-
lateral (21/23). Thus, clinician should not rely
solely on imaging to make a diagnosis of
IFS. With a high index of suspicion, early
nasal endoscopy and biopsy and initiation
of antifungal therapy are critical to improve
prognosis.

Treatment for IFS includes surgical debride-
ment, followed by high-dose antifungal treat-
ment, and attempts to correct underlying
immunocompromised state are essential for
improved survival.

Take Home Figures and Tables

Figure 11.1 demonstrates an algorithm for the
management of a child with acute sinusitis.

Figure 11.1. Management of acute sinusitis in children.
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Figure 11.2 Normal development of paranasal sinuses. A: 0–1-year maxillary sinus. B: 0–1-year ethmoid
sinuses. C: 3–4-year maxillary sinus. D: 3–4-year ethmoid and sphenoid sinuses. E: 6–8-year maxillary and
ethmoid sinuses. F: 6–8-year sphenoid sinuses. G: 14–18-year maxillary and ethmoid sinuses. H: 14–18-year
sphenoid sinuses.

Figure 11.2 demonstrates the normal develop-
ment of paranasal sinuses. Table 11.1 gives the
definition of acute sinusitis. Table 11.2 presents
the clinical signs/symptoms of acute bacterial

sinusitis vs. viral upper respiratory infection.
Table 11.3 is a summary table of diagnostic per-
formance of imaging and clinical examinations
for diagnosing acute sinusitis in children.
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Figure 11.2. Continued

Table 11.1. Definition of acute bacterial sinusitis (acute sinusitis) in children

Acute sinusitis
Infection of the paranasal sinuses lasting less than 30 days that presents
with either persistent or severe symptoms
Persistent symptoms are those that last longer than 10–14 days. Such
symptoms include nasal or postnasal discharge, daytime cough (which may
be worse at night), or both
Severe symptoms include a temperature of at least 102◦F and purulent nasal
discharge present concurrently for at least 3–4 consecutive days in a child
who seems ill
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Table 11.2. Acute bacterial sinusitis vs. viral upper respiratory infection. Clinical signs and
symptoms

Acute bacterial sinusitis Viral URI

Duration of illness Longer than 10–14 days Usually less than 5–7 days
Symptoms Persistent or worsening after

mild resolution (double
sickening)

Improved or resolved by
10 days

Fever Concurrent presentation of high
fever and nasal discharge

Earlier in illness and later
nasal discharge

Headache Severe headache behind eyes Mild headache
Facial pain Unilateral pain

But not reliable for small
children

Mild or absent

Table 11.3. Summary table of diagnostic performance of imaging and clinical examina-
tions for diagnosing acute sinusitis in children (only those using sinus puncture as gold
standard)

Sensitivity (95% CI) Specificity (95% CI) References

Physical exam only 0.66 (0.58–0.73) 0.79 (0.73–0.87) (15, 33, 34, 34, 36)
Radiographs 0.87 (0.85–0.88) 0.89 (0.85–0.91) (31–34)
Ultrasound 0.85 (0.84–0.87) 0.82 (0.80–0.83) (30, 32, 35, 37, 38)

CT: No study assessing accuracy of CT using sinus puncture as the gold standard

CT (orbital abscess) 0.93 0.67 (5)
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Imaging Case Studies

Figures 11.3 and 11.4 show images of various
sinus findings and diagnoses and complications
of acute sinusitis, respectively.

Figure 11.3. Various imaging findings and suggested diagnosis. A: Air–fluid level in the right maxillary sinus:
findings highly suspicious of acute bacterial sinusitis. B: Near-complete opacification of right maxillary sinus
in a patient suspected of acute sinusitis. C, D: Diffuse mucosal swelling and opacification of maxillary and
ethmoid sinuses with thickening of bone walls in a patient with sinonasal polyposis.

�

Figure 11.4. Imaging of sinusitis complications. A: A patient with fungal infection involving ethmoid sinuses
complicated with left cavernous sinus thrombosis. B: Coronal image shows extension of infection to the medial
left orbit associated with focal bone erosion. C: A young patient presented with headache and mental status
change. Non-contrast head CT shows focal air near the fluid collection in the base of the left frontal lobe. D:
Sagittal reformatted image shows an expansive sphenoid sinus with adjacent pneumocephalus. E: Contrast-
enhanced, fat-suppressed coronal image shows a focal epidural abscess adjacent to the left sphenoid sinus,
underneath the air pocket. This patient was thought to have left sphenoid mucocele with intracranial ruptured,
resulting in epidural abscess.
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Figure 11.4. Continued
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Suggested Imaging Protocols for
Children Clinically Suspected of
Acute Sinusitis
Sinus Radiographs

Sinus radiographic series has been rapidly
replaced by the limited sinus CT for evalua-
tion of sinusitis. However, some pediatricians
still order sinus radiograph, likely due to either
lower costs or easier access to radiographs
than CT. In order to visualize and assess all
paranasal sinuses, at least three views of sinus
are required. These include Waters view, Cald-
well view, and lateral view. In children under
the age of 6 years, the ACR (appropriateness cri-
teria) states that radiographs of the paranasal
sinuses are both not indicated and technically
difficult to perform. For recurrent infection,
some clinicians order a single Waters view to
evaluate the maxillary sinuses.

Low-Dose Screening Sinus CT

Low mA and low kVp are most widely used for
the assessment of sinus infection in our insti-
tution, when available, reducing radiation dose
compared with the standard CT (77). Screen-
ing sinus CT demonstrates air–fluid level or
sinus opacification, as well as adjacent soft tis-
sue abnormalities and mastoid and middle ear
fluid collection.

MDCT allows rapid acquisition of axial
images through paranasal sinuses with thin col-
limation (≤5 mm), in supine position using
100 mAs and 120 kVp. Reconstruction of these
images in the coronal plane is routinely per-
formed. No intravenous contrast is necessary
unless there is a suspected complication such as
orbital abscess or epidural empyema. No seda-
tion is needed for these rapidly acquired CTs.

MRI

When MR is needed to assess intracranial com-
plications, the following sequences should be
included: Axial FLAIR, Axial Diffusion, Axial
T2 FSE, pre- and postcontrast T1 multiplanar
images. Fat suppression should be used for the
assessment of postcontrast images in order to
better visualize cavernous sinuses, orbital apex,
skull base, as well as epidural and subdural
spaces.

Future Research

• Large clinical study correlating imaging and
clinical findings with sinus aspiration and
treatment outcomes.

• Develop non-invasive strategies to accu-
rately diagnose acute sinusitis in children,
particularly imaging that differentiates bac-
terial infection from viral infection or allergic
inflammation.

• Determine optimal duration of antibiotic
therapy for children with acute bacterial
sinusitis.
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Imaging of Nonaccidental Head

Injury
Yutaka Sato and Toshio Moritani

IssuesI. What are the clinical findings that raise suspicion of nonaccidental
head injury (NAHI) to direct further imaging?

II. Can imaging help to predict nonaccidental head injury?
III. Can CT and MR imaging help to determine the timing of injury?
IV. What is the sensitivity and specificity of CT and MRI?
V. How should the newer MR imaging techniques be used?

Key Points� Head injury is the most common cause of death from nonaccidental
trauma, and the majority of NAHI occurs in infants under age 1 year;
its clinical presentation is nonspecific (moderate evidence).

� NAHI is suspected when the magnitude of the injury demonstrated
clinically or on neuroimaging is discrepant with the history provided
(moderate evidence).

� Subdural hematoma is the most commonly associated pathology with
NAHI (moderate evidence).

� None of the intracranial pathology is specific or pathognomonic for
NAHI.

� Temporal evolution of subdural hematoma associated with NAHI is
dynamic and complex. For the best estimation of injury timing, com-
parison of CT and MRI and correlation with follow-up studies are often
needed.

� CT is the standard of care for the initial evaluation of NAHI. CT readily
demonstrates intracranial pathology requiring immediate treatment
(moderate evidence).

� MRI should be performed once the patient is stabilized. Overall, MRI is
more sensitive than CT for diagnosis, documentation, characterization,
and prognostication of intracranial pathology associated with NAHI
(limited evidence).
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Definition and Pathophysiology

Nonaccidental head injury (NAHI), the shak-
ing impact syndrome, is most commonly seen
among children under 3 years of age, with the
majority occurring during the first year (1, 2).
Because of anatomic and developmental differ-
ences in the brain and skull of young children,
the mechanisms and types of brain injury are
distinctly different from that seen in older chil-
dren and adults (3–5).

Rotational acceleration is considered as the
primary mechanism of diffuse, severe, and
often life-threatening brain injury, including dif-
fuse axonal injury (DAI) with disruption of
axons and tearing of bridging veins, which
causes subdural hematoma (SDH) and/or sub-
arachnoid hemorrhage (SAH) and is often asso-
ciated with retinal hemorrhage.

Impact loading causes focal strains at the site
of impact, deforming the skull and generating
the pressure waves in the brain. At the site of
impact, scalp hematoma, skull fracture, focal
SDH/SAH, and cortical contusion may occur.
Impact injuries, except epidural hematoma, are
usually not life threatening.

The term “shaken-baby” syndrome was
coined by Caffey to explain a constellation of
clinical findings of severe NAHI of infants with
retinal hemorrhage, SDH/SAH, and little or
no external cranial trauma (6, 7). Repetitive,
“pure” rotational acceleration of the head on the
weak infant’s neck was considered as a mech-
anism of injury. There has been controversy
over whether “shaking” alone can cause fatal
brain injury; some consider that violent shaking
alone causes serious or fatal injuries, but many
instances of “shaken-baby” syndrome demon-
strate clinical, radiological, and/or autopsy
evidence of blunt impact to the cranium (8,
9). Thus, the term “shaken-impact” syndrome
may more accurately reflect the mechanisms of
injury observed (2).

The infant skull is easily deformable because
it consists of thin calvarial bones separated
by soft membranous sutures and fontanelles.
Also, the partially myelinated infant’s brain is
more deformable. Recent investigation based
on biomechanical analysis emphasizes the
more significant role of deformation-mediated
impact response rather than impact-induced

rotational acceleration force as the critical inju-
rious mechanism for an infant brain (3).

The focal injury to the craniovertebral junc-
tion has recently been proposed as the mecha-
nism of traumatic brain injury unique to young
infants. Significant deformation and shearing
of the cervicomedullary junction and surround-
ing soft tissue occur during violent shaking (10,
11). Geddes et al. suggested that violent shaking
without impact may cause focal axonal injury of
the brainstem and upper cervical cord and/or
epidural hematoma in the craniovertebral junc-
tion, resulting in traumatic apnea. This, in turn,
causes secondary global hypoxic brain injury
and generalized brain edema (12–14).

Geddes et al. further proposed that SDH
can be caused by a combination of severe
brain hypoxia, brain swelling, and raised cen-
tral pressure; however, this hypothesis is not
fully accepted (15–17).

Epidemiology

Seven to 19% of physically abused victims suf-
fer from CNS injury in the United States, and
approximately 1,500 will die and 18,000 will be
left with serious disability every year (18–20).
Most NAHIs occur in infants and toddlers. Nine
to 14% of child head injuries are caused by
inflicted trauma, and boys are more commonly
affected than girls (21, 22). The incidence of seri-
ous or fatal NAHI in children less than 1 year of
age is approximately 1 in 3,300 (21); since many
cases of NAHI are mild or moderate in severity,
the incidence is probably significantly higher.
Head injury is the leading cause of child abuse
fatality and accounts for up to 80% of fatal child
abuse injuries at the youngest ages (23). Acci-
dental HI is uncommon in infancy. Ninety-five
percent of serious CNS injuries in infants less
than 1 year of age are attributable to abuse
(24). Approximately 80% of deaths caused by
traumatic head injury in infants and children
younger than 2 years were the result of NAHI
(25). Among the victims of severe NAHI, evi-
dence of prior child abuse is common (26).

Mortality rate of severe NAHI is approx-
imately 60%, and morbidity includes men-
tal retardation, cortical blindness, spasticity,
seizures, and microcephalus (16, 22).
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Overall Cost to Society

The cost of child abuse to society is consid-
erable. According to the report released by
Prevent Child Abuse America (27) in 2008, the
United States spent $103.8 billion annually in
response to child abuse, of which $33.1 billion
is for the direct (immediate intervention) and
$70.7 billion is for the indirect (long-term) costs
(see Chapter 13 on non-CNS child abuse).

There are no data available on the social cost
of imaging for NAHI.

Goals

The goals of imaging are as follows:

• diagnose conditions requiring immediate
treatment and intervention;

• fully document the nature and extent of
NAHI;

• assist in the determination of timing of
NAHI;

• diagnose clinically unsuspected NAHI
among victims with extensive evidence of
extracranial abuse.

Methodology

A medical search was performed using PubMed
(National Library of Medicine, Bethesda, Mary-
land) for original research publications dis-
cussing the clinical diagnosis, imaging, and
effectiveness of imaging strategies in NAHI.
The search covered the period from 1966 to
December 2007. The search strategy employed
different combinations of the following terms:
(1) child abuse, (2) head injury, (3) brain injury,
(4) head trauma, (5) inflicted injury, (6) diagno-
sis, and (7) therapy or surgery or etiology. Addi-
tional articles were identified by reviewing the
reference list of relevant publications, identify-
ing appropriate authors, and using the citation
indices for MeSH terms. This review was lim-
ited to human studies and English-language lit-
erature. The authors performed a critical review
of the title and abstracts of the identified articles
followed by a review of the full text in articles
that were relevant.

Discussion of Issues

I. What Are the Clinical Findings that
Raise Suspicion of NAHI to Direct
Further Imaging?

Summary of Evidence: The clinical presentation
of NAHI is nonspecific (moderate evidence).
NAHI is suspected when the magnitude of
the injuries demonstrated clinically or on neu-
roimaging is discrepant with the history pro-
vided (Moderate Evidence). Also, NAHI should
be suspected when retinal hemorrhage is
present (moderate evidence). Low threshold for
neuroimaging is recommended when physical
abuse is suspected in a young child less than 1
year of age (limited evidence).

Supporting Evidence: The clinical presentation of
NAHI is nonspecific and misleading. An accu-
rate history is rarely provided, and the story
may change with time (moderate evidence) (28,
29). An alleged injury mechanism in the his-
tory is often incompatible with the nature and
magnitude of injury demonstrated by imaging
and inconsistent with the developmental phys-
ical ability of the victim. The majority of vic-
tims are less than 3 years of age (1, 2). How-
ever, rare incidents of “shaken-baby” syndrome
have been reported in older children. Salehi-
Had et al. reported four fatal cases of older chil-
dren of age 2.5–7 years who had acute SDH
and RH without evidence of impact trauma
(30). Approximately 30–70% of NAHIs demon-
strate simultaneous fractures (19), and 40% of
fatal NAHIs have a previous history or imag-
ing/autopsy evidence of previous head trauma
(26, 31).

A victim with a milder case of NAHI may
have a history of poor feeding, vomiting,
lethargy, and/or irritability of days’ or weeks’
duration. In a retrospective review of 173 chil-
dren less than 3 years of age with NAHI, Jenny
et al. found that 31% of victims had been
misdiagnosed during previous visit(s) as gas-
troenteritis, influenza, possible sepsis, and otitis
media (moderate evidence) (28).

In more severe cases, a victim becomes imme-
diately symptomatic and clearly identifiable
as head trauma with lethargy, seizures, and
coma without lucid interval. Respiratory diffi-
culty often progresses to apnea or bradycardia
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requiring cardiopulmonary resuscitation (mod-
erate evidence). In a retrospective cohort study
by Willman et al. (32) of 95 children with fatal
accidental HI, all but one of the children had
an immediate decreased level of consciousness.
One exceptional case with an enlarging epidu-
ral hematoma had a “lucid interval.” There is
no evidence of a prolonged “lucid interval” in
children with SDH and brain edema.

Retinal hemorrhage is one of the cardinal
features of NAHI (moderate evidence). In 75–
90% of NAHI cases, unilateral or bilateral reti-
nal hemorrhages are present (33). Numerous
preretinal, intraretinal, and subretinal hemor-
rhages extending out to the edges of the retina
and/or the splitting of the retina (retinoschisis)
are particularly indicative of shaken-baby syn-
drome (34). Retinal hemorrhage is not pathog-
nomonic for NAHI and occasionally is seen in
association with other causes including acci-
dental trauma, cardiopulmonary resuscitation,
and paroxysmal coughing episode (35). Johnson
et al. (36) reported only 2 cases of RH among 215
children with severe accidental HI. Schloff et al.
reported 2 cases of RH among 57 children with
intracranial hemorrhage from nonabuse causes
(37). Sezen (38) reported 14% occurrence of less
severe form of RH in normal newborns, which
regress to normal rapidly in 4–6 weeks.

Adoption of a lower clinical threshold for
performing neuroimaging was recommended
when physical abuse is suspected or when
“high-risk” criteria including rib fractures or
multiple fractures are present in a young child,
particularly when they are less than 1 year of
age (39, 40) (limited evidence).

II. Can Imaging Help to Predict
NAHI?

Summary of Evidence: SDH is the most com-
monly associated pathology with NAHI (mod-
erate evidence). Other pathologic and imag-
ing findings frequently associated with NAHI
include complex skull fractures, diffuse and
multifocal SDH, interhemispheric SDH, SDH
with mixed density, traumatic diffuse axonal
injury, and severe brain swelling. Evidence of
previous injuries, such as atrophy and ven-
tricular enlargement, is often seen in addition
to the acute findings associated with NAHI

described above (moderate evidence). None of
the individual pathologic findings are unique or
pathognomonic for NAHI, and image findings
should be closely correlated with history, clini-
cal findings, physical ability of the victim, and
social background.

Supporting Evidence: Many comprehensive neu-
roradiologic reviews are available and should
be used as references (41–46).

Child abuse causes approximately 10% of
skull fractures in the pediatric population in
general and 30% in children less than 2 years
of age (47, 48). Minor domestic accidents rarely
cause skull fractures (moderate evidence) (49,
50). Warrington et al. analyzed 11,466 question-
naires regarding domestic accidents occurring
in the first 6 months of life and found the rate
of concussion or fracture to be less than 1%.
Falls from bed and seats did not result in skull
fractures (51). Complex skull fractures, such
as fractures crossing suture, diastatic fractures,
depressed fractures, and comminuted fractures
in premobile infants without history of violent
trauma, should raise suspicion of NAHI (lim-
ited evidence) (24, 48, 52). Such fractures, how-
ever, have been observed in infants with impact
to the vertex, impact against more than one sur-
face, fall or drop down stairs, and an adult or
older child falling onto an infant.

NAHI is the predominant cause of SDH in
infancy (53), and SDH is the most common asso-
ciated intracranial pathology in NAHI (moder-
ate evidence). In a retrospective chart review
of 173 children less than 3 years of age diag-
nosed with NAHI, Jenny et al. found the fol-
lowing injuries: SDH (87%), diffuse parenchy-
mal brain injury (45%), localized brain contu-
sion (37%), skull fracture (32%), and epidural
hematoma (2%) (28).

Reece and Sege (54) in 287 children’s head
injury series (age 1 week–6.5 years) reported
the prevalence of SDH in 46% of abused chil-
dren compared with 10% of accidental injury.
Hobbs et al. reported that 57% of SDHs seen
among infants of age 0–2 years are caused
by NAHI, as opposed to 4% by accident (53).
Also, in a prospective, longitudinal analysis of
CT/MRI findings of inflicted (n=31) and nonin-
flicted (n=29) childhood traumatic head injury,
Ewing-Cobbs et al. found statistically signifi-
cant higher frequency of SDH and evidence



Chapter 12 Imaging of Nonaccidental Head Injury 165

of previous injuries among the inflicted injury
group (55). The incidence of isolated SDH/SAH
as the only gross finding in fatal AHI is less
than 2%, while it is 90–98% in NAHI (23).
Other causes of SDH are listed in Table 12.1
and should be excluded with a combination of
clinical history and relevant laboratory investi-
gation. SDH may result from birth (moderate
evidence). Looney et al. (56) reported that 26%
of 76 asymptomatic term infants (65 vaginally
delivered and 23 with cesarean delivery) who
underwent MRI had focal SDH near the tento-
rium and parafalcine location. None, however,
had interhemispheric SDH.

Diffuse subdural hematoma (SDH) involv-
ing bilateral convexity, interhemispheric fissure,
and posterior fossa is a sign of violent trauma-
producing impulsive loading to the bridging
veins by rotational acceleration. The volume of
noncontact SDH, which is relatively small rang-
ing from 2 to 15 ml, does not, in and of itself,
manifest symptoms and almost never causes
death by its mass effect (limited evidence) (23).
Contact SDH on the contrary tends to be focal
and monocentric and seen under the site of
impact.

Presence of SDHs of different ages suggests
trauma of a repetitive nature and heightens the
possibility of NAHI (limited evidence) (57).

Interhemispheric SDH was considered as
highly specific for abusive injury (limited evi-
dence). Zimmerman et al. reported a 69% preva-
lence of parietooccipital interhemispheric SDH
in a retrospective CT review of 26 abused
children and suggested as a sign of NAHI
(58). However, accidental injury with significant
rotational acceleration in the sagittal plane, such
as a violent fall or a motor vehicle accident, also
causes interhemispheric SDH (59).

Mixed-density SDH is more frequently seen
among NAHI, while homogenous hyperdense
SDH is more frequent in AHI (limited evidence)
(57, 59).

Epidural hematoma is not a specific indicator
of NAHI (limited evidence) (1, 19, 60).

Cortical contusions often seen in older chil-
dren with violent accidental HI are less fre-
quently seen in infants with NAHI. When
present, they are seen in the cortex underneath
the impact site. Likely sites for cortical contu-
sions caused by the differential displacement
of the brain and the skull (gliding contusions)

include the temporal tips and frontal bases adja-
cent to the skull base and parasagittal cerebral
cortex along the cerebral falx.

Traumatic diffuse axonal injuries are com-
monly seen in the corpus callosum, especially
in the splenium, the gray–white junction espe-
cially of the superior frontal gyri, the periven-
tricular areas, and the dorsolateral quadrants
of the rostral brainstem. Occasionally, gross
parenchymal tear is seen at the gray–white junc-
tion (61). This injury is unique to infants with
blunt head trauma and most commonly seen
in the frontal and anterior parietal lobes. This
lesion can be overlooked both by CT and at
autopsy, but is reliably demonstrated by sonog-
raphy (62).

Severe swelling of the brain suggests a
poor prognosis (limited evidence). Among pro-
foundly traumatized infants, Cohen reported
an unusual pattern of brain edema on CT that
involves the cerebral cortex and the subcortical
white matter in diffuse and symmetric fashion
with relative density preservation of the deep
white matter, basal ganglia, thalami, brainstem,
and cerebellum and applied the term “reversal
sign” (63).

Another unique CT pattern to predict poor
outcome is “tin ear” syndrome described by
Hanigan et al., who reported three fatal cases
of NAHI, age ranging from 24 to 36 months, in
which unilateral diffuse cerebral edema is asso-
ciated with ipsilateral SDH and bruises and lac-
erations about the ear, resulting from a severe
blow (64).

Even though traumatic axonal injury to the
cervicomedullary junction and injury to the
craniocervical osseoligamentous structure are
postulated as a unique cause of the brain
pathology of NAHI (10–14), there are only anec-
dotal reports of such injury demonstrated on
neuroimaging and there is not enough evidence
to support systematic spine imaging to investi-
gate such injury without additional suggestive
clinical or radiological evidence.

NAHI carries a significantly worse clinical
outcome than does accidental HI. Early clini-
cal and neuroimaging findings in NAHI are of
prognostic value for neurodevelopmental out-
come (limited evidence). In a retrospective med-
ical chart review of 23 NAHI cases, Bonnier
et al. reported that the presence of intra-
parenchymal lesions demonstrated on CT
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and/or MRI in the first 3 months was sig-
nificantly associated with neurodevelopmental
impairment (65).

III. Can CT and MR Imaging Help to
Determine Timing of Injury?

Summary of Evidence: The evolution of SDHs
associated with NAHI is dynamic and complex.
For the best estimation of injury timing, com-
parison of CT and MRI and correlation with
follow-up studies are often needed.

Supporting Evidence: Scalp edema/hematoma
becomes evident several hours to 24 h after the
impact injury. Nonvisualization of scalp edema
on a single neuroimaging on arrival should not
be taken as absence of impact injury.

Skull fracture is a poor index of timing of
injury because of the lack of periosteal reaction
during healing.

On CT examination, the classical description
of temporal evolution of SDH can be simplified
as summarized in Table 12.2. The time course
of the evolution may vary considerably from
patient to patient and from location of SDH
in the same patient, however (66–68). Subdu-
ral collection with septation, mixed density, and
layering suggests rehemorrhage.

MRI evolution of hemoglobin products in
the SDH roughly follows that of parenchy-
mal hematoma (limited evidence) (69, 70). The
evolution of intraparenchymal hematoma on
MRI is summarized in Table 12.3. The sig-
nal pattern of evolving SDH generally follows
the one of intraparenchymal hematomas in
the acute and subacute stage with slower rate
because of higher oxygen tension of the sub-
dural space. The chronic SDH is isointense to
slightly hypointense relative to gray matter on
T1-weighted images and hyperintense on T2-
weighted images. Hemosiderin is rarely seen in
chronic SDH.

Gradient-refocused echo sequence is the
most sensitive to detect the presence of
hemoglobin product with prominent hypo-
intensity, but signal characteristics do not
change significantly according to the age of
hematoma and thus cannot be used for timing
of injury.

The temporal evolution of SDH should be
reevaluated applying the newer anatomic and

physiologic knowledge of the dural membrane
(57, 71, 72). SDH is most often located in the
inner layer of the dura matter (dural border
cell layer) adjacent to the arachnoid membrane.
Histologically, there is no actual or poten-
tial subdural “space” in humans. In the bor-
der cell layer, the bridging veins are less pro-
tected against the shearing force. Furthermore,
there appears to be continuous and/or progres-
sive bleeding or effusion upon resolving acute
SDH in this “intradural” space after the initial
trauma, which is further facilitated by intracra-
nial hypotension caused by ongoing brain atro-
phy and treatment to decrease intracranial pres-
sure (71, 72). So the evolution of the SDH
is dictated not only by the degradation of
hemoglobin products of the initial hematoma
but also by the dynamic physiologic phenom-
ena taking place in the space, including clot
matrix formation, changes in red blood cell
concentration due to packing, changes in RBC
hydration, retraction of clots, effusion of serous
fluid through traumatized dura, escaped CSF
into the subdural space through the torn arach-
noid membrane, and rebleeding (limited evi-
dence) (57).

Occasionally, a subdural collection is hypo-
dense, similar to CSF density in acute injury
(limited evidence) (57, 59, 73, 74). Acute subdu-
ral hygroma is considered as the result of exu-
date collection in the dural membrane. SDH in
anemic patients also may show low attenuation.

Mixed-density SDH is more commonly seen
in SDH in NAHI and is traditionally considered
“acute hemorrhage in the chronic hematoma,”
i.e., evidence of repeated injury, i.e., NAHI.
However, the following possibilities should also
be entertained: (1) acute SDH mixed with CSF
leaked through arachnoid tear, (2) a mixture
of subdural hygroma and hematoma, (3) low-
density SDH with thrombosed cortical veins,
and (4) sedimentation in the SDH (limited evi-
dence) (57, 59).

Because of the complexity involving the tim-
ing determination, comparison between CT and
MRI and follow-up studies, either CT or MR,
are often necessary for accurate estimation of
injury timing.

In addition to the acute findings associ-
ated with NAHI discussed above, attention
should also be paid to more subtle evidence
of previous brain injury. Ewing-Cobbs et al.
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performed a prospective longitudinal study of
20 NAHI and 20 accidental H1 victims of less
than 6 years of age and reported the statistically
significant higher prevalence of brain injury (up
to 45%)—namely the presence of brain atro-
phy, ventriculomegaly, and subdural hygroma
among the NAHI group (55).

IV. What Is the Sensitivity and
Specificity of CT and MRI?

Summary of Evidence: CT is a sensitive imag-
ing test for SDH and skull fracture. CT is
the preferred imaging modality for the evalua-
tion of acute NAHI, adequately demonstrating
injuries that need urgent intervention. Serial CT
during the acute phase improves detection of
intracranial hemorrhage (moderate evidence).
MRI should be performed within a few days if
the clinical symptoms are disproportionate to
CT findings. MRI without gadolinium is more
sensitive and specific than CT in the screening
of subacute or chronic head injury and should
be the primary imaging modality used (moder-
ate evidence). MRI is superior to CT in deter-
mining prognosis (limited evidence).

Supporting Evidence: The imaging tool that
should be used initially in the cases of sus-
pected acute child abuse is CT (65, 75). CT is
relatively sensitive and specific for detecting
the presence of intracranial hemorrhage, includ-
ing parenchymal contusional hemorrhage, sub-
dural and epidural hematoma, and subarach-
noid hemorrhage. The sensitivity of CT for
detecting abnormalities after severe traumatic
brain injury in adult patients varies from 68 to
94%, while normal scans range from 7 to 12%
(76). CT is adequate for demonstrating lesions
that require surgery (77) (moderate evidence);
however, CT often fails to reveal nonhemor-
rhagic parenchymal injuries and brain edema.
Serial CT scans are useful to detect progressive
intracranial hemorrhage after head injury. Oer-
tel et al. studied 142 adult patients with mod-
erate or severe head injury who had undergone
more than one CT scan and found that the initial
CT did not detect the full extent of hemorrhage
in 50% of patients (78) (moderate evidence).

MRI generally has a higher sensitivity and
specificity for detecting brain parenchymal
injury (79, 80) (moderate evidence). In a retro-

spective study of 107 adult patients with acute
traumatic brain injury, MRI performed within
48 h of injury had an overall sensitivity of 97%
compared to 63% for CT, with better sensitiv-
ity for hemorrhagic and nonhemorrhagic con-
tusions, shearing injuries, and subdural and
epidural hematomas (79). MRI is more sensi-
tive to detect hypoxic–ischemic injury, shear-
ing injuries, lesions caused by direct impact,
compression, and penetration injuries in NAHI
(77, 81–86) (moderate evidence). In a study
involving 19 cases of child abuse, subdu-
ral hematomas, cortical contusions, and shear-
ing injuries were demonstrated with particular
advantage with MRI (77).

T2∗-weighted images using gradient echo
(GRE) sequences are more sensitive in detect-
ing blood products than is conventional MRI
(87). FLAIR (fluid-attenuated inversion recov-
ery) sequences consist of an inversion recov-
ery pulse to null the signal from CSF and a
long echo time to produce heavily T2-weighted
images. FLAIR is as sensitive as, or more sen-
sitive than, CT in the evaluation of acute sub-
arachnoid hemorrhage (88). MRI with its multi-
planar capability is more sensitive than CT in
detecting small SDH or subarachnoid bleeds.
Diffusion-weighted imaging (DWI) is sensitive
in detecting acute and subacute parenchymal
injuries including hypoxic–ischemic injury and
nonhemorrhagic DAI (85, 89–92).

MRI yields more information than CT in
demonstrating the distribution and mecha-
nisms of injury in NAHI and provides better
prognostication when performed between 0.5
and 3 months after injury (65) (limited evi-
dence). Usefulness of serial MR imaging in
young patients with head trauma has not been
established. Single photon emission computed
tomography (SPECT) and positron emission
tomography (PET) permit in vivo assessment of
regional blood flow and metabolism. However,
the spatial and temporal resolution is limited
and not widely available.

V. How Should the Newer MR
Imaging Techniques Be Used?

Summary of Evidence: Use of newer MR imag-
ing techniques including DWI, susceptibility-
weighted imaging, and MR spectroscopy may
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improve the clinical care and management of
children with traumatic brain injury (limited
evidence). These techniques better character-
ize the nature, mechanism, and evolution of
injuries that lead to progressive neurodegener-
ation, recovery, or subsequent plasticity. DWI is
especially useful in the early detection of acute
and subacute brain parenchymal injury (mod-
erate evidence).

Supporting Evidence

Diffusion-Weighted Imaging
DWI is sensitive to alteration in diffusion of
water molecules and can discriminate vaso-
genic and cytotoxic brain edema. There are
more free interstitial water molecules in vaso-
genic edema (increased ADC), while there are
restricted water molecules in the cellular edema
(decreased ADC). DWI is more sensitive than
conventional MRI in detecting early changes
of NAHI and more extensive involvement of
acute or subacute brain parenchymal injury (85,
89–93) (moderate evidence). Suh et al. retro-
spectively evaluated 18 children within 5 days
of presentation, and 89% showed abnormali-
ties on DWI. In 81% of positive cases, DWI
revealed more extensive brain injury than did
conventional MRI (90). DWI characteristics of
the normal brain in young infants differ sig-
nificantly from those in adults (94). ADC val-
ues in both gray and white matter of young
infants are considerably higher than in adults,
reflecting the high water content of the pedi-
atric brain (95). Abnormalities of the pedi-
atric brain become apparent on DWI (hyper-
intensity on DWI is associated with decreased
ADC) within a few hours after injury before
they appear on T2-weighted images. In adults,
abnormalities become apparent on T2-weighted
images within 24 h. In the undermyelinated
infant brain with increased water content, how-
ever, “DWI-positive and T2-negative” duration
of parenchymal injury may last up to 48–72 h,
even up to 1 week in some cases. The parenchy-
mal abnormalities displayed on DWI can be
far more extensive than are detected on other
sequences. The parenchymal hyperintensity on
DWI with a decreased ADC value mainly rep-
resents cytotoxic brain edema in acute and sub-

acute ischemia, which is usually irreversible,
and results in necrosis or neuronal apoptotic
cell death. An optimal window level setting
is essential for accurate diagnosis. Quantify-
ing the ADC value is useful to detect exten-
sive parenchymal abnormalities (Fig. 12.1). The
severity of abnormality on DWI correlates with
the patient’s outcome (90) (limited evidence).

Diffusion Tensor Imaging
Diffusion tensor imaging (DTI) allows evalua-
tion of the white matter tract by demonstrat-
ing the intrinsic directionality of water dif-
fusion in the white matter (anisotropy). DTI
demonstrates normal myelination earlier than
does conventional MR imaging (96, 97). The
anisotropic pattern is nonspecific and varies
depending on the extent of edema, gliosis,
myelination, and the irregularity of axonal ori-
entation. DTI may contribute to the early eval-
uation of NAHI (limited evidence). Most DTI
studies in TBI have been performed on adult
patients. In a study of 20 adults within 7 days
of trauma, reduction of fractional anisotropy
(FA) values in the internal capsules and cor-
pus callosum correlated better with the Glas-
gow Coma Scale and the Rankin Scale scores
than with the ADC values of DWI (98). In a
study of five adults within 24 h of trauma, FA
revealed regions of reduced anisotropy, while
other MRI sequences were normal (99).

DTI potentially increases early detection
of parenchymal injury in NAHI, but not
enough bodies of evidences exists in the
literature.

Susceptibility-Weighted Imaging
Susceptibility-weighted imaging (SWI) is a
newer gradient echo sequence that is more
sensitive than T2∗-weighted gradient echo
sequence in detecting susceptibility-related
effects of blood products, especially hemor-
rhagic diffuse axonal injury (100, 101). SWI
may contribute to the evaluation of hemor-
rhagic parenchymal lesions in NAHI (limited
evidence). In 40 children and adolescents with
mild to severe TBI and DAI, the number and the
volume of hemorrhagic lesions demonstrated
on SWI were significantly correlated with the
patient’s outcome (87).
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MR Spectroscopy
MR spectroscopy (MRS) allows noninva-
sive in vivo analysis of neurochemicals and
metabolites and has shown potential for pro-
viding prognostic information in pediatric
patients with head injury (102–104) (limited
evidence). In a study of 54 pediatric patients
with NAHI, MRS showed decreased N-acetyl
aspartate (NAA) (decreased neuronal activ-
ity), increased choline (breakdown product of
myelin and cell membranes), and increased
lactate (metabolic acidosis) (103). The degree
of these changes seems to be related to the
severity of brain damage and prognosis (102,
103, 105–109) (limited evidence). In 38 children
with TBI, significantly increased myoinositol
(product reflecting glial cell proliferation) and
glutamate/glutamine (Gx) were observed
when compared to controls (105). In experi-
mental studies of acute subdural hematomas
in the infant rat, the glutamate concentration
in the extracellular fluid of the cortex was
increased more than seven times over the base
level (110). Gx levels peak early after injury
and then fall rapidly (111, 112). This grading
may become important in the future since
the neuroprotective effects of several kinds of
selective glutamate receptor antagonists have
been reported in animal studies (113–115).

Take Home Tables

Table 12.1 shows the differential diagnoses for
SDH. Table 12.2 shows the evolution of sub-

dural hematoma on CT. Table 12.3 shows evo-
lution of intraparenchymal hematoma on MR
primary.

Table 12.1. Differential diagnosis of SDH

• NAHI
• Accidental HI
• Perinatal

Fetal
Traumatic delivery
“Normal” vaginal delivery (56)

• Aneurysms, arteriovenous malformations
• Arachnoid cyst
• Meningitis
• Coagulopathies: vitamin K deficiency (116)
• Metabolic disorders

Glutaric aciduria type I (117, 118)
Galactosemia
Pyruvate carboxylase deficiency
Menkes disease (119)

• Hypernatremia
• Paroxysmal cough with increased

intrathoracic pressure (120)

Table 12.2. Evolution of subdural hematoma
on CT

~3 h Iso- to hypodense to brain
~7 days Hyperdense
~1 month Isodense
1 month Hypodense

Table 12.3. Evolution of intraparenchymal hematoma on MR primary
T1-weighted T2-weighted Hb products

~12 h Iso- to hypointense Hyper- Oxy-Hb
~3 days Hypo- Hypo- Doxy-Hb
~7 days Hyper- Hypo- Met Hb

(intracellular)
~1 month Hyper- Hyper- Met HB

(extracellular)
~1 month Hypo- Hypo- Hemosiderin,

ferritin
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Imaging Case Studies

Case 1

Figure 12.1 shows the advantage of DWI in
demonstrating parenchymal injury in NAHI.

A B C

Figure 12.1. MRI of a 2-month-old boy with NAHI. A: T2-weighted image shows intraparenchymal hem-
orrhages (arrows) and bilateral frontal chronic subdural hematomas. B: DWI shows extensive parenchymal
abnormalities. There is diffuse increased signal in both hemispheres with relative sparing of the right frontal
area (arrow) and deep white matter adjacent to the ventricle. C: Calculated ADC values are decreased (0.26–
0.45 × 10–3/mm2 per s) in the abnormal parenchyma.

Case 2

Figure 12.2 represents imaging of SDHs of dif-
ferent ages.

A B C

Figure 12.2. A 4-month-old infant with NAHI. CT (A), axial T1- (B) and axial T2-weighted image (C) show
bilateral chronic SDH and subacute SDH in the left convexity (arrow).
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Suggested Imaging Protocols for
Nonaccidental Head Injury

Neuroimaging in the setting of suspected abuse
depends on the child’s age, signs, and symp-
toms. Consensus opinion by experts formulated
the ACR Appropriateness Criteria R© (121) and
provided a guideline:

(1) Children 2 years of age or younger with
suspicion of abuse without focal signs and
symptoms: skeletal survey including AP
and lateral radiographs of skull.

(2) Children 2 years of age or younger with his-
tories of head trauma without neurologic
deficits: brain CT or MRI for documentation
of abuse.

(3) Children up to 5 years of age with neuro-
logic signs and symptoms:
(a) unstable patients: noncontrast CT to
detect lesions requiring urgent intervention,
followed by MRI once stabilized;
(b) stable patients: MRI.

(4) Suggested MRI sequences include sagit-
tal T1, axial T1, FLAIR, T2, T2∗-GRE,
DW1/ADC, and contrast-enhanced T1 in
axial and coronal planes.

In addition, neuroimaging, either CT or MRI,
is recommended among the young infants less
than 1 year of age when they are found to have
multiple fractures or rib fractures.

Future Research

• To better define the temporal evolution of
SDH on newer MRI protocols and CT equip-
ment for better dating.

• To better understand the unique biome-
chanics of the traumatic brain injury of
infants correlating biomechanical, anatomi-
cal, pathological, and imaging data.

• To determine the advantages, limitations,
and pitfalls of newer imaging techniques
including DWI, DTI, SWI, and MR spec-
troscopy.

• Assessment of the effects of imaging on the
patient’s prognosis, outcome, and costs of
diagnosis and management.

• To define newer imaging guidelines for
NAHI incorporating recent neuroscientific

and neuroimaging advancement including
serum- and CSF biochemical markers (122).

• To understand the cost-effectiveness of
screening head CT in asymptomatic infants
with physical abuse.
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IssuesI. What are the radiological findings in skeletal nonaccidental injury?
II. What is the preferred imaging modality for the diagnosis of nonac-

cidental skeletal injury?
III. What is the role of repeat surveys in skeletal nonaccidental injury?
IV. What is the role of sibling screening with skeletal survey?
V. What is the role of postmortem imaging?

VI. How well can we date fractures?
VII. What is the role of imaging in abdominal trauma in NAI?

Key Points� Child abuse is a serious health problem with severe long-term conse-
quences and high societal costs (strong evidence).

� Child abuse is both underdetected and underreported, and the role
of imaging is a critical part of the investigation of abuse (moderate
evidence).

� Radiographic skeletal survey is the main diagnostic tool in the diag-
nosis of skeletal injuries in both living and dead children (moderate
evidence).

� Repeat skeletal surveys can clarify and substantiate initially equivocal
findings (moderate evidence).

� Skeletal scintigraphy can be used as an adjunct to the skeletal survey
(moderate evidence).

� Infant deaths are most likely due to head trauma, whereas toddlers are
more likely to die from blunt abdominal trauma (strong evidence).
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Definition and Pathophysiology

According to the World Health Organization
(WHO), child maltreatment is defined as “Child
maltreatment, sometimes referred to as child
abuse and neglect, includes all forms of phys-
ical and emotional ill-treatment, sexual abuse,
neglect, and exploitation that results in actual
or potential harm to the child’s health, devel-
opment or dignity. Within this broad definition,
five subtypes can be distinguished—physical
abuse; sexual abuse; neglect and negligent treat-
ment; emotional abuse; and exploitation” (1).

Risk factors for child abuse can be
broadly divided into three categories: social/
environmental, parent or caregiver related, and
child related (2). Of the social factors, poverty
is the most important risk factor, although it is
unclear whether the stress related to poverty
is a true risk factor or whether the heightened
attention from, e.g., social services leads to
overreporting. Important caregiver-related
factors include substance abuse, emotional
immaturity, mental health problems, stress,
poverty, and a parental history of child abuse
(3, 4). In a population of 194 children (median
age 6 months), Starling et al. evaluated the
relation between perpetrators and their victims.
In 153 (79%) cases, it was possible to identify
the perpetrator, and in 68%, the perpetrators
were male; 45% were the biological fathers. The
median age of the children abused by males (5
months) was significantly younger compared
to the median age of those abused by females
(10 months) (p=0.003) (5).

Although the child can be seen only as a vic-
tim, there are certain child-related factors that
increase the risk of child abuse and that relate
to more intensive care needs due to chronic
health issues such as prematurity, congenital
disorders, and cerebral palsy (6).

Epidemiology

The scope of this problem was addressed in
2003 by Lord Laming in his report on the death
of Victoria Climbie (a case that had much media
attention in the United Kingdom), in which he
stated “I have no difficulty in accepting the
proposition that this problem (deliberate harm
to children) is greater than that of what are gen-

erally recognized as common health problems
in children, such as diabetes or asthma” (7).
Child abuse is both underdetected and under-
reported.

Another difficulty in assessing the incidence
of child abuse is the well-recognized problem
of underreporting, due to physician barriers
and limited knowledge of signs and symptoms
of child abuse (8, 9). This implies that there
is only limited evidence for the true incidence
of child abuse. The World Health Organiza-
tion (WHO) has estimated, through the use of
limited country-level data, that worldwide in
2002, almost 53,000 children died as a result of
homicide (insufficient evidence) (10). The WHO
further estimates that 40 million children are
abused worldwide each year (11). In the United
States in 2005, there were 3,600,000 reports of
abuse, of which 17% were due to physical abuse
and approximately 1,500 deaths attributed to
child abuse (moderate–strong evidence) (12).
There is no difference in abuse incidence by
gender of the child. It is of importance to note
that the majority of abused children (75%) have
no history of prior abuse (13).

In a retrospective chart review of 6,186
trauma patients younger than 18 years, over
an 8-year period, 7% (n = 453) of the patients
were admitted for nonaccidental trauma (NAT)
in Denver, Colorado (14). Children admit-
ted for NAT were significantly younger, 12
vs. 76 months (p < 0.05), and more severely
injured, with average injury severity score 18
vs. 9 (p<0.05). There was an increased mortal-
ity rate for NAT of 9.7% compared to 2.2%
for AT (p< 0.05) (moderate evidence). In a
population-based, case–control study, Schnitzer
and Ewigman analyzed the Missouri Child
Fatality Review Program data of all children <5
years of age who died in Missouri between Jan-
uary 1, 1992 and December 31, 1999 (15). From
this population, a subset of 901 children who
died as a result of an injury or undetermined
cause were selected. In this subset, 149 deaths
caused by inflicted injuries were identified. At
the time of death, the majority of the children
were below the age of 1 year (58%), 75% less
than 2 years old, and 90% were less than 3 years
old (moderate evidence). Infant deaths are most
likely due to head trauma, whereas toddlers are
more likely to die from blunt abdominal trauma
(strong evidence) (16).
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Although child abuse is a clinical diagnosis,
imaging plays an important role in the diagno-
sis of physical child abuse. Approximately 94%
of all skeletal fractures from abuse occur in chil-
dren under the age of 3 years (17). Up to 80% of
all rib fractures are occult findings; hence, radi-
ological studies can also shed light on the inci-
dence of child abuse (18). Loder and colleagues
reviewed the causes of femoral fractures in a
large retrospective cohort and showed that out
of 1,076 femoral fractures in children younger
than 2 years of age, 15% were due to child abuse
(limited evidence) (19).

Overall Cost to Society

In child abuse detection, investigation, pros-
ecution, protection, and long-term care, there
are two main components attributing to the
cost to society: direct costs related to treat-
ment and investigations, and long-term indirect
costs. Total direct and indirect costs to Ameri-
can society for child abuse is estimated at $258
million per day or $92 billion annually (20).

Direct Costs

A 2001 Prevent Child Abuse America report
estimates that these costs are $24 billion annu-
ally (20). An analysis of the database of the
United States 1999 Nationwide Inpatient Sam-
ple of the Healthcare Costs and Utilization
Project showed that, on average, those children
coded with abuse or neglect spent twice the
number of days in hospital (8.2 vs. 4.0), had
twice the number of diagnoses (6.3 vs. 2.8),
had more procedures (1.3 vs. 0.8), and had
double the total charges ($19,266 vs. $9,513)
compared to those children not coded with
abuse or neglect (Strong Evidence) (21). The
authors reported that the total hospitalization
costs related to child abuse or neglect for 1999
amounted to $92 million. These data do not
include the pre- and posthospitalization health-
care costs for abused children.

Indirect Costs

Indirect costs include juvenile and adult crim-
inal activity, mental illness, substance abuse,
domestic violence, loss of productivity due to
unemployment and underemployment, special

education services, and increased use of the
health-care system. Prevent Child Abuse Amer-
ica estimated that these costs are more than $69
billion per year (2001).

Walker et al. studied a group of women
within one health maintenance organization
(HMO) containing 163,844 women and found
that a history of childhood abuse was signif-
icantly correlated with increased adult health-
care costs. They estimated that the total annual
costs of childhood abuse in adult health care
amounted to 8.2 million Canadian dollars (22).
Tang and colleagues assessed the influence of
child abuse on the pattern of adult health-care
use in Ontario, Canada (23). They found that
women with a history of abuse report dou-
ble the mean annual health-care costs, i.e., 775
Canadian dollars (95% CI 504–1,045 Canadian
dollars) compared to a mean cost of 400 Cana-
dian dollars in women with no history of abuse
(95% CI 357–443 Canadian dollars).

Although not directly intended to assess the
cost of health care, one of the most important
studies on the long-term effects of child abuse
is the adverse childhood event (ACE) study
by Felitti et al. (moderate evidence) (24). This
influential study showed a strong relationship
between the number of ACE and the number of
health risk factors for leading causes of death in
adults.

Goals

Imaging is used for both the social and legal
investigation of these children and their envi-
ronment and for medical treatment. The role
of the radiologist and imaging in children with
clinically suspected abuse is to

• detect findings which are suggestive of child
abuse in suspected and unsuspected cases;

• distinguish findings indicative of child abuse
from other pathologies (differential diagno-
sis) and normal variants in cases of suspected
child abuse;

• determine if a fracture or an injury is consis-
tent with the clinical information presented
by the caretakers;

• date fractures as far as reasonably can be
expected.
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One might also argue that, in conjunction
with the primary clinician and health-care team
caring for the abused child, the radiologist
should work with investigative agencies to pro-
vide appropriate imaging information and rec-
ommendations in suspected child abuse.

Methodology

The authors performed a Medline search
on PubMed (National Library of Medicine,
Bethesda, MD), date ranging from 1950 to
2005–2008. The search was restricted to human
studies and the languages were restricted to
English, German, French, and Dutch. Addition-
ally, the TRIP (http://www.tripdatabase.com/)
database was used.

The search strategy used the following
key statements: Medical Subject Heading Terms
[Mesh], Diagnostic Imaging, Ultrasonography,
Tomography, X-Ray Computed, Magnetic Reso-
nance Imaging, Radionuclide Imaging, Cost–Benefit
Analysis, Musculoskeletal System, Growth Plate,
Bone Fractures, Wounds and Injuries, Rib Frac-
tures, Abdomen, Intestines, Siblings, and Child
Abuse. Separate search terms were skeletal survey
and blunt abdominal trauma, as well as combina-
tions of these search strings. Related articles on
PubMed were also screened for relevance.

Discussion of Issues

I. What Are the Radiological Findings
in Skeletal Nonaccidental Injury?

Summary of Evidence: Fractures are the second
most common findings in child abuse after
dermatologic findings such as bruises, contu-
sions, and burns (25). Nevertheless, radiological
findings are rarely the absolute proof of child
abuse, if evaluated without their context. Chil-
dren with fractures resulting from NAI are sig-
nificantly younger than children with acciden-
tal trauma. In a retrospective analysis by Roaten
et al., NAI victims had a mean age of 12 months
compared to 76 months in accidental trauma
(14).

Differentiating between abusive fractures
and nonabusive fractures is in most cases pos-
sible only by examining in great detail the clini-
cal scenario regarding whether it is plausible for

the specific child to have the specific fracture in
the specific circumstances. Physical abuse as a
cause of injuries is typically a conclusion after
excluding alternatives, based on medical, social,
and sometimes criminal investigations, unless
the abuse has been observed by an independent
eyewitness.

It is mandatory that the radiologist evaluates
the characteristics of the fracture, with knowl-
edge of the clinical history in cooperation with
other specialists such as pediatricians and, if
available, forensic pediatricians (Table 13.1). In
determining whether a child’s fracture is the
result of abuse, one needs to understand or
hypothesize the injury mechanism if no history
of the injury is forthcoming from the caretaker
(26). The reporting radiologist should be aware
of the differential diagnosis of imaging findings
in cases of suspected NAI (Table 13.2).

Supporting Evidence: Fractures resulting from
physical abuse can be found throughout the
whole skeleton; they are likely to be multiple
and can show diverse stages of healing (strong
evidence) (26–29). In the majority of cases,
no external physical findings, e.g., bruises, are
present (moderate evidence) (30, 31).

The most common fractures in child abuse
are long bone fractures, where the femur and
humerus are most commonly involved (20% of
abused children with fractures) (32). In most
diaphyseal fractures, there is an oblique or a spi-
ral component, in which only a segment of the
fracture will be seen tangentially on the radio-
graph. The underlying mechanism for spiral
fractures is a torsion force.

Some fractures, like classical metaphyseal
lesions (CMLs), and locations, like posterior rib
fractures, are more suspicious than others, com-
pared to clavicular fractures or a toddler’s frac-
ture in an ambulatory child.

Synonyms for CML include the corner or the
bucket handle fracture. CMLs are regarded as
highly predictive of intentional injury because
of the known fracture biomechanics (shear-
ing force, perpendicular to the bone across the
metaphysis), their almost exclusive presence in
children under the age of 2 years, and the lim-
ited differential diagnosis. CMLs are seen in 39–
50% of children under the age of 18 months who
have a skeletal survey because of child abuse
(strong evidence) (33–35).
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Rib fractures are considered highly predic-
tive of child abuse in the absence of acciden-
tal trauma or certain skeletal diseases (e.g.,
osteogenesis imperfecta). Williams and Con-
nolly formulated the following clinical conclu-
sions regarding rib fractures, based on an anal-
ysis of reliable medical literature (36):

• In children with rib fractures, the likeli-
hood of nonaccidental injury decreases with
increasing age.

• Rib fractures in children less than 3 years
of age are highly predictive of nonaccidental
injury.

In a retrospective analysis, Barsness et al.
assessed the positive predictive value (PPV) of
rib fractures for child abuse in young children
(<3 years) (37). In their study, the positive pre-
dictive value (PPV) of a rib fracture as an indica-
tor of nonaccidental trauma was 95%. The pos-
itive predictive value increased to 100% once
historical and clinical circumstances excluded
all other causes of rib fractures (moderate
evidence).

Their study also showed the following:

• Multiple rib fractures are more likely to be
seen in child abuse compared to single frac-
tures.

• Child abuse was more likely in the presence
of posterior rib fractures (43% of NAI cases
compared to 6% of accidental trauma cases).

• Rib fractures were the only skeletal finding
in 29% of all NAI children.

Based on extensive experience that has been
helpful in the investigation of fractures (lim-
ited evidence), Kleinman has published an
overview of the specificity of fractures in chil-
dren related to child abuse (Table 13.3) (32).

In neonates, one should consider the possibil-
ity of birth-related trauma, and there have been
rare reports of single posterior rib fractures in
neonates (in nearly all cases, these were large
babies with a difficult delivery) (38–43). The rar-
ity of birth-related rib fractures is shown in five
studies on birth trauma, totaling 115,756 live
births, which reported no cases of rib fractures
(44–48).

II. What Is the Preferred Imaging
Modality for the Diagnosis of
Nonaccidental Skeletal Injury?

Summary of Evidence: See Table 13.4 for a sum-
mary of evidence on the diagnostic perfor-
mance of imaging for suspected skeletal and
abdominal injuries in NAI.

Conventional radiography, consisting of the
skeletal survey, has historically been and con-
tinues to be the mainstay for imaging of sus-
pected child abuse. The American College of
Radiography (ACR) has defined the skeletal
survey as “A skeletal survey is a systemati-
cally performed series of radiographic images
that encompasses the entire skeleton or those
anatomic regions appropriate for the clinical
indications” (49). These surveys should include
both the axial and the appendicular skeleton,
depicting each anatomic region on separate
radiographs, and guidelines have been estab-
lished by the ACR (Table 13.5) as well as by the
British Society of Paediatric Radiology (Table
13.6) (50, 51). Additional radiographic views are
indicated in case of equivocal lesions.

Bone scintigraphy is used as a complemen-
tary test for the detection of occult fractures,
especially in Australasia and North America
but less so in Western Europe, (moderate evi-
dence) (49, 52, 53). Like the skeletal survey, bone
scintigraphy requires meticulous technique to
achieve optimal sensitivity and specificity. Bone
scintigraphy has higher sensitivity for fractures
of the ribs particularly posterior ones but lower
sensitivity for skull and metaphyseal corner
fractures (52, 53).

While ultrasonography (54–56) and mag-
netic resonance imaging (57, 58) avoid ioniz-
ing radiation in the detection of occult fractures,
these examinations can be time consuming and
costly and reported studies have small sam-
ple sizes (insufficient evidence). Postmortem
whole-body MRI may play a complementary
role with autopsy. The role of CT in the diag-
nosis of skeletal occult fractures in child abuse
has not been reported. However, CT may play
a role in severe trauma, dating rib fractures,
or postmortem evaluation (limited evidence)
(59–61).
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Supporting Evidence

Conventional Radiology

In 2006, Kemp et al. published a critical
appraisal of all literatures pertaining to radio-
logical investigations in NAI (52). Of 427 arti-
cles reviewed by members of the Welsh child
protection systematic review group, 34 were
included in the final analysis. The collected data
were not sufficiently homogenous to enable
meta-analysis (limited evidence). Five studies
found that bone scintigraphy had the high-
est sensitivity (see section on bone scintigra-
phy). Two studies stated that the skeletal sur-
vey alone had the highest sensitivity (53, 62).
Kemp et al. concluded that neither study alone
detected all the fractures. Mandelstam et al.
showed that the skeletal survey compared to
bone scintigraphy was superior in detecting
metaphyseal fractures (p=0.007) and skull frac-
tures (p=0.02) (53). In the ACR appropriateness
criteria, the skeletal survey was ranked most
appropriate by the expert panel (limited
evidence) (63).

With respect to the inclusion of oblique
radiographs of the ribs (this is one of the
major differences between the ACR and the
BSPR guidelines), Ingram et al. performed an
RCT and found that the addition of oblique
views of the chest increased the sensitivity
for the detection of rib fractures by 17% (95%
CI 2–36%) and the specificity by 7% (95%
CI 2–13%) (64).

With the introduction of Picture Archiv-
ing and Communication Systems, concern was
raised about the use of digital images in
the diagnosis of child abuse. Kleinman et al.
demonstrated that in a laboratory setting, dig-
ital radiology performed comparably to high-
detail film-screen imaging (65). Offiah et al.
reported on the effect of varying degrees of
edge enhancement and method of digital image
display on fracture detection in suspected NAI
(66). They could not find a significant dif-
ference between the different imaging meth-
ods and concluded that diagnostic accuracy
depended mostly on observer-related factors.
This is supported by the retrospective analysis
by Carty and Pierce in which 51/435 (11.7%)
cases were initially missed on the skeletal
survey (67).

Bone Scintigraphy
Bone scintigraphy should not be performed
within the first 48 h after injury due to known
risk of false negatives. Kemp et al. found five
publications stating that overall bone scintig-
raphy was more sensitive than the skeletal
survey; one of these studies excluded skull frac-
tures (a well-known pitfall for bone scintigra-
phy) (35, 68–71). Bone scintigraphy had a higher
diagnostic yield in more anatomical complex
locations such as the pelvis and the feet. In addi-
tion, bone scintigraphy is also better than skele-
tal survey in the detection of soft tissue trauma
(limited evidence) (72). In the study by Mandel-
stam et al., only 7/20 (35%) classic metaphyseal
lesions showed increased uptake on the bone
scintigraphy (mild evidence) (53). In this study,
70% of all fractures were detected on both bone
scintigraphy and skeletal survey, 20% only on
bone scintigraphy, and 10% only on the skeletal
survey.

Bone scintigraphy may be used to augment
the number of fractures identified, which has
been shown to influence the rate of criminal
convictions of the abuser (71). Sty and Starshak
used meticulous bone scintigraphy technique to
document more fractures than a limited skeletal
survey (11 radiographs) in a comparative study
of 261 children. Bone scintigraphy had a sensi-
tivity of 84% as compared to the skeletal survey
sensitivity of 73%.

In the ACR appropriateness criteria, no con-
sensus on the use of bone scintigraphy was
reached by the expert panel, that it is “Indicated
when a clinical suspicion of abuse remains high
and documentation is still necessary” (63).

Ultrasonography
There have been limited case reports on the use
of ultrasonography in the detection of single
occult fractures but none that survey the entire
skeletal system (54–56, 73). There is insufficient
evidence to use ultrasonography for screening
for occult fractures.

Computed Tomography
No references to the use of CT in the detec-
tion of non-CNS fractures in suspected cases
of child abuse were found. As a rough rule,
CT doses are approximately 100 times higher
than those for plain radiographs, raising con-
cern about later cancer induction. Accordingly,
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CT for this diagnosis is unlikely to become rou-
tine. However, CT may be of use in special sit-
uations such as severe trauma or postmortem
evaluation. In a study of 45 pediatric trauma
patients, Renton et al. compared CT with chest
radiographs; 18/45 (40%) cases had findings
only at CT, including 2 patients with rib frac-
tures (limited evidence) (61). Traub et al. ret-
rospectively analyzed a cohort of 141 trauma
patients, mean age 47 years (range 17–89 years)
with major blunt trauma (59). Chest radiog-
raphy showed 47 (33%) rib fractures, 5 (4%)
scapula fractures, and 0 (0%) sternum fractures
compared to chest CT which showed 68 (48%,
p<0.001), 12 (9%, p=0.016), and 10 (7%, p<0.001),
respectively (limited evidence).

Magnetic Resonance Imaging
MRI may be used to clarify inconclusive clini-
cal or radiographic findings; for example, neg-
ative radiographs of the elbow or the shoul-
der in the immature skeleton may not show
cartilaginous injuries or nondisplaced fractures
(74). With the advent of whole-body Short Tau
Inverse Recovery (STIR) MRI and its relatively
short scan times, whole-body imaging in chil-
dren has become possible. Several authors have
suggested its use in the diagnosis of occult frac-
tures (75, 76). Two case reports have been pub-
lished regarding the use of whole-body STIR
(WB-STIR) in the detection of musculoskeletal
lesions in child abuse (insufficient evidence) (57,
58). A study comparing WB-STIR to the skele-
tal survey in 16 children (mean age 9 months;
range 1.5–37) with suspected inflicted injury
was presented (77). Mean interval between
skeletal survey and WB-STIR was 2 days (range
0–13). The sensitivity of WB-STIR for fractures
of the rib was 75% (33/44); metaphyseal cor-
ner 67% (2/3); metaphysis 100% (1/1), diaph-
ysis 100% (6/6); and parietal skull 100% (1/1).
Eleven rib fractures were missed, however, all
in patients with multiple rib fractures and at
least one other rib fracture was detected on WB-
STIR in each case. In three different patients,
WB-STIR detected fractures that were not iden-
tified on initial skeletal survey.

Cost and Cost-Effectiveness Analysis
Studies
No robust large formal cost-effectiveness anal-
ysis has been performed. Only one study could
be found which reported, be it only marginally,

on the cost of diagnostic imaging in suspected
child abuse. Ellerstein and Norris published a
retrospective analysis of 331 skeletal surveys,
in which 38 cases (12%) showed signs of child
abuse (limited evidence) (78). In 30 cases, this
was already known or suspected, in 8 cases
the survey provided new information. Based on
their finding, they calculated that it cost US$
33,000 to identify these 8 cases. Given the long-
term costs of child abuse, the skeletal survey
may be a cost wise examination (limited evi-
dence) (22–24).

III. What Is the Role of Repeat
Surveys in Skeletal Nonaccidental
Injury?

Summary of Evidence: A skeletal survey for
child abuse may be negative or inconclusive,
even if performed adequately, especially when
acute fractures are present (50, 79). Therefore,
the use of follow-up radiological investigation
has been advocated (mild–moderate evidence),
in which case the entire skeletal survey with the
exception of radiographs of the skull is repeated
after approximately 14 days.

Supporting Evidence: Zimmerman et al. report
on 48 children who were enrolled in a prospec-
tive study (80). Additional information regard-
ing skeletal trauma was obtained in 22 of 48
patients (46%). Twenty-seven previously unde-
tected fractures were seen in 11 patients (18 rib,
4 scapular, 2 metaphyseal, 1 clavicular, 1 fibular,
and 1 ulnar fractures). In two cases, the follow-
up exam influenced the diagnosis; in both cases
a definite diagnosis of child abuse could be
made (moderate evidence).

Kleinman et al. report on a retrospective
study in 23 children (81). In 61% of the follow-
up exams, additional information was pro-
vided, either on the number or on the dat-
ing of fractures. Out of 19 additional fractures
found on follow-up exam, 13 were initially
not noted on skeletal survey. The remaining
six fractures were initially considered equivo-
cal (limited evidence). The authors concluded
that follow-up skeletal survey is warranted to
“provide a thorough and accurate assessment
of osseous injuries” in children with suspected
abuse (81).
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Cost and Cost-effectiveness Analysis
Studies
Reported cost-effectiveness analysis studies on
the use of repeat skeletal surveys are not avail-
able. It can be assumed that in cases in which
repeat surveys are advised by the radiologist
(e.g., after negative or equivocal findings with
a suspected history in children below the age
of 2 years), a higher number of true positives
regarding child abuse may be found (50). This
may result in substantially lower future societal
costs, by far higher than the cost of repeat skele-
tal surveys.

IV. What Is the Role of Sibling
Screening with Skeletal Survey?

Summary of Evidence: A recent survey showed
that physicians involved in child abuse perceive
that findings of abuse in index children are suf-
ficient to warrant medical examination of most
contact children (in the same household) (82). In
a retrospective study by Hamilton-Giachritsis
and Browne in 795 siblings from a cohort of 400
“index” children, in 37% of cases, maltreatment
was not limited to the index case but to all sib-
lings and in 20%, maltreatment was specifically
directed at some but not all siblings (83). Given
these data, siblings, under the age of 2 years, of
index children should undergo a skeletal survey
(moderate evidence). The British Society of Pae-
diatric Radiology state in their guidelines that
in cases of proven NAI in the index child, sib-
lings under the age of 3 years should undergo a
skeletal survey (51).

Supporting Evidence: Only one study could be
found in which siblings underwent a skele-
tal survey. Day et al. evaluated 70 index cases
and 6 siblings (insufficient evidence) (84). The
siblings’ ages ranged from 1 to 36 months,
although three (50%) were under 12 months
of age. One (17%) of the siblings’ surveys (a
twin) was positive. In their systematic review,
Kemp et al. could find no evidence for the
use of the skeletal survey in siblings (moderate
evidence) (52).

V. What Is the Role of Postmortem
Imaging?

Summary of Evidence: In cases of sudden infant
death syndrome (infants aged 1 month–1 year)

or otherwise unexplained death of a young
child, a thorough clinical workup is manda-
tory (85). In this workup, skeletal survey has
a definite role as metaphyseal corner fractures
and posterior rib fractures may be missed on
autopsy (86). The skeletal survey in deceased
children should be of the same high quality
as in living children and should be performed
according to the ACR or BSPR guidelines. When
this occurs, the pathologist can focus on areas
of concern and plan the extent of the bone and
soft tissue preparation based on the skeletal
survey.

Supporting Evidence: Arnestad et al. retrospec-
tively reviewed 309 cases of sudden unexpected
death in infancy and early childhood (0–3 years)
(87, 88). In 73 cases, an explainable cause of
death was found. Of these, 7 (10%) were due to
neglect or abuse and 10 (14%) were due to homi-
cide. In their study, radiology showed signs of
child abuse in three (4%) children (limited evi-
dence). In a retrospective study by McGraw
et al., 106 consecutive postmortem radiogra-
phy studies were reviewed (89). In 14 cases,
the diagnosis was of NAI; in seven children,
radiography showed a total of 26 fractures;
24 (92%) were metaphyseal corner fractures
(MCFs). The authors did not specify the number
of MCF detected at autopsy (Limited Evidence).
Klotzbach et al. compared postmortem radiog-
raphy to autopsy and found a total of 44 osseous
lesions; 27 fractures were diagnosed by post-
mortem skeletal survey, and 5 recent rib frac-
tures were suspected (90). Radiology mainly
failed to show acute, lateral, and anterior rib
fractures (limited evidence).

Whole-body MRI as a complementary tool to
the autopsy is being investigated in both adults
and children (91, 92).

VI. How Well Can We Date Fractures?

Summary of Evidence: Radiologic dating of frac-
tures in the context of child protection, whether
in a medical or in a forensic setting, is possi-
ble to a certain extent but is not an exact enter-
prise. Evidence shows considerable overlap in
radiologic features appearing over time follow-
ing fracture occurrence. A time frame of weeks
rather than days should be used and explained
as such to investigating agencies. Recent frac-
tures can be differentiated from subacute and
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old fractures, which may be useful for assess-
ing the consistency of the history offered. The
key findings (moderate evidence) most con-
sistently agreed upon are the following (32,
93–95):

1. Appearance of periosteal reaction indicates
early healing (minimum 1 week in newborn,
14 days in older children).

2. Presence of hard callus indicates subacute
healing phase (minimum 2–3 weeks, peak 3–
6 weeks, with a long time distribution tail
afterward).

3. Signs of remodeling indicate late healing
phase (minimum 8 weeks).

4. Exceptions for dating fractures on the basis
of callus formation are fractures of the skull
and classical metaphyseal lesions.

Supporting Evidence: Fracture dating was addre-
ssed in a systematic review by Prosser et al.
(moderate evidence) (96). An extensive search
in literature resulted in 1,556 titles that were
reviewed systematically by a large (and vary-
ing) group of specialists. Only three studies
could be included, reflecting data on 189 chil-
dren (only 56 children were younger than
5 years; the age group most vulnerable for
abuse), with variable age ranges and a variable
number of radiographs per child. All three stud-
ies were categorized as “longitudinal.” How-
ever, in the study of Cumming (93), the mean
number of radiographs per child was one,
which seems contradictory. The key findings
are quite similar to the often-quoted table by
Kleinman et al., which was based on exten-
sive personal experience (insufficient evidence)
(32). In this publication, formation of soft cal-
lus and hard callus was noted between 10 and
21 days and 14 and 92 days, respectively, after
the incident.

More research is needed to assess the possi-
ble role of factors influencing the appearance
and/or the disappearance of reported radio-
logic features such as type of bone involved,
age below 5 years (and in subcategories, i.e.,
0.6, 2, 5 years), prior nutrition state, repeated
abuse, refracturing, underlying bone disease,
and casting vs. delay in immobilization of
fractures.

VII. What Is the Role of Imaging
in Abdominal Trauma in NAI?

Summary of Evidence: Historically, the focus of
radiological imaging in relation to NAI has been
on intracranial and skeletal injuries. Abdomi-
nal trauma is a relatively infrequent finding in
children with reported rates from 1.7 to 7.2% in
all trauma patients (97). However, the severity
of these injuries is reflected in the high mortal-
ity rate, which has been reported to range from
10 to 50% (moderate evidence) (98–100). Blunt
abdominal trauma represents the most common
cause of death from abuse in toddlers (ages 1–3
years) (32).

The clinical presentation of blunt abdominal
trauma (BAT) overlaps common benign condi-
tions, such as vomiting from gastroesophageal
reflux or viral gastroenteritis, making diagnosis
difficult, especially in younger (nonverbal) chil-
dren. In contrast to accidental trauma, splenic
injury is less common than liver injury (101,
102). GI tract injury most commonly occurs in
the duodenum (with or without associated pan-
creatic injury), followed in decreasing order by
jejunum (usually proximal), ileum, colon, and
stomach.

Supporting Evidence: The main evidence is found
in the pediatric trauma literature, although
there have been studies focused solely on
abdominal injury in NAI. Overall, the most
common and most sensitive imaging test for the
detection of abdominal trauma in the United
States is MDCT (moderate evidence). Most evi-
dence is presented in publications addressing
specific injuries in separate organs, as summa-
rized in the following paragraphs.

Bowel and Mesenteric Injury
Bowel injury and especially duodenal injury
have been linked to NAI by several authors (98,
103–106). Upper GI series has poor sensitivity
(54%) but excellent specificity (98%) and should
not be used to rule out duodenal perforation
(limited evidence) (107). The role of sonography
in the diagnosis of intestinal injury is limited,
with only a few case reports (insufficient evi-
dence) (108–110).

With respect to imaging of bowel injury, CT
is the most widely applied technique (105, 108,
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111–117). Three studies presented data enabling
the construction of 2×2 tables of a total of 1,694
trauma patients (adults as well as children)
(112–114). The CT findings of mesenteric focal
fluid, bowel wall thickening, and increasing free
fluid suggest bowel injury. Free intraperitoneal
air is a specific but uncommon finding. With
respect to bowel and mesenteric injury, MDCT
yields a combined sensitivity of 74%, specificity
of 99%, positive predictive value of 87%, and a
negative predictive value of 99% (112–114). CT
is the exam with the highest diagnostic perfor-
mance to identify bowel and mesenteric injury
(moderate evidence).

Hepatic, Splenic, and Renal Injury
Abdominal MDCT is a well-accepted technique
to grade hepatic, splenic, and renal injuries
that provides risk data for further bleeding and
avoids unnecessary surgical exploration (113,
114, 116, 118–120). Most solid organ injuries are
managed nonoperatively. With the increasing
use of transcatheter arterial embolization tech-
niques, CT also plays an important role in guid-
ing the interventional radiologist (limited evi-
dence) (121–126).

Pancreatic Injury
Pancreatic injuries are challenging to detect as
the classic triad of fever, leukocytosis, and ele-
vation of serum lipase levels is rarely identified
in children. The use of CT in the initial stage has
been debated, and a delayed study to diagnose
and manage the complications of pseudocyst
or abscess is indicated (limited evidence) (127,
128). MRI has been advocated to depict the bil-
iary tree and pancreatic duct, mainly in order to
guide endoscopic retrograde pancreatography
(limited evidence) (129).

Take Home Tables

Table 13.1 presents evaluation of fractions in
young children. Table 13.2 presents differential
diagnosis of NAI. Table 13.3 presents radiologic
findings highly predictive of child abuse. Table
13.4 discusses the diagnostic performance of
imaging for suspected skeletal and abdominal
injuries in NAI.

Table 13.1. Evaluation of fractures in young
children

Fracture Type
Location
Number
Date (known and unknown recent

and old fractures)
Other injuries

Child Age and developmental stage
Underlying pathology

History Plausibility of the history:
• Age and developmental stage
• Accidental vs. nonaccidental

fractures
• Disease-related fractures vs.

nonaccidental fractures
• Fracture biomechanics

Table 13.2. Differential diagnosis of NAI

Collagen
synthesis
disorders

Osteogenesis imperfecta
Copper deficiency
Menkes syndrome

Bone miner-
alization
disorders

Rickets
X-linked hypophosphatasia
Prematurity
Malabsorption disorders
Neuromuscular disorders

Radiological
findings
without
fractures

Physiological subperiosteal new
bone formation

Congenital syphilis
Osteomyelitis
Bone tumors
Leukemia
Caffey’s disease (infantile

cortical hyperostosis)
Vitamin C deficiency (scurvy)
Methotrexate or prostaglandin E

treatment

Table 13.3. Radiologic findings highly predic-
tive of child abuse

Type and location of fracture

Highly
predictive

Classic metaphyseal lesions
Rib fractures, especially posterior
Scapular fractures
Spinous process fractures
Sternal fractures

Moderately
predictive

Multiple fractures, especially
bilateral
Fractures of different ages
Epiphyseal separations
Vertebral body fractures and

subluxations
Digital fractures
Complex skull fractures

Common but
low
predictive
value

Subperiosteal new bone
formation
Clavicular fractures
Long bone shaft fractures
Linear skull fractures

Reprinted with permission of the author and Elsevier from
Kleinman (32).
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Table 13.4. Summary of evidence: diagnostic performance of imaging for sus-
pected skeletal and abdominal injuries in NAI

Sensitivity (%) Specificity (%) References

All fractures
Skeletal survey (11 views) 73 (71)
Repeat skeletal survey 46–61a (80, 81)
Bone scan 84 (71)

Rib fractures
Oblique viewsb 17 7 (64)

Classic metaphyseal lesion
Bone scanc 35 (53)

Mesenteric/bowel injuries
CT 74 99 (112–114)

aPercentage of additional findings at repeat survey at 2 weeks.
bPercentage increase above routine frontal and lateral chest radiographs.
cBone scan detected only 35% of those found at skeletal survey.

Imaging Case Studies

Case 1

Figure 13.1 demonstrates a case of a 24-day-old
boy admitted to the hospital with a fracture of
the left humerus.

A B

Figure 13.1. A 24-day-old boy admitted to the hospital with a fracture of the left humerus (solid arrow) (A).
Note the acute rib fracture (see inset—open arrow), which was initially missed. A radiograph of the chest
obtained 67 days after the initial chest radiograph showed numerous healing rib fractures (B).
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Case 2

Figure 13.2 demonstrates a case of a 2-year-old
boy who presented at the emergency depart-
ment after a witnessed fall from a counter.

Figure 13.2. A 2-year-old boy presented at the emergency department after a witnessed fall from a counter.
A radiograph of the left femur (A) shows an acute oblique fracture of the distal femur (open arrow) but also
callus formation proximal to the fracture (solid arrow). A skeletal survey was performed which shows rib
fractures (B, open arrow) and vertebral fractures (asterisk). The radiograph of the skull shows Wormian bones
(C, open arrows). Based on imaging features and genetic analysis, a diagnosis of osteogenesis imperfecta was
established. NAI was ruled out.

Suggested Imaging Protocols for
Non-CNS Nonaccidental Injury

Tables 13.5 and 13.6 present the complete skele-
tal survey according to the ACR and the
BSPR.

Table 13.5. Complete skeletal survey accord-
ing to the American College of Radiology

Axial skeleton
Appendicular
skeletona

Thorax (AP and lateral), to
include ribs, thoracic, and
upper lumbar spine

Humeri (AP)

Pelvis (AP), to include the mid
lumbar spine

Forearms (AP)

Lumbosacral spine (lateral) Hands (PA)

Cervical spine (AP and lateral) Femora (AP)

Skull (frontal and lateral),
additional views if
needed—oblique or Towne
view

Lower legs
(AP)

Feet (PA) or
(AP)

aAdditional views if needed: views centered on joints or lat-
eral views.
Reprinted with permission of the American College of Radi-
ology (ACR) from ACR practice guideline for skeletal sur-
veys in children on www.acr.org . No other representation
of this guideline is authorized without express written per-
mission from the American College of Radiology.
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Table 13.6. Complete skeletal survey accord-
ing to the British Society of Paediatric
Radiology

Axial skeleton
Appendicular
skeletona

AP thorax, right and left
oblique views of the ribs

Humeri (AP)

Pelvis (AP) Forearms (AP)

Lumbosacral spine (lateral) Hands (PA)

Cervical spine (lateral) Femora (AP)

Skull (frontal and lateral),
Towne view if occipital
injury suspected

Lower legs
(AP)

Feet (AP)
aLateral coned views of the elbows, wrists, knees, and ankles
may demonstrate metaphyseal injuries in greater detail. The
consultant radiologist should decide this at the time of
checking the films with radiographers.
Reprinted with permission of the British Society of Paedi-
atric Radiologists from NAI standard for skeletal surveys on
www.bspr.org.uk/nai.htm.

Future Research

The critical gaps in the evidence include the
following:

• The sensitivity and specificity of whole-body
MRI and CT in nonaccidental injury should
be evaluated in controlled trials/verified
cases.

• Radiological dating of fractures
◦ Role of CT in dating fractures

• Standardization in terminology of the radio-
logical findings and in methodology of imag-
ing techniques.

• Role of postprocessing and computer-aided
diagnostic (CAD) techniques in increasing
early detection and interpretation of frac-
tures (applies for both conventional radiog-
raphy and CT).

• Role of skeletal surveys in siblings of index
children.
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IssuesSpinal Dysraphism

I. How accurate is imaging in occult spinal dysraphism (OSD)?
II. What are the clinical predictors of OSD?

III. What are the natural history and role of surgical intervention in
OSD?

IV. What is the cost-effectiveness of imaging in children with OSD?

Scoliosis

I. How should the radiographic evaluation of scoliosis be performed?
II. What radiation-induced complications result from radiographic

monitoring of scoliosis?
III. What is the role of magnetic resonance imaging in idiopathic

scoliosis?

Key PointsSpinal Dysraphism

� The prevalence of occult spinal dysraphism (OSD) ranges from as low
as 0.34% in children with intergluteal dimples to as high as 46% in
newborns with cloacal malformation (moderate evidence).

� Radiographs are relatively insensitive and nonspecific for this diagnosis. MRI
and ultrasound have high overall diagnostic performances (i.e., sensi-
tivity and specificity) in children with suspected OSD (moderate evi-
dence).

� Early detection and prompt neurosurgical correction of OSD may
prevent upper urinary tract deterioration, infection of dorsal dermal
sinuses, or permanent neurologic damage (moderate and limited evi-
dence).
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• Cost-effectiveness analysis suggests that, in newborns with sus-
pected OSD, appropriate selection of patients and diagnostic strat-
egy may increase quality-adjusted life expectancy and decrease cost
of medical workup (moderate evidence).

Scoliosis

� Radiographic measurements of scoliosis are reproducible, particularly
when the levels of the end plates measured are kept constant (moder-
ate evidence). Unexpected findings on radiographs are unusual (lim-
ited evidence).

� Radiographic monitoring of scoliosis results in a clear increase in the
radiation-induced cancer risk, particularly to the female breast (mod-
erate evidence). It also results in a high dose of radiation to the ovaries
and worsens reproductive outcome in females (moderate evidence).
Therefore, it is very important to reduce the radiation exposure. Pos-
teroanterior projection greatly reduces exposure. Some digital systems
also decrease radiation.

� Significant controversy exists on the use of MRI in “idiopathic” scolio-
sis. MRI is recommended for children at higher risk of CNS lesions: (1)
patients with idiopathic scoliosis and an abnormal neurological exam;
(2) children under the age of 11 years; and (3) patients with levocon-
vex or atypical curves (limited to moderate evidence). However, excep-
tions to these rules have been reported in the literature (limited to mod-
erate evidence). Therefore, patients with scoliosis considered for surgi-
cal intervention should have preoperative MRI to avoid the potential
irreversible neurological complications that could occur if any under-
lying CNS lesion was undetected or misdiagnosed.

Definition and Pathophysiology

Spinal Dysraphism

Spinal dysraphism is a wide spectrum of con-
genital anomalies that results from abnormal
development of one or more of the midline
mesenchymal, bony and neural elements of the
spine (1). This entity can be divided into open
and closed spina bifida. Open spina bifida is
characterized by a dorsal herniation of all or
part of the spinal content without full skin
coverage. Open spina bifida entities include
meningocele and myelomeningocele. Closed
or occult spinal dysraphism (OSD) is char-
acterized by a spinal anomaly covered with
skin and hence with no exposed neural tissue
(2, 3). OSD spectrum includes dorsal dermal
sinus, thickened filum terminale, diastemato-
myelia, caudal regression syndrome, intradural
lipoma, lipomyelocele, lipomyelomeningocele,

anterior spinal meningocele, and other forms of
myelodysplasia (Figs. 14.3 and 14.4).

Scoliosis

Scoliosis is defined as an abnormal spinal cur-
vature most apparent in the coronal plane (4).
Scoliosis can be classified as idiopathic, con-
genital, neuromuscular, or degenerative. Most
pediatric cases are idiopathic in nature. Idio-
pathic scoliosis is further subdivided accord-
ing to the age at which the disease presents:
infantile (birth to 3 years), juvenile (4–9 years),
and most commonly adolescent (10 years and
beyond) (5). Congenital scoliosis is caused by
vertebral anomalies of embryologic etiology
(e.g., hemivertebra, butterfly, or block verte-
bra) (6). Neuromuscular scoliosis is typically
seen in cerebral palsy and muscular dystrophy.
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Scoliosis can also be seen in disorders such
as neurofibromatosis (Figs. 14.5 and 14.6) and
Marfan syndrome (4). Degenerative scoliosis is
primarily a disease of adults.

Conus Medullaris Position

Controversy has existed about the normal posi-
tion of the conus medullaris. The normal level
of the conus medullaris was thought to vary
with the age of the child (7–9). Cross-sectional
imaging studies, however, indicate that the nor-
mal conus medullaris position can vary from
the middle of T11 to the bottom of L2 by the age
of 2 months (7, 9) and probably at birth (7, 10).
More recent study by Soleiman and colleagues
(11) studied 635 adult patients with no spinal
deformity and demonstrated the mean position
of the tip of the conus medullaris at the level
of the middle third of L1. The range extended
from the lower third of T11 to the upper third
of L3 (11). Although a spinal cord terminating
at these normal levels can be tethered (8), the
conus that terminates caudal to the L2–L3 disc
space is at much higher risk of being tethered (7,
9, 12). Neuroimaging can define the anatomical
location of the conus medullaris but the concept
and word of “tethered” is a neurophysiological
concept which requires clinical input (13). Small
fibrolipomas in the filum terminale may be seen
in untethered as well as tethered cords. Five
to six percent of normal individuals can have
variable amounts of fat in the filum terminale
(14, 15).

Epidemiology

Spinal Dysraphism

Three percent of neonates have major cen-
tral nervous system or systemic malformations
(16). Furthermore, 5–15% of pediatric neurol-
ogy hospital admissions are related to cere-
brospinal anomalies (17). The incidence of neu-
ral tube defects in the United States is 1.2–1.7
per 1,000 births (18, 19). Almost half of neural
tube defects are caused by anencephaly (0.6–0.8
per 1,000 births), and the majority of the remain-
ing are caused by spinal dysraphism (0.5–0.8
per 1,000 births) (18, 19). Occult spinal dys-
raphism is the most prevalent spinal axis mal-
formation (20) and the most common indica-
tion for spinal imaging in children (21). Occult

spinal dysraphic lesions are commonly asso-
ciated with urinary tract anomalies (22). One
well-recognized risk factor for this disorder is
folate deficiency in the mother.

The clinical spectrum of occult dysraphism
is broad, ranging from skin stigmata such as
a dimple, sinus tract, hairy patch, or heman-
gioma to motor, bladder, or bowel dysfunction
(23–25). About 50–80% of occult spinal dys-
raphic cases exhibit a dermal lesion (15–28).
However, 3–5% of all normal children have skin
dimples (29, 30).

Scoliosis

Adolescent idiopathic scoliosis, by far the most
common form, has a prevalence between 0.5
(31) and 3% (31, 32) and occurs more often
in females. In a UK study of 15,799 children
and young adolescents, Stirling and colleagues
(31) found that the prevalence ratio of girls to
boys was 5.2 [95% confidence interval (CI), 2.9–
9.5]. In a study of 26,947 students, Rogala et al.
(33) found that for curves ranging from 6 to
10◦, the girl-to-boy ratio was 1:1, whereas the
ratio was 5.4:1 for curves greater than 20◦. The
more severe the curve, the greater the predomi-
nance of girls over boys. Infantile scoliosis con-
stitutes approximately 8% of idiopathic scolio-
sis, whereas juvenile scoliosis represents 18%
(34). Male predominance is seen in infantile sco-
liosis. Congenital scoliosis is caused by failure
of segmentation and normal formation of spinal
elements (4). In a series of 60 cases of congeni-
tal scoliosis, Shahcheraghi and Hobbi (6) found
that the most common type of anomaly was a
hemivertebra (failure of formation), and that the
most severe deformity was associated with a
unilateral unsegmented bar (failure of segmen-
tation) with a contralateral hemivertebra.

The etiology of adolescent scoliosis remains
a mystery; however, some principles are gener-
ally agreed upon (34):

1. The progression of scoliosis is related to
severity and skeletal maturity. The younger
the onset and the greater the severity of the
curve, the faster the progression. Although
previously it was believed that scoliosis
remained stable after skeletal maturity was
attained, Weinstein and Ponseti (35) demon-
strated that 68% of curves worsened after
bone maturity.
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2. The typical scoliosis curve is not associated
with pain or neurologic signs and symptoms.
Painful curves, especially if rapidly progres-
sive or if associated with an atypical curve
pattern, are frequently caused by underlying
diseases (36).

3. Less than 10% of the curves require treat-
ment (37).

Goals

Spinal Dysraphism

In patients with spinal dysraphism, the goal
of imaging is to detect early neurosurgical cor-
rectable occult dysraphic lesions in order to pre-
vent neurologic damage, upper urinary tract
deterioration, and potential infection of the dor-
sal dermal sinuses.

Scoliosis

In patients with scoliosis, the goal of imaging
is to detect and characterize the type of curve
and its severity, to track disease progression and
monitor changes related to treatment, and to
identify those cases in which occult etiologies
exist (4).

Methodology

The authors performed a MEDLINE search
using Ovid (Wolters Kluwer U.S. Corpora-
tion, NY City) and PubMed (National Library
of Medicine, Bethesda, MD) for data relevant
to the diagnostic performance and accuracy
of both clinical and radiographic examination
of patients with occult spinal dysraphism or
scoliosis during the years 1966–January 2008.
Animal studies and non-English articles were
excluded. The titles, abstracts, and full text of
the relevant articles were reviewed at each step.

Discussion of Issues in Spinal
Dysraphism

I. How Accurate Is Imaging in Occult
Spinal Dysraphism?

Summary of Evidence: Several studies have
shown that MRI and ultrasound have better

overall diagnostic performances (i.e., sensitiv-
ity and specificity) than do plain radiographs
(moderate evidence) for detection of occult
spinal dysraphism (21, 26, 38, 39). The sensi-
tivity of spinal MRI and ultrasound has been
estimated at 95.6 and 86.5%, respectively (31,
39). The specificity of spinal MRI and ultra-
sound has been estimated at 90.9 and 92.9%,
respectively (21, 39). Conversely, the sensitivity
and the specificity of plain radiographs have
been estimated at 80 and 18%, respectively (26,
38).

Supporting Evidence: The diagnostic perfor-
mance of the imaging tests available is shown
in detail in Table 14.1.

II. What Are the Clinical Predictors of
Occult Spinal Dysraphism (OSD)?

Summary of Evidence: The prevalence of OSD
ranges from as low as 0.34% in children with
intergluteal dimples to as high as 46% in
newborns with cloacal malformation (moder-
ate evidence). Table 14.2 summarizes the spec-
trum of occult spinal dysraphism into low-,
intermediate-, and high-risk groups.

Supporting Evidence: Children in the low-risk
group included those with simple skin dim-
ples as the sole manifestation or newborns
of diabetic mothers. Intergluteal dimples over
the sacrococcygeal area rarely extend into the
spinal canal (40–42). Caudal regression syn-
drome occurs at higher rates in children born
to diabetic mothers (43). The prevalence (pre-
test probability) of a dysraphic lesion among
low-risk patients has been estimated at 0.3–3.8%
(Table 14.2). In the low range (0.3%) are chil-
dren with low intergluteal dimples, while in
the upper range (3.8%) are children with higher
lumbosacral dimples (19, 26, 31) (moderate and
limited evidence).

Children in the intermediate-risk group
included those with complex skin stigmata
(hairy patch, hemangiomas, lipomas, and well-
defined dorsal dermal sinus tracks) or low
and intermediate anorectal malformations. The
prevalence (pre-test probability) of a dys-
raphic lesion among intermediate-risk patients
has been estimated at 27–36% (Table 14.2)
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(moderate evidence). Children in the high-risk
group included those with high anorectal mal-
formations, cloacal malformation, and cloacal
exstrophy. The prevalence (pre-test probability)
of a dysraphic lesion among high-risk patients
has been estimated at 44–100% (Table 14.2)
(moderate evidence).

III. What Are the Natural History and
Role of Surgical Intervention in
Occult Spinal Dysraphism?

Summary of Evidence: Early detection and
prompt neurosurgical correction of occult
spinal dysraphism may prevent upper urinary
tract deterioration, infection of dorsal dermal
sinuses, or permanent neurologic damage (44–
48) (moderate and limited evidence). Several
studies have demonstrated that motor function,
urologic symptoms, and urodynamic patterns
may be improved, stabilized, or prevented by
early surgical intervention in patients with
occult spinal dysraphism (49, 50) (moderate
and limited evidence). The surgical outcome
may be better if intervention occurs before the
age of 3 years (49–51) (moderate and limited
evidence). Spinal neuroimaging, therefore, has
the important role of determining the presence
or the absence of an occult spinal dysraphic
lesion so that appropriate surgical treatment
can be instituted in a timely manner.

At our institution, occult dysraphic lesions
diagnosed in the newborn period are usually
operated at the age of 2–3 months. There-
fore, if ultrasound is indicated, it is performed
in the early newborn and infancy period to
avoid a limited sonographic window from pos-
terior element mineralization (52, 53). If MRI
is required, it is usually performed a few days
before surgery.

Supporting Evidence: In the newborn period,
most children with OSD are neurologically
asymptomatic (29). Symptoms from occult
spinal dysraphism are often not apparent until
the child becomes older and is ambulating (29)
(moderate evidence). The most common clini-
cal presentations for occult dysraphic patients
later in life include delay in walking, delay in
the development of sphincter control, asymme-
try of the legs or abnormalities of the feet (i.e.,

pes cavus and pes equinovarus), and pain in the
lower extremities or back (44, 45, 49, 54–57).

Several studies have demonstrated improve-
ment of the multiple symptoms associated with
occult dysraphism if surgical intervention is
performed (49–51) (moderate and limited evi-
dence). However, there are differences in out-
come depending on the timing of surgery (51).
Using surgical outcome data from the study by
Satar and colleagues (51), in the children diag-
nosed and surgically treated before the age of
3 years, 60% became asymptomatic, 30% were
unchanged, and 10% worsened. Conversely, the
same study data for the children diagnosed
and surgically treated after the age of 3 years
demonstrated that 27% became asymptomatic,
27% improved, 27% were unchanged, and 19%
worsened (51).

Dysraphic patients with a central nervous
system communicating dorsal dermal sinus
(i.e., 10% of all dysraphic patients) are at risk
for infection (26). The most dreaded infection
is meningitis. Meningitis in the patient with
a communicating dorsal dermal sinus may be
caused by gram-negative or anaerobic bacte-
ria (58, 59). The meningitis mortality rate in
patients with communicating dorsal dermal
sinus ranges between 1 and 12% (57–61) (lim-
ited evidence).

Severely symptomatic patients with dys-
raphism are at high risk of upper urinary tract
deterioration (30, 62). In this population, up to
15% may have upper urinary tract deteriora-
tion (30, 62) and of those with progressive renal
damage, 7.5% may develop end-stage renal dis-
ease over a 10-year period if undiagnosed (30,
62) (limited evidence).

IV. What Is the Cost-Effectiveness of
Imaging in Children with Occult
Spinal Dysraphism?

Summary of Evidence: Cost-effectiveness analy-
sis suggests that, in newborns with suspected
OSD, appropriate selection of patients and diag-
nostic strategy may increase quality-adjusted
life expectancy and decrease cost of medical
workup (30).

Supporting Evidence: A cost-effectiveness anal-
ysis (CEA) in children with occult spinal
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dysraphism has been published in Pediatrics
(30). This study assessed the clinical and eco-
nomic consequences of four diagnostic strate-
gies, MRI, ultrasound, plain radiographs, and
no imaging with close clinical follow-up, in the
evaluation of newborns with suspected occult
spinal dysraphism (30).

A decision-analytic Markov model and cost-
effectiveness analysis was performed incorpo-
rating (1) pre-test or prior probability of dis-
ease in three different risk groups, (2) sensitivity
and specificity of diagnostic tests, and (3) mor-
bidity and mortality rates of early versus late
diagnosis and treatment of dysraphism. Out-
comes were based on quality-adjusted life year
(QALY) gained and incremental cost per QALY
gained.

Medina and colleagues (30) found that
in low-risk children with intergluteal dim-
ple or newborns of diabetic mothers (pre-
test probability=0.3–0.34%), ultrasound was the
most effective strategy with an incremental
cost-effectiveness ratio of $55,100 per quality-
adjusted life year (QALY) gained. The cost for
QALY is less than $100,000 and hence consid-
ered a reasonable cost-effective strategy. For
children with lumbosacral dimples who have a
higher pre-test probability of 3.8%, ultrasound
was less costly and more effective than MRI,
plain radiographs, or no imaging with close
clinical follow-up.

In intermediate-risk newborns with low
anorectal malformation (pre-test probability
27%), ultrasound was more effective and less
costly than radiographs and no imaging. How-
ever, MRI was more effective than ultrasound
at an incremental cost-effectiveness ratio of
$1,000 per QALY gained. Therefore, this diag-
nostic strategy has a very low cost per QALY
gained. In the high-risk group that included
high anorectal malformation, cloacal malforma-
tion, and exstrophy (pre-test probability 44–
46%), MRI was actually cost saving when com-
pared with the other diagnostic strategies.

For the intermediate-risk group, the CEA
was sensitive to the costs and diagnostic per-
formances (sensitivity and specificity) of MRI
and ultrasound. Lower MRI cost or greater
MRI diagnostic performance improved the cost-
effectiveness of the MRI strategy, while lower
ultrasound cost or greater ultrasound diagnos-
tic performance worsened the cost-effectiveness

of the MRI strategy. Therefore, individual or
institutional expertise with a specific diagnos-
tic modality (MRI versus ultrasound) may influ-
ence the optimal diagnostic strategy.

Discussion of Issues in Scoliosis

I. How Should the Radiographic
Evaluation of Scoliosis Be Performed?

Summary of Evidence: Radiographic measure-
ments of scoliosis are reproducible, particu-
larly when the levels of the vertebral body
end plates measured are kept constant at each
radiographic study over time (moderate evi-
dence). Unexpected findings on radiographs are
unusual (limited evidence) (4).

Supporting Evidence: Many articles have
addressed the variability in measurement
of the Cobb angle in adolescent idiopathic scol-
iosis. In a 1990 study by Morrisy and colleagues
(67), four orthopedic surgeons performed six
measurements on 50 frontal radiographs. The
95% CIs were 4.9◦, and the variation was
greatest when the end-plate vertebrae were
not preselected (moderate evidence). Similar
variability was noted in the sagittal and coronal
planes. Carman and colleagues (68) had five
observers perform two measurements on 28
radiographs showing kyphosis or scoliosis
and found 95% CIs of 8◦ for scoliosis and 7◦
for kyphosis (Moderate Evidence). A more
recent study (69) comparing manual versus
computer-assisted radiographic measurements
(24 radiographs, six observers) found a sta-
tistically significant difference between the
95% CIs of manual measurements (3.3◦) and
computer-generated measurements (2.6◦).

Variability is greater for congenital scoliosis
versus idiopathic scoliosis. Using six observers
and 54 radiographs, Loder and colleagues (70)
found 95% CIs of 11.8◦ (moderate evidence).

The contribution of radiologists’ reports of
scoliosis radiographs to clinical management
was studied by Crockett and colleagues (71).
These investigators retrospectively reviewed
161 charts and analyzed them for the presence
or the absence of information about certain key
parameters. There was no mention of how the
review was done or whether there was any
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attempt to correct for bias. Radiologists added
information in 1.9% of the cases that, although
not specified, was not deemed clinically signifi-
cant (limited evidence) (71).

II. What Radiation-Induced
Complications Result from
Radiographic Monitoring of
Scoliosis?

Summary of Evidence: Patients with severe scol-
iosis are monitored with the use of serial radio-
graphs that expose the body to radiation. Radio-
graphic monitoring of scoliosis results in a clear
increase in the radiation-induced cancer risk,
particularly to the breast (4) (moderate evi-
dence). It also results in a high dose of radi-
ation to the ovaries and worsens reproductive
outcome in females (4) (moderate evidence).
Therefore, it is very important to reduce the
radiation exposure. Posteroanterior projection
greatly reduces exposure, and some digital sys-
tems also decrease radiation (72).

Supporting Evidence: In 2000, Morin Doody and
colleagues (73) published a retrospective cohort
study of 5,573 female patients with scoliosis
diagnosed before the age of 20 years. The
average length of follow-up was 40.1 years,
with complete follow-up in 89%. The aver-
age number of radiographs per patient was
24.7 (range, 0–618), and the mean estimated
cumulative radiation dose to the breast was
10.8 cGy (range, 0–170). This dose is equiv-
alent to 54 two-view mammograms (average
breast dose of 2 mGy) (0.2 cGy). Seventy-
seven breast cancer deaths were observed com-
pared with 45.6 expected deaths on the basis
of US mortality rates. Women with scoliosis
had a 1.7-fold risk of dying of breast cancer
(95% CI, 1.3–2.1) when compared with the gen-
eral population. The data suggested that radia-
tion was the causative factor, with risk increas-
ing significantly with the number of radio-
graphic exposures and the cumulative radiation
dose (moderate evidence). Potential confound-
ing was noted because the severity of disease
was related to radiation exposure and reproduc-
tive history; patients with more severe disease
were less likely to become pregnant and had a
greater risk of breast cancer.

In a large retrospective cohort study of 2,039
patients, Levy and colleagues (74) found an
excess lifetime cancer risk of 1–2% (12–25 cases
per 1,000 population) among women (moder-
ate evidence). The same group suggested that
supplanting the anteroposterior (AP) view with
the posteroanterior (PA) view would result in
a three- to sevenfold reduction in cumulative
doses to the thyroid gland and the female
breast, three- to fourfold reductions in the life-
time risk of breast cancer, and a halving of the
lifetime risk of thyroid cancer (75). The same
cohort of women was evaluated for adverse
reproductive outcomes (76). Of the initial group
of 1,793 young women evaluated for scoliosis
between 1960 and 1979, 1,292 women returned
questionnaires in 1990. This cohort was com-
pared with a reference group of 1,134 women
selected randomly from the general population.
The adolescent idiopathic scoliosis cohort had
a higher risk of spontaneous abortions [odds
ratio (OR), 1.35; 95% CI, 1.06–1.73] (moderate
evidence). The odds of unsuccessful attempts
at pregnancy (OR, 1.33; 95% CI, 0.84–2.13) and
of congenital malformations in their offspring
(OR, 1.2; 95% CI, 0.78–1.84) were also higher but
not statistically significant (moderate evidence).

Digital radiography seems to reduce radia-
tion exposure. The results are varied (77–79),
and the technology is evolving (limited evi-
dence). Recent studies report an 18-fold reduc-
tion with some systems (72) versus an almost
twofold increase with others (80).

III. What Is the Role of Magnetic
Resonance Imaging in Idiopathic
Scoliosis?

Summary of Evidence: Significant controversy
exists on the use of MR in idiopathic scolio-
sis. (1) Patients with idiopathic scoliosis and an
abnormal neurological exam; (2) children under
the age of 11 years; and (3) patients with levo-
convex or atypical curves are at higher risk of
CNS lesions and hence MRI is recommended
(limited to moderate evidence). However, sig-
nificant exceptions to these rules have been
reported in the literature (limited to moder-
ate evidence). Therefore, patients with scolio-
sis considered for surgical intervention should
have preoperative MRI to avoid the potential
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irreversible neurological complications that
could occur if any underlying CNS lesion was
undetected or misdiagnosed.

Supporting Evidence: Cheng and colleagues (81)
studied 36 healthy control subjects, 135 patients
with moderately severe adolescent idiopathic
scoliosis (Cobb angle less than 45◦), and 29 sim-
ilar patients with Cobb angles greater than 45◦.
All of the patients were evaluated prospectively
with MR imaging looking specifically for ton-
sillar ectopia and with somatosensory-evoked
potentials. Tonsillar herniation was found in
none of the controls versus 4 of 135 (3%) and 8 of
29 (27.6%) of the two scoliotic groups (P<0.001)
(moderate evidence). Similarly, the percent-
ages of patients with abnormal somatosensory-
evoked potentials were 0, 11.9, and 27.6%,
respectively. There was a significant associa-
tion between tonsillar ectopia and abnormal
somatosensory function (P<0.0011; correlation
coefficient, 0.672) (moderate evidence). Tonsil-
lar ectopia was defined as any inferior displace-
ment of the tonsils, and none of the patients
had a displacement greater than 5 mm, which
is considered the usual threshold for the diag-
nosis (82–84).

Several studies have addressed the preva-
lence of MR abnormalities in patients with
severe idiopathic scoliosis who are otherwise
asymptomatic. Do and colleagues (85) stud-
ied a consecutive series of 327 patients with
idiopathic scoliosis requiring surgical interven-
tion (average preoperative curve of 57◦) but
without neurologic findings. The patients, aged
10–19 years, were evaluated from the base
of the skull to the sacrum. Seven patients
had abnormal MR images, including two with
syrinx, four with Chiari malformation type I,
and one with a fatty vertebral body. None
of them required specific treatment for these
findings (moderate evidence). In four other
cases, equivocal MR findings necessitated addi-
tional workup. In a similar prospective double-
blinded study of 140 patients evaluated preop-
eratively, Winter et al. (86) found four patients
with abnormalities, three with Chiari I malfor-
mations, and one with a small syrinx, none
of whom required treatment. In another study
of MR examinations performed preoperatively,
Maiocco et al. (87) found 2 of 45 patients with
syrinx, one requiring decompression (moderate
evidence).

To study whether the severity of the curve
increased the risk of associated abnormalities,
O’Brien et al. (88) performed MR evaluation on
33 consecutive patients with adolescent idio-
pathic scoliosis and Cobb angles greater than
70◦. No neural axis abnormalities were found
(limited evidence).

In a recent prospective study by Maenza (89)
of 56 patients with juvenile and adolescent scol-
iosis, 11 patients (19.6%) had spinal axis lesions
(Chiari I, n=5; Chiari I and syringomyelia, n=4;
diastematomyelia and tethered cord, n=1; and
tethered cord, n=1) (moderate evidence). In this
group, the right and left thoracic curve patterns
were seen in the same number of patients (4
of 11 each) (89) (moderate evidence). Thirty-
six percent of the patients in this group were
under the age of 11 years. Four patients (7.1%)
had intracranial lesions (Dandy Walker syn-
drome, n=1; hydrocephalus, n=2; and cere-
bellar angioma, n=1). Four of the 15 patients
(26.7%) with CNS abnormalities (spinal axis or
intracranial lesions) had a normal neurologi-
cal exam. Aria and colleagues found in 1,059
patients with scoliosis screened with MRI a total
of 43 patients with syringomyelia and 38 of
them associated with a Chiari I (90) (moder-
ate evidence). Charry and colleagues found in
25 patients with scoliosis and syringomyelia,
10 patients with a levothoracic and 9 patients
with a dextrothoracic curve pattern (limited evi-
dence) (91).

Several studies have shown that, with sco-
liosis types that are different from the typical
adolescent idiopathic form, there is a high
prevalence of neural abnormalities (4). Of 30
consecutive children with congenital scolio-
sis studied by Prahinski and colleagues (92),
nine had syringomyelia. Of these children,
one required release of the tethered cord and
one correction of a diastematomyelia (limited
evidence). Two studies of prepubertal children
suggest a high incidence of neural abnormal-
ities in juvenile and infantile scoliosis. In a
study of 26 consecutive children aged less
than 11 years, Lewonowski and colleagues
(93) found 5 (19.2%) with abnormalities of the
cord. Three required surgical intervention, two
with hydromyelia, and one with a mass (93)
(limited evidence). Gupta and colleagues (94)
found that 6 of 34 patients under 10 years
of age studied prospectively had neural axis
abnormalities, including two patients with
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syrinx requiring syringopleural shunting
(one with a Chiari I malformation). Other
abnormalities included dural ectasia, tethered
cord, and a brainstem astrocytoma (limited
evidence).

In a retrospective review of 95 patients with
idiopathic scoliosis who had been studied for
various indications, Schwend and colleagues
(95) found that 12 had a syrinx, 1 a cord astro-
cytoma, and 1 dural ectasia (limited evidence).
Left thoracic scoliosis was the most important
predictor of abnormality (10 abnormalities in
43 patients). Mejia and colleagues (96) then
performed a prospective study (level 2) of 29
consecutive patients with idiopathic left tho-
racic scoliosis, finding only two with syrinx
and no other abnormalities (limited evidence).
Barnes and colleagues (36) retrospectively ana-
lyzed 30 patients with atypical idiopathic scol-
iosis and found 17 abnormalities in 11 patients,
including seven cases of syringohydromyelia
and five Chiari I malformations (Limited
Evidence).

Take Home Figures and Tables

How Should Physicians Evaluate Newborns
with Suspected Occult Spinal Dysraphism?

The decision tree in Fig. 14.1 reinforces the
primary importance of a careful acquisition of
a medical history and performance of a thor-
ough examination in newborns with suspected
spinal dysraphism (30). For those patients in
the high-risk group, imaging of the spine with
MRI is recommended. For those patients in
the intermediate-risk group, imaging of the
spine with MRI or ultrasound is suggested,
while in the low-risk group, the strategies of
ultrasound or no imaging may be indicated.
Selection between these two strategies per risk
group may be based on individual and insti-
tutional diagnostic performance and cost per
test. In newborns with suspected occult dys-
raphism, appropriate selection of patients for
imaging based on these risk groups may maxi-
mize health outcomes for patients and improve
health-care resource allocation.

Figure 14.1. Suggested decision tree for use in newborns with suspected occult spinal dysraphism. For those
patients in the high-risk group, MRI is recommended. For patients in the intermediate-risk group, ultrasound
(US) or MRI is the strategy of choice, while for the low-risk group, ultrasound or no imaging is recommended.
For patients with negative imaging studies, close clinical follow-up with periodic reassessment is recom-
mended. (Reproduced with permission from Medina LS, Crone K, Kuntz KM. Newborns with suspected
occult spinal dysraphism: a cost-effectiveness analysis of diagnostic strategies. Pediatrics. 2001;108:E101.
Copyright © 2001 by the AAP.).
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Tables 14.1 and 14.2 discuss the diagnostic
performance of imaging tests in children with

occult spinal dysraphism and the risk groups
for occult spinal dysraphism, respectively.

Table 14.1. Diagnostic performance of imaging tests in children with occult spinal
dysraphism

Variable

Baseline
value
(%)

95%
Confidence
intervala

(%) References

Ultrasound
Sensitivity 86.5 75–98 (30, 39)
Specificity 92.0 84–100 (30, 39)

MRI
Sensitivity 95.6 89.8–99.7 (20, 30)
Specificity 90.9 75.7–98.1 (20, 30)

Plain
radiographs

Sensitivity 80 80–100 (26, 30, 38)
Specificity 18 11–25 (30, 38)
a95% confidence intervals were estimated from the available literature.

Modified with kind permission of Springer Science+Business Media from Medina LS, Jaramillo D, Pacheco-
Jacome E, Ballesteros MC, Grottkau BE. Imaging of Spine Disorders in Children: Dysraphism and Scoliosis. In
Medina LS, Blackmore CC (eds.): Evidence-Based Imaging: Optimizing Imaging in Patient Care. New York:
Springer Science+Business Media, 2006.

Table 14.2. Risk groups for occult spinal dysraphism
Variable Baseline risk (%) References

Low-risk group
Offsprings of diabetic mothers 0.3 (30, 63–65)
Intergluteal dimples 0.34 (15, 30)
Lumbosacral dimple 3.8 (29)

Intermediate-risk groups
Low anorectal malformation 27 (66)
Intermediate anorectal malformation 33 (66)
Complex skin stigmataa 36 (29)

High-risk group
High anorectal malformation 44 (66)
Cloacal malformation 46 (22)
Cloacal exstrophy 100 (22)
aHemangiomas, hairy patches, and subcutaneous masses.

Modified with kind permission of Springer Science+Business Media from Medina LS, Jaramillo D, Pacheco-
Jacome E, Ballesteros MC, Grottkau BE. Imaging of Spine Disorders in Children: Dysraphism and Scoliosis. In
Medina LS, Blackmore CC (eds.): Evidence-Based Imaging: Optimizing Imaging in Patient Care. New York:
Springer Science+Business Media, 2006.
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Detail History and Physical
Exam

• Unusual clinical findings (pain, rapid
progression)

• Neurologic abnormality
• Age less than 11 years
• Unusual curve
• Before spine surgery

Radiographs PA with dose minimization
technique

Probably Scoliosis Clinically

Entire Spine MRI

Scoliosis Figure 14.2. Suggested decision tree for
use in patients with suspected scolio-
sis. Decision tree emphasizes the impor-
tance of clinical history, physical exam,
and radiographs in determining the need
for MRI. (Modified with kind permission
of Springer Science+Business Media from
Medina LS, Jaramillo D, Pacheco-Jacome E,
Ballesteros MC, Grottkau BE. Imaging of
Spine Disorders in Children: Dysraphism
and Scoliosis. In Medina LS, Blackmore CC
(eds.): Evidence-Based Imaging: Optimiz-
ing Imaging in Patient Care. New York:
Springer Science+Business Media, 2006.).

How Should Scoliosis Be Evaluated?

Figure 14.2 summarizes the decision tree for
patients with suspected scoliosis.

Imaging Case Studies

Case 1: Spinal Dysraphism

Imaging case study illustrates a child with skin
stigmata (Fig. 14.3) who has an occult dysraphic
lesion of the intradural lipoma type (Fig. 14.4).

Figure 14.3. Photograph of the lower back reveals
skin discoloration, hairy patch, and dorsal lipoma.
(Reprinted with kind permission of Springer Sci-
ence+Business Media from Medina LS, Jaramillo
D, Pacheco-Jacome E, Ballesteros MC, Grottkau BE.
Imaging of Spine Disorders in Children: Dysraphism
and Scoliosis. In Medina LS, Blackmore CC (eds.):
Evidence-Based Imaging: Optimizing Imaging in
Patient Care. New York: Springer Science+Business
Media, 2006.).
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Figure 14.4. Sagittal T1-weighted imaging shows a
dorsal lipoma extending into the spinal canal with
an associate low-lying conus medullaris. (Reprinted
with kind permission of Springer Science+Business
Media from Medina LS, Jaramillo D, Pacheco-Jacome
E, Ballesteros MC, Grottkau BE. Imaging of Spine
Disorders in Children: Dysraphism and Scoliosis. In
Medina LS, Blackmore CC (eds.): Evidence-Based
Imaging: Optimizing Imaging in Patient Care. New
York: Springer Science+Business Media, 2006.).

Case 2: Scoliosis

Imaging case study illustrates a child with atyp-
ical levoconvex thoracic scoliosis (Fig. 14.5) who
has neurofibromatosis type 1 with underlying
plexiform neurofibromas(Fig. 14.6).

Figure 14.5. Frontal radiograph of the spine reveals
atypical levoconvex thoracic scoliosis and right tho-
racic apical mass. (Reprinted with kind permission
of Springer Science+Business Media from Medina
LS, Jaramillo D, Pacheco-Jacome E, Ballesteros MC,
Grottkau BE. Imaging of Spine Disorders in Chil-
dren: Dysraphism and Scoliosis. In Medina LS, Black-
more CC (eds.): Evidence-Based Imaging: Optimiz-
ing Imaging in Patient Care. New York: Springer
Science+Business Media, 2006.).
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Figure 14.6. Coronal T2-weighted image shows a
large right neck and chest plexiform neurofibroma.
(Reprinted with kind permission of Springer Sci-
ence+Business Media from Medina LS, Jaramillo
D, Pacheco-Jacome E, Ballesteros MC, Grottkau BE.
Imaging of Spine Disorders in Children: Dysraphism
and Scoliosis. In Medina LS, Blackmore CC (eds.):
Evidence-Based Imaging: Optimizing Imaging in
Patient Care. New York: Springer Science+Business
Media, 2006.).

Suggested Imaging protocols for
Spinal Dysraphism and Scoliosis

Spinal Dysraphism

Spinal Ultrasound
Should be performed before the age of 3 months
to avoid limited acoustic window from min-
eralization of posterior elements. An experi-
enced operator should perform the study using
a high-frequency 5–15 MHz linear array trans-
ducer (52).

Entire Spine MRI
A retrospective case–control study including
101 patients (moderate evidence) suspected of

having occult lumbosacral dysraphism demon-
strated that conventional three-plane, T1-
weighted lumbosacral MR imaging in children
and young adults provided better diagnostic
information than did a fast-screening, two-
plane, T1-weighted MRI because of its higher
specificity and interobserver agreement (21).
T2-weighted images in the axial and sagittal
plane are often added to the protocol to assess
intrinsic cord abnormalities. Intravenous para-
magnetic contrast is not routinely used unless
the patient has a communicating dorsal dermal
sinus tract or clinical concerns of underlying
infection.

Scoliosis

Scoliosis Radiographs
Should be performed only when clinically
indicated. Using the posteroanterior projec-
tion greatly reduces exposure, and some dig-
ital systems also decrease radiation (4, 72).
Use of gonads and breast lead shields further
decreases the radiation exposure.

Entire Spine MRI
Patients with scoliosis may represent an
imaging challenge. In patients with scol-
iosis being evaluated with MRI, the entire
spine should be covered. Three-plane, T1-
and T2-weighted images should be obtained
with different obliquities to optimize imaging
information. Another approach is to obtain
three-dimensional FSE volumetric imaging.
Weinberger and colleagues (97) recommend
using a TR of 500 ms, TEeff of 21 ms, echo train
length (ETL) of 8, 20–38 cm field of view, 256
× 256 in-plane matrix, 1 mm sagittal partition
thickness, one excitation, and 16 kHz of receive
bandwidth. Intravenous paramagnetic contrast
is important in the evaluation of intramedullary
and extramedullary neoplasm.

Future Research

• Formal cost-effectiveness analysis of imag-
ing in children with scoliosis.

• Further development of low- or no-radiation
imaging techniques for patients with scolio-
sis.
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• Large series studying the role of MRI in scol-
iosis.

References

1. Pacheco-Jacome E, Ballesteros MC, Jayakar P,
Morrison G, Ragheb J et al. Neuroimag Clin N
Am 2003;13:327–334.

2. Soonawala N, Overweg-Plandsoen WCG,
Brouwer OF. Clin Neurol Neurosurg
1999;101:11–14.

3. Tortori-Donati P, Cama A, Rosa ML, Andreussi
L, Taccone A. Neuroradiology 1990;31:
512–522.

4. Jaramillo D, Poussaint TY, Grottkau BE. Neu-
roimag Clin N Am 13 2003; 335–341.

5. Oestreich AE, Young LW, Young Poussaint T.
Skeletal Radiol 1998;27(11):591–605.

6. Shahcheraghi GH, Hobbi MH. J Pediatr Orthop
1999;19(6):766–775.

7. DiPietro MA. Radiology 1993;188:149–153.
8. Rowland Hill CA, Gibson PJ. Am J Neuroradiol

1995;16:469–472.
9. Wilson DA, Prince JR. Am J Neuroradiol

1989;10:259–262.
10. Beek FJ, de Vries LS, Gerards LJ, Mali WP. Neu-

roradiology 1996;38(Suppl):S174–S177.
11. Soleiman J, Demaerel P, Rocher S et al. Spine

30(16): 1875–1880.
12. Barson AJ. J Ana 1970;106:489–497.
13. Warder DE, Oakes WJ. Neurosurgery

1993;33:374–378.
14. Haworth JC, Zachary RB. Lancet 1955;2:10–14.
15. Milhorat TH, Miller JI. In Avery GB, Fletcher

MA, Mhairi GM (eds.): Neonatology, 4th edn.
Philadelphia: J.B. Lippincott, 1994;1155–1163.

16. Kalter H, Warkany J. N Engl J Med 1983;308:
424–431.

17. Bird TD, Hall JG. Neurology 1977;27:1057–1060.
18. Vintzileos AM, Ananth CV, Fisher AJ, Smulian

JC, Day-Salvatore D, Beazoglou T et al. Am J
Obstet Gynecol 1999; 180(5):1110–1114.

19. Knight GJ, Palomaki GF. In Elias S, Simpson
JL (eds.): Maternal Serum Screening for Fetal
Genetic Disorders, New York: Churchill Living-
stone, 1992;41–58.

20. Egelhoff JC, Prenger EC, Coley BD. In Ball W
Jr. (ed.): Pediatric Neuroradiology, Philadelphia:
Lippincott-Raven Publishers, 1997;717–778.

21. Medina LS, Al-Orfali M, Zurakowski D,
Poussaint TY, DiCanzio J et al. Radiology
1999;211:767–771.

22. Appignani BA, Jaramillo D, Barnes PD,
Poussaint TY. Am J Roentgenol 1994;163:
1199–1203.

23. Raghavan N, Barkovich AJ, Edwards M, Nor-
man D. Am J Roentgenol 1989;152:843–852.

24. Brophy JD, Sutton LN, Zimmerman RA, Bury E,
Schut L. Neurosurgery 1989;25:336–340.

25. Moufarrij NE, Palmer JM, Hahn JF, Weinstein
MA. Neurosurgery 1989;25:341–346.

26. Volpe JJ. Neurology of the Newborn, 4th edn.
Philadelphia: W.B. Saunders, 2001.

27. Hoffman HJ, Hendrick EB, Humphreys RP.
Childs Brain 1976;2:145–155.

28. Hoffman HJ, Taecholarn C, Hendrick EB,
Humphreys RP. J Neurosurg 1985;62:1–8.

29. Kriss VM, Desai NS. Am J Roentgenol
1998;171:1687–1692.

30. Medina LS, Crone K, Kuntz KM. Pediatrics
2001;108:E101.

31. Stirling AJ, Howel D, Millner PA, Sadiq S,
Sharples D et al. J Bone Joint Surg Am
1996;78(9):1330–1336.

32. Newton PO, Wenger DR. In Morrissy RT, Wein-
stein SL (eds.): Lovell & Winter’s Pediatric
Orthopaedics, 5th edn. Philadelphia: Lippincott
Williams & Wilkins, 2000;677–740.

33. Rogala EJ, Drummond DS, Gurr J. J Bone Joint
Surg Am 1978;60(2):173–176.

34. Al-Arjani AM, Al-Sebai MW, Al-Khawashki HM,
Saadeddin MF. Saudi Med J 2000;21(6):554–557.

35. Weinstein SL, Ponseti IV. J Bone Joint Surg Am
1983;65(4):447–455.

36. Barnes PD, Brody JD, Jaramillo D, Akbar JU,
Emans JB. Radiology 1993;186(1):247–253.

37. Weinstein SL. Spine 1999;24(24):2592–2600.
38. Horton D, Barnes P, Pendleton BD, Polly M. J

Okla State Med Assoc 1989;82:15–19.
39. Rohrschneider WK, Forsting M, Darge K, Tröger

J. Radiology 1996;200:383–388.
40. Powell KR, Cherry JD, Hougen TJB, Blinderman

EE, Dunn MC. J Pediatr 1975;87:744–750.
41. Byrd SE, Darling CF, McLone DG. Radiol Clin

North Am 1991;29:711–752.
42. Herman TE, Oser RF, Shackelford GD. The role

of neonatal spinal sonography. Clinical Pedi-
atrics 1993;32:627–628.

43. Estin MD, Cohen AR. Neurosurg Clin N Am
1995;6:377–391.

44. Kaplan JO, Quencer RM. Radiology
1980;137:387–391.

45. McLone DG, Naidich TP. In McLaurin RL, Schut
L Venes JL, Epstein F (eds.) Surgery of the Devel-
oping Nervous System, Philadelphia: W.B. Saun-
ders Co, 1989,71–96.

46. Yamada S, Iacono RP, Andrade T, Mandybur
G, Yamada BS. Neurosurg Clin N Am 1995;6:
311–323.

47. Davis PC, Hoffman JC, Ball TI, Wyly JB, Braun
IF, Fry SM et al. Radiology 1988;166:679–685.



Chapter 14 Imaging of Spine Disorders in Children 207

48. Scatliff JH, Kendall BE, Kingsley DPE, Britton
J, Grant DN et al. Am J Neuroradiol 1989;10:
269–277.

49. Pang D, Wilberger JE. J Neurosurg 1982;57:32–47.
50. Fone PD, Vapnek JM, Litwiller SE, Couillard DR,

McDonald CM, Boggan JE et al. J Urol 1997;157.
51. Satar N, Bauer SB, Shefner J, Kelly MD, Darbey

MM. J Urol 1995;154:754–758.
52. Coley BD, Siegel MJ. In Siegel MJ (ed.): Pediatric

Sonography, Philadelphia: Lippincott Williams
& Wilkins, 2002; 671–698.

53. Rubin JM, Di Pietro MA, Chandler WF et al.
Radiol Clin North Am 1988;26:1–27.

54. Page LK. In Wilkins RH, Rengachary SS
(eds.): Neurosurgery, New York: McGraw Hill,
1992;2053–2058.

55. Westcott MA, Dynes MC, Remer EM, Donaldson
JS, Dias LS. Radiographics 1992;12:1155–1173.

56. Atala A, Bauer SB, Dyro FM et al. J Urol
1992;148:592–594.

57. Reigel DH, Tchernoukha, K., Bazmi B, Kortyna R,
Rotenstein D. Pediatr Neurosurg 1994;20:30–42.

58. Law DA, Aronoff SC. Pediatr Infect Dis J 1992;
11:968–971.

59. Rogg JM, Benzil DL, Haas RL, Knuckey NW. Am
J Neuroradiol 1993;14:1393–1395.

60. DiTullio MVJr. . Surg Neurol 1977;7:351–354.
61. Feigen RD, Cherry JD. Textbook of Pediatric

Infectious Diseases, 2nd edn. Philadelphia: W.B.
Saunders Co, 1987.

62. Capitanucci ML, Iacobelli BD, Silveri M,
Mosiello G, De Gennaro M. Eur J Pediatr Surg
1996;6(Suppl 1):25–26.

63. Mills JL. Teratology 1982;25:385–394.
64. Rusnak SL, Discoll SG. Pediatrics 1965;35:

989–995.
65. Becerra JE, Khoury MJ, Cordero JF, Ericson JD.

Pediatrics 1990;85:1–9.
66. Long FR, Hunter JV, Mahboubi S, Kalmus A,

Templeton JM. Radiology 1996;200:377–382.
67. Morrissy RT, Goldsmith GS, Hall EC, Kehl D,

Cowie GH. J Bone Joint Surg Am 1990;72(3):
320–327

68. Carman DL, Browne RH, Birch JG. J Bone Joint
Surg Am 1990;72(3):328–333.

69. Shea KG, Stevens PM, Nelson M, Smith JT, Mas-
ters KS et al. Spine 1998;23(5):551–555.

70. Loder RT, Urquhart A, Steen H, Graziano G,
Hensinger RN, Schlesinger A et al. J Bone Joint
Surg Br 1995;77(5):768–770.

71. Crockett HC, Wright JM, Burke S, Boachie-Adjei
O. Idiopathic scoliosis. Spine 1999;24(19):2007–
2009; discussion 2010.

72. Kalifa G, Charpak Y, Maccia C, Fery-Lemonnier
E, Bloch J, Boussard JM et al. Pediatr Radiol
1998;28(7):557–561.

73. Morin Doody M, Lonstein JE, Stovall M, Hacker
DG, Luckyanov N et al. Spine 2000;25(16):
2052–2063.

74. Levy AR, Goldberg MS, Hanley JA, Mayo
NE, Poitras B. Health Phys 1994;66(6):
621–633.

75. Levy AR, Goldberg MS, Mayo NE, Hanley JA,
Poitras B. Spine 1996;21(13):1540–1547; discus-
sion 1548.

76. Goldberg MS, Mayo NE, Levy AR, Scott SC,
Poitras B. Epidemiology 1998;9(3):271–278.

77. Kalmar JA, Jones JP, Merritt CR. Spine
1994;19(7):818–823.

78. Kling TF, Jr., Cohen MJ, Lindseth RE, De Rosa GP.
Spine 1990;15(9):880–885.

79. Stringer DA, Cairns RA, Poskitt KJ, Bray H, Mil-
ner R et al. Pediatr Radiol 1994;24(1):1–5.

80. Geijer H, Beckman K, Jonsson B, Ander-
sson T, Persliden J. Radiology 2001;218(2):
402–410.

81. Cheng JC, Guo X, Sher AH, Chan YL, Metreweli
C. Spine 1999;24(16):1679–1684.

82. Barkovich AJ, Wippold FJ, Sherman JL, Citrin
CM. Am J Neuroradiol 1986;7(5):795–799.

83. Elster AD, Chen MY. Radiology 1992;183(2):
347–353.

84. Mikulis DJ, Diaz O, Egglin TK, Sanchez R. Radi-
ology 1992;183(3):725–728.

85. Do T, Fras C, Burke S, Widmann RF, Rawlins B et
al. J Bone Joint Surg Am 2001;83–A(4):577–579.

86. Winter RB, Lonstein JE, Heithoff KB, Kirkham
JA. Spine 1997;22(8):855–858.

87. Maiocco B, Deeney VF, Coulon R, Parks PF, Jr.
Spine 1997;22(21):2537–2541.

88. Brien MF, Lenke LG, Bridwell KH, Blanke K, Bal-
dus C. Spine 1994;19(14):1606–1610.

89. Maenza RA. J Pediatr Orthop Sept 2003;
12(5):295–302.

90. Arai S, Ohtsuka Y, Moriya H, Kitahara
H, Minami S. Scoliosis associated with
syringomyelia. Spine 1993; 18:1591–1592.

91. Charry O, Koop S, Winter RB, Lonstein J, Denis
F et al. J Pediatr Orthop 1994; 14:309–317.

92. Prahinski JR, Polly DW, Jr., McHale KA, Ellenbo-
gen RG. J Pediatr Orthop 2000;20(1):59–63.

93. Lewonowski K, King JD, Nelson MD. Spine
1992;17(6 Suppl):S109–S116.

94. Gupta P, Lenke LG, Bridwell KH. Spine
1998;23(2):206–210.

95. Schwend RM, Hennrikus W, Hall JE, Emans JB. J
Bone Joint Surg Am 1995;77(1):46–53.

96. Mejia EA, Hennrikus WL, Schwend RM, Emans
JB. J Pediatr Orthop 1996;16(3):354–358.

97. Weinberger E. Murakami J, Shaw D, White K,
Radvilas M et al. J Comput Assist Tomogr
1995;19:721–725.



15
Imaging of the Spine for Traumatic

and Nontraumatic Etiologies
C. Craig Blackmore

IssuesI. Who should undergo imaging of the cervical spine following
trauma?

II. Who should undergo imaging of the thoracic and lumbar spine fol-
lowing trauma?

III. Who should undergo imaging for nontraumatic back pain?
IV. Special case: spondylolysis

Key Points� Imaging in older children and adolescent victims of trauma should be
limited to those who have any of the following criteria: (1) altered neu-
rologic function, (2) intoxication, (3) midline posterior bony cervical
spine tenderness, and (4) other painful distracting injury (moderate
evidence).

� In contrast to adults, children with back pain should undergo evalua-
tion to understand the cause of back pain. Imaging is clearly indicated
in children and adolescents when infection, tumor, or scoliosis is sus-
pected. Imaging is probably not indicated in subjects with symptoms
of relatively short duration and intensity and in whom the physical
examination is benign (insufficient evidence).

� Spondylolysis should be suspected in adolescent athletes with
exercise-induced low back pain. Because spondylolysis may not be
apparent on radiography, SPECT or CT is indicated if clinical suspi-
cion is high (limited evidence).

C.C. Blackmore (�)
Department of Radiology, Virginia Mason Medical Center, Seattle, WA, USA
e-mail: craig.blackmore@vmmc.org
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Definition and Pathophysiology

Cervical spine injury patterns in children are
profoundly affected by the anatomy, biome-
chanics, and mechanisms of injury, all of which
change as the child matures. Further, injuries
in this age group are most common in the
upper cervical spine (1–3) and may be disloca-
tions and purely ligamentous disruptions. From
the National Pediatric Trauma Registry, 84% of
injured subjects 8 years of age and younger had
upper cervical spine injuries (C1–C4) (1). In the
NEXUS study, all four cervical spine injuries
in young children were at the C2 level or
higher (2).

The cervical spine achieves adult size by age
10, though complete fusion of the vertebral bod-
ies does not occur until the mid-teenage years.
In older children and adolescents, the pat-
terns and mechanisms of injury parallel those
of young adults, with increasing proportion
of lower cervical spine injuries resulting from
motor vehicle crashes (2, 4).

Data on thoracic and lumbar spine fractures
in children are even more limited. Lower spine
fractures occur generally as a consequence of
high-energy trauma, with Chance or flexion
distraction-type injuries at the thoracolumbar
junction being relatively more common (5, 6).

Nontraumatic low back pain is a relatively
common condition in both children and adults.
Though extensively studied in the adult popu-
lation, relatively less is known about the preva-
lence, etiology, and significance of back pain in
the pediatric age group.

The etiology of nontraumatic low back
pain in children and adolescents is not well
understood. Etiological studies have grouped
the factors associated with pediatric back
pain into four broad categories: anthropome-
try, lifestyle factors, mechanical, and psycho
social/behavioral fractures. All of these fac-
tors are somewhat controversial (7). Among the
anthropometry factors that have been impli-
cated are height, rate of growth, and spinal
mobility, though the evidence supporting all
of these factors is somewhat in conflict. The
primary lifestyle factors that have been impli-
cated include participation in sports, specif-
ically weight lifting, skiing, and gymnastics
(8–11), though, conversely, sedentary activ-
ity has also been implicated (12). The main

mechanical fracture that has attracted much
attention is the use of heavy school backpacks.
Currently, the American Academy of Pediatrics
recommends that backpacks not exceed 10–20%
of the child’s body weight, though this recom-
mendation is based on limited evidence (13,
14). Finally, as in adults, psychosocial factors
appeared to have a role (7).

Pediatric back pain can be grouped into broad
categories. In addition to trauma, spondyloly-
sis and spondylolisthesis are important causes
of pediatric back pain, particularly in athletes
(10, 11). Scoliosis and spinal dysraphism may
also contribute to back pain. (See Chapter 14
on scoliosis and spine dysraphism.) In addi-
tion, benign and malignant bone tumors and
infections can be the etiology of both chronic
and acute symptomatology. (See Chapter 17 on
osteomyelitis.) Finally, degenerative conditions,
though less frequently seen than in adults, can
also occur in the pediatric age group, including
disk herniations and disk and endplate degen-
eration.

Epidemiology

In children under the age of 8, cervical spine
injuries are uncommon (15–17). The National
Emergency X-Radiography Utilization Study
(NEXUS) included 818 individuals with cervi-
cal spine fracture. However, only four of these
were 8 years of age or younger (2). There are
no reliable data on the prevalence of thoracic or
lumbar spine fractures in children.

The prevalence of low back pain in pediatric
patients is not clearly established. A prospective
study in Belgium of children 9–12 years of age
demonstrated that 18% who had not reported
back pain at baseline had at least one episode
over the 2-year study (14). However, a meta-
analysis of published lifetime prevalence stud-
ies performed by Jeffries et al. (18) found a
range of 5–74% (18, 19).

Overall Cost to Society

Data on the cost of pediatric back pain are not
available. There are estimates that back pain in
the United States in adults costs more than $90
billion per year, though the relevance of this
figure to the pediatric group is unclear (20).



Chapter 15 Traumatic and Nontraumatic Etiologies 211

Goals

The primary role of imaging in trauma is to
exclude an unstable spinal injury. The primary
role of imaging in nontraumatic back pain is to
exclude a serious underlying pathological con-
dition as an explanation for the child’s pain.

Scoliosis and painful congenital deformities
will be considered in a separate chapter. Addi-
tionally, infection including diskitis and ver-
tebral osteomyelitis will be covered in this
textbook in the appropriate chapter on bone
infections. This chapter will focus on traumatic
causes of back pain as well as on spondylolysis
and spondylolisthesis.

Methodology

The author performed a MEDLINE search
using PubMed (National Library of Medicine,
Bethesda, MD) to identify publications report-
ing data on indications for imaging and imag-
ing diagnostic performance for subjects at risk
for traumatic spine injury and for those report-
ing nontraumatic back pain. The search time
frame was January 1, 1980 to December 31, 2008.
The study was limited to human, pediatric sub-
jects, and English language publications. Addi-
tional references were searched from the identi-
fied papers.

Discussion of Issues

I. Who Should Undergo Imaging of
the Cervical Spine Following
Trauma?

Summary of Evidence: The NEXUS clinical pre-
diction rule is a reasonable method of iden-
tifying which older children and adolescents
should undergo cervical spine imaging after
trauma. Imaging should be performed in sub-
jects with (1) altered neurologic function, (2)
intoxication, (3) midline posterior bony cervi-
cal spine tenderness, and (4) distracting injury
(moderate evidence). There are no reliable data
on when imaging is indicated in younger chil-
dren (insufficient evidence). Radiography can
appropriately be used to exclude cervical spine
fracture in children, though cervical spine CT

may be useful in high-risk subjects. In younger
children, CT should be limited to the upper cer-
vical spine (limited evidence).

Supporting Evidence: Evidence for who should
undergo imaging is less complete in children
than in adults. Determination of clinical pre-
dictors of injury in pediatric subjects is compli-
cated by the decreased incidence of injury in
children, requiring larger sample size for ade-
quate study (4, 21). In addition, children may
sustain serious cervical cord injuries that are not
radiographically apparent (4, 21). Among adult
clinical prediction rules, the Canadian Clinical
Prediction Rule development study excluded
children (22). The NEXUS trial included chil-
dren, but there were only 30 injuries in subjects
under age 18 and only 4 in subjects under age
9 (2, 23). Although no pediatric injuries were
missed in the NEXUS study, the sample size
was too small to adequately assess the sensi-
tivity of the prediction rule in this group. Fur-
ther validation of a pediatric version of the
NEXUS was performed at a single academic
pediatric trauma center in the United States.
In 647 trauma victims age 3 or older, injuries
were found in approximately 2%, of whom four
required operative fixation. No missed injuries
were reported (24).

A pediatric adaptation of the NEXUS is thus
a reasonable approach, suggesting that imag-
ing is indicated only when subjects have any
of the following: (1) altered neurologic function,
(2) intoxication, (3) midline posterior bony cer-
vical spine tenderness, and (4) distracting injury
(moderate evidence) (24). In addition, imaging
is warranted in subjects under age 3 who are at
risk for cervical spine injury, as the NEXUS can-
not be reliably applied in these subjects (limited
evidence).

Comparison of CT versus radiography has
not been well explored in children. Radiogra-
phy has accuracy for cervical spine fracture
of approximately 94% (25), similar to adults
(26). The odontoid view and flexion extension
radiographs contribute little in young children
(27–29). CT is likely more accurate than radio-
graphy but does encompass higher radia-
tion doses and higher costs (30). The cost-
effectiveness analysis of Blackmore and col-
leagues excluded children (26, 31, 32), as did
the studies of the Harborview high-risk cervi-
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cal spine criteria (31, 32). Further, the lower
frequency of injury in children (2, 4) and the
increased radiosensitivity of pediatric subjects
(33) suggest that cost-effectiveness results from
adults may not be relevant.

A reasonable approach to pediatric cervi-
cal spine imaging is the Harborview proto-
col (Fig. 15.1). Overall, radiography is ade-
quate to exclude cervical spine fracture in most
younger children (30, 34) (limited evidence).
However, the use of upper cervical CT in high-
risk younger children (35) who are getting head
CT is probably reasonable, as the time and the
cost are minimal, and the thyroid can be spared
the CT radiation dose if imaging is limited to the
upper cervical spine (insufficient evidence). In
addition, upper cervical spine injuries are more
common than lower cervical injuries in younger
children (Fig. 15.2) (1–3).

II. Who Should Undergo Imaging of
the Thoracic and Lumbar Spine
Following Trauma?

Summary of Evidence: There are no clinical pre-
diction rules validated in children for the deter-
mination of when imaging is indicated. How-
ever, a reasonable approach is to image when
any of the following are present: (1) complaints
of thoracolumbar spine pain, (2) thoracolumbar
spine pain on midline palpation, (3) decreased
level of consciousness, (4) abnormal peripheral
nerve examination, (5) distracting injury, and
(6) intoxication (moderate evidence). No reli-
able data exist on when to image in younger
children (insufficient evidence). Compared to
adults, younger children are less likely to local-
ize pain and may have pain referred to the spine
from intra-abdominal causes, particularly renal
(infection and obstruction).

Supporting Evidence: Data on appropriate indica-
tions for thoracolumbar spine imaging in chil-
dren are limited. The adult clinical prediction
rule from Holmes and colleagues did enroll
children. However, the actual number of chil-
dren in the study is not reported (36). The
youngest patient enrolled in the small clinical
prediction rule validation trial by Hsu et al. was
14 years of age (37).

Given the 100% sensitivity in adults, it is rea-
sonable to employ the Holmes clinical predic-
tion rule in older children and perform imaging
when any of the following clinical predictors
are met: (1) complaints of thoracolumbar spine
pain, (2) thoracolumbar spine pain on midline
palpation, (3) decreased level of consciousness,
(4) abnormal peripheral nerve examination, (5)
distracting injury, and (6) intoxication (moder-
ate evidence). In younger children, the crite-
ria would have to be modified ad hoc to meet
the clinical perception of the child’s ability to
provide reasonable responses and the clinical
picture (insufficient evidence). The specificity
of the Holmes prediction rule in adults was
low (3.9%), so it is not expected that the use
of this prediction rule would decrease unneces-
sary imaging (36).

III. Who Should Undergo Imaging for
Nontraumatic Back Pain?

Summary of Evidence: There are no validated
clinical prediction rules for determining which
subjects with nontraumatic low back pain
should undergo imaging. However, imaging is
clearly indicated if there is clinical concern for
infection, tumor, or scoliosis. Imaging is proba-
bly not indicated in subjects without concern for
one of the preceding entities, in whom the pain
has been of relatively short duration and inten-
sity and in whom the physical examination is
benign (insufficient evidence).

Spondylolysis is relatively common in ado-
lescent athletes and should be suspected
when pain develops in such subjects. Because
spondylolysis may not be apparent on radiog-
raphy, SPECT or CT may be warranted (limited
evidence).

Supporting Evidence: There are no quality clin-
ical trials on the value of imaging in children
and adolescents with nontraumatic back pain.
In addition, there are no validated clinical pre-
diction rules for determining which children
and adolescents should undergo imaging. Evi-
dence supporting the use of imaging is mainly
epidemiological, based on the relatively high
yield for imaging in selected groups. Several
studies from the 1980s reported that diagnos-
able pathology could be found in 52–84% of
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children with back pain (19, 38, 39). However,
a more recent paper by Bhatia et al. revealed
pathology in only 22% (40). The reason for
this difference is not clear, but it may be that
there is increasing reporting of uncomplicated
mechanical back pain in children, leading to
more frequent imaging of children with no ver-
tebral pathology.

Imaging is indicated in patients who may
be at risk for vertebral osteomyelitis or diski-
tis (see Chapter 17) and in those with scoliosis
(see Chapter 14). Risk factors for these condi-
tions include fever, malaise, weight loss, neuro-
logical deficit, focal deformity, and pain at night
(13, 41, 42). In addition, imaging is indicated
when a significant scoliosis is present (see
Chapter 14).

Among children and adolescents who have a
short duration of pain and no antecedent his-
tory of significant trauma, and without physi-
cal findings on examination that put the child
into a high-risk category for one of the diag-
noses above, imaging can be withheld. Though
substantiating evidence is lacking, a reasonable
list of risk factors that might promote imag-
ing includes point tenderness over the bony
elements, particularly the pars interarticularis,
radicular pain, abnormal neurologic examina-
tion, and pain with spinal flexion and extension
(13) (insufficient evidence).

In a small prospective study of 87 patients
seen by a single pediatric orthopedic surgeon
by Felman et al., the predictors of constant
pain, night pain, radicular pain, and abnor-
mal neurologic examination could be combined
into a clinical prediction rule to define sub-
jects at high risk for underlying pathologic diag-
nosis (spondylolisthesis, scoliosis, tumor, disc
degeneration, dysraphism). Patients with none
of these predictors had only a 19% probability
of underlying pathology, while patients of all
four predictors had a probability of 100% for
an underlying specific diagnosis. These results
have not been validated, but the results may
be useful in identifying subjects in whom addi-
tional imaging is indicated, after negative radio-
graphy (43) (limited evidence).

When imaging is indicated, radiography will
almost always be the initial imaging modal-
ity of choice. The accuracy of radiography is
not established. However, a recent protective
study by Bhatia et al. determined that among 13

patients in this series, 10 had definitive diagno-
sis by radiography, with the remainder requir-
ing CT, bone scan, or MRI (40). Similarly, in the
Feldman et al. study, of 31 subjects with specific
pathological diagnoses, 21 were diagnosed by
initial radiography, with an additional 10 being
diagnosed by MRI performed for high clini-
cal suspicion. Thus in this small study, radio-
graphy has a sensitivity of 68% (21 of 31) for
clinically important conditions (43). The speci-
ficity of radiography has not been documented.
Despite the relatively modest accuracy of radio-
graphy, however, the relatively low radiation,
low cost, and availability make this the initial
imaging modality of choice. CT is the preferred
imaging modality when spondylolysis is sus-
pected. Bone scan is useful when symptoms are
difficult to localize or if the acuteness of find-
ings on other imaging evaluation is in ques-
tion. MRI is the imaging modality of choice for
infection, tumor, or neural element pathology
(limited evidence).

IV. Special Case: Spondylolysis

Spondylolysis is the leading cause of low back
pain in adolescents after exclusion of patients
in whom no specific diagnosis can be made. In
the Bhatia et al. study, spondylolysis accounted
for 11% of patients presenting with low back
pain (40). The overall prevalence of spondylol-
ysis may be as high as 4.4% in small children
and 6% in adults (44). It is particularly preva-
lent in athletes, specifically gymnasts, weight
lifters, skiers, runners, and swimmers (8–12),
and is the cause of back pain in an estimated
50% of cases (45, 46). Spondylolysis may be
acute or chronic. Acute spondylolysis may be
precipitated by exercise and may be amenable
to conservative therapy (11). The prognosis
and treatment in chronic spondylolysis or in
spondylolisthesis is less clear.

There is no consensus on the appropriate
imaging evaluation of spondylolysis, and mul-
tiple modalities may be required in some indi-
viduals (45, 47–49). Unfortunately, however,
reliable data on the sensitivity and specificity
of any imaging modality in this clinical set-
ting are lacking. Though often the initial imag-
ing, radiography is considered relatively insen-
sitive for spondylolysis (50). CT scanning has
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been promoted as an effective method for deter-
mining the acuteness of spondylolysis and for
determining the potential for bony healing and
the extent to which healing has occurred (11, 50,
51). The accuracy of CT for staging and follow-
ing spondylolysis may be increased by perform-
ing thin-section scanning in the plane of the
pars articularis with angled reformations (Fig.
15.3). However, reliable data on CT accuracy do
not exist (48, 50) (insufficient evidence).

SPECT scan may be more sensitive for the
diagnosis of spondylolysis (52), but it is less
specific and provides less detailed anatomic
information (53). Scintigraphy may also help
differentiate painful acute spondylolysis from
chronic spondylolysis that is not a cause of pain
(54, 55). MRI (56–59) and PET-CT (60) show
promise but have not been well evaluated in
this population (insufficient evidence).

A reasonable imaging approach for suspected
spondylolysis is initial imaging with radiogra-
phy, followed by SPECT if no other cause of
pain is identified and the subject is at high risk.
If SPECT is negative, then no further imaging is
indicated. However, if SPECT is positive, thin-
section CT can be performed to define and stage
the lesion (limited evidence).

Take Home Figures and Tables

Figure 15.1 demonstrates imaging protocol for
pediatric blunt trauma. Table 15.1 discusses the
pediatric modification of the NEXUS cervical

spine imaging clinical prediction rule, and
Table 15.2 discusses thoracolumbar spine imag-
ing criteria.

Table 15.1. Pediatric modification of the
NEXUS cervical spine imaging clinical pre-
diction rule

Imaging of the cervical spine is not necessary if all
of the following are met (in children aged 3 years
and older):

1. Absence of midline cervical tenderness
2. Normal level of alertness
3. Absence of painful, distracting injury
4. No evidence of intoxication
5. Normal neurologic exam

Data from Hoffman et al. (23).
Adapted with permission from Anderson et al. (24).

Table 15.2. Thoracolumbar spine imaging
criteria

Thoracolumbar spine imaging is not indicated in
communicative children if all of the following are
absent:

1. Thoracolumbar spine pain
2. Thoracolumbar spine tenderness on midline

palpation
3. Decreased level of consciousness
4. Abnormal peripheral nerve examination
5. Distracting injury
6. Intoxication

Adapted with permission of Wiley-Blackwell from Holmes
et al. (5). Reprinted with the kind permission of Springer
Science+Business Media from Blackmore CC, Avey GD.
Imaging of the Spine in Victims of Trauma. In Medina LS,
Blackmore CC (eds): Evidence-Based Imaging. New York:
Springer Science+Business Media, 2006.

Figure 15.1. Pediatric
imaging protocol for
blunt trauma from Har-
borview Medical Center.
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Imaging Case Studies

Case 1

Figure 15.2 represents a case of atlantooccipital
subluxation with occipital condyle fracture in a
9-year-old boy.

A B

Figure 15.2. Atlantooccipital subluxation with occipital condyle fracture in a 9-year-old boy. A: Axial CT de-
monstrates right occipital condyle fracture (arrow). B: Coronal reformation demonstrates the right occipital co-
ndyle fracture (arrow) as well as widening at the left atlantooccipital joint (arrowheads).

Case 2

Figure 15.3 represents a case of spondylolysis in
a 15-year-old female.

A B C

Figure 15.3. Spondylolysis in a 15-year-old female. Initial axial CT (A) shows irregular linear lucencies
through the bilateral pars interarticularis (arrows). Angled thin-section oblique reformation (B) demonstrates
smooth margins indicating an acute injury (arrow). Follow-up CT 4 months later reveals near-complete healing
(C) on angled thin-section oblique reformation.
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Future Research

• Development and validation of clinical pre-
diction rules for the determination of which
pediatric victims of acute trauma should
undergo imaging of the cervical, thoracic,
and lumbar spine.

• Development and validation of clinical pre-
diction rules for determining who should be
imaged in nontraumatic pediatric low back
pain.

• Determination of the accuracy of various
imaging modalities for the diagnosis, stag-
ing, and prognosis of spondylolysis.

• Development of fast MRI protocols for the
evaluation and staging of spondylolysis in
adolescent athletes to avoid radiation from
repeated CT scanning.
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16
Imaging for Early Assessment of

Peripheral Joints in Juvenile
Idiopathic Arthritis

Elka Miller and Andrea Doria

IssuesI. What is the diagnostic performance of radiography in juvenile idio-
pathic arthritis (JIA)?

II. What is the diagnostic performance of MRI and ultrasound (US) in
JIA?

III. Can MRI and/or US (diagnostic tests) accurately detect synovial
hypertrophy in JIA children?

IV. Can cross-sectional imaging modalities (MRI and/or US) accurately
demonstrate evidence of cartilage degeneration?

V. Is there an association between imaging (US or/and MRI) evidence
of cartilage degeneration and clinical response to treatment?

VI. What is the diagnostic accuracy of peripheral quantitative ultra-
sound (QUS) and peripheral computed tomography (pQCT) to
detect bone changes in children with JIA?

Key Points� Plain radiographs are the standard imaging tools for the diagnosis of
JIA; however, they show low sensitivity (50%) and moderate specificity
(85%) for detection of cartilage destruction (strong evidence).

� Both MRI and ultrasound (US) can detect synovial hypertrophy, car-
tilage erosions, and joint effusion in peripheral joints of children with
JIA. Ultrasound is less sensitive than MRI for assessment of both soft
tissue findings (sensitivity 62%) and superficial cartilage loss (sensitiv-
ity 60%) (moderate evidence).

� Both MRI and ultrasound can demonstrate clinically meaningful
response to treatment (moderate evidence).

� Although dual-energy X-ray absorptiometry (DEXA) is the most com-
monly used quantitative imaging method for assessing bone mass,
no standardized pediatric normative DEXA database is currently
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available for children under the age of 5 years and for hips and
wrists of older children. Therefore, other imaging techniques such as
peripheral quantitative ultrasound (QUS) and computed tomography
(pQCT) have been investigated as alternative techniques to DEXA for
evaluation of osteopenic changes in pediatric arthropathies. pQCT is
more sensitive than QUS for evaluation of bone density changes (insuf-
ficient evidence) but has the disadvantage of using ionizing radiation.

� Overall, MRI is the imaging modality of choice for evaluation of joints
in children with JIA. However, US can be an excellent initial imaging
tool for evaluation of young children who otherwise would require
sedation for MR imaging (moderate evidence).

Definition and Pathophysiology

Juvenile idiopathic arthritis (JIA) is a nonmi-
gratory chronic monoarticular or polyarticular
arthropathy of childhood. The diagnostic crite-
ria for JIA include disease onset prior to the age
of 16 years, presence of arthritis in one or more
joints for at least 6 weeks, onset type defined
by the type of disease in the first 6 months of
diagnosis (Table 16.1), and exclusion of other
forms of juvenile arthritis (1). It may be associ-
ated with systemic manifestations that include
fever, erythematous rashes, nodules, leukocy-
tosis and, less commonly, iridocyclitis, pleuri-
tis, pericarditis, anemia, fatigue, and growth
failure (2). At the time of presentation, other
causes of inflammation should be excluded.
JIA differs from the adult type of rheumatoid
arthritis (RA) because of the age of presenta-
tion, its preference for large joints, tendency for
generating joint contractures and muscle wast-
ing, and its association with extra-articular
manifestations (3).

Although the etiology of JIA is unknown,
some believe that it is multifactorial, given the
heterogeneity of presentations and course of
the disease. Juvenile idiopathic arthritis is char-
acterized by an acute synovitis that leads to
synovial proliferation and formation of a highly
cellular pannus (4). The pannus erodes the adja-
cent articular cartilage and subchondral bone,
leading to centripetal articular destruction, i.e.,
the articular damage starts at the periphery
of the joint and progresses toward its cen-
ter. Despite the fact that JIA is usually tran-
sient and self-limited, without active synovitis
in adulthood, up to 10% of children become
severely disabled in adulthood. The disease

process leads to joint instability, subluxation,
and ankylosis (5–7). Disturbance of the overall
joint growth can be consequent to the disease
itself and/or to the treatment (8).

The classification and the terminology of JIA
have been issues for disagreement in the sci-
entific community. In the past, two major sets
of criteria for diagnosis and classification of
JIA were used. In North America, the Amer-
ican College of Rheumatology (ACR) classi-
fied the subtypes of JRA into oligoarticular
(pauciarticular), polyarticular, and systemic. In
Europe, the European League Against Rheuma-
tism (EULAR) classified all childhood arthri-
tis into pauciarticular, polyarticular or systemic,
juvenile rheumatoid arthritis (positive rheuma-
toid factor), juvenile ankylosing spondylitis,
and juvenile psoriatic arthritis. The need for
a universally accepted system of classification
of childhood arthritis led to the development
of the International League of Associations of
Rheumatologists Taskforce. A new internation-
ally accepted classification system was estab-
lished in 1997 (Table 16.1) (1, 9) and the pre-
viously used terms juvenile chronic arthritis
and juvenile rheumatoid arthritis were incorpo-
rated under the term juvenile idiopathic arthri-
tis (JIA).

Epidemiology

Juvenile idiopathic arthritis is the most common
chronic musculoskeletal disease of childhood,
occurring worldwide. The incidence and the
prevalence of JIA range, respectively, between
5–18 and 30–150 per 100,000 children under
the age of 16 in Europe and North America
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(10). Twice as many girls as boys have JIA
(11). Although few data are available on geo-
graphic or racial groups of JIA patients, Han-
son et al. (12) studies suggest that in the United
States there are proportionately fewer African-
American than Caucasian children with JIA.
Onset of JIA before 6 months of age is distinctly
unusual; nevertheless, the age at onset is often
quite young, with the highest frequency occur-
ring between 1 and 3 years of age (13).

Radiographic changes are seen most fre-
quently in patients with JIA who have a pol-
yarticular course (14, 15). The presence of pol-
yarthritis is an essential requirement for patient
inclusion in controlled trials of second-line or
biologic agents (16, 17).

Large joints are most commonly affected in
this disease. The knee is the most frequently
affected joint followed by the ankle. Occasion-
ally children may develop changes in the cervi-
cal spine or temporomandibular joint (8). It has
been suggested that patients with JIA with pol-
yarthritis and wrist disease are at high risk of
experiencing radiographic progression (18). The
wrist is the most vulnerable site for early radio-
graphic changes in patients with JIA (15, 19).

Overall Cost to Society

Limited data are currently available in the med-
ical literature on the overall cost to the society
of clinical follow-up of JIA patients with MRI.
A recent systematic review on the economic
burden of rheumatoid arthritis in adults (20)
showed that the economic impact of this disease
is substantial as determined by all 14 studies
reviewed. Average annual medical costs were
reported to range from US $5,720 to US $5,822.
Medication constituted between 8% and 24%
of total medical costs, physician visits between
8 and 21%, and in-patient stays between 17
and 88%. No information about costs related to
imaging for diagnosis or follow-up of rheuma-
toid arthritis was however available in this
review. Bernatsky et al. (21) reported that the
total difference in annualized average direct
medical costs for children with JIA vs controls
(asthmatic children) was CND $1,686 (95% con-
fidence interval, $875, $2,500). JIA subjects had
substantially higher costs compared to controls
concerning medication use, visits to specialists

and allied health-care professionals, and diag-
nostic tests. With specific regard to diagnostic
tests (including imaging, laboratory, and pul-
monary function testing), the total difference in
annualized average costs was CND $170 (95%
confidence interval, $97, $244), approximately
10% of the total direct medical costs. In spite
of the relatively small percentage of costs for
diagnostic tests in comparison to the total costs
in the management of JIA as noted in a sin-
gle study (21) (insufficient evidence), repeated
imaging has the potential to have an economic
impact on the follow-up of JIA patients.

Clinical and Laboratory Predictors

The clinical and laboratory tests that are cur-
rently available for assessment of JIA are
poor for characterization of early inflammatory,
hypoxic, and vascular changes, which are the
primary physiologic events involved in the dis-
ease.

Radiography is the traditional standard for
assessment of established joint damage includ-
ing soft tissue changes, bone erosions, joint
space narrowing, joint subluxation, misalign-
ment, or ankylosis. However, so far no single
laboratory or imaging marker has adequately
reflected the spectrum of events involved in the
process of inflammatory arthritis.

Goals

The goals of imaging in children with suspected
or confirmed JIA are to (a) exclude alterna-
tive diagnoses although this may be challeng-
ing, given the poor specificity of findings (Table
16.2); (b) document initial and progressive dis-
ease in the joints; (c) determine treatment effects
by showing relative changes in joint appearance
over time; and (d) detect potential complica-
tions of the disease or the therapy (22).

Conventional radiography remains the stan-
dard practice imaging modality for evaluation
of disease progression in JIA (22). However,
only indirect signs of synovial inflammation
and cartilage degeneration can be identified
with this imaging modality and are detected
only in late stages of the disease (23).

In this chapter we will focus on the role of
conventional ultrasound (US) and MRI but will
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also comment on the potential role of quantita-
tive ultrasound (QUS) and peripheral quantita-
tive computed tomography (pQCT) for evalu-
ation of bony density changes in osteoporotic
patients.

Methodology1

An electronic search of the literature was per-
formed by the authors who identified studies
relevant to the diagnostic accuracy of cross-
sectional imaging (US, CT, and MRI) for assess-
ment of JIA. The MEDLINE (January 1966
to April 2007), the EMBASE (January 1980
to April 2007), the DARE database of the
National Health Service Center for Reviews
and Dissemination (1st quarter 2007), and the
Cochrane Library databases (1st quarter 2007)
were searched through OVID by using a vali-
dated search strategy.

The following articles were excluded: (I)
imaging considered as the reference standard
measure for assessment of the diagnostic accu-
racy of radiographic or clinical findings; (II)
case reports and case series, surveys, picto-
rial essay, comments, cost evaluations, decision
analysis models and review papers; (III) stud-
ies that reported axial joint disease (sacroiliac
joint or temporomandibular joint); (IV) papers
written in languages other than English, French,
German, Italian, Spanish, and Portuguese.

We applied the QUADAS (quality assessment
of studies of diagnostic accuracy included in sys-
tematic reviews) guidelines for assessment of the
selected articles in diagnostic accuracy (24).

Discussion of Issues

I. What Is the Diagnostic Performance
of Radiography in JIA?

Summary of Evidence: The diagnosis of JIA is
clinically based. Radiographs are used for base-
line and follow-up assessment of the joint

1 This section is adapted with permission from
Miller E, Roposch A, Uleryk E, Doria AS. Juve-
nile idiopathic arthritis of peripheral joints: Quality
of reporting of diagnostic accuracy of conventional
MRI. Acad Radiol 2009;16 (6):739–757.

involvement and its progression. It allows
exclusion of other disorders such as fractures,
tumors, and congenital disorders that can pro-
duce symptoms similar to JIA at presentation.
However, plain radiographs are usually insen-
sitive to the early changes of the disease.

Supporting Evidence: Radiography has advan-
tages over MRI, which include its low cost,
widespread availability, helpfulness in differen-
tial diagnosis, reasonable reproducibility, and
validated assessment methods. Nevertheless,
radiography is not sensitive (sensitivity 50%;
strong evidence, Table 16.3 in detecting early
cartilage deterioration) as compared with MRI
(reference standard measure). It is fairly spe-
cific (specificity, 85%; strong evidence, Table
16.3) for diagnosis of osteochondral abnormali-
ties (Table 16.3), provides projectional superim-
position, and uses ionizing radiation (25).

II. What Is the Diagnostic
Performance of US and MRI in JIA?

Summary of Evidence: The use of cross-sectional
imaging such as US and unenhanced MRI in
the initial diagnostic evaluation of JIA holds
the potential for improved diagnostic accu-
racy. US and unenhanced MRI are fairly sen-
sitive in assessing the morphologic status of
soft tissues, cartilage, and subchondral bone
compared to the gold standard for imaging,
contrast-enhanced MRI (moderate evidence)
(Tables 16.4 and 16.5).

US has the potential for more accurate assess-
ment of synovial thickness changes over time in
JIA knees as compared with clinical follow-up
(moderate evidence) (Tables 16.6 and 16.7).

Supporting Evidence

Ultrasound
Ultrasound is safe, relatively inexpensive, non-
invasive, dynamic, and does not use ioniz-
ing radiation. It also has the benefit of not
requiring sedation in children. However, US has
reduced reliability compared to MRI because
it can visualize only the peripheral cartilage
and it is operator dependent with regard to
the imaging acquisition and interpretation (26).
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This fact is particularly important for less com-
mon applications of US such as musculoskeletal
evaluations. In addition, there is lack of stan-
dardization of ultrasound techniques for assess-
ment of growing joints in the literature and
this imaging technique is unable to visualize
the central aspect of the joint if high-resolution
transducers are employed.

Data on the diagnostic accuracy of US in chil-
dren with JIA are limited. Assessment of joint
effusion, synovial hypertrophy, and cartilage
erosions by ultrasound can provide information
about the severity of the disease. Ultrasound
can differentiate between joint effusion and syn-
ovial hypertrophy (22), the latter appearing as
a hypoechoic irregular thickening of the syn-
ovial membrane. Erosions and focal or diffuse
thinning of the articular cartilage can also be
detected, however only peripherally in the joint.
Color Doppler ultrasound enables the detection
of perisynovial hyperemia. Studies in children
(27, 28) have demonstrated the ability of color
and power Doppler sonography, with or with-
out intravenous injection of contrast agents,
to estimate synovial activity in JIA. Resistive
indices and fraction of color pixels may be used
as quantitative measurements of the blood flow
(29). Specifically, contrast-enhanced sonogra-
phy holds potential for detection of active syn-
ovial inflammatory disease in subclinical JIA
patients guiding early treatment (27).

The number of studies on diagnostic accuracy
of US for assessment of JIA available in the liter-
ature is limited (n=8 in this systematic review).
There is very limited information in our review
(a single study, small sample size) about the
diagnostic performance of US as compared with
MRI (sensitivity for joint effusion 62% and for
superficial cartilage destruction 60%) (moderate
evidence) (Table 16.4). Most studies that used
US for assessment of JIA in the literature were
limited to the evaluation of the knee and hip
joints (27, 28, 30–34) (moderate evidence); how-
ever, US can also be used for assessment of
smaller joints such as hands (35). Note is made
that previous studies (36) demonstrated the
value of evaluating wrists and hands in JIA chil-
dren since loss of flexion of the wrists and radial
deviation in the metacarpophalangeal joints are
more frequent in children than in adults with
rheumatoid arthritis.

MRI
MRI plays an important role in assessing the
presence or the absence of synovitis, in estab-
lishing the extent of the disease in a given joint,
and in assessing outcomes either at a given
timepoint or repeatedly over time. Contrast-
enhanced MRI is a sensitive imaging tool for
evaluation of JIA (expert opinion), demonstrat-
ing synovial hypertrophy and cartilage degen-
eration which can only be indirectly evaluated
by plain radiography (37). In this review, only
two papers (38, 39) compared MRI with a refer-
ence standard measure (arthroscopy) for assess-
ment of the diagnostic performance of MRI in
JIA (criterion validity). In one paper (38), the
authors mentioned a single true-positive case (1
out of 30 patients [3%]) in which arthroscopy
confirmed femoral and tibial cartilage thin-
ning. In the other papers (39), the authors
reported 1 out of 21 cases (5%) that represented
a true-negative result upon comparison with
arthroscopy, another single case (5%) that rep-
resented a false-positive result (the partial ante-
rior cruciate ligament tear depicted on MRI was
not seen at arthroscopy), and a third single case
(5%) that represented a false-negative result (the
lateral meniscus tear seen at arthroscopy was
not depicted by MRI). In these two studies,
the limited sample size in which the diagnos-
tic performance of MRI could be assessed pre-
cludes a formal calculation of diagnostic perfor-
mance indices. Gylys-Morin et al.’s study (38),
however, demonstrated a suboptimal ability
of MRI to discriminate between patients with
JIA and control subjects as the area under the
curve of receiver operating characteristic curves
representing the accuracy of MRI as a dis-
criminative index was 0.60 (95% CI: 0.47–0.73,
p=0.07).

Unenhanced MRI, however, holds subopti-
mal to borderline sensitivity (73% joint effusion;
50–80% deep cartilage involvement) for diagno-
sis of peripheral JIA joints (moderate evidence,
poor sample size) (Table 16.5).

MRI has two main limitations: the long time
for imaging acquisition, requiring sedation in
young children, and the restricted coverage
of the body if dedicated extremity coils are
used, which can be a limiting factor when
there is clinical involvement of more than one
joint.
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III. Can US and/or MRI (Diagnostic
Tests) Accurately Detect Synovial
Hypertrophy in JIA Children?

Summary of Evidence: Both diagnostic tests are
accurate imaging tools for detection of syn-
ovial hypertrophy in the peripheral large
(knees, ankles, elbows, and hips) and small
(hands/wrists and feet) joints of children with
JIA (moderate evidence for US and MRI) (Tables
16.8 and 16.9).

Supporting Evidence

Ultrasound
Most of the information on the accuracy of US
for assessment of synovial hypertrophy in JIA
was obtained from studies in knees. Ultrasound
can be applied as an objective method for detec-
tion of synovial thickness, being able to demon-
strate either regular or irregular thickening of
the synovial membrane (Table 16.6). Thickness
of the synovial membrane of knees > 5 mm
on US is suggestive of active disease (27, 30–
32) (moderate evidence). Ultrasound can also
be used to evaluate the disease course dur-
ing therapy. Sureda et al. (30) reported syn-
ovial hypertrophy during follow-up in 17 of 48
joints (35%) of JIA patients in clinical remis-
sion (mean synovial thickness, 4.5 ± 1.6; range,
1.8–8.3 mm). In this study (30), no significant
differences in synovial thickness were noted
between patients with clinically active disease
and those in clinical remission, but there were
statistically significant differences (p<0.001) in
the thickness of the synovial membrane of con-
trol subjects and of patients of two JIA groups
(active and inactive disease). Gray-scale results
of Doria et al. (27) corroborated Sureda et al. (30)
results with regard to maximum synovial thick-
ness of knees when symptomatic and asymp-
tomatic subgroups of JIA patients were com-
pared. Furthermore, Doria et al. (27) showed
that the maximum synovial membrane thick-
ness of patients with asymptomatic joints but
with laboratory evidence of active disease was
significantly greater than the maximum syn-
ovial membrane thickness of control subjects
(p=0.002) (moderate evidence).

Color and power Doppler ultrasound can
help in the evaluation of the vascularity of
the synovial/perisynovial tissues. This topic

was explored by three studies that used unen-
hanced sonography (28, 34, 35) and by one
contrast-enhanced sonography study (27) that
demonstrated increased number of synovial
vessels representing increased pannus vascu-
larity in active JIA patients (moderate evi-
dence). The possibility of using microbubble-
based contrast-enhanced color Doppler ultra-
sound for evaluation of synovial changes in JIA
was previously investigated (27). The authors
of this study reported significant differences in
peak contrast enhancement [(mean pixel inten-
sity values at maximum contrast enhancement–
unenhanced mean pixel values)/unenhanced
mean pixel values] in children with active
(p=0.004) and subclinical (p=0.0001) JIA, but
not in asymptomatic JIA patients (p=0.06) and
control subjects (p=0.25). Patients with clin-
ically asymptomatic disease but with serum
chemistry levels of active disease can ben-
efit from identification of subclinical disease
with contrast-enhanced sonography (limited
evidence). Currently, microbubble agents are
used in the clinical setting mainly for cardiac
imaging diagnosis and they are not approved
for other uses in the United States. Accord-
ing to a recent FDA report (40), the diagnos-
tic information that can be provided by using
Definity (Perflutren Lipid Microsphere) or Opti-
son (Perflutren Protein-Type A Microspheres
for Injection) may, in certain situations, justify
the risk for serious cardiopulmonary reactions,
even in those patients at high risk for these reac-
tions and in some patients for whom the use of
these products was contraindicated. Neverthe-
less, patients with pulmonary hypertension or
unstable cardiopulmonary conditions must be
closely monitored during and for at least 30 min
postadministration of these microbubble con-
trast agents.

Few studies in the literature have correlated
changes in synovial thickness of JIA patients
over time with their corresponding clinical out-
come (28, 30, 33) (Table 16.7). The results of
these studies demonstrated that upon clinical
improvement over time, the synovial thickness
measurements tended to reduce in the interim
(moderate evidence).

MRI
MRI is an excellent tool for detection of
synovial hypertrophy (pannus) and joint
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effusions (moderate evidence). In unenhanced
MR imaging, fast spin-echo (FSE) with heavily
T2-weighted sequences allow excellent con-
trast between the hyperintense joint effusions
and the hypointense pannus (22, 41). Fat-
suppressed, T1-weighted sequences provide
good discrimination between pannus and joint
effusion (42, 43).

Use of Intravenous Contrast Material
Pannus can enhance after intravenous contrast
administration depending on the inflammatory
status of the joint. The use of intravenous con-
trast material helps to differentiate between
fluid and synovial thickening since pannus
exhibits rapid contrast enhancement (44–50)
(moderate evidence). At this point, however,
there is insufficient evidence to support the
assumption that quantitative enhancement of
synovium in patients with known JIA can grade
the level of disease activity, suggest the JIA sub-
type, or predict synovial changes over time after
treatment (47, 51, 52) (insufficient evidence).

With regard to challenges of the clinical use of
gadolinium, we should note that only joints that
are imaged immediately or soon after the injec-
tion will benefit from the qualitative assessment
that results from the use of contrast. Previous
studies have recommended that imaging acqui-
sition should occur within 5 min after contrast
material administration to capture peak syn-
ovial enhancement and prevent volume overes-
timation due to contrast material diffusion into
the joint space. Delays in imaging compromise
the differentiation of synovium from joint fluid
(38, 53, 54). If multiple joints are being imaged
at a given time in polyarticular JIA patients, the
assessment of contrast-enhanced soft tissues in
secondary joints (evaluated after scanning the
primary joint) may not be an accurate measure
of their inflammatory status.

Radiologists should also be aware of poten-
tial gadolinium–DTPA-related reactions in
patients with impaired renal function such
us the development of nephrogenic systemic
fibrosis (55).

Synovial Thickness and Volume Measures
Synovial thickness ≥3 mm is a sensitive and
specific MRI criterion for active synovitis in
knees of JIA patients (38). Changes in syn-
ovial thickness over time on MRI correlate
with clinical progression or improvement of

inflammation in the joint (51, 56) (moderate
evidence). Gardner-Medwin et al. (57) evalu-
ated MRI examinations of clinically unaffected
joints in 10 children with oligoarthritis within
4 months of presentation. Four of these chil-
dren (40%) developed arthritis in other joints
over a median of 4 (range 3–6) months after
the MRI scan. Three out of these four children
(75%) developed clinical features in the previ-
ously normal knee 4–11 months after MRI. Four
other children had a persistent monoarthropa-
thy. All four had normal MRI. Two children had
reactive arthritis. The authors concluded that
MRI can distinguish between patients with per-
sistent monoarthritis and those who developed
further clinical arthritis up to 1 year later.

Previous studies in JIA showed that measures
of synovial volume obtained after the adminis-
tration of gadolinium correlate well with syn-
ovial thickness measurements and with the
degree of clinical swelling of the joints (38, 46,
47) (moderate evidence). These results are sup-
ported by the results of studies in adult RA,
in which MRI-determined synovial membrane
volumes were shown to be closely related to
the rate of progressive joint destruction and to
be valuable as markers of joint disease activity
and predictors of progressive joint destruction
(58). Although this information is not available
in JIA, studies in adult RA demonstrated that
MRI-determined synovial volumes correlated
moderately (Spearman′s sigma, 0.55, p<0.001)
with the overall histologic assessment of syn-
ovial inflammation (59). The main limitations of
synovial volumetric measurements are the long
postprocessing time required for data analysis
and the potential inter- and intraobserver vari-
ability that may be present in manual analyses.
Computerized measurement of magnetic reso-
nance imaging joint volumes in adult RA, how-
ever, demonstrates excellent intraobserver reli-
ability and interoccasion reliability (60).

IV. Can Cross-Sectional Imaging
Modalities (US and/or MRI)
Accurately Demonstrate Evidence of
Cartilage Degeneration?

Summary of Evidence: Both MRI and US are able
to demonstrate cartilage abnormalities (mod-
erate evidence) (Tables 16.8 and 16.9). US can
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detect thinning or blurring of the margins of
the articular cartilage (moderate evidence). The
use of ultrasound to assess smaller joints such
as wrist, hands, and feet, which are initially
affected in JIA, should be further investigated.

Although previous studies have used
contrast-enhanced MRI as the reference
standard measure for detection of cartilage
abnormalities with unenhanced MRI (38, 44,
56, 61), to our knowledge, no previous studies
have evaluated the range of normal thickness
of the articular cartilage in joints of children of
different age groups. This lack of information
in the literature limits the specificity of diffuse
thinning of cartilage in joints of JIA children of
different ages.

Supporting Evidence: There are differences in the
cartilage of children and adults. In adults, the
cartilage of the articular surface is avascular,
protecting the underlying bone from inflamma-
tion. This anatomic characteristic results in the
development of the typical marginal erosions
of RA. In children, the ossification of the skele-
ton is closely related to the vascularity of the
epiphyseal and physeal cartilage. The unossi-
fied epiphysis and the very immature physis
are supplied by nonanastomotic vessels that
run within canals (62). As a result, when an
inflammatory process involves immature joints,
increased vascularity takes place in the epiphy-
seal cartilage (22, 35, 38) (moderate evidence).

Detection of cartilage changes with MRI
tends to be more reliable in older children than
in younger children (63) because of the pres-
ence of immature growth cartilage in joints of
younger children (64), which makes the distinc-
tion between cartilage abnormalities and nor-
mal growth changes problematic in some cases.
No previous studies have evaluated the range
of normal thickness of the articular cartilage in
joints of children of different age groups either
with MRI or US. This lack of information in the
literature makes difficult the assessment of dif-
fuse thinning of cartilage in joints of JIA chil-
dren of different ages.

Barnewolt et al. (62) evaluated gadolinium-
enhanced MR images of 80 normal epiphy-
ses in 48 neonates, infants, and children and
reported that gadolinium enhancement allowed
differentiation between physeal and epiphy-
seal cartilage and revealed epiphyseal vascu-

lar canals. Enhancement proved to be greater
in the physeal than in the epiphyseal carti-
lage (p< 0.001). In the unossified epiphysis, the
vascular canals were mainly parallel. After the
development of the secondary ossification cen-
ter, these canals tended to present with a radial
pattern (p<0.0001). Also, physeal enhancement
decreased with physeal closure. This study also
confirms the normal tendency for thinning of
the articular cartilage with maturity.

Ultrasound
The appearance of the normal articular carti-
lage on US is of a hypoechoic band that presents
with sharp margins. The involvement of the
articular cartilage by JIA can be appreciated
by thinning or blurring of the joint margins,
depending on the stage of the disease. Limi-
tations on the use of US for evaluation of the
cartilage include the impossibility for assessing
the entire joint (peripheral and central aspects)
with high-resolution transducers and the diffi-
culty in obtaining reproducible measurements
of cartilage thickness, given differences in mea-
surements according to the degree of obliquity
of the joints during imaging acquisition.

Abnormalities of cartilage were reported in
several studies on JIA. Sureda et al. (30)
reported blurring of the margins in 36 of the
56 (64%) cases of clinically active knee involve-
ment and in 15 of 48 (31%) cases of remission.
Cellerini et al. (33) reported abnormalities of the
articular cartilage such as irregular and blurred
edges in 5 of 49 (10%) knee joints. Shahim et al.
(28) reported a significant negative correlation
(r=–0.45, p<0.05) between cartilage thickness in
knee joints and disease duration. In the study
by Barbuti et al. (32), the articular cartilage out-
line appeared blurred in 36% of patients with
active knee disease. Finally, Karmazyn et al.
(35) reported signs of articular destruction
(bone erosions or cartilage thinning) in 25 of
200 (13%) metacarpophalangeal joints of JIA
patients (moderate evidence). In none of three
studies was a significant difference in the thick-
ness of the knee cartilage noted between JIA
patients and controls (30, 32, 33) (moderate evi-
dence). Nevertheless, differences in the sharp-
ness of the cartilage were noted between JIA
joints in remission and controls (30, 33).

Further investigation is required to determine
the normal thickness of the cartilage in healthy
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children of different ages using a standardized
ultrasound protocol for acquisition of measure-
ments (65) at given degrees of flexion of the
joints. Without this information, it will be chal-
lenging to evaluate the presence of diffuse thin-
ning of the articular cartilage in JIA joints in
future clinical trials.

MRI
In comparison with US, MRI has the advan-
tage of providing higher contrast resolution for
visualization of the cartilage, with the ability of
demonstrating the entire extension of the articu-
lar cartilage in different planes and of differen-
tiating epiphyseal, physeal, and articular carti-
lage in young children (62). Superficial or deep,
peripheral or central cartilaginous lesions are
well visualized with MRI (38, 44, 50, 51, 56, 61,
66, 67) (moderate evidence).

The administration of intravenous MR con-
trast material may enable the identification of
striated or linear enhancement of the cartilage.
This characteristic enhancement can either rep-
resent a normal pattern of vessels or relate
reactive hyperemia to the adjacent soft tis-
sue inflammation (62). Recognizing normal pat-
terns of cartilage on contrast-enhanced MRI
may avoid false-positive interpretations of MRI
examinations. Previous studies (44, 56, 66)
showed that the use of gadolinium facilitates
the evaluation of cartilage thickness and erosion
in acute and subacute JIA, but it is unlikely to
add any information to the unenhanced status
of the cartilage in chronic or advance disease
(61) (moderate evidence).

Morphologic evidence of cartilage destruc-
tion is best investigated with intermediate-
weighted, fast spin-echo and 3D gradient-
echo (MPGR), fat-saturated sequences
(moderate evidence) (38, 47, 51, 57). Recent
studies support the hypothesis that regional
variation in cartilage water concentration and
collagen orientation generates differences in
mobility of water in the cartilage, which can be
measured with T2 relaxation time maps (func-
tional MRI). Kight et al. (67) compared T2 map
values of the distal femoral weight-bearing
cartilage between 18 girls with JIA and controls
and reported that the average of T2 relaxation
times was significantly higher in girls with
JIA, which may reflect cartilage microstructure
differences that occur in JIA.

Two articles (44, 56) reported an association
between severity of clinical pain in the joint and
degree of cartilage destruction on MRI [p<0.05
(37)] (moderate evidence) (Table 16.9).

V. Is There an Association Between
Imaging (US or/and MRI) Evidence of
Cartilage Degeneration and Clinical
Response to Treatment?

Summary of Evidence: Although imaging can be
used to monitor the anatomic status of carti-
lage during and after treatment, there is insuf-
ficient evidence that MRI and/or US can pre-
dict the future status of the cartilage after the
use of therapeutic agents (insufficient evidence)
(Tables 16.8 and 16.9).

Supporting Evidence

Ultrasound
Imaging is able to evaluate the response to treat-
ment by measuring synovial thickness (hyper-
trophy) and to determine the optimal location
and route for topical steroid injection. However,
few articles have evaluated the effect of treat-
ment on the cartilage from the imaging perspec-
tive. Sureda et al. (30) reported that 2 out of 16
(12.5%) patients had marked clinical improve-
ment with corresponding decrease in cartilage
thickness (insufficient evidence).

MRI
Three out of 18 (17%) studies that used MRI for
assessment of JIA in our review evaluated the
effect of treatment. Of them, two out of three
(67%) studies used intraarticular steroid injec-
tion and one (33%) used conservative medical
treatment. In one study (45), the joints of 21
consecutive JIA patients who did not respond
to nonsteroidal anti-inflammatory treatment
underwent intraarticular corticosteroid injec-
tion in the knee, ankle, and elbow joints. In 12
out of 21 (57%) patients who had a follow-up
MRI performed 13 months after treatment, no
new anatomic abnormalities since the pretreat-
ment MRI were found at the follow-up MRI
and the cartilage integrity appeared well pre-
served. Another study (66) that used intraar-
ticular steroids to treat JIA knees and hips in
10 patients (15 joints) with JIA reported that
1 out of 10 (10%) patients had replacement
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of the articular cartilage by enhancing pan-
nus with almost complete resolution of carti-
lage changes posttreatment. The authors of this
study assumed that the cartilage changes repre-
sented infiltration rather than cartilage destruc-
tion. Cakmakci et al. (51) assessed the cartilage
status of joints in 21 JIA patients after medical
treatment and reported that 2 out of 18 (11%)
knees showed a decrease in the number of car-
tilage lesions on the 3–6-month follow-up MRI
(Table 16.9) (insufficient evidence). In this study,
MRI scores devised by the authors showed pro-
gression in eight knees, while clinical assess-
ment demonstrated equivalence in seven knees
and progression in one knee of corresponding
patients. Although an MRI scoring system has
been developed and validated for assessment
of rheumatoid arthritis in adults, no such scor-
ing system has been validated for use in chil-
dren. There was moderate to strong correla-
tion between clinical and MRI scores according
to progression, with improvement and equiv-
alent findings of 0.5 and 0.7 in 1–3 months
and 3–6 months, respectively. In the group
of patients whose MRI examinations demon-
strated interval progression between 0 and 3
months, increased synovial hypertrophy (n=1
knee), synovial effusion (n=5), cartilage lesions
(n=3), and epiphyseal lesions (n=2) were iden-
tified. Further MRI research using the adult RA
cartilage scoring system in JIA children may
help to define the role of MRI.

VI. What Is the Diagnostic Accuracy
of Peripheral Quantitative
Ultrasound (QUS) and Peripheral
Computed Tomography (pQCT) to
Detect Bone Changes in Children
with JIA?

Summary of Evidence: Reduced bone mineral
density (BMD), changes in bone geometry,
and decrease in muscular bulk are well-
recognized findings in children and adoles-
cents with JIA, and occur either as a result of
the disease itself or in response to prolonged
systemic corticosteroid therapy (disease treat-
ment). Although dual-energy X-ray absorp-
tiometry (DEXA) remains the most commonly
used imaging technique for assessing bone
mass in children, no standardized pediatric nor-

mative DEXA database is currently available for
children under the age of 5 years and for hips
and wrists of older children. Therefore, other
imaging techniques have been investigated as
alternative methods to detect bone changes in chil-
dren with JIA. Peripheral quantitative computed
tomography (pQCT) seems to be accurate for
discrimination between cortical and trabecular
bone (insufficient evidence). Further studies are
required to improve our understanding of the
value of quantitative ultrasound (QUS) in the
assessment of JIA joints (insufficient evidence)
(Table 16.10).

Supporting Evidence: Bony alterations in joints
of children with JIA involve both juxtaarticu-
lar and generalized osteopenia. Juxtaarticular
osteopenia usually occurs in the early stages of
JIA and is secondary to the local inflammatory
hyperemia with direct effect on the subchondral
bone. Diffuse osteopenia reflects chronicity and
it is typically associated with the reduced vol-
ume of the surrounding soft tissues and mus-
cles (68).

Dual-Energy X-ray Absorptiometry (DEXA)
In contrast to available information in adults, no
generally accepted definitions for osteoporosis
and osteopenia are currently available for chil-
dren, and a Z score (obtained with comparison
to age- and sex-matched controls) is used. Sev-
eral imaging methods are currently available
for diagnosis of osteoporosis in children and
adolescents (69).

Dual-energy X-ray absorptiometry (DEXA),
peripheral quantitative computed tomography
(pQCT), and bone ultrasound are imaging tech-
niques used to evaluate the bone mineral con-
tent. The goal of these modalities is to measure
the bone mineral content (BMC) in children in
order to quantify the deficits in bone mineral
associated with the various disorders that cause
osteopenia in children.

Currently, the most commonly used quantita-
tive radiologic method for assessing bone mass
is DEXA. DEXA has several advantages, such
as fast scanning, low cost, low radiation dose,
and applicability to clinically relevant sites of
osteoporotic fracture. However, DEXA provides
two-dimensional imaging of 3D objects, does
not distinguish between trabecular and corti-
cal bone (70), and is size dependent (a potential
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problem in growing children). A further draw-
back is that in vivo bone strength is related to
bone quality as well as to bone density (71–73).
Finally, no standardized pediatric normative
DEXA database is currently available for chil-
dren under the age of 5 years and for hips and
wrists of older children. For older children, the
control standard measures used for comparison
of measurements of the bone mineral density
of the spine vary according to standards prede-
fined by different DEXA units’ manufacturers.
Also, there are insufficient supportive data on
correlations between this technique and clinical
outcome of different pathological process (69,
74–76), most likely due to the heterogeneity of
pathologic processes in which osteopenia can be
present in pediatric musculoskeletal disorders.

Quantitative Ultrasound (QUS)
Quantitative ultrasound is a radiation-free
imaging technique that measures the trans-
mission of US waves through bone and has
been proposed for assessment of bone density
(77, 78). Only three clinical trials using this
technique in JIA were found in the literature
(Table 16.10) (insufficient evidence). Two stud-
ies (66.7%) (69, 70) reported promising results.
One of them (79) compared the broadband US
attenuation (BUA) by bone in the left calcaneus
in 67 children with chronic rheumatic diseases,
46 of them with JIA. At baseline, mean BUA
values and Z scores were significantly lower in
the patient group than in controls: 41.84 ± 21.64
vs 61.69 ± 17.42 dB/MHz (p<0.001); Z score –
0.91 ± 1.07 vs 0.09 ± 0.62 in controls (p<0.001).
At 1-year follow-up, BUA values in the patient
group were significantly increased compared to
baseline values (BUA 46.43 ± 21.51 dB/MHz;
p=0.002). No significant differences were found
in Z scores. The authors concluded that US bone
analysis at the calcaneus is a useful tool in the
assessment and monitoring of bone status in
children with chronic rheumatic diseases.

The second study (80) compared QUS at
midtibia to DEXA in assessing generalized
osteoporosis in 22 patients with JIA. Spine and
total body BMD measured by DEXA corre-
lated significantly with the tibia speed of sound
(SOS) (spine: r = 0.57, p<0.007; total body: r =
0.68, p<0.001). The mean spine BMD was lower
in JIA patients compared to normal ranges
(mean Z score of –1.19). BMD Z scores were

negatively associated with disease duration.
Patients receiving systemic steroids were asso-
ciated with lower Z scores.

In the study with negative results (81), the
authors measured phalangeal bone US in 49
children with JIA (oligoarticular, polyarticu-
lar, and systemic). No significant deficits were
noted in the amplitude-dependent speed of an
ultrasound signal (Ad-SOS) of JIA patients com-
pared to the SOS of the reference population.
The finger width was reduced only in patients
with polyarticular JIA. There was significant
correlation between the Ad-SOS and the fin-
ger width (r=0.233, p=0.012), but no signifi-
cant correlation between the standard deviation
score of the Ad-SOS and the standard deviation
score of the finger width (r=–0.060, p=0.084).
The authors concluded that phalangeal US was
strongly dependent on bone size (insufficient
evidence).

Peripheral Quantitative Computed
Tomography (pQCT)
Peripheral quantitative computed tomography
(pQCT) is another technique for assessment of
bone, which allows for three-dimensional mea-
surements of appendicular bones such as tibia
and radius. This technique uses a low-energy
(38 keV) X-ray tube and the effective radiation
dose is approximately 0.2 μSv from a radiation
source of 45 kV at 150 μA (82, 83). pQCT mea-
sures volumetric BMD and is not influenced by
bone size. It allows separate analysis of corti-
cal and trabecular bone and determination of
bone’s geometric parameters such as cortical
area and thickness, as well as muscle cross-
sectional area (84).

Roth et al. (82) evaluated the musculoskele-
tal system in 57 children with JIA and reported
that children in all subgroups of JIA pre-
sented with significantly reduced muscle cross-
sectional area, which was strongly correlated
with muscle force and abnormalities in geo-
metric parameters of bone, including a signifi-
cant reduction in cortical thickness. Trabecular
density was affected only in the polyarticular
JIA group, and cortical density was normal in
all subgroups. The thinned bony cortices might
predispose to fractures even though cortical
bone density itself is normal.

Bechtold et al. (85) used pQCT to evaluate
the forearm bone mass, density, and geometry
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as well as the forearm muscle in 17 patients
with JIA receiving treatment with growth hor-
mone (GH) for 3.8 ± 1.1 years compared with
an untreated age- and sex-matched control
group (n = 17). Compared with untreated JIA
patients, GH-treated JIA patients had signifi-
cant higher bone mineral content as well as total
cross-sectional area (CSA), cortical CSA, and
muscle CSA. A significant difference between
groups for height-corrected cortical and mus-
cle areas was seen only in male patients. Cor-
tical CSA relative to muscle CSA was not dif-
ferent between groups. These findings were
compatible with an anabolic effect of GH on
muscle and bone development (insufficient
evidence).

Take Home Figures and Tables

Figure 16.1 is an algorithm for investigation
of monoarticular juvenile idiopathic arthritis
joints

Tables 16.1 to 16.10 discuss classification sys-
tem of juvenile idiopathic arthritis, imaging
mimics of JRA, performance of conventional
radiographs, performance of ultrasound, per-
formance of unenhanced MRI, ultrasound mea-
surements of synovial thickness at the level
of the suprapatellar bursa, correlation of clin-
ical and sonographic outcomes, levels of evi-
dence of diagnostic accuracy for ultrasound,
MRI, QUS, and evidence-based strength of rec-
ommendations, respectively.

Acute 
swollen joint

Two view 
Radiograph

Normal Abnormal

Joint abnormality

Ultrasound

Bone abnormality

Differential
diagnosis

Abnormalities No abnormality

High clinical
suspicion -
Proceed to MRI

Exclude septic
arthritis

MRI

Hip joints

Figure 16.1. Algorithm for investigation of monoarticular juvenile idiopathic arthritis joints. Because small
hip joint effusions are easily missed on radiography, ultrasound is indicated in case of clinical suspicion of
arthritis. Indications for ultrasound evaluation in other joints (hands/wrists, knees, ankles, elbows) include
assessment of effusion in large joints and synovitis in small joints. Because the value of ultrasound to assess
articular cartilage in JIA has not been fully assessed, in case of clinical suspicion of cartilage damage, an MRI
is recommended. Once the diagnostic performance of both ultrasound and contrast-enhanced MRI are further
investigated, one will be able to decide which imaging modality is more accurate for diagnosis of synovial
and osteochondral abnormalities in JIA patients who do not respond well to therapy. Currently, centers with
expertise in both ultrasound and MRI tend to use MRI for assessment of large and small joints in JIA patients
who are unlikely to need sedation and ultrasound for younger patients. Once ultrasound acquisition protocols
and scales for assessment of joints are validated for use in children, and the value of this imaging modality
for evaluation of cartilage is objectively determined, ultrasound may become part of the routine follow-up of
unresponsive JIA patients. (Adapted with permission of Elsevier from Cohen PA, Job-Deslandre CH, Lalande
G, Adamsbaum C. Overview of the radiology of juvenile idiopathic arthritis (JIA). Eur J Radiol 2000; 33:
94–101.).
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Table 16.1. International league against rheumatism (ILAR)
classification system of juvenile idiopathic arthritis

Classification of juvenile idiopathic arthritis (Durban, 1997)

Onset <16 years
Duration: 6 weeks
Subtypes:

1. Systemic arthritis
2. Oligoarthritis

Persistent
Extended

3. Polyarthritis (rheumatoid factor negative)
4. Polyarthritis (rheumatoid factor positive)
5. Psoriatic arthritis
6. Enthesitis-related arthritis
7. Other

a. Does not meet criteria for any of categories 1–6
b. Meets criteria for more than one of categories 1–6

Table 16.2. Imaging mimics of JRA
Imaging finding Differential diagnosis

Joint effusion Traumatic synovitis; infectious/septic
arthritis; hemophilic arthropathy; acute
transient synovitis

Acute rheumatic fever;
intraarticular osteoid
osteoma; connective tissue
disorders

Soft tissue swelling Infectious/septic arthritis; hemophilic
arthropathy; diabetic cheiroarthropathy;
NOMID; sarcoid

Synovial hemangioma; PVNS;
CAP syndrome;
spondyloarthropathies

Osteoporosis Juvenile osteoporosis; multifocal
osteolysis; leukemia; collagen vascular
disease

Hemophilic arthropathy;
infectious arthritis

Joint space loss Traumatic joint dislocation; septic arthritis;
hemophilic arthropathy; avascular
necrosis; Kniest dysplasia; idiopathic
chondrolysis

Progressive
pseudorheumatoid
chondrodysplasia; slipped
femoral capital epiphyses;
osteoid osteoma

Ankylosis Spondyloarthropathies; traumatic arthritis;
infectious arthritis

Iatrogenic

Bony erosions Hemophilic arthropathy; septic arthritis;
spondyloarthropathies; synovial
osteochondromatosis

Carpal osteolysis; CAP
syndrome; PVNS

Periostitis Trauma including abuse; osteomyelitis;
spondyloarthropathies; osteoid osteoma

Goldbloom’s syndrome;
hypertrophic
osteoarthropathy; leukemia;
sickle-cell dactylitis

Growth disturbances;
epiphyseal overgrowth

Hemophilic arthropathy; trauma;
tuberculous/fungal arthropathy;
spondyloarthropathies

NOMID; Legg–Perthes
disease; skeletal dysplasias;
Turner syndrome

Growth arrest Turner syndrome; frostbite damage
Dysplastic changes CAP syndrome; mucopolysaccharidosis;

mucolipidosis
Kniest dysplasia

PVNS = pigmented villonodular synovitis, CAP = camptodactyly–arthropathy–pericarditis syndrome, NOMID = neonatal-
onset multisystem inflammatory disease.
Reprinted with the kind permission of Springer Science+Business Media from Wihlborg C, Babyn P, Ranson M, Laxer R.
Radiologic mimics of juvenile rheumatoid arthritis. Pediatr Radiol 2001; 31:315–326.
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Table 16.3. Diagnostic performance of conventional radiography (reference standard measure:
MRI)

Article Level of evidence Sensitivity Specificity PPV NPV

Herve-Somma
et al. (44)

Moderate

Superficial cartilage
destruction (n=17)

0.29

Deep subchondral
involvement (n=4)

1.0 (n <10)

El-Miedany et al. (56) Moderate
Superficial cartilage

destruction (n=5)
0.40 (n<10)

Deep subchondral
involvement (n=17)

0.18

Murray et al. (61) Moderate
Superficial cartilage

destruction (n=5)
1.0 (n <10) 0.50 (n<10) 0.83 (n <10) 1.0 (n <10)

Deep subchondral
involvement (n=10)

0.90 (n<10) 1.0 (n <10) 1.0 (n <10) 0.50 (n <10)

Gylys-Morin et al. (38) Strong
Superficial cartilage

destruction (bone
erosions) (Ref.
standard:
contrast-enhanced
MRI) (n=23)

0.50 0.85 0.2 0.96

Table 16.4. Diagnostic performance of ultrasound (reference
standard measure: MRI)

Article Level of evidence Sensitivity

El-Miedany
et al. (56)

Moderate

Joint effusion (n=38) 0.62
Superficial cartilage

destruction (n=5)
0.60

Deep subchondral
involvement (n=17)

0.24

Abbreviation: n=number of cases.
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Table 16.5. Diagnostic performance of unenhanced MRI (reference standard measure: contrast-
enhanced MRI)

Articles
Level of
evidence Sensitivity Specificity PPV NPV

Herve-Somma et al. (44) Moderate
Joint effusion (mild) 0.73
Joint effusion (large) 0.77
Superficial cartilage

destruction
0.24

Deep subchondral
involvement

0.50 (n<10)

Murray et al. (61) Moderate
Superficial cartilage

destruction
1.0 (n <10) 0.33 (n <10) 0.71 (n <10) 1.0 (n <10)

Deep subchondral
involvement

0.8 (n=10) 1.0 (n =10) 1.0 (n =10) 0.33 (n =10)

El-Miedany et al. (56) Moderate
Superficial cartilage

destruction
1.0 (n <10) 0.5 (n <10)

Deep subchondral
involvement

0.71 1.0

Abbreviation: n=number of cases.

Table 16.6. Ultrasound measurements of synovial thickness at the level of the suprapatellar
bursa (knee joint) in juvenile idiopathic arthritis patients and asymptomatic controls

Articles

Synovial
thickness
(mm) (US)

Synovial
thickness
(mm) (US)

Synovial thickness
(mm) (US)

Synovial
thickness
(mm) (US) P value

Active
disease—
JIA

Inactive
disease—
JIA

Asymptomatic
joints/laboratory
evidence of active
disease—JIA

Control
subjects

Sureda et al. (30) 5.2 ± 2.5 4.5 ± 1.6 – Not visual-
ized

<0.001 between
control and two
groups

Barbuti et al. (32) 6 – – 2.7 –
Doria et al. (27) 5.6 ± 2.6

p=0.001
1.7 ± 0.6
p=0.13

2.8 ± 1.2
p=0.002

1.4 ± 0.3

Frosch et al. (31) 5.8 ± 1.9 5.2± 2.6 – – Not significant

Abbreviations: JIA=juvenile idiopathic arthritis, US=ultrasound.
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Table 16.7. Correlation of clinical and sonographic (synovial thickness) outcomes over time

Articles

Total n
of JIA
patients

No. of patients with
follow-up US Joint

Timepoint of
follow-up
(months)

Interval
clinical
change

Interval US
change
(synovial
thickness)

Sureda et al.
(30)

36 16/18 (44% in relation to
total number of
patients)

Knee 12 Improved
(n=10)

No change
(n=10)
and
decrease
(n=6)

6/18 (17% in relation to
total number of
patients)

Worsening
(n=6)

Increase
(n=6)

Cellerini et al.
(33)

49 10 Knee 1–15 Improved
(n=9)

Decrease
(n=8)

Worsening
(n=1)

Increase
(n=1)

Shahin et al.
(28)

30 14 Knee – Improved
(n=13)

Decrease
(n=13)

Abbreviations: JIA=juvenile idiopathic arthritis, US=ultrasound, n=number.
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Table 16.10. Levels of evidence on diagnostic accuracy of quantitative ultrasound (QUS) and
peripheral quantitative computed tomography (pQCT) for assessment of juvenile idiopathic
arthritis as per Canadian Task Force (Appendix) and evidence-based strength of recommenda-
tions. Quality assessment of articles was based on the quality assessment of studies of diagnos-
tic accuracy (QUADAS) tool

Maneuver Diagnostic accuracy
Quality of articles/levels of
evidence Recommendations

1. Diagnostic
accuracy of
quantitative
ultrasound to
detect bone
alteration in
JIA children
(79–81)

Three articles assessed construct
validity. Two articles (one
moderate and one poor quality
study) showed either good
correlation between total body
BMD and SOS QUS
measurements or decreased
BUA in JIA joints. One article
(moderate quality) failed to
demonstrate differences
between the SOS in fingers of
patients with JIA and control
subjects

Two moderate and one poor
quality studies

Case–control/cross-
sectional studies

Overall rating: Level II-2

Grade I—Insufficient
evidence (in
quantity and
quality)

2. Diagnostic
accuracy of
peripheral
quantitative
CT to detect
bone
alterations in
JIA children
(82, 83, 85, 87)

Four articles assessed construct
validity. Three articles of
substantial quality reported
that patients with JIA had
decreased bone density
compared to controls. One
article (moderate quality)
reported improved bone
parameters in JIA patients
receiving growth hormone

Three substantial and one
moderate quality studies

Cross-sectional studies
Overall rating: Level II-2

Grade I—Insufficient
evidence (in
quantity)

Abbreviations: JIA=juvenile idiopathic arthritis, BMD=bone mineral density, BUA=broadband ultrasound attenuation,
QUS=quantitative ultrasound, SOS=seed of sound; CT=computed tomography.
Data from Harris et al. (86) and Whiting et al. (24).
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Imaging Case Studies

Case 1

Figure 16.2 shows a case of a 7 year-old girl
with new onset of significant left thenar atro-
phy, swelling around the wrist, and limited
motion.

Figure 16.2. A 7-year-old girl with new onset of significant left thenar atrophy, swelling around the wrist, and
limited motion. She received a subsequent diagnosis of ANA-negative and RF-negative juvenile idiopathic
arthritis. Plain film of hands (A) demonstrates minimal lateral soft tissue swelling around the left wrist (arrow).
Longitudinal ultrasound images of the radial aspect of her left wrist demonstrated increase echoes within the
synovium tissue (arrow) (B) and increased flow on color Doppler ultrasound (C). D represents the unaffected
contralateral side.
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Case 2

Figure 16.3 is the case of a 14-year-old boy with
polyarticular juvenile idiopathic arthritis pre-
senting with an acutely swollen right elbow.

Figure 16.3. A 14-year-old boy with polyarticular juvenile idiopathic arthritis presenting with an acutely
swollen right elbow. A lateral plain radiograph shows mild right posterior soft tissue swelling (arrow) (A).
Transverse ultrasound images of the posterior right elbow demonstrate synovial thickening on gray-scale
imaging (arrow) (B) with increased flow on color Doppler scans (C).
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Case 3

Figure 16.4 is the case of a 12-year-old girl
with active juvenile idiopathic arthritis present-
ing with persistent pain and reduced range of
motion of the left wrist.

Figure 16.4. A 12-year-old girl with active juvenile idiopathic arthritis presenting with persistent pain and
reduced range of motion of the left wrist. The frontal radiograph (A) and the MRI examination (B–D) were
acquired 6 months apart. Unenhanced coronal T1-weighted (B), inversion recovery (C) images and contrast-
enhanced T1-weighted images of the left wrist obtained with fat saturation (D) show the presence of multiple
cortical erosions (arrows) in the scaphoid bone, lunate, trapezoid, and epiphysis of the distal radius and ulna.
Joint effusion (arrow) is noted in the radioulnar joint and surrounding the scaphoid (C). There is high signal in
the bone marrow on inversion recovery images in keeping with bone marrow edema involving the epiphysis
of the ulna, the lunate, and the proximal scaphoid (C). Enhancement postinjection of gadolinium is noted in
the scaphoid, the lunate, and the epiphysis of the distal ulna and at a lesser extent, the epiphysis of the distal
radius (D). (Reprinted with kind permission from Springer Science+Business Media from Doria AS, Babyn PS,
Feldman B. A critical appraisal of radiographic scoring systems for assessment of juvenile idiopathic arthritis.
Pediatr Radiol 2006; 36:759–772.).

Suggested Imaging Protocols for
Juvenile Idiopathic Arthritis

Ultrasound

Longitudinal and transverse scans of affected
joints should be performed in comparison to
the contralateral joint or to similar joints in case
of hands and feet. High-resolution linear trans-
ducers (10–15 MHz) are suggested. For gray-
scale US assessment, the image depth should
be adjusted to the size of the joint. The opera-
tor should document synovium of bursae, fluid,
adjacent soft tissues, and cartilage. The maxi-
mum synovial membrane thickness should be
obtained by applying firm compression of the
transducer on the region of interest of the joint.
Color Doppler parameters may include low fil-
ter, pulse repetition frequency of 700 Hz, and

color gain settings of 60% (27). Power Doppler
instead of color Doppler should be considered
if low probability of motion artifacts during the
scanning. Comparison of the synovial vascu-
larity with the contralateral side is helpful in
monoarthritis. When evaluating the knee joints,
the child can lie in supine position with the knee
in 30◦ flexion. The position of the transducer
in sagittal and axial planes of US acquisition
of knees and ankles was described elsewhere
(65). For scanning of hands, the patient is exam-
ined in upright position with the hand of inter-
est placed on a cushion, relaxed, and pronated.
The region of interest of the wrist/hand is
scanned in the longitudinal and transverse
planes. Metacarpo/metatarsophalangeal joints
are typically assessed in the regions that are
accessible from the dorsal side.
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MRI

Large Joints (Knees, Ankles, Elbows, Shoulders)
A suggested protocol includes unenhanced
sagittal spin-echo (SE) T1-weighted (TR 418 ms,
TE 12 ms, slice thickness 3 mm, FOV 100 mm,
matrix 184 × 256, 2 acquisitions), sagittal turbo
SE T2-weighted (TR 4,200 ms, TE 96 ms, echo
train 7, slice thickness 3 mm, FOV 100 mm,
matrix 154 × 256, 2 acquisitions), sagittal fat-
suppressed 3D gradient echo (TR 50 ms, TE
11 ms, flip angle 40◦, slice thickness 1.5 mm,
FOV 100 mm, matrix 228 × 256, 1 acquisi-
tion), and coronal short tau inversion recov-
ery (STIR) (TI 150 ms, TR 4,500 ms, TE
60 ms, slice thickness 4 mm, FOV 113 mm,
matrix 198 × 256, 3 acquisitions) images.
Immediately after the intravenous administra-
tion of gadolinium–DTPA (0.1 mmol/kg), axial
or sagittal T1-weighted, fat-saturated images
should be obtained. The images should be
acquired using an extremity coil.

For hips, the suggested planes are axial and
coronal.

Small Joints (Wrists, Hands, Feet)
This protocol includes unenhanced imaging
of the patient’s symptomatic wrist, hand, or
foot (91): unenhanced axial T1-weighted SE
(TR 420 ms, TE 13 ms, slice thickness 3 mm,
gap 0 mm, 2 acquisitions), axial T2-weighted
FSE fat-saturated (TR 3,760 ms, TE 12 ms, TI
150 ms, slice thickness 3, gap 0 mm, 2 acqui-
sitions), coronal T1-weighted SE (TR 680 ms,
TE 14 ms, slice thickness 3 mm, gap 0 mm, 1
acquisition), coronal T2-weighted fat-saturated
or short tau inversion recovery (STIR) (TR
3,760 ms, TE 12 ms, TI 150 ms, slice thickness
3 mm, gap 0 mm, 2 acquisitions), axial and coro-
nal 3D spoiled gradient-recalled (SPGR) fat-
saturated images (TR 23 ms, TE 6 ms, slice
thickness 1.5 mm). After intravenous admin-
istration of gadolinium–DTPA (0.1 mmol/kg),
axial T1-weighted fat-saturated images should
be obtained. We recommend the use of field of
view (FOV) of 10 cm or smaller, whenever pos-
sible, and matrix of at least 256 × 192. The fol-
lowing areas should be included in the FOV:
distal radioulnar, radiocarpal, and intercarpal
joints, metacarpal bases for wrist scanning, and
dedicated regions of interest for hands and feet.

Future Research

The following topics require further investiga-
tion:

• Assessment of early joint damage in small
joints (hands and feet) with US and/or MRI.

• MRI and/or US evaluation of the long-term
effect of therapy on early diagnosed JIA.

• Comparison of MRI and/or US findings and
clinical findings in JIA patients and controls
using a standardized MR and US protocol for
acquisition of images.

• Validation of MRI and US scoring systems
for interpretation of findings in JIA.

• Assessment of the predictive value of MRI
and/or US findings in prospective clinical
trials of early JIA using specific treatment
algorithms.

• Evaluation of temporal progression of
asymptomatic joints in children affected
with JIA.

• Use of functional MR imaging for improved
characterization of the cartilage morphology,
structure, and function in children with JIA.

• Larger studies on pQCT and QUS with ade-
quate sample size.

• Determination of the normal thickness of the
articular cartilage according to age in healthy
children using a standardized protocol for
acquisition of measurements on US and
MRI.

Appendix

Grading of levels of evidence as per Canadian
Task Force (86).

I. Evidence obtained from at least one prop-
erly randomized controlled trial.

II-1. Evidence obtained from well-designed
controlled trials without randomization.

II-2. Evidence obtained from well-designed
cohort or case–control analytic studies, prefer-
ably from more than one center or research
group.

II-3. Evidence obtained from multiple time
series with or without the intervention; dra-
matic results in uncontrolled experiments could
be regarded as this type of evidence.

III. Opinions of respected authorities, based
on clinical experience; descriptive studies and
case reports or reports of expert committees.



242 E. Miller and A. Doria

References

1. Petty RE. Rev Rhum Engl Ed 1997; 64:161S–162S.
2. Hollister J. In Hay WW, Levin MJ, Sondheimer

JM, Deterding RR (eds.): Current Diagnosis &
Treatment in Pediatrics, 18th edn. New York:
Lange Medical Books/McGraw – Hill Medical
Publishing Division, 2007.

3. Wright D. In Morrissy R, Weinstein S (eds.):
Lovell & Winter’s Pediatric Orthopedics, 6th
edn. Philadelphia: Lippincott Williams &
Wilkins, 2006; 406–410.

4. Yulish BS, Lieberman JM, Newman AJ, Bryan
PJ, Mulopulos GP et al. Radiology 1987; 165:
149–152.

5. Minden K, Niewerth M, Listing J et al. Arthritis
Rheum 2002; 46:2392–2401.

6. Zak M, Pedersen FK. Rheumatology (Oxford)
2000; 39:198–204.

7. Packham JC, Hall MA. Rheumatology (Oxford)
2002; 41:1440–1443.

8. Davidson J. Eur J Radiol 2000; 33:128–134.
9. Fink CW. J Rheumatol 1995; 22:1566–1569.

10. Gare BA. Baillieres Clin Rheumatol 1998; 12:
191–208.

11. Aaron S, Fraser PA, Jackson JM et al. Arthritis
Rheum 1985; 28: 753–758.

12. Hanson V, Kornreich HK, Bernstein B et al.
Arthritis Rheum 1977; 20(Suppl):184.

13. Cassidy JT, Petty RE. In Cassidy JT, Petty
RE (eds): Textbook of Pediatric Rheumatology,
3rd edn. Philadelphia: W.B. Saunders Company,
1995: 133–223.

14. Ravelli A. Clin Exp Rheumatol 2004; 22:271–275.
15. Oen K. Best Pract Res Clin Rheumatol 2002;

16:347–360.
16. Lovell DJ, Giannini EH, Reiff A et al. Pediatric

Rheumatology Collaborative Study Group. N
Engl J Med 2000; 342:763–769.

17. Ruperto N, Murray KJ, Gerloni V et al. Arthritis
Rheum 2004; 50:2191–2201.

18. Cassone R, Falcone A, Rossi F et al. Clin Exp
Rheumatol 2004; 22:637–642.

19. Lang BA, Schneider R, Reilly BJ, Silverman ED,
Laxer RM. J Rheumatol 1995; 22:168–173.

20. Cooper NJ. Rheumatology (Oxford) 2000; 39:
28–33.

21. Bernatsky S, Duffy C, Malleson P, Feldman DE,
St Pierre Y, Clarke AE. Arthritis Rheum 2007;
57:44–48.

22. Lamer S, Sebag GH. Eur J Radiol 2000; 33:85–93.
23. Kaye JJ. Radiology 1990; 177:601–608.
24. Whiting P, Rutjes AW, Reitsma JB, Bossuyt

PM, Kleijnen J. BMC Med Res Methodol
2003; 3:25.

25. Babyn P, Doria AS. Rheum Dis Clin North Am
2007;33:403–440.

26. Joshua F, Lassere M, Bruyn GA et al. J Rheumatol
2007; 34:839–847.

27. Doria AS, Kiss MH, Lotito AP et al. Pediatr
Radiol 2001;31:524–531.

28. Shahin AA, el Mofty SA, el Sheikh EA et al.
Z Rheumatol 2001;60:148–155.

29. Klauser A, Frauscher F, Schirmer M et al. Arthri-
tis Rheum 2002;46:647–653.

30. Sureda D, Quiroga S, Arnal C, Boronat M,
Andreu J et al. Radiology 1994; 190:403–406.

31. Frosch M, Foell D, Ganser G, Roth J. Ann Rheum
Dis 2003; 62:242–244.

32. Barbuti D, Bergami G, Vecchioli Scaldazza A.
Radiol Med (Torino) 1997; 93:27–32.

33. Cellerini M, Salti S, Trapani S, D‘Elia G, Falcini F
et al. Pediatr Radiol 1999; 29:117–123.

34. Shahin AA, Shaker OG, Kamal N, Hafez HA,
Gaber W et al. Rheumatol Int 2002; 22:84–88.

35. Karmazyn B, Bowyer SL, Schmidt KM et al. Pedi-
atr Radiol 2007; 37:475–482.

36. Granberry WM, Mangum GL. J Hand Surg [Am]
1980; 5:105–113.

37. Graham TB. Curr Opin Rheumatol 2005; 17:
574–578.

38. Gylys-Morin VM, Graham TB, Blebea JS et al.
Radiology 2001; 220:696–706.

39. Ramsey SE, Cairns RA, Cabral DA et al.
J Rheumatol 1999; 26:2238–2243.

40. Website: http://www.fda.gov/CDER/drug/
InfoSheets/HCP/microbubbleHCP.htm;
September 3, 2008.

41. Winalski CS, Palmer WE, Rosenthal DI, Weiss-
man BN. Radiol Clin North Am 1996; 34:243–258.

42. Peterfy CG, Majumdar S, Lang P, van Dijke CF,
Sack K et al. Radiology 1994; 191:413–419.

43. Peterfy CG. Curr Opin Rheumatol 2003; 15:
288–295.

44. Herve-Somma CM, Sebag GH, Prieur AM,
Bonnerot V, Lallemand DP. Radiology 1992; 182:
93–98.

45. Huppertz HI, Tschammler A, Horwitz AE,
Schwab KO. J Pediatr 1995; 127:317–321.

46. Graham TB, Laor T, Dardzinski BJ. J Rheumatol
2005; 32:1811–1820.

47. Workie DW, Graham TB, Laor T et al. Pediatr
Radiol 2007; 37:535–543.

48. Nistala K, Babar J, Johnson K et al. Rheumatol-
ogy (Oxford) 2007; 46:699–702.

49. Remedios D, Martin K, Kaplan G, Mitchell R,
Woo P et al. Br J Rheumatol 1997; 36:1214–1217.

50. Uhl M, Krauss M, Kern S et al. Acta Radiologica
2001; 42:6–9.

51. Cakmakci H, Kovanlikaya A, Unsal E. Pediatric
Radiol 2001; 31:189–195.

52. Workie DW, Dardzinski BJ, Graham TB, Laor T,
Bommer WA, O’Brien KJ. Magn Reson Imaging
2004; 22:1201–1210.



Chapter 16 Peripheral Joints in Juvenile Idiopathic Arthritis 243

53. Yamato M, Tamai K, Yamaguchi T, Ohno W. J
Comput Assist Tomogr 1993; 17:781–785.

54. Ostergaard M, Klarlund M. Ann Rheum Dis
2001; 60:1050–1054.

55. Swaminathan S. N Engl J Med 2007; 357:
720–722.

56. El-Miedany YM, Housny IH, Mansour HM,
Mourad HG, Mehanna AM et al. Joint,
Bone, Spine: Revue du Rhumatisme 2001; 68:
222–230.

57. Gardner-Medwin JM, Killeen OG, Ryder CAJ,
Bradshaw K, Johnson K. J Rheumatol 2006;
33:2337–2343.

58. Ostergaard M, Hansen M, Stoltenberg M et al.
Arthritis Rheum 1999; 42:918–929.

59. Ostergaard M, Stoltenberg M, Lovgreen-
Nielsen P, Volck B, Jensen CH et al. Arthritis
Rheum 1997; 40:1856–1867.

60. Bird P, Lassere M, Shnier R, Edmonds J. Arthritis
Rheum 2003; 48:614–624.

61. Murray JG, Ridley NTF, Mitchell N, Rooney M.
Clin Radiol 1996; 51:99–102.

62. Barnewolt CE, Shapiro F, Jaramillo D. Am J
Roentgenol 1997; 169:183–189.

63. Doria AS, Babyn PS, Lundin B et al. Haemophilia
2006; 12:503–513.

64. Kilcoyne RF, Nuss R. Haemophilia 2003; 9
(Suppl 1):57–63; discussion 63–54.

65. Zukotynski K, Jarrin J, Babyn PS et al.
Haemophilia 2007; 13:293–304.

66. Eich GF, Halle F, Hodler J, Seger R, Willi UV.
Pediatr Radiol 1994; 24:558–563.

67. Kight AC, Dardzinski BJ, Laor T, Graham TB.
Arthritis Rheum 2004; 50:901–905.

68. Johnson K. Pediatr Radiol 2006; 36:743–758.
69. Gilsanz V. Eur J Radiol 1998; 26:177–182.
70. Gomberg BR, Saha PK, Song HK et al. IEEE Trans

Med Imaging 2000; 19:166–174.

71. Cody DD, Goldstein SA, Flynn MJ et al. Spine
1991; 16:146–154.

72. Lang SM, Moyle DD, Berg EW et al. J Bone Joint
Surg [Am] 1988; 70:1531–1538.

73. Mosekilde L, Bentzen SM, Ortoft G, et al. Bone
1989; 10:465–470.

74. Gilsanz V, Wren T. Pediatrics 2007; 119
(Suppl 2):S145–S149.

75. Henderson CJ, Specker BL, Sierra RI, Campaigne
BN, Lovell DJ. Arthritis Rheum 2000; 43:531–540.

76. Wren TA, Liu X, Pitukcheewanont P, Gilsanz V. J
Pediatr 2005; 146:776–779.

77. Njeh CF, Boivin CM, Langton CM. Osteoporos
Int 1997; 7:7–22.

78. Prins SH, Jorgensen HL, Jorgensen LV, Hassager
C. Clin Physiol 1998; 18:3–17.

79. Falcini F, Bindi G, Simonini G et al. J Rheumatol
2003; 30:179–184.

80. Njeh CF, Shaw N, Gardner-Medwin JM, Boivin
CM, Southwood TR. J Clin Densitom 2000; 3:
251–260.

81. Scheunemann I, Dannecker GE, Roth J. Rheuma-
tology (Oxford) 2006; 45:1125–1128.

82. Roth J, Palm C, Scheunemann I, Ranke MB,
Schweizer R et al. Arthritis Rheum 2004; 50:
1277–1285.

83. Bechtold S, Ripperger P, Dalla Pozza R, Schmidt
H, Hafner R et al. Osteoporos Int 2005; 16:
757–763.

84. Njeh CF, Genant HK. Arthritis Res 2000; 2:
446–450.

85. Bechtold S, Ripperger P, Bonfig W, Pozza RD,
Haefner R et al. J Clin Endocrinol Metab 2005;
90:3168–3173.

86. Harris RP, Helfand M, Woolf SH et al. Am J Prev
Med 2001; 20:21–35.

87. Felin EM, Prahalad S, Askew EW, Moyer-Mileur
LJ. Arthritis Rheum 2007; 56:984–994.



17
Imaging of Hematogenous

Osteomyelitis and Septic Arthritis
in Children
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IssuesI. What is the diagnostic performance of the different imaging studies
in acute hematogenous osteomyelitis (AHOM)?

II. What is the diagnostic performance of the different imaging studies
in the evaluation of subperiosteal and soft tissue abscesses associ-
ated with AHOM?

III. What is the diagnostic performance of the different imaging studies
in chronic osteomyelitis?

IV. What is the diagnostic performance of the different imaging studies
in septic hip arthritis?

Key Points� When signs and symptoms of osteomyelitis cannot be localized, bone
scintigraphy is the preferred imaging (limited evidence).

� MRI is the imaging modality of choice for evaluation of AHOM when
symptoms are localized (limited evidence).

� PET FDG/CT is the imaging modality of choice for evaluation of
chronic osteomyelitis (limited evidence, based on studies on adult pop-
ulation).

� Ultrasound is the imaging modality of choice for evaluation of hip joint
effusion in septic hip (limited–moderate evidence).

� No data were found in the medical literature on the cost-effectiveness
of the different imaging modalities in the evaluation of hematogenous
osteomyelitis and septic joint.
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Definition and Pathophysiology

Osteomyelitis is an infection of the bone. The
root word osteon (bone) and myelo (marrow) are
combined with itis (inflammation) to define the
clinical state of bone infected with microorgan-
isms (1). Clinical presentation depends on many
variables including age, pathogen, anatomical
site of infection, and presence or absence of any
underlying disorder or situation (1–6). Acute
osteomyelitis is characterized by the relatively
abrupt onset of clinical symptoms and signs.
Acute hematogenous osteomyelitis (AHOM) is
an infection of the bone that is rapid in onset
after blood-borne pyogenic organisms settle in
the metaphysis. It most commonly affects chil-
dren. Chronic osteomyelitis (COM) is a persis-
tent bone infection of the low-grade type (4). It
is more common in adults secondary to trauma
or surgery. A sequestrum represents a segment
of necrotic bone that is separated from the living
bone by granulation tissue (1). An involucrum
is a layer of living bone that has formed around
dead bone. Cloaca is an opening on the involu-
crum (1). Brodie abscess is a sharply delineated
focus of infection. It is lined by granulation tis-
sue and frequently surrounded by eburnated
bone (1).

Routes of infection include hematogenous
spread, spread by contiguity, and direct infec-
tion by a penetrating wound (1–6). Hematoge-
nous spread is the most common route in
children, usually seeding the metaphyses of
long bones due to sluggish blood flow pat-
terns in this region (1–6). In children less
than 18 months of age, transphyseal ves-
sels allow metaphyseal infections to cross the
physis and infect the epiphyses and joints.
The most common bones affected by AHOM
are the tibia and the femur (6). The most
common organism is Staphylococcus aureus (S.
aureus), followed by β -hemolytic streptococ-
cus, Streptococcus pneumoniae, Escherichia coli,
and Pseudomonas aeruginosa (1–3). In recent
years, methicillin-resistant S. aureus (MRSA)
became a common pathogen in community-
acquired osteomyelitis in children. The MRSA
AHOM is more commonly associated with
lung infection and deep venous thrombosis
(7–11). Tuberculous osteomyelitis remains a
major cause of skeletal infection in less devel-
oped countries (12).

The clinical presentation of osteomyelitis in
the neonate differs from that seen in older
children (13, 14). Because of immaturation of
the immune response, inflammatory response
is not well localized. Signs and symptoms are
initially nonspecific or may be related to sep-
sis (13). Toddlers can present with limping,
pseudoparalysis, or pain on passive movement
(1–6). Standard laboratory tests, such as sedi-
mentation rate and CRP, are usually elevated
(1–6, 15, 16). Serial blood cultures are reported
to be positive in 32%–60% of cases (1–6, 15, 16).
Occasionally, direct aspiration of bone material
may be needed for diagnosis. These aspirations
can yield positive cultures in 87% of cases (17).

Acute septic arthritis is a bacterial infection
of a joint. Most cases arise from hematoge-
nous spread or contiguous spread from adja-
cent osteomyelitis in the metaphysis (18–23).
The most common organism is S. aureus
(18–23). The prognosis worsens with delayed
treatment due to destruction of the physis and
articular cartilage secondary to lytic enzymes
(22) and osteonecrosis (21, 22). This can lead to
growth arrest, limb deformity, permanent joint
malalignment, and early degenerative joint dis-
ease (21, 22).

Septic arthritis is a medical emergency. The
hip joint is most commonly involved. A combi-
nation of clinical findings and laboratory tests
including leukocytosis, fever, inability to bear
weight, elevated erythrocyte sedimentation rate
(ESD), and C-reactive protein can differentiate
between septic hip arthritis and nonbacterial
arthritis in 80%–90% of the cases (24, 25). In
undetermined cases, ultrasound can be used to
detect hip joint effusion and guide joint aspira-
tion to differentiate between septic hip and tran-
sient synovitis (26–30). Septic hip is unlikely in
the absence of hip effusion (26–29).

Epidemiology

The annual incidence of osteomyelitis in more
developed countries is around 1/5,000 (3).
Approximately 50% of cases occur in children
younger than 5 years of age, and, of these, 25%
are under 1 year of age (1–3). AHOM is more
common in boys than girls, by a ratio of 2:1
(1–3). Although a single bone is usually
affected, polyostotic involvement has been
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reported in up to 6.8% of cases in infants and
in 22% of neonates (13, 14, 31).

Half of the cases of septic arthritis occur in
children less than 3 years of age (31). Chil-
dren with septic arthritis have concomitant
osteomyelitis in 42%–48% of the cases (32, 33).
There is no significant difference in the inci-
dence between boys and girls (32).

Overall Cost to Society

No data were found in the medical literature
on the overall cost to society from the diag-
nosis, treatment, and complications of acute
hematogenous osteomyelitis or septic arthri-
tis. Although there are several cost-effective
analyses evaluating the type, extent, and route
of antibiotic administration in the treatment
of osteomyelitis and septic arthritis, no cost-
effectiveness data were found in the litera-
ture, specifically incorporating imaging strate-
gies in the management of acute hematogenous
osteomyelitis or septic arthritis.

Goals

In acute hematogenous osteomyelitis and sep-
tic arthritis, the goal is early diagnosis and
treatment to prevent the long-term sequelae of
these diseases, which include growth arrest,
limb deformity, joint instability, joint destruc-
tion, ankylosis, and early degenerative joint
disease. The standard treatment of osteomyeli-
tis includes intravenous antibiotics followed
by oral antibiotics. Surgical debridement may
be necessary for osteomyelitis if frank pus
can be aspirated from the bone, if there is
necrotic bone present, or if there is failure
to respond to antibiotic therapy (1–6). Septic
arthritis usually requires surgical therapy in
order to decompress the intraarticular pressure
(32–34). Response to treatment is monitored
clinically and with erythrocyte sedimentation
rate and C-reactive protein. Imaging may be
needed to evaluate for complications.

Methodology

The authors searched MEDLINE (January 1966
to June 2008), EMBASE (January 1980 to June
2008), and the Cochrane Library databases

using OVID for data relevant to the diagnos-
tic performance and accuracy of imaging eval-
uation of pediatric patients with hematogenous
osteomyelitis and septic arthritis. The search
strategy used medical subject headings: (1)
osteomyelitis; (2) arthritis, infectious; (3) child
(0–18 years); (4) ultrasonography; (5) radionu-
clide imaging; (6) radiography; (7) tomography,
X-ray computed; and (8) magnetic resonance
imaging. We excluded animal studies and non-
English articles. If insufficient literature was
found on pediatric population, a search was
performed on adult population (Table 17.1).

Discussion of Issues

I. What Is the Diagnostic Performance
of the Different Imaging Studies in
Acute Hematogenous Osteomyelitis
(AHOM)?

Summary of Evidence: The diagnostic perfor-
mance of the various imaging for AHOM is
summarized in Table 17.2. Plain radiographs are
neither sensitive nor specific in the diagnosis
of early AHOM (1–3). However, their low cost,
ready availability, and ability to exclude other
diseases (e.g., fractures, tumors) that can pro-
duce similar symptoms argue for their contin-
ued use as the initial evaluation (limited evi-
dence) (35–38). In addition, in the appropriate
clinical circumstance when plain radiographs
demonstrate metaphyseal lytic lesion, no other
imaging workup is necessary (limited evidence)
(1–6, 37).

Several studies have shown that MRI and
radionuclide bone scintigraphy have high sen-
sitivity for detection of osteomyelitis (lim-
ited evidence) (39–45). Their relative merits
have not been established. Bone scintigra-
phy has the advantage of whole-body imag-
ing when symptoms cannot be localized, but
has decreased specificity (limited evidence)
(46–52). White blood cells (WBC) labeled with
111-In and 99mTc-HMPAO are more specific
than bone scan for diagnosis of osteomyelitis
(limited evidence) (1–6). Their main value is in
the evaluation of osteomyelitis in the presence
of prosthesis or after surgery when artifacts
and postoperative changes make cross-sectional
studies less valuable (1–6). In recent studies,
18F-FDG PET was reported (53, 54) to have



248 B. Karmazyn et al.

higher sensitivity for acute osteomyelitis as
compared to bone scan, but at higher cost
(insufficient evidence) (54). MRI is the pre-
ferred imaging method for the evaluation of
AHOM when symptoms are localized (lim-
ited evidence) (55–61). Whole-body MRI is an
emerging alternative to bone scintigraphy. It has
mainly been used for the evaluation of bone
metastasis, but there is not yet enough experi-
ence with the use of whole-body MRI for the
evaluation of multifocal osteomyelitis (62–64)
(insufficient evidence).

Supporting Evidence

Plain Radiographs
Initial radiographs can detect deep soft tis-
sue swelling and loss of soft tissue planes as
early as 48 hours after the onset of symptoms,
but bone destruction is usually not detectable
until 7–21 days after the onset of symptoms
(1–6, 34–36, 65). 30%–50% of bone destruction
is required before a lytic lesion is apparent
(1–6). Radiographic evidence for osteomyelitis
includes bone destruction and periostitis. Bone
destruction may appear as an area of perme-
ative destruction and lucency that may be asso-
ciated with surrounding bone sclerosis (1–6).

The most important differential diagnosis is
malignancy. Lytic bone lesion with laminated
periosteal reaction was described in leukemia,
Ewing’s sarcoma, langerhans cell histiocytosis,
and chronic recurrent multifocal osteomyelitis
(66).

The sensitivity and the specificity of plain
radiographs are 43%–75% and 75%–83%,
respectively (limited evidence) (1–6, 36–38,
67). In the appropriate clinical settings, if
bone destruction is detected, no further imag-
ing may be necessary (limited evidence)
(37).

Nuclear Medicine Imaging

Bone Scintigraphy
Technetium-99 M-labeled phosphates or phos-
phonates such as methylene diphosphonate
(99mTc-MDP) are most commonly used for the
diagnosis of AHOM (1–6, 42–52). These com-
pounds bind to hydroxyapatite crystal. Uptake
is increased with increased blood flow and
increased osteoblastic activity. The increased
uptake in the early (perfusion), intermediate

(blood pool), and late (bone uptake) phases is
typical for osteomyelitis (46–52).

The overall sensitivity and specificity of
radionuclide bone scanning are 73%–100% and
73%–79% (limited evidence) (39–43, 46, 51).
In the neonate, however, the sensitivity of
radionuclide bone scanning is decreased, rang-
ing from 32% to 87% (68, 69). More than 90% of
the positive bone scans are “hot,” with increas-
ing uptake of 99mTc-MDP. Less commonly,
decreased uptake (“cold” foci) is detected in
AHOM (47, 50).

Advantages of bone scintigraphy include the
ability to detect AHOM early (generally within
48 hours of onset of symptoms), high sensitiv-
ity, no requirement for sedation, imaging of the
entire body, and relatively low cost. The ability
to image the entire skeleton is ideal if symptoms
cannot be localized or if there is polyostotic dis-
ease (limited evidence) (36, 40, 41, 69–71).

Gallium
Galium-67 binds to plasma proteins such
as transferrin and lactoferrin. It is therefore
deposited in areas of inflammation because
of leaky capillaries and uptake by white
blood cells and bacteria. Scan imaging is per-
formed 48 hours after injection, but occa-
sionally can be performed at 24 hours. The
reported sensitivity of gallium scan has ranged
from 25% to 80%, with a specificity of 67%
(insufficient evidence) (72).

Leukocyte Scintigraphy
White blood cell scan can be done with
111-indium-labeled white blood cells or 99m
Tc-hexamethylpropyleneamine oxime-labeled
white cells. There is a need to take 20–40 ml
of blood from the patient for WBC scan, and
this is one of the reasons it is uncommonly
used in pediatrics. Compared to bone scan,
there is improved specificity (80%–90%). WBC
scan is useful in patients who have prostheses
when artifact can interfere with cross-sectional
studies, and bone scan is not specific due to the
expected increased uptake (limited evidence)
(1–6).

FDG-PET
The 18F-FDG positron emission tomography
(PET) is a relatively novel imaging technique
for the evaluation of osteomyelitis. In acute and
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subacute osteomyelitis and soft tissue infection,
sensitivities of 98% and specificities in the range
of 75%–99% have been reported (insufficient
evidence) (54, 73).

MR Imaging
The ability of MRI to demonstrate AHOM with
high sensitivity and specificity as well as joint
effusion and fluid collections made MRI the
best test for AHOM when symptoms are local-
ized. The sensitivity and the specificity of MRI
are 82%–100% and 75%–96% (limited evidence)
(37, 58–65). MRI has the advantage of both high
sensitivity and specificity. It can also display
high-resolution images and evaluate for com-
plications such as abscesses, joint effusions, and
soft tissue extension that would require sur-
gical intervention (64, 65). The disadvantages
include higher cost relative to bone scintigraphy
and prolonged imaging time which may require
sedation. Whole-body MRI is a new application,
used particularly in the evaluation of metas-
tases. However, it can be performed to evalu-
ate multifocal sites of infection (insufficient evi-
dence) (62–64).

II. What Is the Diagnostic
Performance of the Different Imaging
Studies in the Evaluation of
Subperiosteal and Soft Tissue
Abscesses Associated with Acute
Hematogenous Osteomyelitis?

Summary of Evidence: Most patients respond
clinically to systemic antibiotics within
48 hours. If there is no clinical response to
therapy, repeat imaging should be considered
to exclude complications that would require
surgical intervention such as abscess collections
or necrotic tissue (limited evidence) (1–6).

Cross-sectional studies (CT scan, MRI, and
ultrasound) may be necessary for the evalua-
tion of soft tissue extension and complications.
MR has the highest sensitivity for early detec-
tion of osteomyelitis and better delineates soft
tissue spread of infection and abscess formation
(limited evidence) (1–6, 74).

Ultrasound has high sensitivity for detection
of subperiosteal abscess (limited evidence) (75–
78). This could be particularly useful in the

evaluation of AHOM in premature infants who
are too fragile and unstable to withstand other
cross-sectional studies.

Supporting Evidence: The use of ultrasound in
osteomyelitis has been reported in few small
series (75–78). In these series, ultrasound had
high sensitivity for detection of subperiosteal
and soft tissue fluid collections and can guide
their aspirations (limited evidence) (75–78).
However, ultrasound cannot evaluate the bone
marrow and, therefore, may miss the diagnosis
of osteomyelitis. The sensitivity to osteomyeli-
tis was reported in a range of 46%–74% with a
specificity range of 63%–100% (76, 78).

CT scan could be used for the evaluation of
complications of osteomyelitis if the MRI study
is not available or contraindicated (1–6, 74, 79,
80). It can demonstrate soft tissue and subpe-
riosteal abscesses (insufficient evidence) (1–6,
74, 79, 80).

MRI is more sensitive than CT scan for the
evaluation of soft tissue complications (insuffi-
cient evidence) (1–6, 74). MRI is especially valu-
able in imaging osteomyelitis of the pelvis as
it is often associated with soft tissue abscesses
(limited evidence) (81–83).

III. What Is the Diagnostic
Performance of the Different Imaging
Studies in Chronic Osteomyelitis?

Summary of Evidence: The diagnostic perfor-
mance of the various imaging for chronic
osteomyelitis is summarized in Table 17.3. A
small percentage of children with osteomyeli-
tis remain refractory to therapy, leading to
chronic osteomyelitis (COM) (1–6). COM is seen
more commonly in adults with osteomyelitis
secondary to trauma or surgery. The evidence
for the use of imaging in the evaluation of
COM derives mainly from the adult population.
The clinical diagnosis in these patients could
be difficult as symptoms are typically indolent
(4). Imaging findings that may indicate COM
include Brodie abscess, cloaca, and sequestrum
(1–6). These can be detected by plain radio-
graphs; however, CT is more sensitive in the
detection of these complications (limited evi-
dence) (1–3, 84–86).

In COM that complicates trauma or surgery,
the imaging diagnosis is challenging. MRI is
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very sensitive for the detection of the bone
marrow changes in COM. However, in the set-
ting of post-trauma or post-surgery COM, the
specificity is limited as MRI cannot differenti-
ate between fibrovascular scarring and active
osteomyelitis (limited evidence) (87–89).

Several nuclear medicine studies have been
used for the detection of COM. These include
bone scintigraphy, gallium-67, indium-11 or Tc-
99m, and labeled leukocytes (87, 88). In the eval-
uation of the axial skeleton COM, WBC scan is
limited as it may produce areas of “cold” foci
that are difficult to detect and are nonspecific
(insufficient evidence) (88).

In the evaluation of COM, 18F-FDG PET
has the highest sensitivity and specificity and,
therefore, is considered the study of choice
for the diagnosis of COM (limited evidence)
(87–92).

Supporting Evidence: Radiographs may demon-
strate findings suggestive of COM such as
Brodie abscess and sclerosis. These findings are
nonspecific (84). The sensitivity for the detec-
tion of sequestrum is low compared to CT scan
(insufficient evidence) (85). CT, although sen-
sitive for the detection of sequestrum, cannot
differentiate well between active infected COM
and changes related to bone remodeling (86).

The diagnosis of COM could be difficult
especially if superimposed on changes due to
trauma or surgery (87, 88). Meta-analysis study
comparing MRI, radionuclide imaging, and
18F-FDG PET for the diagnosis of COM demon-
strated the following sensitivity and specificity:
99mTc-MDP 61% and 25%, WBC scintigraphy
78% and 77%, MRI 84% and 60%, and 18F-
FDG PET 96% and 91%, respectively (87). Meta-
analysis comparing MRI, 18F-FDG PET, and
radionuclide imaging of COM resulted in the
following sensitivity and specificity for periph-
eral open fractures and prosthetic joint infec-
tion: gallium-67 70% and 82%, 99mTc-MDP 89%
and 89%, 111-In WBC 83% and 84%, MRI 88%
and 85%, and 18F-FDG PET 94% and 87%,
respectively (88).

In a prospective study of 30 patients, COM
was proven in 11/36 regions of suspected
skeletal infection and subsequently excluded in
25/36 regions (92). 111-In WBC scintigraphy
was positive in only 2 of the 11 regions with
COM. Seven of the false-negative results were
in the axial skeleton. 18F-FDG PET detected all

regions (11/11) with COM. 18F-FDG PET and
111-In WBC were each false positive in two
cases (92).

These studies, therefore, suggest that 18F-
FDG PET is the imaging study of choice for
the diagnosis of COM (low evidence) (87–92)
(Table 17.3).

IV. What Is the Diagnostic
Performance of the Different Imaging
Studies in Septic Hip Arthritis?

Summary of Evidence: The sensitivity of plain
radiographs for hip joint effusion is low (lim-
ited evidence) (28).

Ultrasound is highly sensitive for the evalu-
ation of hip effusion (limited evidence) (27–30).
However, it cannot distinguish between infec-
tious (septic arthritis) and other noninfectious
causes of joint effusions (27–30). The absence of
hip effusion by ultrasound is reliable for exclu-
sion of septic hip (limited to moderate evidence)
(27–30). Rare exceptions have been reported if
symptoms were less than 24 hours (29).

MRI is highly sensitive for joint effusion. Sev-
eral studies suggest that MRI can differentiate
between septic hip arthritis and transient syn-
ovitis, based on the presence of bore marrow
edema or decreased perfusion of the femoral
lead (insufficient evidence) (93, 94).

Supporting Evidence

Radiography
Pelvic radiography is usually the first imag-
ing performed for evaluating a child with sus-
pected septic hip joint. The “joint space” seen
on plain radiograph in the immature bone rep-
resents the nonossified femoral head, the artic-
ular cartilage, and the true joint space. Indirect
signs for joint effusion include lateral displace-
ment of the femoral head (distance of the ossi-
fied femoral head from the pelvis teardrop) and
displacement of the fat pads. The sensitivity of
plain radiograph for joint effusion is low (lim-
ited evidence) (28).

Ultrasonography
Ultrasound is highly sensitive for the evalu-
ation of joint effusion (27–30). No ultrasound
characteristics, including complexity of the
fluid, quantity of fluid, and adjacent hyperemia
on color Doppler imaging, have shown to be
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definitive in distinguishing septic arthritis ver-
sus other noninfectious causes of joint effusions
(27–30). The absence of hip effusion by ultra-
sound is reliable for exclusion of septic hip (lim-
ited to moderate evidence) (27–30).

MR Imaging
MRI is highly sensitive for hip joint effusion.
Several studies demonstrated that bone marrow
edema in the femur is associated with septic hip
(93). Another finding that correlated with sep-
tic hip is decreased femoral hip enhancement
(94). Those findings are based on small series of
patients. The evidence is, therefore, insufficient.
In addition, the use of MRI may not be prac-
tical due to costs and availability in an urgent
situation.

Take Home Figure

What Are the Roles of the Imaging Modalities
in the Evaluation of Acute Osteomyelitis and
Septic Arthritis?

The decision tree in Fig. 17.1 outlines the role
of each imaging modality in the evaluation of

suspected osteomyelitis. The plain radiograph
is the initial imaging evaluation due to its rel-
ative low cost, rapid acquisition, and ready
availability. If there is frank evidence for
osteomyelitis on the radiograph, immediate
antibiotic therapy can be instituted and further
imaging may not be necessary, as up to 80% of
patients are successfully treated with antibiotics
alone.

If the radiograph is negative for osteomyeli-
tis and there are no localizing symptoms
clinically, radionuclide bone scintigraphy is the
next imaging modality, based on its ability to
provide whole-body imaging.

If there are localized symptoms, MRI would
be a better choice due to higher resolution, more
specificity, and ability to immediately evaluate
for complications.

In chronic osteomyelitis, especially in the
axial skeleton, 18F-FDG PET is the preferred
imaging modality.

If acute symptoms are referable to the hip, an
ultrasound can be performed to rapidly evalu-
ate for the presence of an effusion and also to
provide image-guided joint aspiration. See the
decision tree in Fig. 17.2.

Possible AHOM

Localized 
symptoms

Abnormal Normal

MRI

Non localized or
multifocal

Bone scintigraphy

Do not respond to
treatment?

Do not respond to 
treatment?

Radiographs

Figure 17.1. Algorithm for imaging
suspected osteomyelitis in the pedi-
atric population.
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Possible septic hip
Labs (WBC,ESR,CRP)

Pelvic radiograph

High clinical
suspicion

Urgent surgical
drainage

Low clinical
suspicion

Negative for
septic hip

Pelvic MRI

Ultrasound

NegativeHip
effusion

Positive

Clinical
observation

Negative

Joint
aspiration

Figure 17.2. Algorithm for
imaging suspected septic
hip arthritis in the pediatric
population (WBC, white
blood cell; ESR, erythrocyte
sedimentation rate; CRP,
C-reactive protein).

Table 17.1 summarizes the literature search
on osteomyelitis and septic arthritis. Table 17.2
discusses the diagnostic performance character-
istics of imaging studies for acute

Table 17.1. Summary of the literature
search on osteomyelitis and septic arthritis
(January 1966–October 2008)
Type of study Number of manuscripts

Meta-analysis 2
Case series 99
Case reports 189
Reviews 29

hematogenous osteomyelitis. Table 17.3 dis-
cusses the diagnostic performance char-
acteristics of imaging studies for chronic
osteomyelitis.

Table 17.2. Diagnostic performance character-
istics of imaging studies for acute hematoge-
nous osteomyelitis based on studies in chil-
dren and adults

Sensitivity
(%)

Specificity
(%)

Plain radiograph
(36–38, 67)

43–75 75–83

Ultrasound (75–78) 46–74 74–100
99mTC bone

scintigraphy
(39–43, 46, 51, 68,
69)

73–100
(32–
87% in
infants)

73–79

MRI (37, 58–65) 82–100 75–96
18F-FDG PET (54,

73)
98 75–79
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Table 17.3. Diagnostic performance characteristics of
imaging studies for chronic osteomyelitis based on meta-
analysis of 23 studies mainly in the adult population

Sensitivity (%) Specificity (%)

WBC scintigraphy 78 71
99mTC bone

scintigraphy
61 25

MRI 84 60
18F-FDG PET 96 91

Data from Termaat et al. (87).

Imaging Case Studies

Case 1

Figure 17.3 is a case of a 2-month-old male
with distal right femoral osteomyelitis who pre-
sented with flexion at the right hip and knee.

Figure 17.3. A 2-month-old male with distal right femoral osteomyelitis presented with flexion at the right
hip and knee. He did not move his right hip for 8 days. Plain radiograph of the right femur demonstrates
distal metaphyseal lucency (arrow).
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Case 2

Figure 17.4 is a case of a 4-year-old female with
right septic hip who presented to the emergency
room with fever and decreased weight bearing
on the right leg.

Figure 17.4. A 4-year-old female with right septic hip who presented to the emergency room with fever and
decreased weight bearing on the right leg. Hip ultrasound demonstrates a large hip effusion. Pus was drained
from the joint.
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Case 3

Figure 17.5 presents the case of a 3-year-old
male with CA-MRSA sepsis, osteomyelitis of
the right parietal bone, epidural abscess, septic
pulmonary embolism, pyomyositis, and multi-
focal osteomyelitis.

Figure 17.5. A 3-year-old male with CA-MRSA sepsis, osteomyelitis of the right parietal bone, epidural
abscess, septic pulmonary embolism, pyomyositis, and multifocal osteomyelitis. He had a close hair cut at
home and presented a few days later with swelling of the head and neck and refused to ambulate. 99mTc-MDP
bone scan demonstrates increased uptake in the right parietal bone (A, arrow), the distal left radius (B, arrow),
both femurs (C, arrows) and distal left tibia (D, arrow), compatible with multifocal osteomyelitis.



256 B. Karmazyn et al.

Case 4

Figure 17.6 shows the case of an 8-year-old
female with left femur osteomyelitis and large
subperiosteal abscess who presented with a
5-day history of fever and left leg pain that
became increasingly worse.

Figure 17.6. An 8-year-old female with left femur osteomyelitis and large subperiosteal abscess who pre-
sented with a 5-day history of fever and left leg pain that became increasingly worse. A: Coronal MRI STIR
shows extensive high heterogenous bone marrow signal involving the proximal left tibial metadiaphysis and
epiphysis, muscle and subcutaneous edema. A large subperiosteal abscess is demonstrated on both the coro-
nal STIR (A, black arrows) and the axial T1 SE, fat suppression postcontrast (B, arrow). Incision and drainage
were performed for both the tibial osteomyelitis and the subperiosteal abscess.

Suggested Imaging Protocols for
Hematogenous Osteomyelitis and
Septic Arthritis in Children

Radiography

At least two orthogonal views of the body
part of interest. Views of the opposite limb
may be useful for comparison to detect subtle
changes.

Should be performed on all patients with sus-
pected osteomyelitis or septic arthritis to eval-
uate for destruction, as well as exclude other
pathologies such as tumors or fractures.

Radionuclide Bone Scintigraphy

Three-phase radionuclide bone scintigraphy
with Tc-99m-labeled MDP. Planar images dur-
ing blood flow and soft tissue phases. Planar
images of extremities and SPECT images of the
axial skeleton during bone phase. Should be
used if symptoms are nonlocalizing or if there
is suspicion for polyostotic disease.

MRI

Axial T1 SE and T2 FSE with fat satura-
tion, coronal STIR and T1 SE, and axial

and coronal T1 SE with fat saturation after
intravenous gadolinium. Sagittal images are
optional and dependent on location of bone and
soft tissueabnormalities.

Should be performed if there are localizing
symptoms.

Ultrasound

Linear transducer high-frequency probe
(7–17 MHz). Compare with opposite joint for
symmetry. Ultrasound should be performed to
evaluate for joint effusion and joint aspiration.
Most commonly used for the hip joint.

Future Research

• Can the use of whole-body MR imaging
technique obviate the need for radionuclide
scintigraphy in the evaluation of multifocal
osteomyelitis?

• Can MR with gadolinium provide more
information than ultrasound in the evalua-
tion of septic arthritis?

• Can findings on imaging (plain film, MR,
ultrasound) predict the likelihood of success
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of medical therapy alone or provide early
triage to surgical therapy?

• Does PET-CT have a role in the evaluation of
acute osteomyelitis?
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18
Imaging of Pediatric Bone Tumors:

Osteosarcoma and Ewing
Sarcoma

Geetika Khanna

IssuesI. What is the recommended imaging approach for evaluation of
suspected bone tumors?

II. What is the best imaging modality for local staging of pediatric
bone sarcomas?

III. Do imaging findings of the primary tumor have prognostic signifi-
cance?

IV. What is the frequency of skip bone metastases and what is the best
imaging modality to detect them?

V. What imaging studies should be performed for staging of pediatric
bone sarcomas?

VI. What is the best imaging method to assess response to chemother-
apy?

VII. What is the appropriate imaging protocol for posttreatment surveil-
lance of these malignancies?

Key Points� The initial imaging test for suspected bone tumors is radiography.
Some lesions can be definitely determined to be benign (nonaggres-
sive) based on radiography alone, but in other cases, surgical excision
or biopsy will be necessary for diagnosis (limited evidence).

� Local staging of bone sarcomas is best performed with contrast-
enhanced MRI. Precontrast T1-weighted images best depict
intraosseous extent, while postcontrast images evaluate soft tis-
sue component and joint invasion (moderate to limited evidence).

� Prognosis: Large tumor size is a poor prognostic factor for both OS
and ES and correlates with the presence of distant metastases (mod-
erate evidence). Intensity of uptake on PET may correlate with prog-
nosis/survival (limited evidence).
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� Skip metastases in the bone are best detected on T1-weighted MR
images (moderate evidence).

� Staging: Chest CT is essential to detect lung metastases. Detection of
bone metastases is best performed with scintigraphy for OS and with
FDG-PET for ES (moderate to limited evidence).

� While reduction of tumor size correlates with response in Ewing’s sar-
coma, this is not true for OS. The role of imaging in assessing response
to chemotherapy remains limited (moderate evidence).

� Optimal posttreatment imaging surveillance protocols are not well
defined. The recommendations from the children’s oncology group
have been summarized.

Definition and Pathophysiology

Osteosarcoma and Ewing’s sarcoma account for
approximately 90% of pediatric malignant bone
tumors (1, 2). OS is an osteoid-producing tumor
that most commonly occurs in the metaphysis
(90%), though it can occur in the diaphysis (9%)
or epiphysis (1%) of bone as well (3). ES is a
small, round, blue cell tumor that can arise in
the bone or soft tissues. Osseous ES has been
classically described as occurring in the diaph-
ysis (33%), though the metadiaphyseal location
is actually more common (44%) (4).

Conventional OS is a high-grade,
intramedullary tumor that comprises 75%
of OSs (3). These tumors are typically large
(>6 cm) with osteoid matrix production giving
a fluffy density, aggressive periosteal reaction,
Codman’s triangle, and a soft tissue mass.
Less common are the parosteal (3% of cases),
periosteal (1%), and telangiectatic (10%) vari-
ants of OS. Telangiectatic OS is characterized
by multiple, aneurysmally dilated, blood-filled
cavities with high-grade, sarcomatous cells in
the periphery. It has been shown to have similar
prognosis as high-grade conventional OS (5).
Parosteal OS is the most common surface OS
that classically arises from the posterior aspect
of the distal femur (6). It is a low-grade tumor
with an excellent prognosis (7). Its typical
radiographic appearance is that of a dense
mineralized lobulated mass attached to the
outer cortex by a broad-based stalk. Periosteal
OS, the next most common surface OS, tends
to involve the diaphysis of long bones (8).
Although it is associated with a better progno-
sis than conventional or high-grade surface OS,

periosteal OS is a malignant tumor that tends
to recur and metastasize.

Ewing’s sarcoma can have a mixed lytic–
sclerotic pattern (75%) or a purely lytic appear-
ance (25%) (9). Plain films and CT can show a
spiculated periosteal reaction (50%) or a Cod-
man’s triangle (27%). Cortical permeation and
destruction is seen in 31 and 42%, respectively,
whereas cortical thickening is seen in 20%. The
most characteristic finding on MRI is the pres-
ence of a large soft tissue mass.

Patients with bone malignancies may present
with pain, functional impairment, or soft tis-
sue mass (1). In addition, children with ES can
have systemic symptoms, such as fever, anemia,
weight loss, and elevated erythrocyte sedimen-
tation rate, which can mimic osteomyelitis.

The pathogenesis of these tumors remains
unclear. Identified risk factors for OS are expo-
sure to ionizing radiation and genetic con-
ditions like familial retinoblastoma and Li-
Fraumeni syndrome. The increased risk of OS
among patients with hereditary retinoblastoma
and those with Li-Fraumeni syndrome points to
pathogenetic roles of p53 and RB tumor sup-
pressor genes (1). About 95% of patients with
ES have a t(11;22) or t(21;22) translocation (10).

Epidemiology

Malignant bone tumors are rare worldwide,
with approximately 650–700 cases diagnosed
each year in the United States in children
0–19 years of age (11, 12). They account for
3–5% of cancers diagnosed in children under 15
years of age and 7–8% of those in adolescents
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15–19 years of age (13). The incidence rates
of OS and ES have not changed significantly
between 1987 and 2001 in the United States
(12). The two most common types of malig-
nant bone tumors in children are OS and ES,
accounting for 51 and 41% of all pediatric
bone malignancies, respectively. The overall
rates for OS and ES are 4.6 and 3.0 cases per
million children of 0–19 years of age in the
United States, respectively (12). All types of
bone tumors are very rare before the age of 4
years with a peak incidence at the age of 13
years in girls and 15 years in boys. The inci-
dence in young adults (20–24 years of age) is
substantially lower than that at the peak in
adolescence (14). The rate of bone sarcomas
is somewhat higher in males than in females
(ratio 1.2:1) (11).

OS and ES have striking contrasts in their
incidence patterns, particularly with respect to
race and location. While OS occurs at roughly
the same rate among blacks and whites, ES is 11
times more common in white children as com-
pared to blacks (15). With regard to location,
while 80% of OS cases occur around the knee,
45% of ES occur in the central skeleton and
30% in the lower limbs (11). These facts have
given significant insight into the etiologic inves-
tigations of these malignancies. It appears that
bone growth and development play an impor-
tant role in the occurrence of OS (16). The racial
disparity in the occurrence of ES and its rela-
tively uniform distribution in the body suggest
a genetic predisposition.

Though the survival rate of bone sarcomas
has improved significantly over the last two
decades, it remains lower than that for child-
hood cancers overall. The 5-year survival rate
for bone cancers in children is 65% compared
to 76% for all pediatric malignancies (12). Sur-
vival is only slightly higher for OS than for ES,
with respective 5-year survival rates of 64.3 and
61.5%.

Overall Cost to Society

There are very limited data in the literature
regarding the cost of imaging pediatric bone
sarcomas. The costs would include imaging
for detection of a suspected malignant bone
tumor, initial staging, assessing response to

therapy prior to surgery, and the cost of surveil-
lance imaging. We were able to find one study
from Stockholm evaluating the cost of surveil-
lance MRI performed over the period 1997–
2001 (17). However, this study comprised pri-
marily an adult population and included both
low-grade and high-grade musculoskeletal sar-
comas. Surveillance MRI was performed 6
months, 1 year, and then annually after surgery
for 5 years. The authors concluded that surveil-
lance MRI was cost-effective with a cost just
under £6,000 per recurrence detected.

Goals

The ultimate goal of imaging is to decrease the
morbidity and mortality of children from malig-
nant bone tumors. This would be achieved by
timely detection of tumors, accurate local stag-
ing to allow limb-sparing surgery, and detection
of metastases to provide appropriate therapy.
An imaging method that would allow early and
accurate differentiation between good respon-
ders and nonresponders would help tailor
chemotherapy to individual patients. Finally,
surveillance imaging would be effective only
if it helps improve survival in a cost-effective
fashion.

Methodology

The author searched the literature for both
primary literature (scientific articles) and sec-
ondary literature (evidence-based reviews) on
this topic. The National Library of Medicine
(NLM) database, MEDLINE, was searched
using the PubMed search engine for primary
evidence over the period 1966–2008. Articles
were retrieved using the following medical sub-
ject heading (MeSH) terms that applied to the
clinical question: (1) OS; (2) Ewing’s sarcoma;
(3) imaging; (4) MRI or magnetic resonance
imaging; (5) CT or computed tomography; (6)
scintigraphy; and (7) PET or positron emission
tomography. The following limits were applied
to restrict the focus of our search: humans,
English language, and all children. The title and
abstracts of the retrieved papers were reviewed
to find relevant literature. The bibliographies of
these articles were also reviewed to identify any
other relevant papers.
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Discussion of Issues

I. What Is the Recommended Imaging
Approach for Evaluation of
Suspected Bone Tumors?

Summary of Evidence: The initial evaluation of
an osseous lesion should start with plain radio-
graphs. In most cases the diagnosis can be
established on plain radiographs, and advanced
imaging is performed for staging/preoperative
planning (limited evidence).

Supporting Evidence: The initial evaluation of
a suspected bone lesion should include two
orthogonal plain radiographs of the entire
lesion. Plain radiography is the most important
imaging tool in determining the biologic activ-
ity and very often histology of bone lesions.
Imaging features to consider in the interpre-
tation of radiographs include pattern of bone
destruction, margin of lesion, presence and
nature of matrix, cortical erosion, presence and
type of periosteal reaction, and presence of asso-
ciated soft tissue mass. Lodwick et al. have
shown that radiographs can be used to esti-
mate rate of growth of focal bone lesions (18).
They showed that a permeative or moth-eaten
appearance can be seen in 88% of OS and
83% ES cases secondary to their aggressive
nature. Most OSs have a radiographic appear-
ance that poses little diagnostic dilemma, while
ES can mimic osteomyelitis both radiographi-
cally and clinically. In a series of 50 OS patients,
35 had a mixed lytic–blastic appearance, 8
were lytic, and 7 were purely lytic (19). OS
tends to violate the cortex resulting in aggres-
sive periosteal reaction. Various terms have
been used to describe this aggressive pattern
of periosteal reaction, including Codman tri-
angle, laminated, hair-on-end, or sunburst pat-
tern. Aggressive periosteal reaction can be seen
in 80–90% of osteosarcoma cases (3). Laminated
periosteal reaction has been described in 57%
of ES patients (20). Approximately 96% of ESs
are poorly marginated on radiographs and 76%
have a permeative component (20). In a review
of 64 patients (mean age 17.9 years) with ES,
75% of cases were shown to have a mixed
sclerotic–lytic appearance, with an aggressive
spicular periosteal reaction present in 50% of

cases and a laminated periosteal reaction seen
in 14% of cases (9). However, we were unable
to find any data on the accuracy or predictive
value of these imaging characteristics in differ-
entiating malignant from benign bone lesions.

II. What Is the Best Imaging Modality
for Local Staging of Pediatric Bone
Sarcomas?

Summary of Evidence: In patients diagnosed
with OS or ES, MRI is the imaging modal-
ity of choice for local staging. Precontrast
T1-weighted images are best suited to eval-
uate for the extent of marrow replacement
and transphyseal extension. Evaluation of
intraarticular extension, muscular compart-
ment involvement, and neurovascular encase-
ment is best performed with postcontrast MR
imaging (limited to moderate evidence).

Supporting Evidence: Accurate delineation of
local tumor extent is essential in planning limb-
sparing surgery for children with bone sar-
coma. Local staging involves determination of
the extent of intraosseous disease, evaluating
for extension across physis and into the joint
space, muscular compartment involvement by
the soft tissue mass, and encasement of the neu-
rovascular bundle. For soft tissue sarcomas, the
anatomic site determines the extent of surgical
resection and the need for additional therapies.

There is moderate evidence to suggest that
MR has higher accuracy than CT and bone
scintigraphy to determine the intraosseous
extent of tumor (21). T1-weighted MR images
have been shown to have the highest accu-
racy in determining the intraosseous extent of
marrow replacement (22, 23). In a prospec-
tive study of 56 patients, Bloem et al. reported
MR to have an accuracy of 98% in the detec-
tion of neurovascular bundle involvement by
tumor, as compared to 82% for CT and 74% for
angiography. However, the difference was not
statistically significant (21). In the same study,
MR was reported to have a sensitivity of 96%
(95% CI: 91–99%) and a specificity of 99%
(95% CI: 97–100%), as compared to a sensitiv-
ity of 71% (95% CI: 63–79%) and a specificity of
93% (95% CI 89–95) for CT in the detection of
muscular involvement.
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MRI has been shown to depict transphyseal
extension with high sensitivity but low speci-
ficity (23) (24) (25) (limited evidence). Hoffer
et al. found T1-weighted images to have a
specificity of 60% in evaluating for transphy-
seal extension of tumor, as compared to 40%
for STIR (short tau inversion recovery) images
(24). Both sequences however had 100% sen-
sitivity in detecting transphyseal extension in
their study of 40 children with OS. In another
study of 20 children with newly diagnosed OS,
MRI using T1-weighted and STIR images was
shown to have 100% sensitivity and 50% speci-
ficity in detecting epiphyseal involvement by
tumor (23). The accuracy of MRI in determin-
ing transphyseal extension can be affected by
peritumoral edema. While tumor is dark on
T1-weighted images and causes architectural
distortion, peritumoral edema has intermediate
signal on T1-weighted images and does not dis-
tort normal bone architecture. Both are, how-
ever, bright on T2-weighted images and both
can show enhancement (24) (limited evidence).

There is limited evidence for the role of MRI
in evaluating intraarticular extension. Schima et
al. evaluated the efficacy of preoperative MR in
detecting joint involvement in 46 OS patients
(mean age 20.5 years) (26). They found postcon-
trast T1-weighted images to be most useful with
a reported sensitivity of 100% and specificity of
69%. Extraosseous tumor growth causing dis-
placement of the joint capsule may result in a
false-positive diagnosis of joint invasion. Post-
contrast T1-weighted images have been shown
to be most useful in evaluating intraarticu-
lar extension, while T2-weighted images are
limited as peritumoral edema can have simi-
lar signal characteristics as the tumor itself. In
detecting tumor involvement of the joint, the
presence of a joint effusion had a positive pre-
dictive value of 27% and a negative predictive
value of 92% (26) (limited evidence).

III. Do Imaging Findings of the
Primary Tumor Have Prognostic
Significance?

Summary of Evidence: Tumor size, as estimated
on radiographs or advanced imaging, has been

shown to be a significant prognostic factor in OS
and ES patients (moderate evidence).

Supporting Evidence

Anatomic Imaging
There is moderate evidence that absolute tumor
volume estimated on plain radiographs is an
important risk factor and can be used to strat-
ify OS patients for risk-adapted therapy (27,
28). In a study of 128 OS patients (children and
adults), Bieling et al. showed that none of 19
patients with an absolute tumor volume 70 cc
and only 4 of 53 with an absolute tumor vol-
ume 150 cc relapsed, while in patients with
an absolute tumor volume more than 150 cc,
the relapse rate was 40–60% (27). These initial
studies were based on measurements obtained
on plain films. In a more recent study of
42 patients, Kaste et al. showed that tumor
volume and anteroposterior tumor depth as
measured on MRI were statistically significant
predictors of overall survival and event-free
survival in children with nonmetastatic OS (29).
They showed that patients with tumor volumes
>150 cc were 3.6 times more likely to die com-
pared to patients with smaller tumor volumes
(95% CI: 0.9–13.9). The estimated 5-year overall
survival for patients with tumor volume 150 cc
was 87.5 ±6.9% compared to 61.1 ± 12.1% for
those with tumor volume >150 cc (limited evi-
dence). However, Lee et al. found that tumor
size adjusted for body surface area was a bet-
ter prognostic factor than absolute tumor size
as measured on MRI (30) (limited evidence).

Studies performed on ES patients have also
shown a negative correlation between tumor
volume at presentation and patient outcome
(31, 32) (limited to moderate evidence). Reports
from the European Intergroup Cooperative
Ewing’s sarcoma study group have shown that
tumor volumes >100 ml have a statistically
significant association with the presence of
metastatic disease at presentation (p < 0.0001)
(31). The outcome of patients with tumor vol-
ume under 200 ml has been shown to be a prog-
nostic factor in determining disease-free sur-
vival and progression-free survival (32).

Functional Imaging
The role of dynamic MRI in determining
tumor behavior is still under investigation.
Preliminary studies suggested that tumor
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vascularity estimated by dynamic vector
magnitude on dynamic-enhanced MRI may
correlate with response to therapy; however,
these results were not confirmed in subsequent
studies from the same group (33, 34) (limited to
insufficient evidence).

Other imaging modalities that have been
used to evaluate tumor behavior at diagnosis
include thallium 201 scintigraphy and FDG-PET.
Studies have suggested that presence of a cen-
tral donut of photopenia on Tl-201 scintigraphy
correlates with aggressive tumor behavior and
negatively impacts survival (35, 36) (limited to
insufficient evidence). In a study of 40 children
with OS, Kaste et al. showed that 3-year esti-
mates of event-free survival were 63.3 ± 11.6%
for patients whose tumors exhibited a donut
shape, compared to 94.4 ± 5.9% for patients
without the donut shape. Several studies have
shown a correlation between tumor aggres-
siveness and histologic grading with 18-FDG
uptake on PET (37–39) (moderate evidence). A
retrospective study of FDG-PET in 209 adults
with sarcomas showed a statistically signifi-
cant difference in disease-free survival between
patients with tumors whose baseline SUVmax
was more than 6 and those with tumors whose
SUVmax was less than 6 (40). In a study
including 52 patients with osteogenic sarcoma,
an association between standardized uptake
value (SUV) and overall survival has also been
shown (40).

In summary, at this time, there is limited evi-
dence suggesting that intensity of uptake on
FDG-PET may have a prognostic value.

IV. What Is the Frequency of Skip
Bone Metastases and What Is the Best
Imaging Modality to Detect Them?

Summary of Evidence: T1-weighted MRI has
been shown to be the most accurate for detec-
tion of skip metastases (moderate evidence).

Supporting Evidence: Skip metastases are defined
as synchronous smaller foci of tumor occurring
in the same bone anatomically separate from
the primary lesion or as synchronous smaller
foci of tumor on the opposing side of the joint
(41, 42). The reported incidence of skip metas-
tases in children with OS ranges from 1.8 to 25%

(41–45). Skip metastases have been reported to
be less common in children with Ewing’s sar-
coma (46). The outlook for patients with OS
who present with skip metastasis is poor with
a 5-year survival probability of 50% (43). MRI
has been reported to be the most sensitive imag-
ing technique for detection of skip metastases
(43) (moderate evidence). The sensitivity of MRI
for detection of skip lesions has been reported
to be 83%, followed by 46% for (technetium
99 m) bone scans. The limited spatial resolu-
tion of bone scintigraphy may account for its
lower accuracy in differentiating the primary
tumor mass from skip metastases. The same
study reported the sensitivity of radiography
and CT in the detection of skip metastases at
36 and 50%, respectively (43). There is limited
information on the role of PET in the detection
of skip lesions at this time.

V. What Imaging Studies Should Be
Performed for Staging of Pediatric
Bone Sarcomas?

Summary of Evidence: The most common sites
of metastatic disease from pediatric sarcomas
are lungs, bone marrow, and bone. Chest CT
is the imaging modality of choice for detection
of lung metastases (moderate evidence). Recent
data suggest that FDG-PET should replace
bone scintigraphy for detection of bone mar-
row/bone disease in patients with ES (limited
evidence). However, bone scintigraphy remains
more sensitive than PET in the detection of dis-
tant disease in OS (moderate evidence).

Supporting Evidence: In a study of 215 patients
with OS, the prevalence of metastatic disease
at diagnosis has been reported to be 15%. The
most common sites of metastases are the lungs
and bone. The prevalence of metastatic disease
in ES is higher and virtually all patients with
ES are believed to have micrometastases at pre-
sentation. Up to 30% of ES patients have visi-
ble metastases at the time of initial presentation
(47). The common sites of detectable metastases
in ES are lungs, followed by bone and bone
marrow (4). The presence of metastatic disease
is a significant predictor of survival (28, 48).
The 5-year survival rate is less than 40% for ES
patients with lung metastases and less than 20%
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for patients with bone marrow infiltration (49).
Hence, detection of metastases and exact stag-
ing are essential for the best possible treatment
and outcome.

Lung Metastases
For detection of lung metastases, the accuracy
of chest CT remains the highest (50). Radiog-
raphy has been shown to have a sensitivity of
32% in the detection of all pulmonary metas-
tases as compared to chest CT (51). In a study
of 71 patients with OS and ES, Franzius et al.
found PET to have a sensitivity of 0.50 and a
specificity of 0.98, while CT had a sensitivity
of 1 and a specificity of 0.76 (52).The sensitiv-
ity of FDG-PET is particularly low in the detec-
tion of lesions smaller than 7 mm in size (52,
53) (moderate to limited evidence). This is likely
due to the long acquisition time of PET, result-
ing in blurring due to breathing motion and due
to partial volume effects.

Bone Metastases
Detection of bone metastases in ES and OS has
predominantly been performed with Tc-99m-
methylene diphosphonate (MDP) bone scintig-
raphy. However, recently FDG-PET has been
shown to be superior to bone scintigraphy for
the detection of bone metastases from Ewing’s
sarcoma (54). In a study of 49 ES with osseous
metastases, the sensitivity, specificity, and accu-
racy of FDG-PET and bone scan were 1.00,
0.96, and 0.97 and 0.68, 0.87, and 0.82, respec-
tively (55). The same study had five cases
of OS with metastatic disease, none of which
were detected by FDG-PET. So, the authors
concluded that bone scintigraphy is more sen-
sitive in the detection of osseous metastases
from OS (55). Another prospective multicen-
ter study compared the accuracy of PET and
conventional imaging (including CT, MRI, and
bone scintigraphy) for staging of pediatric sar-
comas (53). This study found FDG-PET and
conventional imaging to be equally sensitive
(90%) for detection of metastatic disease in OS
patients, while PET performed significantly bet-
ter in the evaluation of ES (sensitivity 88% com-
pared to 37% for conventional imaging includ-
ing scintigraphy, p<0.01) (moderate evidence).
A possible explanation for the high scinti-
graphic detection rate of skeletal OS metas-
tases is the production of osteoid and osteoblas-
tic activity. ES, however, tends to infiltrate the

bone marrow and has predominantly osteolytic
activity.

Whole-body MRI has also been used to stage
pediatric sarcomas. The limited evidence that
is available at this time suggests that though
whole-body MRI maybe more sensitive than
scintigraphy in the detection of marrow metas-
tases, it is less sensitive than PET (56).
The American College of Radiology Imaging
Network has conducted a prospective study
to compare the diagnostic performance of
whole-body fast MRI with that of conven-
tional imaging [the combination of chest CT,
scintigraphy (bone or MIBG), and abdomi-
nal/pelvic CT/MRI as indicated] for detect-
ing distant metastases in staging non-CNS
small cell solid tumors in the pediatric popula-
tion. The study has completed accrual and the
results of this multicenter study are pending
(http://www.acrin.org).

VI. What Is the Best Imaging Method
to Assess Response to
Chemotherapy?

Summary of Evidence: There is moderate evi-
dence that conventional MRI has limited role in
assessing response in OS. Tumor volume assess-
ment on conventional MRI correlates with
response in ES patients (moderate evidence).
The role of molecular imaging techniques such
as dynamic MRI, diffusion-weighted MRI, thal-
lium scintigraphy, and PET is still under inves-
tigation. Both DEMRI and PET show promise
in improved assessment of tumor response to
treatment.

Supporting Evidence: The treatment of pedi-
atric bone sarcomas is based on neoad-
juvant chemotherapy designed to treat
micrometastatic disease and reduce primary
tumor volume to facilitate surgical resection.
The degree of necrosis following induction
chemotherapy is a major prognostic factor
in predicting event-free survival (57–60). OS
patients with histological evidence of less
than 10% viable tumor postchemotherapy are
classified as good responders. As histological
evaluation is feasible only after surgery, there
is a strong need for an imaging method to
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noninvasively quantify tumor necrosis during
chemotherapy.

Plain Radiographs
The role of radiography in evaluating response
to treatment remains limited (moderate evi-
dence). While some authors have reported that
increasing soft tissue mass size and increased
bone destruction are indicative of poor response
(28), these findings have not been unanimously
confirmed (61). Holscher et al. evaluated the
role of radiography in assessing response to
therapy in 22 patients with OS (61). The radi-
ologic parameters studied included change in
tumor diameter, definition of intraosseous and
extraosseous margins, presence of pseudocap-
sule, development of ossification/calcification,
periosteal reaction, cortical involvement, and
development of fracture. They did not find a
statistically significant association between any
of the above parameters and histologic response
to therapy. In another study of 47 pediatric
patients with OS, Lawrence et al. found statis-
tically significant association between poor his-
tological response and an increase or no change
in size of the soft tissue mass (p<0.01) and an
increase in bone destruction (p<0.02) as evalu-
ated on radiography (28). The above two radio-
graphic features in combination had a sensitiv-
ity of 80% and a specificity of 66% in predicting
poor response to chemotherapy.

MR Imaging
Magnetic resonance imaging is routinely used
for initial and posttherapy evaluation of sarco-
mas. While an increase in tumor volume has
been shown to correlate with poor histologi-
cal response in OS (PPV 85–92%), decreased or
unchanged tumor volume are unreliable pre-
dictors of good response (PPV 56–62%) (62,
63). This may be because tumor shrinkage for
OS requires active resorption of the osteoid
matrix by osteoclasts. There is moderate evi-
dence that the change in tumor volume, as esti-
mated on MRI, in ES patients correlates with
chemotherapy-induced tumor necrosis (64, 65).
In a study of 50 ES patients, the median reduc-
tion in tumor volume was 64% in cases with no
viable tumor seen postchemotherapy excision,
as compared to 11% reduction in tumor volume
in excised tumors that showed no necrosis after
therapy (64).

No significant correlation has been found
between change in volume response and patient
survival in pediatric sarcomas (28, 33, 64). Also,
the length of intramedullary signal abnormali-
ties does not vary in response to chemotherapy
(23). Hence, tumor measurements performed
during chemotherapy have a limited prognos-
tic significance. Several studies have shown no
correlation between T1, T2, or postcontrast sig-
nal intensity and tumor response to therapy (65,
66) (moderate evidence).

There is insufficient evidence at this time
regarding the role of diffusion-weighted imag-
ing in differentiating necrotic from viable tumor
(67, 68). In viable tumor cells, the cell mem-
branes are intact restricting molecular diffusion.
In contrast, breakdown of cell membranes in
necrotic tumor cells allows free diffusion and
an increase in the mean free path length of
the diffusion molecules. In a study of 18 sar-
coma patients (16 OS, 2 ES), the change in
the apparent diffusion coefficient (ADC) value
postchemotherapy has been shown to be sta-
tistically greater in the group that manifested
tumor necrosis greater than 90%, as compared
to those with less tumor necrosis (p=0.003) (67).
However, this needs to be confirmed in larger
studies.

Dynamic MRI
There are several studies evaluating the role
of dynamic contrast-enhanced MRI (DEMRI)
in evaluating response of sarcoma patients to
therapy (66). Viable tumor tends to show early
enhancement within 10–20 s of injection or
within 6 s of contrast reaching a neighboring
vessel. Lack of enhancement or late enhance-
ment favors necrotic tumor or therapy-related
changes (69). The slope of the signal intensity
vs. time curve on DEMRI has been shown to
correlate with the degree of necrosis during
and after chemotherapy (70, 71). In a study of
20 sarcoma patients, Fletcher et al. showed that
all histologically responsive tumors had slopes
of 40% per minute or less after completion of
chemotherapy (70). Two-compartmental phar-
macokinetic models that can take into account
contrast uptake and washout have been tested
to evaluate tumor response to therapy. The
initial results are promising for evaluation of
pediatric sarcomas (71). The routine use of
these techniques is currently limited due to lack
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of standardization and sophistication of post-
processing mathematical models (insufficient
evidence).

Thallium Scintigraphy
There is limited evidence favoring the use of
thallium-201 scintigraphy for evaluation of OS
response to chemotherapy (72, 73). Tl-201 is a
potassium analog that enters tumor cells via the
adenosine triphosphatase system. The avidity
of OS for Tl-201 reflects the cellular activity and
to a lesser extent the tumor perfusion. Investi-
gators from Memorial Sloan-Kettering Cancer
Center evaluated the change in pre- and post-
therapy tumor to background uptake ratio in 24
OS patients. They found a statistically signifi-
cant correlation between the change in Tl-201
uptake intensity and the histologically deter-
mined grade of necrosis (72).

FDG-PET
FDG-PET has been used to evaluate the
response of bone sarcomas to therapy (74).
Most of these are single-center studies with
small sample sizes (limited evidence). In their
studies on pediatric bone sarcomas, Hawkins
et al. have shown that the posttherapy stan-
dardized uptake value (SUV) and the ratio of
the posttherapy SUV to pretherapy SUV corre-
late with histological assessment of response to
chemotherapy (75). In another study of 36 ES
patients, they showed that a postchemotherapy
SUV of <2.5 was predictive of progression-free
survival independent of initial disease stage
(76).They found the positive predictive value of
posttherapy SUV of <2.5 for a favorable histo-
logical response to be 79%, while the negative
predictive value for an unfavorable response
was 40% (moderate to limited evidence).

VII. What Is the Appropriate Imaging
Protocol for Posttreatment
Surveillance of These Malignancies?

Summary of Evidence: There are insufficient
data regarding the most cost-effective protocol
for surveillance imaging. The recommendations
of the children’s oncology group for surveil-
lance of OS and ES are summarized (77) (insuf-
ficient evidence).

Supporting Evidence: The aim of posttreatment
surveillance imaging is to detect tumor recur-

rence/relapse prior to the patient becoming
symptomatic. It is the current approach that
asymptomatic detection will aid detection of a
small tumor burden at an early enough stage
that remission of relapsed tumor can still be
achieved. However, the benefits of early detec-
tion are unproven and need to be balanced with
the costs of multiple investigations and the risks
of radiation exposure and sedation/anesthesia
required for imaging in children. Ultimately,
the imaging protocol can be considered effec-
tive only if it improves survival of children with
malignancies.

MRI is being routinely used for local recur-
rence and several studies have shown its role
in the detection of local recurrence (78–80).
However, the sensitivity and specificity of MRI
for differentiating posttherapy changes from
residual/recurrent tumor remains low (81). In
a study of 24 pediatric patients with soft tis-
sue sarcoma, Kaste et al. reported the sensitiv-
ity of magnetic resonance imaging for detect-
ing residual tumor at 78%, specificity at 86%,
with a positive predictive value of 0.78, and
a negative predictive value of 0.86 (81). Also,
whether detection of asymptomatic recurrence
by MRI improves survival still needs to be
investigated (82). Comparison of chest X-rays
and CT scans has shown that the latter can
detect lung metastasis at an earlier stage (51,
83). However, these studies did not analyze
if the use of CT improves the chance for a
successful relapse compared with a follow-
up program using chest X-rays alone. CT car-
ries a higher radiation and economic burden
compared to chest X-rays. There is need for
a prospective study to answer this question.
FDG-PET has been shown to aid the diagno-
sis of local recurrence in small case series (84,
85). Its molecular imaging capabilities can be
especially useful when anatomical imaging is
limited by therapy-related structural changes or
hardware-producing artifact (Fig. 18.2). There
is insufficient evidence supporting the role of
FDG-PET in the surveillance of pediatric sarco-
mas at this time.

Take Home Tables

Tables 18.1, 18.2, 18.3, and 18.4 cover the diag-
nostic performance of imaging tests in the
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evaluation of OS and ES, each focusing on
one of the following, respectively: MRI/CT in
local staging of primary bone sarcoma, sensitiv-
ity for detection of skip bony metastases, sen-

sitivity for detection of lung metastases with
95% CI, and sensitivity for detection of osseous
metastases.

Table 18.1. Diagnostic performance of imaging tests in the evaluation of OS and ES: imaging
performance of MRI and CT in local staging of primary bone sarcoma

Sensitivity (95% CI) Specificity

Extension into muscle MR 96% (91–99%) 99% (97–100%)
CT 71% (63–79%) 93% (89–95%)

Neurovascular bundle involvement MR 100% (69–100%) 98% (88–100%)
CT 33% (8–70%) 93% (81–98%)

Intraarticular extension MR 94% (71–100%) 97% (86–100%)
CT 93% (68–100%) 94% (82–99%)

Data from Bloem et al. (21).

Table 18.2. Diagnostic performance of imaging tests in the
evaluation of OS and ES: sensitivity for detection of skip
bony metastases

Plain
radiographs CT Bone scan MRI

36% (8/22) 50% (5/10) 46% (11/24) 83 (15/18)

Data from Kager et al. (43).

Table 18.3. Diagnostic performance of imaging tests in the
evaluation of OS and ES: sensitivity for detection of lung
metastases with 95% CI

Plain
radiographs CTa PET

Sensitivity 32% (N/A) 100%
(82–100%)

50%
(27–73%)

Specificity (N/A) 76%
(63–87%)

98%
(90–100%)

aConventional imaging was defined as CT, MRI, bone scintigraphy, and
ultrasound in this reference.
Any lesion ≥5 mm or more than one lesion <5 mm classified as positive.
Data from Vanel et al. (51) and Franzius et al. (52).

Table 18.4. Diagnostic performance of imaging tests in
the evaluation of OS and ES: sensitivity for detection of
osseous metastases

Conventional imaginga (%) PET (%)

OS 90 90
ES 37 88 (p<0.01)

aConventional imaging was defined as CT, MRI, bone scintigraphy, and
ultrasound in this reference.
Data from Volker et al. (53).
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Imaging Case Studies

Case 1

Figure 18.1 presents the case of a 5-year-old boy
with 6 days of leg pain.

Figure 18.1. A 5-year-old boy with 6 days of leg pain. Radiograph shows interrupted periosteal reaction (A,
arrow) concerning aggressive lesion with a pathologic neck fracture (A, arrow head). Coronal T1 (B) and fat-
saturated T2 (B) weighted images show marrow replacement extending to the distal shaft. Amputation speci-
men (D) confirms tumor extension into the distal shaft. (Pathology: Ewing’s sarcoma.).
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Case 2

Figure 18.2 presents the case of a 15-year-old
girl with knee prosthesis, postchemotherapy,
and surgery for osteosarcoma.

Figure 18.2. A 15-year-old girl with knee prosthesis, postchemotherapy, and surgery for osteosarcoma. FDG-
PET (A) AP view of both knees and (B) lateral view of the left knee show a hypermetabolic focus posterior to
the tibia highly concerning recurrence. Ultrasound-guided biopsy confirmed recurrent osteosarcoma.

Suggested Imaging Protocols for
Osteosarcoma and Ewing’s Sarcoma

Imaging guidelines were formulated by the
Children’s Oncology Group (77).

Osteosarcoma Imaging Evaluation at Baseline

Anatomic Imaging
1. AP and lateral view of the involved bone.
2. MRI with contrast to determine the extent of

disease.
a. Small field of view images for local extent.
b. Large field of view images to include

whole bone to evaluate for skip lesions.
3. Chest CT for lung metastasis.

Functional Imaging
1. Bone scintigraphy for staging.
2. FDG-PET is recommended but not required.

OS Baseline After Surgery

1. AP and lateral radiographs within 2 weeks
of surgery.

2. MRI with contrast 3–4 months after local
control.

OS Surveillance During Chemotherapy

1. AP and lateral radiographs of the tumor
site (approximately halfway through chemo-
therapy).

2. Chest CT (approximately halfway through
chemotherapy).

3. MRI with contrast at the end of chemother-
apy (earlier if symptoms or abnormal imag-
ing, or any intervention planned).

4. Scintigraphy at the end of chemotherapy
(earlier if symptoms or abnormal imaging, or
any intervention planned).

5. FDG-PET at the end of chemotherapy rec-
ommended (earlier if symptoms or abnormal
imaging, or any intervention planned).

OS Surveillance After Chemotherapy

1. Radiographs of local site q 3 months
for 2 years, q 6 months × 6, then q
12 months × 5.
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2. Chest CT q 3 months for 2 years, q 6 months
× 6, then q 12 months × 2.

3. Chest 2 views q 12 months × 5 (starting after
last chest CT).

4. MRI with contrast of primary site (recom-
mended if symptoms or abnormal imaging).

5. Whole-body imaging with bone scan and/or
FDG-PET (recommended if symptoms or
abnormal imaging).

ES Imaging Evaluation at Baseline

Anatomic Imaging
1. AP and lateral radiographs of the involved

bone.
2. MRI with contrast to determine extent of dis-

ease.
a. Small field of view images for local extent.
b. Large field of view images to include whole

bone to evaluate for skip lesions.
3. Chest CT for lung metastasis.

Functional Imaging
1. Bone scintigraphy for staging.
2. FDG-PET for staging of Ewing’s sarcoma

(especially if bone scan negative).

ES Baseline After Surgery

1. AP and lateral radiographs within 2 weeks
of surgery.

2. MRI with contrast 3–4 months after local
control.

ES Surveillance During Chemotherapy

1. AP and lateral view of the tumor site (app-
roximately 50% through chemotherapy).

2. Chest CT (approximately 50% through
chemotherapy).

3. MRI with contrast at the end of chemother-
apy (earlier if symptoms or abnormal imag-
ing, or any intervention planned).

4. Scintigraphy at the end of chemotherapy
(earlier if symptoms or abnormal imaging, or
any intervention planned).

5. FDG-PET at the end of chemotherapyre-
quired if baseline bone scan is negative in ES
(earlier if symptoms or abnormal imaging, or
any intervention planned).

ES Surveillance After Chemotherapy

1. Radiographs of local site q 3 months for 2
years, q 6 months × 6, then q 12 months
× 5.

2. Chest 2 views q 3 months for 2 years, q 6
months × 6, then q 12 months × 5.

3. Chest CT recommended if radiographs
abnormal.

4. MRI with contrast of primary site (recom-
mended if symptoms or abnormal imaging).

5. Whole-body imaging with bone scan and/or
FDG-PET (recommended if symptoms or
abnormal imaging).

Future Research

• Can the use of PET/CT replace the need for
a multimodality surveillance protocol?

• Does posttreatment imaging surveillance
improve survival in children with OS and
ES?

• What is the most cost-effective imaging pro-
tocol for surveillance of these malignancies?

• Is there a difference in outcome for lung
metastasis detected on chest CT vs. chest
X-ray?

• Understanding the role of molecular imag-
ing techniques to assess tumor aggressive-
ness and response to therapy.
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Imaging for Knee and Shoulder

Injuries
Ricardo Restrepo and Christopher Schettino

IssuesIssues in Imaging the Pediatric Knee

I. What is the role of radiographs in children with an acute knee injury
and possible fracture?

II. When should MRI be used in children with suspected meniscal,
ligamentous, or articular cartilage injuries?

III. What is the role of imaging in the evaluation of osteochondritis
dissecans?

IV. What is the role of imaging in the evaluation of discoid lateral menis-
cus (DLM)?

Issues in Imaging Children with Acute Shoulder Injury

I. When is radiography indicated for children with acute shoulder
injury?

II. What is the role of MRI in shoulder dislocation?

Key PointsKnee

� Knee radiographs of the acutely injured knee in the emergency depart-
ment are rarely useful for determining therapy, except in patients with
any of the following conditions: isolated tenderness of the patella, ten-
derness at the head of fibula, inability to flex 90◦, inability to bear
weight both immediately and in the emergency department for a total
of four steps, or if the patient is an adult aged 55 or older (strong
evidence).

� Physical examination by an experienced pediatric physician is as accu-
rate as an MRI to diagnose articular cartilage injury, discoid lateral
meniscus, anterior cruciate ligament tears, and medial meniscal tear
(limited evidence). An MRI is likely more accurate for lateral menis-
cal tears. However, if the MRI study is interpreted by a physician
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experienced with the skeletally immature patient, the accuracy could
be superior, and additional associated pathology can be identified
(limited evidence).

� An MRI in the setting of osteochondritis dissecans plays an important
role in a specific subgroup of patients where it is imperative to assess
the integrity of the overlying cartilage (limited evidence).

� An MRI in the setting of discoid lateral meniscus plays a role in iden-
tifying the state of the meniscus in order to assess surgical reparability
and also to identify superimposed pathology, such as articular carti-
lage damage (limited evidence).

Shoulder

� The use of radiography to evaluate children with first-time acute
shoulder trauma is to confirm a fracture or a dislocation and to evalu-
ate the alignment and possible extension into the physeal plate (limited
evidence).

� The use of radiography to evaluate patients with suspected recur-
rent atraumatic shoulder dislocation is unnecessary in most cases (lim-
ited evidence). Furthermore, selective imaging strategies may be able
to reduce the number of pre-reduction and/or post-reduction radio-
graphs required in suspected first-time or traumatic shoulder disloca-
tions (limited evidence).

� Identification of labral and glenohumeral ligament tears is important
especially in patients with a history of shoulder dislocations, as they
have a high recurrence rate. No dedicated MRI or Magnetic Reso-
nance Arthrogram (MRA) studies have been done in children. How-
ever, studies in adults show that MR arthrogram has a high sensitivity
and specificity to identify and classify these lesions (limited to moder-
ate evidence). This information is useful to the orthopedic surgeon in
preoperative planning of joint stabilization procedures.

Definition and Pathophysiology

The Knee

Osteochondritis Dissecans
Osteochondritis dissecans (OCD) is a localized
injury or condition affecting an articular sur-
face that involves separation of a segment of
cartilage and subchondral bone (1). OCD most
commonly affects the weight-bearing surface of
the femoral condyles, with 85% occurring in
the lateral aspect of the medial femoral condyle
close to the intercondylar groove. Thirteen per-
cent occur in the inferocentral aspect of the
lateral femoral condyle and 2% in the ante-
rior aspect of the lateral femoral condyle. OCD
rarely occurs in the femoral sulcus/femoral
trochlea, accounting for 2% as well (2). There
is an association between OCD of the lat-
eral femoral condyle and OCD of the dis-
coid meniscus (3–6). The etiology of OCD
is controversial, and many hypotheses have

been formulated, including trauma, ischemia,
defects of ossification, and genetic causes.
It probably results from a combination of
factors (1, 4).

There are two subgroups of OCD according
to the fusion state of the physeal plate: juve-
nile (JOCD) with open physeal plates and adult
type (AOCD) with closed plates. The average
age for OCD of the knee at the time of diagno-
sis is between 11 and 14 years for the juvenile
type. The age of presentation for the adult form
ranges between 17 and 36 years; however, it
may occur at an earlier stage if the physeal plate
is closed (4). Because of a tendency to heal, the
juvenile type has a better prognosis and is usu-
ally treated conservatively (1, 7). On the other
hand, when conservative management fails, a
more aggressive operative treatment is advo-
cated. The goal of operative treatment is to stim-
ulate healing once an unstable lesion is identi-
fied (1, 4, 7–9).
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Discoid Lateral Meniscus
The normal lateral meniscus has much more
variability in size, thickness, shape, and
mobility than the normal medial meniscus. The
lateral meniscus is generally more circular than
the medial meniscus and covers a larger portion
of the articular surface. It averages approxi-
mately 12 mm in width and 4–5 mm in height; if
it is thicker and wider, a Discoid Lateral Menis-
cus (DLM) is present (10). The classification
and types of DLM are of utmost importance.
DLM can be stable or unstable. The stable ones
have normal posterior attachments and are
subdivided into complete and incomplete type
by the amount of tibial plateau coverage, which
is larger with the complete type. The presence
of a discoid meniscus is suggested on an MRI
when three or more 5-mm-thick consecutive
sagittal sections demonstrate continuity of
the meniscus between the anterior and the
posterior horn. The unstable or Wrisberg type
may have a discoid or a normal shape but lacks
its posterior attachments.

The clinical presentation varies according to
the type. Many stable lateral meniscal vari-
ants are asymptomatic and are found inciden-
tally. These usually become symptomatic due
to a tear, and the presentation is similar to
any other lateral meniscal tear (pain, swelling,
and mechanical symptoms like giving way and
locking).

The snapping knee syndrome is likely related
to an unstable meniscal variant. It is usually
found in a child under 10 years of age with
intermittent popping and snapping within the
knee, producing an audible clunk (11–13). The
treatment of a DLM depends also on its type
and whether it is associated with a tear. If a
DLM is discovered with no tear, it must be
considered a normal variant and should be
left intact. If a tear is associated with a com-
plete or an incomplete type, partial meniscec-
tomy is advocated. The traditional treatment for
the Wrisberg type has been total meniscectomy,
but recently arthroscopic attachment has been
performed (11, 14).

The Shoulder

The most obvious difference between the pedi-
atric and the adult skeleton is the presence of
growth plates. The growth and the change that
occur at the growth plate facilitate remodel-

ing of fractures and contribute to rapid heal-
ing; however, damage to the physis itself can
lead to deformity secondary to asymmetrical
growth. Pediatric bone is highly cellular and
porous, and it contains a large amount of colla-
gen and cartilage compared to adult bone. The
larger amount of collagen leads to a reduction
in tensile strength and prevents the propagation
of fractures. The tensile strength of pediatric
bone is less than that of the ligaments, so chil-
dren are more likely to have bone fractures that
would cause only ligamentous injuries in adults
(15). Fractures around the shoulder in chil-
dren are rarely operative. However, it is impor-
tant for the practicing orthopedic surgeon to
differentiate nonoperative from urgent, poten-
tially operative injuries. Missing such an injury
in the pediatric population could be poten-
tially life threatening or could lead to long-term
disability (16).

The rotator cuff in juveniles is more elas-
tic and lacks the degenerative changes typi-
cally seen in the older population. In adoles-
cents most rotator cuff tears involve overhead
throwing sports, as they are part of overuse syn-
dromes (17–19). In adults, the most common
cause of rotator cuff tears is primary impinge-
ment by the acromioclavicular joint, which is
extremely uncommon in pediatric patients (20).

Epidemiology

Acute Knee Trauma

Approximately 0.3% of the US population seeks
medical care for an acute knee injury each year.
These injuries are most frequently seen in ado-
lescents and young males and are usually pre-
cipitated by sports (36%), twisting, bending, or
stepping motions (27%) or falls (21%) (21). Half
of all children aged 5–18 years in the United
States are thought to participate in organized
sports programs. This means that an estimated
30 million school-age children are involved in
sports, a substantial increase over the past two
decades. A study by Burt et al. estimated an
average of 2.6 million emergency room visits
for sports-related injuries per year for individ-
uals aged 5–24 years. Across all ages, the peak
incidence of emergency room visits for sports-
related injuries occurs at ages 5–14 years and
decreases gradually with age. It is estimated
that 38% of high school children and 34% of
middle school children will sustain a physical
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activity-related injury that will be treated by a
doctor or a nurse (22, 23).

Osteochondritis Dissecans
Osteochondritis dissecans of the knee has an
incidence estimated at between 0.02 and 1.2%
and typically manifests between 10 and 15 years
of age. The incidence of OCD has increased with
the introduction of organized sports at younger
and younger ages. Like virtually all traumatic
injuries, OCD is twice as common in males as in
females, which is related to the predominance
of males in organized competitive sports. Bilat-
eral presentation occurs in between 15 and 30%
of the cases (24).

Discoid Lateral Meniscus
The reported prevalence of DLM varies
depending on the method of investigation,
selection criteria, and patient population. The
prevalence in two studies of symptomatic
patients who underwent open meniscectomy
ranged from 2 to 5%. Arthroscopic studies
have recorded prevalence varying from 0.4 to
16.6% (12). Arthroscopic studies may be more
accurate in estimating the true prevalence as
asymptomatic DLMs are included. Cadaveric
studies suggest a prevalence ranging from 0
to 7% (11). The reported prevalence of dis-
coid lateral meniscus ranges from 1.5 to 4.6%
of symptomatic knees (25). Bilateral discoid
menisci have been reported between 5 and 20%
(11, 25).

Acute Shoulder Trauma

Less than 2% of all traumatic glenohumeral
shoulder dislocations occur in patients younger
than 10 years of age, and about 20% occur
in patients between the ages of 10 and 20
years. Adolescents with shoulder instability
have a much higher recurrence rate of disloca-
tion than do adults, with rates ranging from 70
to 100%. Chronic instability and recurrent dislo-
cation cause articular damage, leading to gleno-
humeral arthropathy in the long term; and in
the short term, they produce persistent symp-
toms that interfere with daily activities (10, 26).

Musculoskeletal injuries of the shoulder
in competitive adolescents are common and
include acute traumatic injuries such as clav-
icular and proximal humeral fractures and, in
older adolescents, acromioclavicular joint sepa-

ration. Rotator cuff injuries are far less common
in children than in adults. Less than 1% of rota-
tor cuff tears occur in patients under the age of
20 years (16, 20, 27).

Overall Cost to Society

No data were found on the overall cost to
society considering only pediatric patients and
using the diagnosis of acute knee or shoul-
der injury, shoulder dislocation, osteochondri-
tis dissecans, or discoid lateral meniscus. How-
ever, some data regarding the overall cost to
society for shoulder and knee injuries in adult
and pediatric patients state that the direct cost
of health care for musculoskeletal problems is
about 1% of the gross national product in sev-
eral industrialized countries (28), although we
found no convincing estimates of the total soci-
etal costs for knee and shoulder problems.

The Knee

In the year 2001, knee symptoms and injuries
were the primary reason for 1.5 million (1.4%)
of all emergency room visits in the United
States (29). Furthermore, knee symptoms and
injuries led to an estimated 861,000 (1.0%) hos-
pital outpatient department visits and 13.8 mil-
lion (1.6%) office visits to physicians (29). Knee
problems are, therefore, in the top 15 most fre-
quent reasons for consulting a physician, sec-
ond only to back pain among musculoskeletal
problems.

The Shoulder

Medical care visits for shoulder problems are
less frequent. In total, shoulder symptoms and
injury lead to 1.2 million (1.1%) emergency
room visits, 425,000 (0.5%) outpatient visits, and
8.9 million (1.0%) office visits (29).

Goals

The decision to use the less expensive diagnos-
tic tests should be based on whether the physi-
cian thinks using the test will do any of the fol-
lowing:

1. Confirm or expand the present diagnosis.
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2. Change the diagnosis in such a way that the
proposed treatment plan is altered.

3. Be used to formulate a therapeutic decision.

The Knee

The goal of knee radiographs in children with
acute injury is to identify fractures and effu-
sions and exclude uncommon causes of pain.

The goal of imaging children with osteochon-
dritis dissecans is to confirm the diagnosis and
to serve as a baseline for monitoring response to
treatment.

The goal of an MRI is to evaluate cartilagi-
nous structures of the knee, such as meniscus
and articular surface cartilage not seen on con-
ventional radiographs.

The Shoulder

The goals of imaging in children with acute
shoulder trauma are to confirm the presence
of a fracture or a dislocation and to evaluate
the alignment of the fracture and physeal plate
involvement, as well as to confirm a dislocation
in questionable cases.

Methodology

Our initial search strategy identified system-
atic literature reviews of knee and shoulder
imaging studies. We initially searched the Med-
line database using the PubMed interface for
abstracts published between January 1966 and
October 2008 with the text word knee or shoul-
der and the PubMed designation of a system-
atic review [systematic (s)b]. From this group,
we selected several key articles reviewing the
role of imaging. An additional search tailored
to children was made using the words knee
or shoulder and children or pediatric patient. We
found only three key, exclusively “pediatric”
articles reviewing the role of imaging the knee
(30–32). Our search strategy used the follow-
ing key words: acute knee and shoulder trauma,
osteochondritis dissecans, discoid lateral meniscus,
shoulder dislocation, imaging, MRI or Magnetic
Resonance Imaging, as well as combinations of
these words. When possible, we obtained and
reviewed the full text of all relevant English
language articles identified. We then searched

the articles cited by these systematic reviews to
identify the relevant primary studies.

Discussion of Issues: Knee

I. What Is the Role of Radiographs in
Children with an Acute Knee Injury
and Possible Fracture?

Summary of Evidence: The role of radiographs
is to diagnose fractures and knee effusions that
are associated with internal knee derangements
(ligament, meniscal, or cartilaginous injuries).
Acute knee trauma provides a common diag-
nostic quandary in emergency departments.
Fractures are present in 4–12% of adults and
4–5% of children presenting with knee injuries
(33–36), and yet radiography may be requested
in excess of 70% of cases (37). In many cases,
plain radiography is all that is required to allow
the clinician to proceed with conservative ther-
apy if negative.

Several guidelines are available to help clini-
cians target imaging at high-risk patients. The
Ottawa Knee Rules (OKRs) are a clinical pre-
diction guideline for when to perform radio-
graphs, and they have been adapted for use in
children over the age of 5 years. The OKRs were
highly sensitive and specific for the need for
knee radiographs to diagnose fractures (strong
evidence).

Supporting Evidence: Frontal and bent knee lat-
eral routine views are performed for knee
trauma to exclude fracture and to detect a knee
effusion suggesting internal derangement.

There are five clinical decision rules to guide
clinicians on when to order knee radiography
following trauma in order to save costs and
avoid unnecessary radiation; these are called
the Ottawa Knee Rules (Table 19.1) (38–41).
These decision rules focus variously on patient
age (adults), injury mechanism, inability to
ambulate, and other clinical signs, such as
fibular head tenderness. The optimal threshold
for radiography requests will depend on the
trade-off between the clinical and possible legal
consequences of a missed fracture compared
to the time, cost, and radiation exposure from
radiographs. Appropriately, these decision
rules place great emphasis on sensitivity at the
expense of specificity.
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To date, the OKR (40, 42) has undergone
the most extensive validation. Other decision
rules may have greater specificity, but they have
not yet been validated by independent inves-
tigators. The OKR suggests that radiography
should be performed on the acutely injured
knee when the patient has one or more of the
following criteria: (1) is of age 55 or older; (2)
isolated tenderness of the patella (no other knee
bone tenderness); (3) tenderness of the head of
the fibula; (4) inability to flex the knee to 90◦;
and (5) inability to bear weight both immedi-
ately and in the emergency department for four
steps.

A recent systematic review by Hollingworth
et al. (43) found 11 studies evaluating the diag-
nostic accuracy of the OKR (44). Six of these
studies were suitable for inclusion of a meta-
analysis, and four were considered to be of
high quality. The mean sensitivity of the OKR
in these studies was 98.5% and the specificity
was 48.6% (44). While this provides strong evi-
dence (Level 1) that the OKR is sensitive at
predicting fracture, it does not prove that it is
a cost-effective method of organizing care. On
the other hand, if it is indeed as sensitive as
reported, it significantly reduces cost.

The applicability of the OKR has been stud-
ied as well. The diagnostic performance of the
OKR may be altered in the skeletally imma-
ture knee due to open growth plates and sec-
ondary ossification centers, resulting in differ-
ent injury patterns (45). The ability to bear
weight was originally considered not as valid
in children due to lack of patient cooperation.
Two case series have studied the applicability
of the OKR to children (35, 46). In the largest
study involving 750 children aged 2–16, Bul-
loch et al. found that the OKR was 100% sen-
sitive (95% CI, 94.9–100%) in predicting the 70
fractures observed and 43% specific (95% CI,
39.1–46.5%). Due to the small numbers of chil-
dren in the youngest age category, these authors
endorsed the OKR in children 5 years of age or
more. In a smaller study conducted by Khine et
al., the OKR correctly predicted 12 of 13 frac-
tures observed in 234 children aged 2–18 years.
The one missed injury was a nondisplaced frac-
ture of the proximal tibia in an 8 year old. Over-
all, the similarity between these two studies
and evaluations conducted in adults provide
reassurance that the OKR is valid in children

(Level 2—moderate evidence). More recently,
in a prospective multicenter cohort study by
Moore et al. that included 146 patients between
3 and 18 years of age, it was found that the abil-
ity to bear weight would have decreased the
use of radiography by 53% without missing any
fractures. No additional value to the rule was
found by adding assessment of the ability to
flex the knee or bony tenderness. No reference
to cost was made on this study. With this refine-
ment, the sensitivity of the OKR was 1.0 and the
specificity 0.59. However, there is not yet suffi-
cient evidence to demonstrate the cost effective-
ness of applying the OKR to children (limited
evidence) (36).

Based on these multicenter trials in children,
several authors have speculated that adher-
ence to the OKR would reduce the use of knee
radiography in the emergency room by 31–
53%. Patients who are not imaged spend less
time in the emergency department and have
lower follow-up cost than their counterparts
who were referred for radiography. However,
these estimates rely on the assumption that clin-
icians would rigidly follow the OKR and would
not be swayed by fears of missed diagnoses or
patient expectations of radiographs (35, 36, 46).

II. When Should MRI Be Used in
Children with Suspected Meniscal,
Ligamentous, or Articular Cartilage
Injuries?

Summary of Evidence: The accuracy of MRI in
the diagnosis of internal knee derangements is
well established in adults but is less well char-
acterized in children and adolescents. When
interpreting knee MRI in children, one must be
aware of the transient morphological changes
that occur during growth that can alter the
appearance of intra-articular structures on MRI.
This in part may account for the low accuracy
of the formal interpretation of the MRI scans by
the radiologist. Pediatric radiologists are more
familiar with the appearance of the pediatric
knee, and their expertise helps decrease the
number of inaccurate reports.

Intra-articular lesions are being seen with
increased frequency in the pediatric age group
(30), in part because of more aggressive and
single sport activities from an early age. There
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is evidence (moderate strength evidence) that
a clinical exam is more sensitive and specific
than an MRI in the diagnosis of most knee prob-
lems in children, including medial collateral
ligament tears, discoid lateral meniscus, ACL
tear, and articular cartilage injury, when per-
formed by a skilled practitioner, such as a pedi-
atric orthopedic surgeon (moderate evidence).
A more recent study has shown that additional
important information can be obtained from an
MRI when results are reviewed by a physician
who also has access to the physical exam find-
ings and is familiar with the morphology of the
immature knee (31).

Supporting Evidence

Clinical Exam
The accuracy of clinical joint line tenderness in
adolescents for the diagnosis of meniscal tears
was evaluated in a study by Eren where 104
male patients between 18 and 20 years of age
(mean age 19.2 years) with suspected meniscal
tear underwent arthroscopy. The authors con-
cluded that joint line tenderness as a test study
for lateral meniscal tear is accurate (96%), sen-
sitive (89%), and specific (97%), but for medial
meniscal tear, the rates were lower with 62,
56, and 68%, respectively (moderate evidence)
(47). This is in accordance with the findings
made by Kocher et al. discussed in the next
section (30).

MR Imaging
When interpreting knee MRIs in children, one
must be aware of the transient morphologi-
cal changes that occur during growth, which
can alter the appearance of intra-articular struc-
tures on an MRI. Postnatally, the meniscus
undergoes gradual change, specifically decreas-
ing vascularity and progressive adaptation of
the collagen-fiber arrangement to biomechan-
ical stress. The radiologist should be familiar
with these normal pediatric changes to avoid
false-positive interpretations (31).

Stanitski studied 28 children (aged 8–17
years) to correlate clinical, MRI, and arthro-
scopic findings (moderate evidence). In this
small, retrospective, unblinded study, the
authors considered arthroscopy as the reference
standard. In this study, a highly positive cor-
relation (79%) was found between clinical and
arthroscopic findings of ACL tear, meniscal tear,

and articular cartilage tear. A highly negative
correlation was found between arthroscopic
and magnetic resonance imaging findings, as 20
of the 28 patients (71%) had either false-positive
(+) or false-negative (–) results. These authors
found that very experienced clinicians (knee
surgeons) provided greater sensitivity and
specificity for injuries to the ACL, menisci,
and articular cartilage than did an MRI. In this
particular setting, an MRI added little to the
treatment and outcome in their patient group.
This author believes that MRIs are overused
and are not cost effective when compared to
a skilled examiner (limited evidence). The
sensitivity and specificity estimates from this
review are in Tables 19.2 and 19.3 (32).

In the study by Kocher et al., the diagnostic
performance of clinical examination and selec-
tive MRI in the evaluation of intra-articular
knee disorders in children and adolescents was
tested (Level 1). He included 118 knees in 113
patients from 3.1 to 16 years of age. The diag-
noses included in the study were ACL tear,
medial and lateral meniscal tears, osteochondri-
tis dissecans, and lateral discoid meniscus. The
study found no significant difference (p < 0.05)
between a clinical examination and an MRI
with arthroscopic findings for overall sensi-
tivity (clinical 71.2%; MRI 72%) and overall
specificity (clinical 91.5%; MRI 93.5%). Stratified
analysis of sensitivity and specificity for the five
major diagnoses revealed significant differences
between a clinical examination and an MRI only
for lateral discoid meniscus sensitivity (clinical
88.9%; MRI 38.9%; p = 0.002) and medial menis-
cal tear specificity (clinical 80.7%; MRI 92%; p =
0.0280). In this series it was concluded that clin-
ical examination and selective MRI had similar
overall diagnostic performance. Clinical exam-
ination was more sensitive for lateral discoid
meniscus, while selective MRI was more spe-
cific for medial meniscal tear (moderate evi-
dence), as depicted in Table 19.4.

The diagnostic performance of both clini-
cal examination and MRI was age related in
this study, with diminished accuracy in the
pediatric age group compared to the adoles-
cent age group, as shown in Table 19.5. Poten-
tial explanations hypothesized included diffi-
culty in obtaining an accurate history, diffi-
culty in localizing the symptoms, lack of patient
cooperation and relaxation during examination,
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lack of recognition of significant injuries, and
the more varied differential diagnoses associ-
ated with these age groups (30).

As a result of the questioned utility of MRIs
in the diagnosis of pediatric knee disorders,
in part attributed to the morphologic changes
during growth and the low accuracy of the
formal interpretation of the MRI by radiolo-
gists, a study by Luchmann et al. challenged
these assertions. They found that integration
of patient information/clinical data with an
orthopedic surgeon’s review of the actual MR
images in children and adolescent patients
improves the identification of pathological dis-
orders, including ACL tear, lateral meniscal
tear, osteochondritis dissecans, and discoid lat-
eral meniscus, giving a value to knee MRIs. On
the other hand, this study questioned the neces-
sity for and the appropriateness of a routine
interpretation of an MRI of the knee in chil-
dren and adolescents by a radiologist (strong
evidence) (31).

III. What Is the Role of Imaging in
the Evaluation of Osteochondritis
Dissecans?

Summary of Evidence: As in most disease pro-
cesses, the key factor for symptom resolution
and minimal sequelae is early diagnosis and
early intervention, whether medical or surgi-
cal. The distinguishing factor in the treatment of
OCD is the physeal plate, as the adult type has
a significantly worse prognosis and rarely heals
without operative intervention. Most children
with OCD and open physis can be successfully
managed nonoperatively. The juvenile type that
does not heal with conservative treatment or the
adult type should be treated surgically (1, 24).

The clinical Wilson sign has a very poor sen-
sitivity for diagnosing OCD. It may be used to
monitor and follow patients that had a positive
sign at presentation, as the disappearance corre-
lates well with healing. AP, lateral, and tunnel-
view radiographs should always be used as the
first imaging modality to evaluate OCD. MRI
is the only noninvasive diagnostic tool that can
reveal the state of the overlying cartilage as well
as evidence of fragment loosening and detach-
ment in patients with OCD (limited evidence).
MRI should be reserved for patients with open

physis and mechanical symptoms, persistent
pain after nonoperative management, and/or
equivocal symptoms, such as locking or giving
way (48–50). The literature agrees on two fac-
tors that have an important impact on the prog-
nosis as it pertains to the development of sec-
ondary osteoarthritis: the age of the patient, i.e.,
whether the epiphyseal plate is closed, and the
state of the cartilage, i.e., whether the overly-
ing cartilage is intact (51, 52). An MRI is par-
ticularly useful to evaluate the stability of the
lesion, the presence of cartilaginous loose bod-
ies, and the size of the articular cartilage defects
if chondrocyte transplantation is a therapeutic
option (8, 51, 52). An MRI may also identify
additional superimposed intra-articular pathol-
ogy including early degenerative changes that
can be a source of clinical confusion.

Supporting Evidence

Clinical Signs
The clinical Wilson sign to diagnose OCD is
elicited by flexing the knee to 90◦, internally
rotating the tibia, and then slowly extending
the knee. A positive Wilson sign causes pain at
approximately 30◦ of flexion that is relieved by
external rotation of the tibia (1, 53). In a study
by Conrad and Stanitski, 32 patients were eval-
uated and divided in juvenile and adolescent
groups. Of the juvenile group, only 23.5 and
26.7% of the adolescent group had a positive
initial sign. On the other hand, patients with
an initially positive sign during the pretreat-
ment period have a negative sign after heal-
ing, making it helpful in clinical monitoring
during treatment (conservative or surgical) and
for lesion resolution. This was not applicable
to lesions located in the lateral femoral condyle
(53). Aichroth reported extremely poor sensitiv-
ity of the Wilson test, with only 7 of 100 patients
with OCD yielding a positive test result (5).
There are no studies correlating the Wilson sign
with MRI findings in patients with OCD.

The Role of Radiographs
There is agreement that when OCD is sus-
pected, a radiograph of the knee should be
obtained to confirm the diagnosis and deter-
mine the location of the lesion and the state
of the physeal plate (1, 54–56). The routine
protocol should include three views: AP, lat-
eral, and tunnel view. This latter view is more
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accurate to depict lesions in the most common
location that can be missed on the other two
views (8, 57, 58). The question to answer is not
what modality is used to diagnose OCD (plain
radiograph vs. MRI), but what the role of each
one is. The major drawbacks of plain radio-
graphs are its inability to visualize the articular
cartilage (hence not providing any information
of the state of the overlying cartilage) and the
inability to assess the stability of a lesion (52,
59). It is certain that most patients with the juve-
nile type of OCD tend to heal with conserva-
tive management and no sequelae (Figure 19.1).
Conservative treatment includes restriction of
sports activity and limited weight bearing for
6–8 weeks. It is in this group of patients that ini-
tial plain radiograph to confirm the diagnosis
and MRI to evaluate the integrity of the carti-
lage may suffice (48, 49, 52). If there is clinical
progression of the symptoms or a persistent
positive Wilson sign, as well as a chondral
defect on the MRI, arthroscopy with carti-
lage drilling and/or lesion fixation are recom-
mended (48, 52, 60). In an evaluation of 76
knees, Linden reported no significant compli-
cations in patients with a history of juvenile-
type OCD who had been treated before skeletal
maturity (61).

The Role of MRI
The MRI staging of OCD is important to
identify stable or unstable lesions. This fac-
tor is important to decide which patients will
undergo arthroscopy and surgery. Several clas-
sifications have been developed using radio-
graphs, MRI, and arthroscopy. Please refer to
Table 19.6 for the original MRI classification
by Di Paola et al. (62) and a more recent
classification which compiles several versions
published in a pediatric radiology journal (49)
(Table 19.7).

In a study by O’Connor et al. (59) in which
33 knees of 31 patients were analyzed, the MRI
accuracy to stage a lesion as unstable was 85%
when compared with the arthroscopic findings.
The authors considered a high T2 signal line
(Figure 19.2) as a predictor of instability in
the presence of a cartilage breach on the T1
sequence. These authors in their conclusion rec-
ommended the use of an MR classification sys-
tem that correlates with the arthroscopic find-
ing. The MR classification used was the one

described by Di Paola et al. (62). They were able
to improve the accuracy of MRI for staging the
OCD lesion from 45 to 85% by interpreting the
high T2 signal line as a predictor of instability
only when accompanied by a breach in the artic-
ular cartilage on the T1WI (59).

IV. What Is the Role of Imaging in the
Evaluation of Discoid Lateral
Meniscus?

Summary of Evidence: The diagnosis is made
mainly on the clinical grounds, even though
in younger patients the physical exam is more
difficult and less reliable. There is no pediatric
study stating the exact sensitivity or specificity
of a physical exam in younger children. Plain
radiographs play no role in the evaluation of
DLM in children (63, 64). When interpreting
MRI of the knees in children, special attention
must be paid to discoid lateral meniscus to
avoid missing this diagnosis (Figure 19.3). Even
though there are no exclusive pediatric stud-
ies evaluating the tear pattern of discoid lateral
meniscus, MRI may still play a role in providing
information about the type of discoid menis-
cus and the state of that meniscus, which would
help for surgical planning (limited evidence). A
detailed description of the tear is imperative as
surgical planning is based on the meniscal tear
pattern and degeneration.

Supporting Evidence: Despite the fact that phys-
ical examination in young children is more
difficult, the sensitivity for diagnosing DLM
has been reported as 90% with a specificity
of 98% (8, 30). There are no exclusive pedi-
atric studies evaluating the incidence of a tear
in symptomatic patients with DLM. MRI plays
a role in identifying both DLM and the pres-
ence and type of meniscal tear for surgical
planning (64). The shape of the meniscus in
DLM makes it more prone to tear/degeneration
even in the absence of trauma, and it may
tear at a younger age. In a study by Rohren
et al. that included knee MRI examinations
of 1,250 patients, both children and adults, 49
were found to have DLM. The frequency of iso-
lated tears in DLM was twice that of the com-
parison group (20.45% vs. 9.9%), a statistically
significant difference (p= 0.02) (64). In a study



284 R. Restrepo and C. Schettino

by Kim of 771 patients that included discoid lat-
eral menisci and normal-shaped menisci, 2.3%
of patients younger than 10 years and 21.8%
of the teens with DLM had a tear. There were
no tears in patients younger than 10 years
for normal-shaped menisci and fewer in the
knees of teens. Tears without a history of
trauma occurred in 9.5% of normal-shaped lat-
eral meniscus and 53% of DLM, indicating
vulnerability of DLM to tear without injury.
In normal-shaped menisci, longitudinal tears
within the substance were the most common,
accounting for 36.4%, whereas peripheral tears
were the most common in DLM, accounting for
43.2% (65).

An MRI may help in the planning of a sur-
gical approach by identifying which patients
will respond favorably to partial meniscectomy
based on the state of the meniscus; this is given
by the tear pattern and associated degenera-
tion. MRI is useful in identifying and character-
izing intrasubstance tears and degeneration in
symptomatic stable DLM (11, 66–69). In a retro-
spective study by Hamada et al. that included
18 menisci, it was shown that intrameniscal
regions of high signal intensity and flatten-
ing of the shape on MR images corresponded
to an intrasubstance tear or degeneration of
the lateral discoid meniscus not detectable by
arthroscopy. The detection of these findings is
very important as it can affect the surgical plan
and support the preoperative role of MRI in the
evaluation of DLM (66).

In a retrospective study by Bin et al. of 108
cases of patients with discoid meniscus between
6 and 71 years of age, the tear pattern was eval-
uated and further characterized according to
the type of discoid meniscus, showing a sig-
nificant difference (p <0.001). These findings
help in deciding and planning (subtotal or total
meniscectomy vs. partial meniscectomy). The
treatment of the different tears found in DLM
should be individualized, and factors such as
location of the tear, clinical presentation, extent
of the tear, and associated intra-articular find-
ings should affect the choice of treatment (68).

In a prospective study by Ryu et al. of 77
patients that included children and adults of
ages ranging from 10 to 67 years, knees were
studied for the diagnosis of DLM and tear pat-
terns. MRIs showed a PPV of 92% for DLM
and a PPV of 57% for discoid meniscal tears.

Peripheral tears alone and peripheral tears with
horizontal tears were the most common types
of tears (28%). Multiple tears were common
(48%), and displacement of the torn segment
was present in 78% of the cases. This supported
a poor correlation (57%) between the prospec-
tive MRI diagnosis of discoid meniscal tears
and arthroscopic findings. Sensitivity and speci-
ficity, parameters that are independent of the
prevalence and that can thus be extrapolated to
the general population, could not be calculated
from the information provided in this article.
Possible explanations for the poor performance
of the prospective MRI interpretation include
the high incidence of multiple tears (48%) in
the DLM and the fact that DLMs are prone to
degeneration because of their abnormal struc-
ture (70).

The very rare Wrisberg variant of DLM
is more difficult to diagnose on arthroscopy.
A preoperative suggestion of this diagnosis
may alert the surgeon who confirms it at
arthroscopy, demonstrating the hypermobil-
ity (10). The decision to operate, the surgical
approach, and the technique all may be altered
by a preoperative diagnosis of a Wrisberg DLM
(10, 11, 13, 14, 71).

Cost-Effectiveness Analysis
No studies analyzing the impact of knee MRIs
on cost and patient quality of life exclusively in
pediatric patients were found for osteochondri-
tis dissecans or for discoid lateral meniscus.

Discussion of Issues: Shoulder

I. When Is Radiography Indicated for
Children with Acute Shoulder
Trauma?

Summary of Evidence: Due to the presence
of growth plates and the decreased tensile
strength of bone in children, which make them
more prone to fractures, the main purpose of
plain radiographs in acute traumatic injury
to the shoulder is to confirm the presence
of a fracture and to evaluate the alignment
and involvement of the physeal plate to avoid
long-term disability. Most of the fractures are
diagnosed readily using conventional radio-
graphs (limited evidence). There is also limited
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evidence regarding the sensitivity and speci-
ficity of a physical exam to diagnose a frac-
ture and/or a dislocation around the shoulder
in children. Radiography should be targeted to
those patients with obvious shoulder deformity
and point tenderness (limited evidence). How-
ever, more research is needed to validate these
guidelines and to provide direct comparisons of
selective imaging strategies to demonstrate the
cost-effectiveness (72).

Conventional teaching advocates both pre-
and post-reduction radiographs for patients
with clinically suspected shoulder dislocation,
and survey data confirm that many hospi-
tals follow this recommendation (73). How-
ever, more recent limited research in adults
suggests that radiographs are not necessary in
most patients with recurrent atraumatic dislo-
cation. Furthermore, the pre-reduction radio-
graph may be omitted in traumatic joint dis-
locations, provided that the clinician is confi-
dent of the diagnosis (limited evidence). There
is a high recurrence rate in children after
the first episode of dislocation (moderate evi-
dence). Chronic instability and recurrent dislo-
cation cause articular damage, leading to gleno-
humeral arthropathy in the long term and pro-
ducing symptoms that interfere with routine
daily life activities in the short term.

Supporting Evidence

Acute Trauma
In a retrospective study by Rivara et al., 189 chil-
dren (209 extremities) between 1 and 15 years of
age with acute trauma to the upper and lower
extremities were evaluated. Among the several
clinical criteria used, the authors found that
there were definite physical signs in children
closely correlating with finding a fracture on
an extremity radiograph obtained for trauma.
The two best discriminators for upper extrem-
ity fracture in this study were gross deformity
and point tenderness. From the values pro-
vided on that study, no sensitivity or specificity
could be generated (72). Many other studies
that include adults evaluate the role of radio-
graphs in the setting of shoulder pain, includ-
ing acute trauma. For example, a retrospective
study conducted in a North American Medical
Center found that radiographs were performed
in 59% of emergency department patients with

shoulder pain (74). Twenty percent of these
radiographs provided therapeutically impor-
tant information (defined as glenohumeral dis-
location, fracture, severe acromioclavicular joint
separation, infection, or malignancy).

In the adolescent, the clinician may be more
worried about possible dislocation, especially
in those with recurrent episodes where the
chance of recurrent dislocation is high.

Dislocation and Recurrence
In a retrospective cohort study by Dietch et al.
(26) that included 32 patients between 11 and
18 years of age, the recurrence rate of shoulder
dislocation and instability was 75%. In a retro-
spective study by Marans et al. that included
21 patients with open physes, 100% had one or
more episodes of recurrent dislocation (75). In
a third study of 33 patients between 12 and 17
years of age by Postacchini et al., recurrent dis-
location occurred in 86% of the cases (76).

We did not find studies for only pediatric
patients that evaluated the usefulness of radio-
graphs in children with suspected shoulder dis-
location or after dislocation reduction.

Hendey has demonstrated that, for adult
patients with suspected recurrent relatively
atraumatic dislocation, physicians were certain
of the dislocation in more than 90% of cases
(77). In every case this preimaging confidence
was justified by radiographic evidence of dislo-
cation without fracture. After reduction of these
atraumatic dislocations, physicians were also
confident that relocation had been achieved in
more than 90% of patients; again this was subse-
quently radiographically confirmed in all cases.
Although this work requires validation, it does
provide limited evidence (Level 3) that radio-
graphs are not routinely indicated in recurrent
dislocation.

Opinions differ for suspected traumatic or
first-time dislocations. Some have suggested
that many post-reduction radiographs are not
diagnostically or therapeutically useful when
the pre-reduction radiograph demonstrates dis-
location without fracture (77–79). In 53 patients
with simple dislocation and clinically success-
ful relocation, Hendey reported that all post-
reduction radiographs confirmed the reduction
and found no unsuspected fractures. Others
have argued that it is more practical to eliminate
the pre-reduction radiograph when the
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physician is certain of the clinical diagnosis
of dislocation (80). Omitting the pre-reduction
radiograph enables prompt joint relocation,
which would, in any case, be the preferred
management even if Hill-Sachs lesions, Bankart
lesions, or greater tuberosity fractures are later
demonstrated on the post-reduction radio-
graph. Shuster et al. estimated that eliminating
the pre-reduction radiograph would remove
approximately 30 min from the delay between
presentation and reduction (80).

Either of the strategies described above will
significantly reduce radiograph utilization at
centers which routinely image pre- and post-
reduction. There is currently insufficient evi-
dence (Level 4) to choose definitively between
these selective imaging strategies; both have
potential drawbacks. In high-energy injury
mechanisms, omitting the pre-reduction radio-
graph risks an iatrogenic displacement of an
unrecognized fracture of the humeral neck dur-
ing the attempted reduction (81). Conversely,
some physicians are reluctant to eliminate the
post-reduction radiograph for fear of missing
a fracture not evident on initial imaging or of
overlooking a failed reduction (80).

II. What Is the Role of MRI in
Shoulder Dislocation?

Summary of Evidence: Identification of labral
and glenohumeral ligament tears is important,
especially in patients with a history of shoul-
der dislocations, as they have a high recur-
rence rate. No dedicated MRI or MRA studies
have been done in children. However, studies in
adults show that MR arthrogram has a high sen-
sitivity and specificity to identify and classify
these lesions (moderate evidence). This infor-
mation is useful to the orthopedic surgeon in
preoperative planning of joint stabilization pro-
cedures.

Supporting Evidence: Given the high rate of
recurrence after dislocation due to shoulder
instability, MR arthrogram (MRA) may play an
important role in evaluating the shoulder before
surgery. It has been proven in cadaveric studies
that the inferior glenohumeral ligament func-
tions as the major stabilizing restrain and that
the glenoid labrum is primarily important as
the site of ligamentous attachment. There are no

studies evaluating the use of shoulder MRI or
MR arthrogram to evaluate the labrum or gleno-
humeral ligaments in pediatric patients with
instability.

Even though rotator cuff pathology is not
common in children and adolescents, the
glenoid labrum and glenohumeral ligaments
are commonly affected after a dislocation, lead-
ing to joint instability. Anteroinferior shoul-
der dislocation is the most common cause of
shoulder instability. The glenohumeral liga-
ments, particularly the inferior glenohumeral
ligament, are currently believed to be the major
passive stabilizing structures of the shoulder.
The glenoid labrum functions more as a site of
ligamentous attachment. The labrum tears as it
is avulsed by the glenohumeral ligaments at the
time of injury.

Since different types of anterior labroliga-
mentous lesions require different surgical pro-
cedures, preoperative discrimination of these
lesions is very important. Furthermore, results
of several investigations on arthroscopic proce-
dures showed that a strong anterior band of the
inferior glenohumeral ligament and an arthro-
scopically good delineation of the anterior
labrum and associated glenohumeral ligament
complex were predictors of a favorable post-
operative outcome (82). The goal of perform-
ing arthroscopic and open stabilization of ante-
rior glenohumeral instability is to re-establish
the continuity of the inferior glenohumeral
ligament complex to the glenoid. Thus, sev-
eral authors have suggested the use of proper
selection criteria to obtain optimal results after
arthroscopic stabilization (82).

The role of unenhanced MRI in the detec-
tion of anterior labral injuries has mixed results
with wide differences in accuracy and sensitiv-
ity ranging from 69 to 100% (82). MRA has the
capability to identify labral tears that could pre-
dispose to future dislocations and articular car-
tilage damage. However, MR arthrogram with
the injection of intra-articular gadolinium has
shown superior results as joint distension helps
significantly in evaluating the complex shoul-
der anatomy. In two consecutive prospective
studies, Palmer et al. found a high sensitivity
and specificity of MR arthrogram for the diag-
nosis of labral and glenohumeral ligament tears
in adult patients with anterior instability when
compared with operative reports (83, 84). In the
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first study of 48 patients, they found 91% sen-
sitivity and 93% specificity in the diagnosis of
labral tears when compared with arthroscopy
or open surgery (83). In the second study of 121
patients, they found 92% sensitivity and speci-
ficity for labral tears. In the same study, inferior
labroligamentous lesions enabled prediction of
anterior instability with a 76% sensitivity and
98% specificity (84).

Chandnani et al. in a retrospective study eval-
uated 46 adult patients with shoulder instabil-
ity, impingement, and pain of unknown cause.
They found that in the detection of tears of the
superior, middle, and inferior glenohumeral lig-
ament, MR arthrogram had a sensitivity of 100,
89, and 88%, respectively. The specificity of this
technique in the identification of a normal supe-
rior, middle, and inferior glenohumeral liga-
ment was 94, 88 and 100%, respectively. Tears
of the superior, anterior, inferior, and posterior
portions of the labrum were identified with a
sensitivity of 89, 97, 92, and 100%, respectively.
Conversely, the normal superior, anterior, infe-
rior, and posterior portions of the labrum were
identified with a specificity of 88, 86, 100, and
100%, respectively. In this study, arthroscopic

findings were considered the standard of refer-
ence (85).

In a more recent study by Waldt et al. of 104
adult patients using arthroscopy as the refer-
ence standard, labroligamentous lesions were
detected and correctly classified at MR arthrog-
raphy with sensitivities of 88 and 77%, specifici-
ties of 91 and 91%, and accuracies of 89 and 84%,
respectively (82). These data are summarized in
Tables 19.8, 19.9, and 19.10.

Take Home Tables

Tables 19.1–19.10 discuss clinical prediction
rules for radiography of acute knee injury, clin-
ical exam correlation with arthroscopy, MRI
interpretation with arthroscopy, diagnostic per-
formance of clinical examination and MRI by
injury, diagnostic performance of clinical exam-
ination and MRI by age group, arthroscopic and
MRI classification of OCD, MRI classification of
OCD, diagnostic performance of MR arthrog-
raphy for detection of glenohumeral ligament
tears and labral tears, and the accuracy of MR
arthrography in the depiction of anteroinferior
labroligamentous injuries.

Table 19.1. Clinical prediction rules for radiography of acute knee injury
Clinical
prediction
rule Criteria for radiography

Sensitivity
(%)

Specificity
(%) References

Ottawa
knee rule
(42)

• Isolated tenderness of patella (no other bone
tenderness) or

• Tenderness at the head of fibula or
• Inability to flex 90◦ or
• Inability to bear weight both immediately and in the

emergency department for four steps

99 (44) 49 (44) (33–35, 37,
40, 46,
86–91)

Pittsburgh
rule (39)

• Fall or blunt trauma and age <12 (or >50) or
• Fall or blunt trauma and inability to walk four

weight-bearing steps in emergency department

99 (34) 60 (34) (34, 39, 41)

Fagan and
Davies
(38)

Two or more of the following:
• Effusion
• Hemarthrosis
• Not able to bear weight in the department (includes

touch weight bearing as nonweight bearing)
• History of direct trauma to the knee
• Point bony tenderness at the patella, tibial plateau,

femoral condyles, or the head of fibula
• Age over 55 years

95 (22) 62 (22) 23 (22)

Weber et
al. (41)

Patient does not need radiograph if
• Able to walk without limping
• Twist injury without effusion

100 (41) 34 (41) (41)

Modified with kind permission of Springer Science+Business Media from Hollingworth W, Dixon AK, Jenner JR. Imaging
for Knee and Shoulder Problems. In Medina LS, Blackmore CC (eds.): Evidence-Based Imaging: Optimizing Imaging in
Patient Care. New York: Springer Science + Business Media, 2006.
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Table 19.2. Clinical exam correlation (percent)
with arthroscopy findings by type of injury
(N = 28)
Test ACL Meniscus Articular Overall

Sensitivity 91 93 50 84
Specificity 100 92 100 98
Positive

predictive
value

100 93 100 96

Negative
predictive
value

94 92 88 90

Accuracy 96 92 89

Adapted with permission of SAGE Publications from
Stanitski (32).

Table 19.3. MRI interpretation (percent corre-
lation) with arthroscopic findings (note that
there was no evaluation of PCL injuries)
Test ACL Meniscus Articular Overall

Findings by type of injury

Sensitivity 75 50 0 50
Specificity 100 45 100 87
Positive

predictive
value

100 50 45 70

Negative
predictive
value

84 50 78 75

Accuracy 89 37 78

Adapted with permission of SAGE Publications from
Stanitski (32).

Table 19.4. Diagnostic performance of clinical
examination and MRI by injury

Sensitivity (%) Specificity (%)

Diagnosis Clinical MRI Clinical MRI

ACL tear 81 75 90 94
Medial

meniscal tear
62 79 80 92

Lateral
meniscal tear

50 67 89 82

Osteochondri-
tis
dissecans

77 91 98 97

Lateral
discoid
meniscusa

89 39 98 100

Overall 71 72 92 94
aStatistically significant.

Adapted with permission of SAGE publications from
Kocher et al. (30).

Table 19.5. Diagnostic performance of clinical
examination and MRI by age group

Sensitivity Specificity

Diagnostic
method <12 years >12 years <12 years >12 years

Clinical
examina-
tion #

77 68 93 91

MRIa 62 78 90 96
aStatistically significant.

Adapted with permission of SAGE publications from
Kocher et al. (30).

Table 19.6. Arthroscopic and MRI classifica-
tion of OCD
Grade MRI

I No break in articular cartilage;
thickening of articular cartilage

II Articular cartilage breached, low signal
rim behind fragment indicating
fibrous attachment

III Articular cartilage breached with high
T2 signal changes behind fragment,
suggesting fluid behind the lesion

IV Loose body with defect of articular
surface

Reprinted with permission of Elsevier from Di Paola et al.
(62).

Table 19.7. MRI classification of OCD
(Hughes)
Stage Description

I Localized subchondral bone marrow
edema with no changes in the
overlying cartilage

II In situ fragmentation of the
subchondral bone with still intact
overlying cartilage. A linear high T2
signal outlines the defect

III Same as III, but there is edema and
thinning of the overlying cartilage

IVa Same as III, but the linear high T2
signal extends through the cartilage

IVb Osteochondral fragment is displaced
from subchondral parent bone,
forming a loose body

Stages I to III are considered stable with no articular cartilage
defect.
Adapted with kind permission of Springer
Science+Business Media from Hughes et al. (49).



Chapter 19 Imaging for Knee and Shoulder Injuries 289

Table 19.8. Diagnostic performance of MR
arthrography for detection of glenohumeral
ligament tears

Superior
gleno-
humeral
ligament
tear (%)

Middle
gleno-
humeral
ligament
tear (%)

Inferior
gleno-
humeral
ligament
tear (%)

Sensitivity 100 89 88
Specificity 94 88 100
Accuracy 94 91 97

Data from Chandnani et al. (85).

Table 19.9. Diagnostic performance of MR
arthrography for detection of labral tears

Superior
labrum
(%)

Anterior
labrum
(%)

Inferior
labrum
(%)

Posterior
labrum
(%)

Sensitivity 89 97 92 100
Specificity 88 86 100 100
Accuracy 89 95 96 100

Data from Chandnani et al. (85).

Table 19.10. Accuracy of MR arthrography in
the depiction of anteroinferior labroligamen-
tous injuries
Parameter Value (%)

Sensitivity 88
Specificity 91
Negative predictive value 88
Positive predictive value 91
Accuracy 89

Adapted with permission of the Radiological Society of
North America from Waldt et al. (82).

Imaging Case Studies

Case 1

Figure 19.1 shows MRI of osteochondritis disse-
cans: Sagittal PD image of the medial knee in a
child with pain.

Figure 19.1. Osteochondritis dissecans on MRI.
Sagittal PD image of the medial knee in a child
with pain. There is a subchondral area of abnor-
mal signal intensity. The overlying cartilage is pre-
served, indicating a stable lesion. Grade I by Di Paola
Classification.
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Case 2

Figure 19.2 shows MRI of osteochondritis dis-
secans: Sagittal PD image through the medial
femoral condyle.

Figure 19.2. Osteochondritis dissecans on MRI.
Sagittal PD image through the medial femoral
condyle shows an elliptically shaped, osteochondral
defect with disruption of the overlying articular car-
tilage (arrow). The bright synovial fluid outlining the
defect makes this lesion unstable (Di Paola Grade III)
and unlikely to heal with conservative therapy.

_

_ +

_+

+

Child with Suspected Knee Injury

Radiographs

Fracture

Orthopedic Surgeon Stop

MRI in Selected Cases

Do Follow Up
Clinical Examination

Stop Abnormal

Ottawa Knee Rule

Figure 19.4. Algorithm for imaging of child with suspected knee injury.

Case 3

Figure 19.3 shows discoid lateral meniscus on
MRI.

Figure 19.3. Discoid lateral meniscus on MRI. Coro-
nal PD image with fat saturation of the left knee
shows a markedly thickened lateral meniscus extend-
ing medially close to the intercondylar notch consis-
tent with a lateral discoid meniscus without a tear.

Suggested Imaging Protocol for the
Knee and the Shoulder

The Knee

Figure 19.4 shows a diagnostic algorithm for
imaging of the knee.
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Radiography
AP and lateral views usually suffice. The lat-
eral view is with bent knee if possible and
is obtained as a “shoot through” to see an
effusion or a fluid/fluid level. Tunnel view is
not recommended in children unless to eval-
uate osteochondritis dissecans; sunrise view
is recommended for suspected lateral patellar
dislocation.

MRI
MRI with the knee coil in the three orthogonal
planes is desirable. Typical protocol includes
sagittal, fat-suppressed, T2-weighted, and pro-
ton density sequences to evaluate the menisci
and articular cartilage; coronal T1 and fat-
suppressed PD sequences; fat-suppressed, PD-
weighted axial series. Intra-articular gadolin-
ium is used only when suspected unstable
osteochondritis dissecans is not clearly seen on
the routine protocol.

The Shoulder

Radiography
AP view of the glenohumeral joint, which
includes the acromioclavicular joint and either
a Y or an oblique view. The axial view is ideal to
exclude dislocation, but it may be difficult if the
patient cannot fully abduct the arm.

Future Research

We believe that future research should focus on
the following:

The Knee

• Providing appropriate training for clinicians
to implement the Ottawa Knee Rule in chil-
dren while monitoring patient outcomes and
cost-effectiveness.

• Defining diagnostic thresholds for the cost-
effective use of MRI for internal knee
derangement (meniscal, ligamentous, and
cartilaginous injuries) in primary vs. special-
ist care settings in the pediatric population.

The Shoulder

• Validate the sensitivity, specificity, and ther-
apeutic impact of clinical prediction rules

for radiographic evaluation of children with
acute shoulder pain in the emergency
department.
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20
Developmental Dysplasia of the Hip

Marc S. Keller, Els L.F. Nijs, and Kimberly E. Applegate

IssuesI. What are the clinical findings of developmental dysplasia of the hip
(DDH) and how effective are clinicians at detecting them?

II. What is the natural history in undetected DDH?
III. How accurate is US imaging in depicting hip anatomy and DDH?
IV. How effective is imaging in the diagnosis and treatment of DDH?
V. Is there a case for US screening of all newborns to detect DDH?

Key Points� Skilled clinical examiners are capable of detecting the vast majority
of developmental dysplasia of the hip (DDH) in neonates, and this
remains the primary screening method in the United States. Ultra-
sound (US) is no better than these examiners but may improve DDH
diagnosis or exclusion for less-experienced clinical examiners (strong
evidence).

� The great majority of hips with neonatal laxity will spontaneously
become normal (strong evidence). Of the newborns labeled as DDH by
either clinical or US screening, about 90% will spontaneously become
normal without treatment (strong evidence). When there is a displaced
femoral head and acetabular dysplasia found from late-appearing
DDH in a toddler or a preschooler, this usually will lead to an unfa-
vorable long-term result and the need for corrective orthopedic proce-
dures (strong evidence).

� The main aim of health care in DDH is to detect and treat DDH early
and in doing so avoid multiple corrective procedures and prevent life-
long hip disease with significant costs (strong evidence).

� US hip imaging in neonates and infants, whether the static or
the dynamic method, is highly sensitive to DDH when done by
experienced operators but is not specific (false positives). The low
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specificity leads to overtreatment, excessive imaging, and higher costs.
Like the clinical exam, the use of hip US may not prevent late DDH
(moderate evidence).

� Hip US for DDH evaluation should not be performed prior to age
3 weeks due to normal neonatal hip laxity that produces high false-
positive rates (moderate evidence).

� Conflicting data remain concerning the role of general neonatal or
infant population US hip screening with regard to late emergence of
DDH and its cost-effectiveness (moderate evidence).

Definition and Pathophysiology

Developmental dysplasia of the hip (DDH) is a
term that includes a variety of conditions in the
developing fetal, neonatal, and infant hip. The
inciting pathology is agreed to be abnormal lax-
ity of the hip joint leading to subsequent dis-
placement of the femoral head. The sustained
subluxation or dislocation of the femoral head
over time does not permit normal development
of the acetabulum and results in a predictable
pattern of acetabular growth disturbance that
is termed hip dysplasia (strong evidence). In
the current era, with clinical newborn screening
nearly universal, the incidence of neonatal hip
instability is in the range of about 1–2%. Nearly
all of neonatal laxity can be shown to be tran-
sient hip joint instability with spontaneous sta-
bilization within the first few weeks of life due
to maternal hormones and not true DDH, which
has an incidence closer to 0.1–0.2% (1–5) (strong
evidence). Hip joints that show more displace-
ment for more time tend to exhibit more
dysplasia.

Epidemiology

Studies have shown DDH six times more often
in girls than boys and occurring 60% in the left
hip, 20% in the right hip, and 20% bilaterally
(6). Some parts of the world have higher inci-
dences of DDH than others, and there appear
to be both genetic and environmental effects
(strong evidence). According to the Centers for
Disease Control (CDC), the Caucasian rate is

1.7/1,000 live births and for blacks, it is signifi-
cantly lower at 0.54/1,000 live births.

Some countries or regions have higher inci-
dences of DDH identified. In other parts of
the world where infants are carried with their
hips in abduction from early in life, lower rates
of DDH may be noted. It seems that cultural
infant hip abduction may modify the natural
history of early instability and clinically noted
dysplasia (moderate evidence). On balance, the
reported incidence of abnormal neonatal clin-
ical examinations indicative of neonatal laxity
ranges from 1 to 2%, of which perhaps only
one-tenth are true cases of DDH, creating a
DDH incidence of 0.1–0.2% (2, 3, 7–9) (strong
evidence).

In all areas of the world, a breech posi-
tion found just before birth is a risk factor for
DDH with an odds ratio of 5.5 (10) (strong
evidence).

Family history of DDH and the presence of
neonatal clubfoot or torticollis are each thought
to increase the risk for DDH (1, 11–14) (moder-
ate evidence).

A number of childhood conditions have DDH
as a comorbidity, although not presenting in
the typical neonatal and infant manner as noted
above. For example, 35% of children with cere-
bral palsy will develop DDH (15). Other notable
conditions with development of hip dysplasia
would include myelodysplasia, arthrogryposis,
caudal regression syndrome, Larsen syndrome,
Stickler syndrome, multiple epiphyseal dyspla-
sia, Trevor disease, spondyloepiphyseal dys-
plasias, metatropic dysplasia, and some of the
mucopolysaccharidoses, particularly Morquio
disease (16).
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Overall Cost to Society

Concerning the primary clinical problem of
DDH, promptly detecting and treating young
infants leads to excellent outcomes (strong evi-
dence). Early treatment is nonoperative as well
as lower in cost. Organized programs that have
used US screening of large populations con-
sistently seem to overdiagnose DDH based
upon either immature acetabular morphology
or detection of laxity, leading to overtreatment,
repeated imaging, and higher costs in a group
that would not have emerged clinically and
would not have needed this care (17) (moderate
evidence). Furthermore, in most studies, early
US general population screening has not erad-
icated the appearance of late DDH cases (4, 5,
18–25) (strong evidence).

Using a brief, well-established, and accurate
clinical examination to screen neonates would
seem intuitively most cost-effective without the
added costs of routine imaging, unless the costs
of screening are less than the costs of treat-
ing cases of late appearance of DDH, some of
which will require multiple surgeries, hospital-
izations, and even some hip replacements as
adults (26–40). At least two studies show that
the use of US hip screening in the general popu-
lation helped to efficiently diagnose and to care
for children with DDH and was not associated
with higher health-care costs (26, 41) (moderate
evidence).

Goals

The main aim of imaging is to detect and treat
DDH early and in doing so avoid multiple cor-
rective procedures and prevent lifelong hip dis-
ease with significant costs (strong evidence).
The aims of imaging in evaluating DDH are
several. Initial imaging must be able to depict
the important anatomy along with morpho-
logic and dynamic alterations. Care in early US
examinations must be taken to learn and to
appreciate variations in immature morphology
and normal ranges of laxity in order to avoid
overtreatment. The confirmation of hip reduc-
tions in treatment devices is an important and
useful function of US imaging (6, 27–37). In
children who have had surgery and spica cast

applications, brief, tailored, low-dose CT exam-
inations or MRI studies are key in confirming
successful reductions prior to patient discharge.
Lastly, use of radiographic and cross-sectional
images is all needed in the accurate preopera-
tive assessments of children with late detection
of DDH and subsequent corrective operations
as well as in the evaluation and care of postop-
erative complications (38–40, 42).

Methodology

The authors performed a MEDLINE search
using PubMed (National Library of Medicine,
Bethesda, MD) to retrieve information concern-
ing clinical and imaging diagnosis and treat-
ment of children with developmental dyspla-
sia of the hip (DDH). The systematic literature
review performed in MEDLINE looked at the
10-year period from 1998 to 2008. The search
strategy used the following terms: (1) develop-
mental dysplasia of the hip; (2) humans; (3) clin-
ical trial; (4) meta-analysis; (5) randomized con-
trolled trial; (6) review; (7) English language; (8)
all infants: birth–23 months; (9) all children: 0–
18 years.

Discussion of Issues

I. What Are the Clinical Findings of
DDH and How Effective Are
Clinicians at Detecting Them?

Summary of Evidence: The clinical examination
techniques of neonatal and infant hip exami-
nation are well described and have been used
for over 40 years (43, 44). The group of clini-
cally described findings includes limited range
of motion, abnormal skin creases, unequal limb
lengths, palpable grinding, and the Barlow and
Ortolani signs. The Barlow sign is appreci-
ated during neonatal hip flexion and adduc-
tion when posterior stress along the axis of
the femur produces palpable posterior displace-
ment of the femoral head from the acetabu-
lum. Ortolani’s sign is a low-pitched palpable
thud or clunk appreciated during hip abduc-
tion, indicating the reduction of the posteriorly
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dislocated femoral head back into the acetabu-
lum. Examination early in life is key, for the Bar-
low and Ortolani signs are useful only during
the first months.

While examiners with experience produce
excellent results (5) (strong evidence), clinical
observation study of less-experienced person-
nel performing neonatal hip examinations finds
their assessments to be considerably less reli-
able (45) (limited evidence). The specificity of
a normal examination approaches 100% (1).
However, review of reported prevalence of
neonatal clinical hip instability has yielded
a range of 1.6–28.5/1,000 (4). The skill of
experienced examiners is believed to improve
sensitivity (1). In addition, examination by
knowledgeable examiners has been shown to
yield very low late appearance of DDH inci-
dences ranging from 0.01 to 0.2% (1–5) (strong
evidence).

A small number of babies with normal initial
clinical examinations will later develop DDH;
therefore, repeat clinical examinations are rec-
ommended.

Supporting Evidence: While all of the clinical hip
findings above are listed in the performance
of the neonatal and infant hip evaluations, the
detection of them has not been shown to be
synonymous with the actual diagnosis of DDH.
Clinical screening for DDH is performed in
the first 1–2 days after birth and serially at
follow-up well-baby checks. About 1–2% of the
neonates will be shown to have only neonatal
laxity which will spontaneously correct over the
course of several weeks and without treatment.
Such self-limited hip instability is a common
finding in newborns (46). A variety of publi-
cations with follow-ups ranging from 2 weeks
to 6 months have found that 80–97% of milder
neonatal abnormal hip findings normalize with-
out treatment (2). Some of the large clinical
studies have designed the use of selective US
hip imaging in the assessment of babies with
a family history of DDH, breech presentation
at birth, foot deformity, and the detection of
neonatal laxity (5). In these instances, selective
US imaging of the hips is utilized as an exten-
sion of the historical and clinical assessment
and not as a screening examination. In one ran-
domized controlled study of 15,529 infants seen
by experienced clinical examiners, the speci-

ficity of a normal clinical examination was high,
with only 0.65/1,000 late appearance of DDH
(5).

The experience of the clinical examiner is
not a trivial issue. Studies show that experi-
enced confident neonatal and infant hip exam-
iners have excellent clinical results and need
to refer very few babies to imaging as noted
above. Less-skilled personnel have more ques-
tions, less confidence, and a more liberal use
of imaging to provide a second opinion behind
their assessments. Prevalence of DDH in some
clinical series has been reported as high as 168–
200/1,000 infants, while most series suggest
ranges of 0.1–7/1,000 (2). As will be discussed
below, imaging tends to result in higher treat-
ment rates of infant hips and is shown by most
studies to increase health-care expense from
overtreatment (47, 48).

II. What Is the Natural History of
Undetected DDH?

Summary of Evidence: Of the newborns labeled
as DDH by either clinical or US screening, about
90% will spontaneously become normal with-
out treatment (2, 3) (strong evidence). When
there is a displaced femoral head and acetabular
dysplasia found from late-appearing DDH in a
toddler or a preschooler, this usually will lead
to an unfavorable long-term result and the need
for corrective orthopedic procedures (1–5, 49)
(strong evidence). Currently unknown is how
untreated hips with a mild degree of dysplasia
will fare in the long run as practitioners seem
unwilling to test this. A key uncertainty cre-
ated by US imaging is the significance of milder
abnormalities such as neonatal laxity, immature
acetabula, and milder dysplasia without insta-
bility, which has led to a tendency of clinicians
to treat and follow up on all of these infants.
The value, if any, of this early detection remains
unknown (30, 35, 47) (moderate evidence).

Supporting Evidence: The pathophysiology of
DDH can be viewed as a combination of
mobility and morphology. Excessive mobility
is described as laxity, subluxation, or disloca-
tion. Displaced femoral heads may be reducible
or irreducible. Acetabula can be normal,
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immature, or have varying degrees of severity
of dysplasia. The greater the degree of abnor-
mal femoral head mobility and the longer the
time period of hip instability, the more dysplas-
tic the acetabulum is likely to be.

Better than 96% of infant hips that are treated
early in life, within 6–8 weeks from birth,
by observation or by using dynamic or fixed
abduction splints, tend to become readily sta-
bilized and regress their dysplastic changes in
short order (5). The small remainder goes on
to need additional procedures such as adductor
tenotomies or open reductions and placement
in hip spicas. Most rarely, infants detected early
with DDH may come to innominate osteotomy
for realignment of an abnormal acetabulum to
allow for better femoral head coverage and hip
stability (50–56). The most common complica-
tion from treatment is avascular necrosis of the
femoral head. It occurs in approximately 0.25%
if treatment begins before the age of 6 months
and 10.9% if treatment begins after 6 months
(10).

Conversely, children in whom the diagnosis
of DDH is delayed beyond 3–6 months have
a much poorer prognosis. Review of several
studies of older toddlers with delayed DDH
diagnoses finds only 28% with good outcomes
(moderate evidence). When followed to young
or middle adulthood over 30–40 years, 41–43%
have degenerative hip disease, 60% have dis-
turbed proximal femoral growth, and 11–14%
have total hip replacement or hip arthrodesis (2,
3) (moderate evidence). The case for the impor-
tance of diagnosing DDH as early as possible is
clear.

III. How Accurate Is US Imaging in
Depicting Hip Anatomy and DDH?

Summary of Evidence: In neonates and infants,
no significant controversy remains that hip
sonography is an excellent and accurate method
to image the normal hip and the anatomy of
DDH. All initial skepticism of the 1980s has
vanished concerning this point. Of the two
methods used, the static and the dynamic, both
appear to work well. Better evidence (strong
evidence) exists to support the static method
owing to the preponderance of European stud-

ies (4, 5, 20, 21, 23, 25, 26, 35, 49), but no
sizeable randomized controlled trials in North
America have been performed. No study has
been performed to pit the static method vs
the dynamic method, but investigators do not
seem inclined to pursue this as an important
question.

Sonographic exams depend on the experience
of the operator. One large study in the Nether-
lands of hip US in 7,236 infants reported a sensi-
tivity of 88.5%, a specificity of 96.7%, a positive
predictive value of 61.6%, and a negative pre-
dictive value of 99.4% (57).

Supporting Evidence: The initial studies regard-
ing hip sonography as reported by Graf and
colleagues in Austria emphasized extremely
detailed classification of sonographic hip
anatomy in normal, immature, and dysplas-
tic hips with accompanying alpha and beta
angles describing quantitative measures of
acetabular bony angle and position of the
lateral acetabular labrum in a static hip via
a standardized coronal view with the baby
in a lateral decubitus position. The method
has been validated repeatedly in large stud-
ies (1–5) (strong evidence), but clinical use
has tended to deemphasize the need for the
original painstakingly detailed classifications
and subclassifications. Success in clinical use
has reduced the categories in many studies to
normal, immature, mild dysplasia, and more
severe dysplasia with femoral head displace-
ment while tending not to quantitate the alpha
and beta angles, which have been shown to be
difficult to reproduce among examiners (5, 49)
(moderate evidence).

The dynamic method described in the United
States with Harcke as its most experienced pro-
ponent acknowledges all of the morphologic
acetabular changes described by Graf but cre-
ates images both in the coronal and trans-
verse planes and, in addition, parallels the clin-
ical orthopedic examination by imaging dur-
ing relaxed hip flexion, with neutral hip posi-
tion, and during stress using a Barlow maneu-
ver (hip flexion, hip adduction, and posteriorly
directed mild stress). In the dynamic method,
the degree of hip stability or instability is
reported in the different positions and is com-
bined with a qualitative description of acetab-
ular morphology (29, 30) (moderate evidence).
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Morin et al. added a quantitative descriptor
of bony acetabular coverage over the femoral
head in the coronal plane that is used by
some practitioners and investigators. Normal
coverage is lowest (45–50%) in the newborn
and normally increases with time (58) (limited
evidence).

In 1993, a meeting was held with both Graf
and Harcke present and with each acknowledg-
ing the validity of both methods. Agreement
allowed the creation of recommendations com-
bining the strengths of each into a standardized
US hip examination and largely ending the con-
troversy about two methods that both seemed
to work. The aftermath of this summit focused
subsequent investigation on studying DDH and
not the competition between two examination
methods.

Interestingly, this combined assessment,
which indeed appears to be accurate and
valid in practice, has been adopted as a per-
formance standard of the American College
of Radiology and the American Institute
of Ultrasound in Medicine largely based
on expert recommendations (59) (limited
evidence).

IV. How Effective Is Imaging in the
Diagnosis and Treatment of DDH?

Summary of Evidence: In neonates and young
infants with cartilage dominating the femoral
head and acetabular structures, US hip imag-
ing is the most accurate noninvasive method
to portray hip anatomy and dynamics and to
detect DDH. In older infants and toddlers with
femoral ossification centers and more acetabu-
lar bone that limits the use of US, radiographs
become the imaging method for detection and
treatment follow-up.

Contrast arthrography remains a very accu-
rate examination but one that is not in general
diagnostic use except to assess for intraopera-
tive reductions and before applying spica casts.
Limited postreduction low-exposure CT studies
or limited rapid MRI scans are effectively used
after intraoperative hip reductions and spica
applications to ensure satisfactory reductions
prior to patient discharge. In older children and
adolescents with either delayed DDH diagnosis

or with long-term complications requiring addi-
tional surgery for hip coverage or stabilization,
volumetric CT examinations with 3D and MIP
reformatted images are very useful for preoper-
ative planning (6, 27–30, 38–40, 42).

Supporting Evidence

Sonography
The problem of late emergence of DDH was
the impetus to develop US hip imaging. Clin-
ical hip screening detected the great majority
of cases; nevertheless, late appearance of hip
dislocations with dysplasia continued. Despite
educational programs designed to teach this
new method, late appearances of hip dyspla-
sia did not decrease. Similar findings appeared
in a number of studies; in fact, this unexpected
result led to a change in both thinking and ter-
minology about the condition, formerly called
congenital dysplasia of the hip (CDH) which
was changed to developmental dysplasia of the
hip (DDH) to reflect that not all of these cases
were congenital and diagnosable at the time of
birth (1) (strong evidence).

While learning that US hip screening did
not readily eradicate late appearance of DDH
was a disappointment, the question remained
about what was the role of hip sonography
which had eventually become accepted as accu-
rate imaging within its first 10–15 years of use.
The preponderance of current evidence shows
that not only hip sonography is anatomically
and dynamically accurate, but the sensitive por-
trayal of findings tends to lead to overtreat-
ment and higher health-care costs. One study
evaluating the diagnostic accuracy of hip US
found in 7,236 Netherlands infants a sensitivity
of 88.5%, a specificity of 96.7%, a positive pre-
dictive value of 61.6%, and a negative predic-
tive value of 99.4% (57). Armed with US images
showing degrees of hip laxity, subluxation, and
mild dysplasia, physicians tend to conserva-
tively follow-up on these infants in whom natu-
ral history shows will spontaneously revert to
normal almost always. However, the emotion
revolving around possible missed cases of DDH
creates an environment of caution, with clini-
cal and imaging follow-up. In this regard, US
has less than ideal sensitivity for a screening test
(48). Some studies however have shown that the
use of hip sonography can reduce the rate of
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infant hip splinting without adverse effects (47,
49) (moderate evidence).

Plain Radiographs
By 4–6 months of age, radiography becomes
the primary imaging modality, for the nucleus
of the femoral head ossifies at approximately 4
months (50th percentile) with a normal range of
2–8 months (60). The ossific nucleus is visible
on sonography several weeks before its radio-
graphic appearance, and as the center develops
and enlarges, the ossific femoral head nucleus
obscures medial acetabular sonographic land-
marks.

An anteroposterior view of the hips in neu-
tral position is routinely used in the evalua-
tion of DDH. One main goal of radiography is
evaluating the relationship of the femoral head
and metaphysis to the acetabulum. The lines
of Hilgenreiner, Perkins, and Shenton serve as
visual guides to recognize an abnormal rela-
tionship, particularly when the femoral head
is still unossified. The acetabular angle is an
often used objective measurement in the diag-
nosis and follow-up of DDH. Normally, it is less
than 30◦ in newborns and then decreases with
age. The reported 95% tolerance interval for
intraobserver variability, however, is 8.35◦ with
interobserver variability exceeding this num-
ber, which casts doubt on the reliability of this
angle measurement based on a single read-
ing (61, 62). In a small series of seven chil-
dren (14 nonoperated hips with DDH) with a
mean age of 7.3 years (range 3.3–10.5 years), the
acetabular index was measured on radiogra-
phy and compared with MRI with a significant
correlation with a Spearman correlation coeffi-
cient of 0.88 (95% confidence interval, 0.61–0.96;
p<0.001) and a mean difference between the two
measures of 0.36 ± 6.5◦ (limited evidence). In
addition, the osseous and cartilaginous acetab-
ular indexes as measured by MRI had a sig-
nificant correlation with a Spearman correla-
tion coefficient of 0.88 (95% confidence interval,
0.80–0.98; p<0.001). Based on these results the
authors suggest that plain radiography is still
an appropriate tool for follow-up of the nonop-
erated hip with DDH and may be a good indi-
cator of hip cartilaginous development (63). In
the older child, two other measurements can be
assessed: the coverage of the ossified femoral
head by the bony acetabular roof can be quanti-

fied and the center–edge angle (C–E angle) can
be measured.

Computed Tomography (CT)
Starting in the early 1980s, CT has been used to
evaluate the postreduction femoral head posi-
tion in spica casts, instead of plain radiography.
CT has a twofold advantage over plain radiog-
raphy. The hip after reduction can be evaluated
directly in the axial and coronal planes, and CT
images are not significantly degraded by the
overlying spica cast. A digital scout view is first
obtained to plan a limited series of narrow col-
limation images at very low dose through the
hips. In the normally positioned hip, the qual-
ity of reduction is assessed by the CT equiva-
lent of Shenton’s line. There should be a smooth
arc formed by the anterior aspect of the femoral
neck and the anterior aspect of the pubic bone.
Also, the center of the concentrically reduced
femoral head lies directly lateral to the ante-
rior ischial junction with the triradiate carti-
lage (64). In addition the degree of dysplasia
can be evaluated. While the normal hip will
have a smooth, round-shaped acetabulum with
a well-defined posterior lip, the dysplastic hip
lacks this round shape and the posterior acetab-
ulum will often be straightened without a well-
defined border. Dysplastic acetabula will usu-
ally show the low attenuation of the fibrofatty
pulvinar tissue medially.

A more complete pelvic CT may be used
to plan pelvic osteotomy. The protocol used
for this type of CT is different in that the
axial images will be obtained with 2.5–3 mm
collimation or less and more anatomic cover-
age is needed to reconstruct in 2D and 3D.
Measurements of the acetabular roof, carti-
lage thickness, acetabular rotation, and acetab-
ular version can all be assessed for surgical
planning.

MR Imaging (MRI)
MRI is not frequently used for evaluation of
DDH. For example, the postreduction hip in
spica cast MR imaging requires longer scan-
ning time in comparison to CT and the poten-
tial need for sedation or anesthesia. A brief scan
protocol has been described by Laor et al. in a
small number of patients (65) in which her team
did not use sedation or anesthesia. The main
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advantage of MRI is better cartilage anatomical
detail.

Femoroacetabular impingement and labral
tears are increasingly recognized as a cause of
hip pain or disability in adolescents and young
adults, and they are fairly common in late DDH.
The preferred imaging modality is MR arthrog-
raphy, which is performed by injecting dilute
gadolinium solution in the hip joint followed
by MRI. MRI findings of impingement include
edema and cyst formation in the acetabular
rim and cartilage or labral degeneration or tear.
In DDH the labrum is typically hypertrophic
and may have associated tears or paralabral
cysts.

AVN of the femoral head, the most common
complication of treatment, is well evaluated by
MRI (66).

V. Is There a Case for US Screening in
Newborns to Detect DDH?

Summary of Evidence: Universal screening of
newborns with ultrasound is performed in
some European countries. In most of the larger
studies, the use of general screening has tended
to reduce but has not eradicated the rare but
persistent late emergence of DDH in older
infants and toddlers (moderate evidence). Some
of the smaller studies, however, claim to use
US screening and follow-up efficiently and cost-
effectively to detect early DDH and prevent the
appearance of late cases. In North America, nei-
ther the United States nor the Canadian govern-
ment believes that current evidence supports
universal US hip screening for DDH (48).

Supporting Evidence: Rosendahl et al. found in
a study of nearly 12,000 Norwegian infants
that late DDH appeared in 0.3/1,000 in an
US screened group vs 1.3/1,000 in a clinically
screened cohort (57). This result was not statis-
tically significant but a trend suggesting a four-
fold reduction in late DDH from US screening.
In a study of 15,529 babies, Holen et al. found
late DDH in 0.13/1,000 infants with universal
US screening vs 0.65/1,000 in a clinically exam-
ined group with selective US use, again show-
ing a trend but not reaching statistical signifi-
cance (5). One of the very interesting and impor-

tant points that emerge from studying this ques-
tion is that skill of the clinical and US examiners
is exceedingly important. Observational study
of clinical examinations hints that the degree of
skill and sophistication of neonatal hip examin-
ers is quite variable and that novices, not sur-
prisingly, do not examine as well as more expe-
rienced practitioners (18, 19, 65). The results
of having less-experienced personnel do these
examinations can lead either to a higher rate of
missed DDH or to a more liberal use of imaging
as a check upon weak clinical skills in order not
to miss the diagnosis or to reassure the presence
of normal. In a study focusing on routine new-
born clinical examination quality in England,
the quality of hip examination performed by
midwives and senior house officers was some-
times rated poor by the attending physicians.
However, the midwives performed better than
did the senior house officers. A κ value of 0.42
showed only moderate agreement between the
opinion of attending physicians and midwives
(45).

With sonography, skill and experience also
play an important role, for again, a less-
experienced imager is more likely to miss some
findings or be tentative with declaring physi-
ologic neonatal hip laxity or acetabular imma-
turity as normal and instead recommending
another interval US hip imaging. This tendency
toward being conservative has been shown
to lead to hip splinting of infants who in
all likelihood would have spontaneously sta-
bilized without treatment or additional imag-
ing (2, 3). Unnecessary splinting is not innocu-
ous, since 1–4% of treated infants may develop
avascular necrosis of the femoral head as a
result of flexion and abduction positioning
(48).

In some of the larger studies described above,
experienced clinical hip examiners had excel-
lent results in evaluating thousands of babies
with only 0.65/1,000 late detection of DDH
(diagnosis made after 1 month of age) and
were helped by the US screening only in a lim-
ited number of cases with additional risk fac-
tors such as neonatal laxity, breech presentation,
foot deformity, and family history of hip disease
(5).

In routine practice, clinical and US imag-
ing examiners have a range of skill levels so
that the results achieved in a specialized center
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running a focused infant hip study may not be
readily duplicated in all communities. In most
of the world, clinical screening of neonates and
infants is still likely to dominate DDH detection
with US imaging used to evaluate those with
abnormal examinations, those with question-
ably abnormal results, those with risk factors,
and in follow-up examinations of hip reduction
devices in children under treatment.

Take Home Figures and Tables

Figure 20.1 presents an algorithm for imaging
protocol in DDH. Figure 20.2 shows different
categories of DDH. Figure 20.3 shows normal
hip sonogram vs posterolateral displacement of
the femoral head. Table 20.1 presents a sum-
mary of diagnostic performance in infants with
DDH.

All neonates

Clinical hip examination

normal abnormal equivocal Normal examination
but with risk factors
(breech, clubfoot,
family history)

Routine
clinical care

continues
normal

late
DDH

Orthopedic referral
for DDH

Hip
radiography

Orthopedic referral for DDH

 Hip US at 2–3 weeks

normal

Routine clinical 
care

abnormal
Hip US at 4–6 weeks

normalabnormal

Routine clinical 
care

Hip US for monitoring treatment

Hip radiography as
toddler/preschooler

normalabnormal

CT and/or MRI as needed for
treatment planning

(low dose CT or MRI for spica cast check)

Figure 20.1. Algorithm for imaging in DDH.
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Figure 20.2. Coronal hip sonograms depicting basic categories. A: Normal. B: Immature, with minimally
diminished superolateral rim ossification. C: Mild dysplasia without femoral head displacement. D: Dysplasia
with femoral head displacement, deficient acetabular rim ossification, thickened labrum and pulvinar.
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Figure 20.3. A: Normal transverse neutral hip sonogram. B: Posterolateral displacement of femoral head in
transverse neutral view.

Table 20.1. Summary of diagnostic performance in infants with DDH
Screening test Sensitivity (%) Specificity (%)

Clinical exam (reference standard was sonography for all references)
Limited abduction 70 90 (67)
Limited abductiona 69 54 (24)
Orthopedic specialist 97 14 (68)

Sonography 89 (22, 67) 97 (57) PPV 62%,
NPV 99%
(57)

aAge >3 months.
PPV=positive predictive value; NPV=negative predictive value.
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Imaging Case Studies

Case 1

Figure 20.4 presents a case depicting hip laxity
without dysplasia

Figure 20.4. Transverse (A) flexion–abduction and (B) flexion–adduction views along with coronal (C)
flexion–abduction and (D) flexion–adduction views depicting hip laxity without dysplasia. Evidence shows
that follow-up imaging is unnecessary.



Chapter 20 Developmental Dysplasia of the Hip 307

Case 2

Figure 20.5 presents a limited axial CT
study according to the principles of
www.imagegently.org.

Figure 20.5. Low mAs limited axial CT study to confirm reduction in spica in line with principles of
www.imagegently.org. Despite image noise, note sufficient detail at 10 mAs to identify postoperative air from
adductor tenotomy and fatty pulvinar at the base of dysplastic left acetabulum.

Suggested Imaging Protocols for
Developmental Dysplasia of the Hip

Screening for DDH

• Birth–6 months: hip sonography (coronal
view—neutral and stress, transverse view—
flexion and stress)

• 6 months and older: hip radiography (AP
radiograph of the pelvis and hips)

• Assessing reduction in Pavlik harness: hip
sonography (coronal and transverse views—
“as is” and within safe zone adduction
restriction of harness)

• Assessing reduction in spica cast: low-dose
CT (digital radiograph scout view and lim-
ited axial imaging through hips) or tailored
MRI

• Routine preschooler assessment after treat-
ment: hip radiography

• Surgical planning to address DDH in older
child: hip radiography; low-dose MDCT
with 3D, and MPR (multiplanar reconstruc-
tions) or MRI (arthrography optional)

Future Research

• Can the rare late case of DDH be prevented?
• Cost-effectiveness analysis on the role of

screening hip US in high-risk newborns.
• Cost-effectiveness analysis of universal

screening hip US.
• Is nontreatment of the sonographic finding

of mild acetabular dysplasia with a stable hip
a safe practice or will it lead to late case emer-
gence of DDH?

• What is the best way to improve both clinical
and sonographic DDH examination skills?
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Slipped Capital Femoral Epiphysis

Martin H. Reed and G. Brian Black

IssuesI. What is the diagnostic performance of radiographs in the initial
diagnosis of slipped capital femoral epiphysis (SCFE)?

II. What is the diagnostic performance of magnetic resonance imaging
in the initial diagnosis of SCFE?

III. What is the diagnostic performance of ultrasound imaging in the
initial diagnosis of SCFE?

IV. What is the role of CT in preoperative planning?
V. What is the imaging method of choice in suspected avascular

necrosis associated with the treatment of slipped capital femoral
epiphysis?

Key Points� If there is clinical suspicion of slipped capital femoral epiphysis
(SCFE), pelvic radiographs of both hips in neutral and lateral views
should be obtained (limited evidence).

� CT may be of value for preoperative planning if there is severe SCFE
(limited evidence).

� If there is clinical concern about avascular necrosis of the femoral head
in the postoperative period, MRI can be used to confirm the diagnosis
(limited evidence).

Definition and Pathophysiology

Slipped capital femoral epiphysis is a disor-
der of the proximal femur which occurs in
adolescence in which the proximal femoral

M.H. Reed (�)
Department of Diagnostic Imaging University of Manitoba Health Sciences Centre/Children’s Hospital, Winnipeg
MB R3A 1S1 Canada
e-mail: mreed@hsc.mb.ca

metaphysis is displaced superiorly and anteri-
orly through the physis on the proximal femoral
epiphysis (1). The etiology of the condition is
not known, but endocrine changes which occur
during adolescence probably play a role in this
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condition (1). Obesity is a significant risk factor
for SCFE. At least 50% of children with SCFE
are above the 95th percentile for weight (1).
A recent Scottish study correlated an increas-
ing incidence of SCFE with increasing obe-
sity in the same age group (2). Obesity also
increases the risk of bilateral disease (1), and it
is related to an earlier age of onset (1, 2). Varus
position and retroversion of the proximal femur
are also predisposing factors (1, 3, 4). A variety
of endocrine disorders predispose to this con-
dition, particularly hypothyroidism and growth
hormone deficiency (1, 5). An association with
Down Syndrome has also been suggested (6).
SCFE may be bilateral although the frequency
of this occurring is uncertain, ranging from 18
to 63% in different studies (1).

Two types of SCFE are recognized. An acute
SCFE is one that occurs in a patient with symp-
toms for less than 3 weeks, although there may
be up to 3 months history of mild prodro-
mal symptoms. Radiographically, these patients
usually have a joint effusion and no evidence of
metaphyseal remodeling. Patients with chronic
SCFE, which comprise approximately 85% of
cases, usually have symptoms of more than
3 weeks of increasing pain or pain extending
down the thigh, sometimes to the knee. The
primary complaint may be of knee pain. These
patients often limp. These symptoms may vary
in severity over time. Metaphyseal remodeling
and severity of the slip are generally increased
with longer symptoms (1).

SCFE can also be classified as stable or unsta-
ble. A stable SCFE is one in which a child is
able to walk with or without crutches, and radi-
ologically these patients have signs of meta-
physeal remodeling and usually no evidence
of an effusion. In a case of unstable SCFE, the
child is unable to walk even with the aid of
crutches. On imaging, there will usually be a
joint effusion and no evidence of metaphyseal
remodeling. Patients with an unstable SCFE
have a much higher risk of avascular necro-
sis (AVN) of the femoral head, a complication
of this condition (1). Another rare but recog-
nized complication of SCFE is chondrolysis,
which is usually related to penetration of the
fixating pin or screw through the articular cor-
tex to involve the articular cartilage (1). There
is also some evidence that the more severe
forms of SCFE predispose to degenerative
arthritis (1).

The prognosis for a patient with SCFE
depends on the severity of the slip prior to treat-
ment and the type of treatment. The outcome is
good in mild cases treated with a single screw,
but severe preoperative deformity, AVN, and
chondrolysis all predispose to early degenera-
tive arthritis and eventual need for total hip
replacement (1).

Epidemiology

Slipped capital femoral epiphysis occurs most
commonly in the early adolescent period. In one
recent study, the average age of onset for males
was 12.7 years and for females 11.1 years (7).
It is more common in males than females, with
an incidence of 13.25 per 100,000 for boys and
8.07 per 100,000 for girls in the same study (7).
The average age of onset is similar for all races,
but there are significant variations in incidences
between races. The condition is most common
in blacks with an incidence of almost four times
that in whites. It is also at least twice as com-
mon in Hispanics as Whites and slightly more
common in Asian children or Pacific Islanders.
It is less common in Native Americans than in
Whites (7). In the United States, there is a geo-
graphic variation, with higher incidence rates in
the Northeast and West compared to the Mid-
west and South (7). Interestingly, there is also
a seasonal variation, with the incidence being
slightly higher in the summer north of 40◦ lati-
tude and slightly higher in the winter south of
40◦ latitude (7).

Overall Cost to Society

There is no information in the literature on
the cost to society of slipped capital femoral
epiphysis or the imaging for slipped capital
femoral epiphysis. Much of the costs of SCFE
occur in adulthood when functional limitations
and hip replacement occur. However, one study
showed significant lower cost of care for chil-
dren with SCFE when they were treated at a
children’s hospital as compared to a community
hospital (8).

Goals

The goals of imaging are to diagnose SCFE and
to help determine the stability of the SCFE if it
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is present. Imaging is also used to follow these
patients after surgery in order to help assess for
any complications including avascular necrosis.

Methodology

A PubMed search was undertaken using the
terms slipped capital femoral epiphysis and epi-
demiology, cost and cost-effectiveness, radiography,
magnetic resonance imaging, computed tomography,
nuclear medicine, and ultrasound. A search for
slipped capital femoral epiphysis with the lim-
itation of review articles was also undertaken.
All searches had the limits of English language
and human placed on them. There were no date
limits to any of the searches. The searches were
completed in November 2008.

Discussion of Issues

I. What Is the Diagnostic Performance
of Radiographs in the Initial
Diagnosis of Slipped Capital Femoral
Epiphysis?

Summary of Evidence: Currently, the standard
diagnostic imaging modality for SCFE is pelvic
radiography. Two views of both hips are neces-
sary, one with the hips in a neutral position and
one with both hips in a lateral position (the frog-
leg view) (limited evidence).

Supporting Evidence: There is no information
in the literature on the accuracy of radiogra-
phy for the diagnosis of slipped capital femoral
epiphysis. However, radiography has been in
use clinically for this indication for decades,
so accuracy is presumed to be reasonable.
There is also little evidence in the literature on
when imaging is indicated in children with hip
pain. There are currently no validated or well-
developed clinical prediction rules for the use of
imaging in pediatric hip pain (insufficient evi-
dence).

The standard radiograph series for SCFE con-
sists of an AP radiograph of the entire pelvis
as well as a lateral view of the hips (the “frog-
leg” view) (Fig. 21.1). There is some informa-
tion supporting the importance of the lateral
view of the hip for the diagnosis of this disor-
der. In Cowell’s series, in 14% of 55 patients,

the diagnosis could be made only on the lat-
eral view (9). Loder undertook a study with a
femur model and showed that the lateral view,
including the commonly used frog-leg lateral
projection, is accurate in showing slipped cap-
ital femoral epiphysis (limited evidence) (10).
Billing et al. described and carefully defined a
reproducible lateral view of the proximal femur.
He studied 95 normal children and 100 chil-
dren with SCFE, and showed that the mea-
surements obtained with the lateral view were
highly reproducible and diagnostically superior
to a conventional frog-leg lateral view (p < 0.05)
(limited evidence) (11).

On radiographs, in patients with SCFE,
the proximal femoral growth plate appears
widened and poorly defined. A line drawn
along the lateral margin of the femoral neck
with the hips in the neutral position should
intersect the lateral margin of the proximal
femoral epiphysis. In patients with SCFE, this
line will pass lateral to the epiphysis (12) (insuf-
ficient evidence) (Fig. 21.1C). On the neutral
view of the femur, there may be a crescentic
region of increased density seen below the prox-
imal femoral physis. As a result of the ante-
rior slip of the proximal femoral metaphysis, the
epiphysis is superimposed on the metaphysis
and creates this “blanch sign” (13) (insufficient
evidence).

The angle between the line drawn perpendic-
ularly through the center of the epiphysis and
another line drawn through the center of the
femoral neck, the epiphyseal–shaft angle, on the
lateral view of the proximal femur can be used
to classify the severity of SCFE into mild, less
than 30◦; moderate, 30◦–50◦; and severe, greater
than 50◦ (Fig. 21.1D) (1). Carney and Liljenquist
assessed the reliability of this measurement in
108 hips and showed that intraobserver vari-
ability was ±5.9◦ (14) (moderate evidence).

II. What Is the Diagnostic
Performance of Magnetic Resonance
Imaging in the Initial Diagnosis of
Slipped Capital Femoral Epiphysis?

Summary of Evidence: MRI accurately diag-
noses slipped capital femoral epiphysis, and
it may be more accurate in both assessing the
severity of SCFE and showing abnormalities
predictive of SCFE (“pre-slip”), prior to the slip
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actually occurring (insufficient to limited
evidence).

Supporting Evidence: Umans et al. studied 13
patients with 15 symptomatic hips using radio-
graphy, MRI, and CT. Apart from physeal
widening, MRI also showed synovitis and mar-
row edema. Physeal widening was also seen
on one patient with normal radiographs who
was presumed to have a “pre-slip” (limited evi-
dence) (15). In a retrospective study, Tins et
al. reviewed the radiographs and preoperative
MRI examinations of 14 patients with 15 cases
of SCFE. MRI did not demonstrate any more
cases of SCFE than radiography (16). Lalaji et
al. reported two patients who had distortion
of the physis and bone marrow edema demon-
strated on the MRI and who subsequently went
on to develop SCFE. They suggest that this is
evidence that MRI can demonstrate abnormal-
ities predictive of impending SCFE, “pre-slip”
(insufficient evidence) (17).

III. What Is the Diagnostic
Performance of Ultrasound Imaging
in the Diagnosis of Slipped Capital
Femoral Epiphysis?

Summary of Evidence: In experienced hands,
ultrasound may be used to diagnose slipped
capital femoral epiphysis (insufficient evi-
dence). The presence of hip effusion on ultra-
sound imaging may predict an unstable hip
(insufficient evidence).

Supportive Evidence: Magnano et al. in a prospec-
tive study of 21 symptomatic patients, all
of whom had radiographs and 19 who had
ultrasound examinations, suggested that ultra-
sound might be more accurate, because they
had three false-negative radiographic examina-
tions and one false-negative ultrasound exam-
ination (insufficient evidence) (18). Castriota-
Scanderbeg and Orsi studied three patients
sonographically who had acute SCFE and
showed an anterior displacement of the meta-
physis on the epiphysis in each case (insuffi-
cient evidence) (19). Kallio and colleagues have
published three papers on the value of ultra-
sound in the assessment of SCFE (20–22). In the
largest series of 55 hips in 45 patients, ultra-
sound showed anterior displacement of the

metaphysis on the epiphysis in 50 hips, rang-
ing from mild to severe. Five other patients
had “advanced remodeling” of the metaphysis
so that the degree of metaphyseal displace-
ment could not be assessed accurately (limited
evidence) (22). Ultrasound also demonstrates
the presence of joint effusions in patients with
unstable SCFE (19, 22), but its accuracy in the
depiction of joint effusions has not been deter-
mined (insufficient evidence).

IV. What Is the Role of CT in
Preoperative Planning?

Summary of Evidence: Computerized tomogra-
phy (CT) may allow more accurate assessment
of the severity of the SCFE if a corrective
osteotomy of the femoral neck is being consid-
ered (limited evidence).

Supporting Evidence: Some authors recommend
a corrective femoral neck osteotomy for the
treatment of severely displaced SCFE (1).
Richolt et al. suggested that CT with 3D recon-
struction is a more accurate method of mea-
suring the degree of angulation and displace-
ment, which will determine if an osteotomy is
needed. They studied prospectively 23 patients
with 31 SCFEs using both X-ray and CT and
showed that the shaft–physis angles were over-
estimated an average of 10.1◦ on X-rays (lim-
ited evidence) (23). Cohen et al. in a similar
study of 19 hips with SCFE also concluded that
CT was more accurate than X-rays for measure-
ment (limited evidence) (24). In an earlier study
of 20 hips with chronic SCFE, Guzzanti and Fal-
ciglia concluded that if the hip was carefully
positioned for the lateral view, measurements
on X-ray could be as accurate as on CT (lim-
ited evidence) (25), but Richolt suggested that it
was difficult to place patients with severe SCFE
in the position described by Guzzanti and
Falciglia (23).

V. What Is the Imaging Method of
Choice in Suspected Avascular
Necrosis Associated with the
Treatment of Slipped Capital Femoral
Epiphysis?

Summary of Evidence: MRI has become the
imaging test of choice to diagnose AVN
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earlier than does plain radiography in postop-
erative patients with SCFE. Bone scintigraphy is
an accurate method that is used less today due
to the ease and availability of MR without the
need for contrast and ionizing radiation (insuf-
ficient to limited evidence).

Supporting Evidence: MRI has become the imag-
ing test of choice for the early diagnosis of avas-
cular necrosis (AVN) of the femoral head. (For
more complete discussion, please see Chapter
22.) Scintigraphy can be used early in the diag-
nosis when plain films are normal, although
MRI has become the modality of choice in this
situation.

There is very little literature on the imaging
of AVN in patients with SCFE. Strange-Vognsen
et al. performed preoperative bone scans on
26 patients with 31 involved hips. In 18 of the
hips with SCFE, there was increased activity
on the bone scan and in 13 there was normal
uptake. The preoperative scan did not corre-
late with postoperative development of AVN
in any patient, and the authors did not rec-
ommend preoperative bone scans (limited evi-

dence) (26). Fragniere et al. prospectively stud-
ied 61 patients with SCFE who had Tc-99m bone
scans carried out early in the postoperative
period (average 9 days, range 3–28 days). Three
of these patients developed AVN, confirmed by
follow-up X-rays. In one of these, abnormalities
were evident radiographically at the time of the
bone scan and in another the radiograph was
normal, although the bone scan showed evi-
dence of AVN. No details were given about the
third patient (insufficient evidence) (27).

Staatz et al. used contrast-enhanced MRI to
evaluate the vascularization of the femoral head
in 11 consecutive children with SCFE. One child
had an avascular zone in the epiphysis pre-
operatively, but this was completely vascular-
ized after surgery. One other patient developed
AVN postoperatively, which was demonstrated
by MRI (insufficient evidence) (28).

Take Home Tables

Table 21.1 details the imaging approach for chil-
dren with suspected SCFE.

Table 21.1. Imaging approach in children with suspected SCFE
Clinical situation Recommended imaging Strength of evidence

Diagnosis of SCFE Two-view X-rays of both
hips

Insufficient evidence

Preoperative planning Low-dose MDCT with
3D reformat

Limited evidence

Diagnosis of AVN MRI or nuclear medicine Insufficient evidence
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Case Imaging Studies

Case 1

Figure 21.1 presents the case of a 10-year-old
girl with SCFE on the right.

Figure 21.1. A 10-year-old girl with SCFE on the right, neutral (A) and frog-leg lateral (B) views. Note that
the slip is better seen on the lateral view (B). A line drawn along the lateral aspect of the femoral neck passes
through the margin of the epiphysis on the normal side but not on the side of the SCFE (C). D. The epiphyseal–
shaft angle. A line is drawn across the physis (a). A second line (b) is drawn perpendicular to (a), and a third
line is drawn parallel to the femoral shaft (c) to intersect (b). The angle between (b) and (c) is the epiphyseal–
shaft angle.
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Suggested Imaging Protocols for
Slipped Capital Femoral Epiphysis

Radiographs

Radiographs of the pelvis (including both hips),
both neutral and lateral views, should be
obtained in all patients that have signs or symp-
toms suggestive of SCFE.

CT

CT may be of help in preoperative planning for
patients with severe SCFE. For surgical plan-
ning, 2D axial, coronal, and sagittal images and
3D reformats are used. A low-radiation dose
technique should be used.

MRI and Nuclear Medicine

In the postoperative period if there is con-
cern about AVN, MRI or nuclear medicine
could be used to confirm the diagnosis. MR
imaging using a T1-weighted sequence may
be adequate, and gadolinium contrast is not
required but may improve early detection of
AVN.

Future Research

Should MRI be used as the initial diagnostic
imaging modality for SCFE to avoid radiation?

• Is ultrasound accurate enough to be used to
exclude the diagnosis of SCFE?

• When is imaging necessary to exclude SCFE
in children with hip pain?
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Imaging of Legg–Calvé–Perthes

Disease in Children
Neil Vachhani, Andres H. Peña, and Diego Jaramillo

IssuesI. What is the role of imaging in the diagnosis of Legg–Calvé–Perthes
(LCP) disease?

II. Can plain radiographs establish the prognosis of the disease?
III. Is MRI the best imaging modality to determine the extent of disease

and establish important predictors in Legg–Calvé–Perthes disease?
IV. Can patterns of healing and reperfusion assessed by scintigraphy,

US, or MRI predict the ultimate outcome of the disease?

Key Points� Two-view pelvic radiographs remain the primary diagnostic tool when
there is clinical suspicion for Legg–Calvé–Perthes (LCP) (limited evi-
dence).

� The radiographic evaluation of LCP is based at presentation on the
presence or the absence of the lateral pillar (the degree of preservation
of the height of the lateral third of the femoral head) and after healing
on the degree of deformity of the femoral head (moderate evidence).

� The pattern of reperfusion as determined by scintigraphy and MRI is
an important determinant of the prognosis (moderate evidence).

� MRI has proven more useful than other modalities to detect the extent
of marrow involvement, the damage to the physis and metaphysis, and
the femoroacetabular relationships (limited to moderate evidence).

� CT and US do not have a primary role in diagnosing LCP (moderate
evidence).
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Definition and Pathophysiology

Legg–Calvé–Perthes (LCP) disease is idiopathic
necrosis of the immature proximal femur in
children. Synonyms for Legg–Calvé–Perthes
disease include juvenile osteochondritis, coxa
plana, and LCP. It is generally acknowledged
that an interruption of the blood supply to
the femoral head is the cause of the necro-
sis although the etiology of the avascularity is
unclear (1). The lack of vascularization of the
proximal femur causes deformity of the carti-
laginous femoral epiphysis and decreased con-
tainment of the femoral head within the acetab-
ulum, leading to early and severe osteoarthritis.
The goal of treatment is to prevent deformity
with adequate containment of the femoral head
by the acetabulum.

Multiple factors have been associated with
LCP, including delayed skeletal maturity,
abnormal growth, short stature, low birth
weight, social and economic deprivation,
trauma, congenital anomalies, and possible
genetic etiologies (2–6).

The wide variety of etiologic factors that have
been suggested speak for our current ignorance
about the cause of the disease. Many believe
that etiologic factors operate either prenatally
such as maternal smoking (7) or during the first
few years of life, possibly in relation to a hyper-
coagulable state (8) or a history of toxic synovi-
tis (9).

Poor prognostic predictors include increased
age of onset, female gender, and bilaterality.
Children that present before 6 years of age gen-
erally have a benign course, whereas those pre-
senting after 8 years of age fare less well (10–13).
These findings were recently confirmed in a
nationwide study performed by Wiig et al. in
Norway, which showed age at the time of diag-
nosis to be the second strongest predictor of out-
come, with those presenting before 6 years of
age having a better outcome regardless of oper-
ative or nonoperative treatment (3).

Epidemiology

The incidence of LCP varies within different
regions and population groups from 0.2 to
29.4 per 100,000 per year (14). It is four times
more common in boys. The disease is gener-

ally detected between 5 and 10 years of age,
although girls usually present at a slightly ear-
lier age. It is more common in children of Cau-
casian origin (5) and uncommon in Asian coun-
tries (14). Bilateral disease occurs in approx-
imately 10–15% of patients, with each hip
being affected at different times (asynchronous
disease).

LCP has an insidious onset, often with a
variable clinical presentation. The disease can
present initially as hip or knee pain, or some-
times as a painless limp or stiffness and
decreased range of motion of hip joint. The dif-
ferential diagnosis is vast and can include tran-
sient hip synovitis, Meyer’s dysplasia, multiple
epiphyseal dysplasia, hypothyroidism, sickle
cell disease, Gaucher’s disease, etc. Unlike
sickle cell disease and Gaucher’s disease, the
marrow in LCP is otherwise normal. Unlike
multiple epiphyseal dysplasia and hypothy-
roidism, only the affected femoral epiphysis is
abnormal.

At the time of diagnosis, approximately 90%
of patients have pain or discomfort with a mean
duration of symptoms being 4 months (3). This
suggests that the detection of asymptomatic
disease is less important because unsuspected
LCP presents only sporadically. LCP is a major
cause of degenerative disease of the hip in adult
males, with radiographic signs of osteoarthritis
developing by the third and fourth decades and
degenerative disease usually by age 70.

Overall Cost to Society

No exact figures are known as to the overall cost
to society from LCP. Although a cost exists from
the significant disability related to joint pain,
decreased movement, and decreased participa-
tion in athletic activities associated with LCP
both during the course of the disease and into
adulthood, a more significant cost is related to
the residual deformity of the hip as a sequela of
LCP as it can lead to a debilitating osteoarthritis
that presents earlier in life. It has been shown
that osteonecrosis in general is the cause of
5–12% of total hip arthroplasties (15).

From a treatment standpoint, it has been
shown that for those patients diagnosed with
LCP before the age of 6, the prognosis does
not change regardless of treatment modality,
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suggesting that more conservative measures
may be employed (13).

Goals

The goals of imaging in patients with sus-
pected Legg–Calvé–Perthes disease are (1) to
accurately diagnose the disease, (2) to evalu-
ate the extent of epiphyseal involvement, and
(3) to assess the residual deformity. LCP is
a self-limiting disease, and the goal of ther-
apy is to minimize deformity. This is attained
by maximizing containment of the femoral
head during healing and preserving the con-
gruity of the joint surfaces while the disease is
ongoing.

Methodology

The authors performed a MEDLINE search
using the electronic database PubMed (National
Library of Medicine, Bethesda, MD) for original
research publications discussing the diagnostic
performance and effectiveness of imaging rele-
vant to Legg–Calvé–Perthes disease. The search
covered the period 1966 to October 2008. The
search strategy involved combinations of the
following terms: (1) Legg–Calve–Perthes; (2)
diagnosis; (3) etiology; (4) treatment or surgery.
No time limits were applied for the searches.
Non-English articles were excluded.

Discussion of Issues

I. What Is the Role of Imaging
in the Diagnosis of Legg–Calvé–
Perthes Disease?

Summary of Evidence: Although plain radio-
graphs remain the primary imaging tool in the
diagnosis of LCP, the literature is based on those
patients that have been diagnosed with the dis-
ease based predominately on radiographic cri-
teria, which can lag behind the initial insult or
patient symptoms. The percentage of patients
presenting with LCP without radiographic find-
ings is unknown (limited evidence).

Supporting Evidence

Plain Radiographs
Conventional radiographs still remain the pri-
mary diagnostic tool in the diagnosis of patients
with a clinical suspicion for LCP. Although spe-
cific for advanced disease, radiographs exhibit a
low sensitivity in the detection of early disease
(15).

LCP progresses through multiple pathologic
stages before healing that can be visualized
radiographically as described by Waldenstrom.
Stage 1 is the necrotic phase in which the
affected femoral head shows increased density
and may appear slightly smaller than the con-
tralateral side. A subchondral fracture may also
be present. Stage 2 is the fragmentation phase
with fragmentation and collapse of the femoral
epiphysis. Stage 3 is the reossification phase
in which the affected femoral head begins to
reossify. Stage 4 is the remodeling phase which
describes the final shape of the femoral head
and neck.

Although these stages can be visualized
radiographically, these findings can lag behind
the initial vascular insult by as much as 14
months (16), and the percentage of patients pre-
senting with a normal radiograph and find-
ings of LCP by scintigraphic or MRI findings is
unknown.

Pain in the groin or thigh and limping are
the most common early symptoms (16). Accord-
ing to Lamer et al., 3 of 23 children with hip
pain and limping had MR abnormalities and no
radiographic evidence of LCP, but findings con-
sistent with the disease (17) (limited evidence).
Most studies, however, include only patients
who have been diagnosed with LCP because
of abnormal radiographs, including the 95 hips
evaluated scintigraphically by Van Campen-
hout et al. (18). The corollary is that since there
is no agreed upon imaging reference standard
for the diagnosis of the disease, it is impossible
to determine what is the prevalence of radio-
graphically negative LCP.

Scintigraphy
Bone scintigraphy has been shown to have a
sensitivity of 98% and a specificity of 95% in
the diagnosis of Legg–Calvé–Perthes disease
(19). Scintigraphic imaging plays a role in the
diagnosis of LCP based on the premise that
radioactivity indicates the presence of perfusion
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and metabolism within the bone that is stud-
ied (20). Although an extremely sensitive tech-
nique, newer modalities such as MRI have been
shown to be just as sensitive while providing
better detection of the extent of femoral head
involvement without the use of ionizing radi-
ation (21).

Ultrasound
Ultrasound may be used initially to exclude
other potential etiologies such as synovitis or
a hip effusion. Although it has been shown
that ultrasound can be as sensitive as MRI in
determining the degree of subluxation of the
femoral head using criteria such as the cartilagi-
nous acetabular head index (limited evidence),
the prognosis of these findings is still unclear
(22, 23). Additionally, MRI has proven to be
more sensitive in evaluating reperfusion of the
femoral head.

CT Scan
The role of computed tomography in the diag-
nosis of LCP relies on the better visualization
of osseous structures than plain radiographs. It
has been shown that the staging of LCP on the
basis of plain radiographs is upgraded in 30% of
patients (24). With MRI and bone scintigraphy
having proven to be more sensitive modalities
as well as the increased ionizing radiation, only
a limited role exists for the use of CT scanning
in the diagnosis of LCP.

Arthrography
Arthrography is a means to evaluate the con-
tours of the joint capsule that allows evalu-
ation of the acetabular and femoral epiphy-
seal cartilage. It has been well documented,
first by arthrography and subsequently with
MRI, that there is increased hypertrophy of
the acetabular and femoral epiphyseal carti-
lage when compared to the nonaffected side.
In addition, there is increased accuracy in eval-
uating containment of the femoral head com-
pared to plain radiographs (limited evidence)
(25, 26).

Providing maximum containment of the
femoral head to heal within the acetabulum
provides the basis of treatment in Legg–Calvé–
Perthes disease. Arthrography has been pre-
dominately used to evaluate the femoroacetab-
ular relationship to determine the best position-

ing to provide maximum containment of the
femoral head. Studies performed by Jaramillo
et al. and subsequently by Weishaupt et al.
using MRI in different stages of abduction,
adduction, and flexion showed MRI to be
comparable to arthrography in evaluating
the femoroacetabular relationship (limited evi-
dence) (27, 28).

Although comparable to MRI in multiple
facets, arthrography is invasive by nature and
has been used predominately as an intraopera-
tive planning tool.

II. Can Plain Radiographs Establish
the Prognosis of the Disease?

Summary of Evidence: The most important fac-
tors in Legg–Calvé–Perthes disease in estab-
lishing prognosis are the age at presentation
and the extent of disease, which have been
classified extensively using plain radiographs.
The two classifications that have shown to
be the most predictive of overall outcome as
well as have shown good inter- and intraob-
server reliability are the lateral pillar classifica-
tion and the Stulberg classification (moderate
evidence).

Supporting Evidence: Many classification sys-
tems have been developed using radiographic
criteria to categorize and predict the outcome
of Legg–Calvé–Perthes disease. Of these, a few
classifications have become prevalent on the
basis of an ability to accurately predict outcome
and good interobserver reliability.

In 1971, Catterall proposed a classification
system based on the involvement of the femoral
epiphysis. Catterall group I had involvement
only of the anterior epiphysis (seen best on
the frog-leg lateral radiograph); Catterall group
II showed central segment fragmentation and
collapse; Catterall group III showed involve-
ment of the lateral portion of the femoral epi-
physis; and Catterall group IV had involvement
of the entire femoral head. The Catterall clas-
sification had fallen out of favor due to poor
interobserver reliability, especially if diagnosed
too early in the disease process (10). A mod-
ification of this classification, developed first
by Salter and Thomson and then recently by
Wiig et al., divides patients into two groups,



Chapter 22 Legg–Calvé–Perthes Disease in Children 323

with group 1 representing <50% necrosis of
the femoral head and group 2 representing
>50% necrosis of the femoral head. Wiig et
al. has reported that this classification was the
strongest radiographic predictor of long-term
prognosis (12).

The lateral pillar classification is based on the
degree of preservation of the height of the lat-
eral third of the femoral head, also called the
“lateral pillar.” The integrity of the lateral pillar
is crucial to weight bearing; this is also the zone
where revascularization begins. Most author-
ities believe that collapse of the lateral pillar
is the most important predictor of a poor out-
come. Type A hips show preservation of the full
height of the lateral pillar; Type B hips demon-
strate some lucency of the lateral femoral head
with preservation of a height between 50 and
100% of the original height of the lateral pil-
lar; and Type C hips demonstrate loss of more
than 50% of the lateral pillar. The lateral pillar
classification was recently modified by Herring
et al., creating a new category termed the Type
B/C border group which falls between these
two groups, showing either a very narrow lat-
eral pillar that is greater than 50% of the origi-
nal height or a lateral pillar with very little ossi-
fication but with at least 50% of the original
height (10).

The Stulberg classification is useful to grade
the outcome of the disease based on spheric-
ity of the femoral head and femoroacetabu-
lar congruency. Class I is characterized by a
femoral head of normal appearance; class II
shows a slightly deformed femoral head with
less than 2 mm deviation from a circular shape;
class III shows an ovoid femoral head, coxa
magna, shortened femoral neck, or an abnor-
mally steep acetabulum; class IV is character-
ized by a flattened femoral head and acetabu-
lum, with abnormalities of the neck; and class
V shows a flattened femoral head, usually with
central collapse, with normal neck and acetab-
ulum. Classes I and II generally are not prone
to arthritis, classes III and IV have aspherical
congruency and are prone to moderate arthritis
in late adulthood, and class V (with aspherical
incongruency) usually develops severe arthritis
before the age of 50 (13).

Herring et al. (10) and subsequently Rosen-
field et al. (29) reviewed a large population
of children with LCP. In the children present-

ing before the age of 6, 80% had a good result
(29). Only children with a B/C or C lateral pil-
lar involvement had a less favorable prognosis
(moderate evidence).

In a large prospective multicenter study of
the effect of treatment on outcome in which
451 hips were evaluated, Herring et al. showed
no difference between treated and untreated
groups in patients under 8 years of age. Only
lateral pillar B and B/C groups over age 8 had
significantly better results with surgery (moder-
ate evidence) (1).

A recent prospective multicenter study in
Norway by Wiig et al. showed similar results
with patients presenting before age 6 having
a markedly better outcome, with no signifi-
cant difference in outcome regardless of treat-
ment in those with more than 50% of femoral
head necrosis. Significant associations were also
identified between the lateral pillar classifica-
tion and the Stulberg outcome, with 70% of hip
classified as A under the lateral pillar classifica-
tion having spherical heads at 5-year follow-up.
Additionally, there was a significant association
between the Stulberg outcome and the level of
activity, with a strong association between Stul-
berg class IV and V and more limited walk-
ing and reduced sporting ability (moderate evi-
dence) (12).

In evaluating long-term outcome, a study
by Shah et al. showed that the Stulberg grade
assigned to a patient did not change between
healing and skeletal maturity in 88% of patients.
In those that did change, it either improved
or deteriorated by one grade, with all but one
changing between grade I and grade II, neither
of which is prone to arthritis (limited evidence)
(30).

III. Is MRI the Best Imaging Modality
to Determine the Extent of Disease
and Establish Important Predictors
in Legg–Calvé–Perthes?

Summary of Evidence: MRI has shown to be an
excellent imaging modality in the diagnosis and
staging of Legg–Calvé–Perthes disease. MRI is
able to determine the extent and prognosis of
LCP earlier than plain radiographs. Dynamic
contrast-enhanced imaging and imaging in
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multiple positions allow a less invasive, non-
ionizing method in evaluating LCP, although
it is an expensive imaging modality and may
require sedation in younger children (limited
evidence).
Supporting Evidence: Although outcome is pre-
dicted by plain radiographic classification (Cat-
terall, lateral pillar, or Stulberg classifications),
these classifications are based on the radio-
graphic appearance during the later (fragmen-
tation and beyond) stages of the disease. Abnor-
malities on MRI may precede radiographic
abnormalities by several months, but usually
radiographs are abnormal at the time of presen-
tation. It is possible that earlier detection and
therapy will improve containment and long-
term prognosis (12).

De Sanctis et al. established four prognos-
tic indicators on MRI and correlated them
with outcome based on the Stulberg classifi-
cation. MRI abnormalities included the extent
of osteonecrosis, lateral extrusion, physeal
involvement, and metaphyseal abnormalities.
Physeal abnormality was the strongest corre-
lated parameter with outcome based on a Spear-
man coefficient (S = 0.84 for Stulberg class;
S = 0.91 for total score) (limited evidence)
(31, 32).

Metaphyseal cysts may be strictly confined
to the metaphysis or extend into the physis
and metaphysis (33). Cysts, seen in slightly
less than half of the patients, are more fre-
quent with advanced disease. Both metaphy-
seal abnormalities and physeal interruption on
MRI were associated with subsequent growth
disturbance. A retrospective study involving
23 patients showed by multivariate analysis
that the probability of subsequent growth arrest
was 100% when both epiphyseal and meta-
physeal abnormalities were present, 75% when
only physeal interruption was present, and 50%
when only metaphyseal cystic changes were
detected (34) (limited evidence).

MRI has proven to be extremely sensitive
in the evaluation of bone marrow. The lipid
within the normal bone marrow shows charac-
teristic high T1 signal intensity and intermedi-
ate T2 signal intensity on MRI. The marrow sig-
nal changes in MRI more clearly determine the
extent and location of necrosis than do findings
identified radiographically (limited to moder-
ate) (35–37).

A prospective study performed by Uno
et al. involving 40 patients comparing MRI
and scintigraphy demonstrated that MRI
showed the extent of the involved femoral
epiphysis more clearly than did scintigra-
phy (limited evidence) (38). An additional
prospective study performed by Kaniklides
et al. involving 22 patients comparing plain
radiographs, MRI, scintigraphy, and arthrog-
raphy demonstrated MRI to be superior to
plain radiographs and scintigraphy in defining
the extent of involvement of the femoral head
(limited evidence) (21).

IV. Can Patterns of Healing
and Reperfusion Assessed by
Scintigraphy, US, or MRI Predict
the Ultimate Outcome of the Disease?

Summary of Evidence: Patterns of healing and
reperfusion in Legg–Calvé–Perthes disease are
based on either the recanalization of existing
vessels which are seen along the lateral col-
umn of the femoral epiphysis or the neovas-
cularization of the epiphyseal vessels which
arise at the base of the epiphysis. These find-
ings were initially described scintigraphically,
which demonstrated excellent positive predic-
tive value in determining outcome. More recent
studies have shown a better depiction of these
findings using dynamic contrast-enhanced sub-
traction MRI (moderate to limited evidence).
Due to this as well as its lack of ionizing radi-
ation and its wide availability, MRI has essen-
tially replaced scintigraphy for the diagnosis
of LCP.

SupportingEvidence

Scintigraphy
Conway proposed that the pattern of reperfu-
sion determines the prognosis in LCP. If the
reperfusion occurs peripherally along the lat-
eral column, the head reforms normally and
without growth arrest. However, if the reper-
fusion occurs across the physis, scintigraphic
activity is seen at the base of the epiphysis,
and there is a poorer prognosis. Comte et al.
performed a prospective scintigraphic study
involving 58 patients evaluated by the Conway
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classification (A = appearance of lateral col-
umn formation, B = appearance of activity from
the base of epiphysis) (19, 20, 39). The absence
of lateral column activity (B pathway) equated
with a 97% probability of poor outcome, while
preservation of lateral column activity (A path-
way) indicated only a 15% probability of poor
outcome (moderate evidence). Hyperactivity
of the metaphyseal growth plates indicated a
probability of poor outcome of 92%, though
with low sensitivity. Additional evidence by
Van Campenhout et al. showed a statistically
significant correlation between the A pathway
and a good prognosis using the lateral pil-
lar radiographic classification, although further
studies showed only moderate intraobserver
(k= 0.573) and interobserver (k= 0.525) agree-
ment, less than that seen with the lateral pil-
lar classification (limited to moderate evidence)
(18, 40).

Ultrasonography
The use of color and power Doppler techniques
with ultrasound has been useful in depicting
tissue vascularity. US contrast agents, although
not currently approved in the United States,
have improved the ability of detecting vascular-
ity in low flow states (41).

Doria et al. studied revascularization compar-
ing contrast-enhanced power Doppler sonog-
raphy with scintigraphy. The results demon-
strated that the effect of scintigraphic stages on
the overall proximal femoral vascularity visual-
ized on power Doppler US does not seem to be
relevant. Contrast-enhanced power Doppler US

imaging improves visualization of epiphyseal
flow from revascularization but cannot differen-
tiate recanalized (type A) from neovascularized
(type B) vessels as is possible with scintigraphy
(41, 42). Ultrasound thus plays a limited role in
determining the extent as well as establishing
prognosis in LCP.

MRI
Dynamic gadolinium-enhanced subtraction
MRI has shown similar patterns of enhance-
ment as those described in the Conway classi-
fication (43). Lamer et al. compared MRI and
scintigraphy in the evaluation of reperfusion.
They found that both techniques agreed in
depicting epiphyseal necrosis and metaphyseal
abnormality; however, revascularization in
the lateral and medial column and transphy-
seal reperfusion were better depicted with
MRI (limited evidence) (17). In this study,
scintigraphic reperfusion preceded the loss of
containment of the femoral head by an average
of 3 months.

In conclusion, MRI can help diagnose confus-
ing cases of LCP early, assess the severity of epi-
physeal and physeal involvement, and define
the extent of residual epiphyseal and acetabu-
lar deformity later in the disease.

Take Home Figures and Tables

Table 22.1 details predictors of LCP and Fig. 22.1
presents an algorithm for imaging protocol
for LCP.

Table 22.1. Predictors of Legg–Calvé–Perthes disease
Imaging modality Finding Outcome References

Radiographic Presence of lateral pillar of
femoral head

Improved (10)

Radiographic Stulberg classification Improved with greater femoral
head sphericity and
femoral–acetabular
congruency

(13)

Scintigraphy Absence of lateral column
activity

Poorer (18, 40)

MRI Abnormal perfusion pattern May precede radiographic
outcome findings by months

(12)

MRI and
scintigraphy

Epiphyseal necrosis and
metaphyseal abnormality

Poorer (17)
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Clinical symptoms of Legg-Calvé-Perthes 
Disease

Plain Radiographs

Normal Abnormal

Persistent
Clinical

Suspicion

MRI

Atypical course or
before

fragmentation stage

Preoperative
Evaluation

Typical Course (at
or beyond

fragmentation stage)

Radiographic
follow up every 

6 months

Figure 22.1. Algorithm for imaging in cases of suspected Legg–Calvé–Perthes disease.

Imaging Case Studies

Case 1

Figure 22.2 presents a case of a 9-year-old boy
with known LCP.

Figure 22.2. Frontal radiograph of the pelvis shows
marked osteonecrosis of the right hip with almost
complete absence of the femoral ossification center,
collapse of the lateral pillar, sclerosis and irregularity
of the physis, and lateral uncovering of the femoral
neck.

Case 2

Figures 22.3 and 22.4 present the case of a
6-year-old boy with right hip and leg pain.

Suggested Imaging Protocol for
Legg–Calvé–Perthes Disease in
Children

See Fig. 22.1.

Future Research

• Define the predictive value of abnormal per-
fusion and diffusion MR imaging on epiphy-
seal outcome.

• Develop automated 3D imaging techniques
to evaluate deformity.

• Evaluate the role of various techniques
to evaluate cartilage integrity (T2 shad-
ing or dGEMRIC) in predicting subsequent
osteoarthritis.
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Figure 22.3. Initial MRI evaluation. A: Coronal T1-weighted image shows decreased signal intensity of the
epiphyseal fatty marrow. B: Sagittal STIR image shows diffuse involvement of the femoral head. C: Contrast-
enhanced T1-weighted image shows global decrease in perfusion of the right hip. D: ADC map image shows
diffusely increased diffusion throughout the femoral head.

Figure 22.4. AP radiograph taken 3 months later
showing collapse and sclerosis of the right femoral
epiphysis and a metaphyseal cyst.
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Fractures of the Ankle

Martin H. Reed and G. Brian Black

IssuesI. What are the clinical indications for obtaining the X-ray ankle series
following trauma in a child?

II. What is the diagnostic performance of computed tomography in the
investigation of ankle fractures in children?

III. What is the diagnostic performance of MRI in the investigation of
ankle injuries in children?

IV. What is the diagnostic performance of ultrasound in the investiga-
tion of ankle injuries in children?

Key Points� Most ankle injuries in children do not require imaging (strong evi-
dence).

� A three-view radiographic series of the ankle is indicated only in chil-
dren who (a) have pain near the malleoli and (b) have an inability to
bear weight immediately after the injury and in the Emergency Depart-
ment or (c) have bone tenderness at the posterior edge or the tip of
either malleolus (strong evidence). There is insufficient evidence to
guide use of evidence in children too young to provide reliable history
and physical exam.

� CT is useful for surgical planning in children with complex ankle frac-
tures; MRI may also be used but may be less available and may require
sedation.

� MRI is the imaging modality of choice for evaluation of (a) ligamentous
injuries, (b) occult injuries, such as talar dome fracture, and (c) possible
premature physeal closure (limited evidence).

� Ultrasound has no proven role in the imaging of acute ankle trauma in
children (insufficient evidence).
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Definition and Pathophysiology

For the purposes of this chapter, fractures of the
ankle will be defined as fractures involving the
metaphysis, the growth plate, or the epiphysis
of the distal tibia and fibula. Prior to growth
plate closure, Salter–Harris Types I–IV fractures
of the distal tibia occur. The higher the SH num-
ber, the higher the risk of premature closure of
the growth plate.

Type II fractures are most common (Fig. 23.1)
(Table 23.1) (1). A characteristic fracture pat-
tern, which is seen in adolescents, is the juvenile
Tillaux fracture, a Salter–Harris Type III fracture
of the lateral aspect of the distal tibia (2). An
unusual growth plate injury that occurs in the
distal tibia is the triplane fracture (3). This injury
is characterized by a fracture line through the
metaphysis in the coronal plane, which is visi-
ble on the lateral view, an extension of the frac-
ture through the growth plate in the axial plane,
and a further extension through the epiphysis
in the sagittal plane best seen on the frontal
view (Fig. 23.2). This fracture can be thought
of as a combination of a Salter–Harris Type II
and a Salter–Harris Type III fracture. Charac-
teristically, this fracture occurs in adolescence
also.

A Pilon fracture is an intra-articular frac-
ture of the distal tibia with an associated
articular disruption and usually other injuries.
These fractures are rare in the pediatric age
group, although they occasionally occur in
adolescents. The prognosis in this age group
may be better than in adults (insufficient
evidence) (4).

Salter–Harris Type I fractures are thought to
be the most common fractures involving the
distal fibula, but these are difficult to diagnose
radiologically because they are characteristi-
cally nondisplaced. Other growth plate injuries
of the distal fibula are quite uncommon. Avul-
sion fractures of the tip of the lateral malleolus
can occur (5).

Epidemiology

Ankle fractures are common in both children
and adults. The incidence of ankle fractures in

children in Britain ranges from 4.2 per 10,000
person-years (6) to 10.3 per 10,000 person-years
(7). The incidence of ankle fractures in chil-
dren increases year by year throughout child-
hood (6, 7). The incidence is higher in boys than
girls, particularly in older children (6, 7). Ankle
fractures comprise between 3 and 5% of all
pediatric fractures and 15% of physeal injuries
(6, 7).

Overall Cost to Society

There is no information about the overall soci-
etal cost of ankle fractures in children. There is
also no information on the cost-effectiveness of
the use of the Ottawa Ankle Rule in children,
but Anis et al. estimated that the implementa-
tion of the Ottawa Ankle Rule for the radiogra-
phy of ankles following trauma in adults would
result in savings of between US $600,000 and
US $3,000,000 per 100,000 patients in the United
States and of CAN $700,000 per 100,000 patients
in Canada (8).

Goals

The goals of imaging are to detect or exclude
fractures accurately, to help to determine appro-
priate treatment, and to aid in surgical plan-
ning when necessary. In addition, imaging is
essential for follow-up if there is clinical con-
cern that premature physeal closure is occur-
ring.

Methodology

A PubMed search was undertaken using the
following terms: ankle, tibia, fibula, epidemiology,
cost, radiography, computed tomography, magnetic
resonance imaging, and ultrasound. Limits placed
on all searches included the following: English
language only, humans only, and all children
(0–18 years). There was no date limit on the
search. The searches were all completed in
October 2008.
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Discussion of Issues

I. What Are the Clinical Indications
for Obtaining the Ankle X-ray Series
Following Trauma in a Child?

Summary of Evidence: A well-validated clinical
prediction rule provides guidance for which
children should undergo ankle radiography in
the setting of acute trauma. Imaging is indi-
cated only in children who meet the criteria of
the pediatric modification of the Ottawa Ankle
Rule (strong evidence). The criteria are the fol-
lowing:
Following an injury, radiography of the ankle
is indicated only in children who have pain
near the malleoli and at least one of the
following:

(a) inability to bear weight immediately after
the injury and in the Emergency Depart-
ment for four steps;

(b) bone tenderness at the posterior edge or the
tip of either malleolus.

Supporting Evidence: Ian Stiell and his group car-
ried out a multicenter, prospective study using a
multivariate analysis technique to establish the
Ottawa Ankle Rule in adults. This rule identifies
the symptoms and signs most likely to predict
the presence of a fracture. Without these signs,
a fracture is very unlikely (sensitivity 100%,
specificity 40.1%) (9). Stiell and associates val-
idated this rule with a prospective multicen-
ter study involving 12,777 adults 18 years of
age and older (10), and it has been indepen-
dently validated by several other studies as well
(11, 12).

The rule has also been validated with minor
modifications for use in children: in the United
States, in one study of 71 patients (sensitivity
100%, specificity 32%) (13) and in another study
of 195 patients by Clark and Tanner (sensitiv-
ity 83%, specificity 50%) (14), in one Canadian
study of 671 patients (sensitivity 100%, speci-
ficity 24%) (15), and in one English study of 432
patients (sensitivity 98.3%, specificity 46.9%)
(16) (Table 23.2). The sensitivity of the rule was
not quite as good in the series by Clark and Tan-
ner (14) as it was in the other three studies. Five
of 30 (17%) fractures would have been missed
in that study using the Ottawa Ankle Rule, but

the authors did not state why they were missed
or what type of fractures were missed (14).

Boutis et al. proposed and assessed a more
detailed decision rule, classifying the findings
on physical examination into low and high risk.
A low-risk clinical examination comprised iso-
lated pain or tenderness with or without edema
or ecchymosis in the region of the distal fibula
below the level of the joint line and in the
regions of the adjacent ligaments (17). Fractures
in this region are always stable and are treated
on the basis of clinical findings rather than radi-
ologic findings. Therefore, patients with low-
risk findings may not need to be radiographed.
Of the 381 children in the low-risk category in
this two-center study, none had a high-risk frac-
ture requiring surgery, whereas 54 of the 226
children in the high-risk category had fractures,
45 of which were high risk potentially requir-
ing surgery (17). Using the rule that children
with a low-risk examination do not need to be
radiographed would have reduced the number
of radiographs obtained by 62.8% compared to
a reduction of only 12% using the Ottawa Ankle
Rule (17). This guideline has not been validated
by an independent prospective study (limited
evidence).

II. What Is the Diagnostic
Performance of Computed
Tomography in the Investigation of
Ankle Fractures in Children?

Summary of Evidence: Computed tomography
is of value in the preoperative assessment
of complex distal tibial epiphyseal fractures
because it shows more accurately the degree of
comminution and the severity of displacement
than do ordinary X-rays (Fig. 23.2) (insufficient
evidence). This examination would normally be
ordered by an orthopedic surgeon.

Supporting Evidence: Brown et al. retrospectively
studied 51 patients who had had CT scans to
evaluate triplane fractures. This type of imag-
ing showed the detailed anatomy of the frac-
tures and the precise degree of displacement of
the fragments (3). Cutler et al., in a study of
62 patients with distal tibial physeal fractures,
showed that CT scans helped in more accu-
rately positioning screws used for internal fix-
ation (18).
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Benefits of using CT for treatment planning
include improved anatomic detail, especially
of the articular surfaces, and improved visu-
alization of bones that often are not well seen
by radiography if there is overlying cast/splint
material. Relative to radiography, CT has both
higher cost and radiation exposure. The role of
CT in other specific fracture types has not been
adequately explored, although it may be useful
in Pilon fracture treatment planning.

III. What Is the Diagnostic
Performance of Magnetic Resonance
Imaging in the Investigation of Ankle
Injuries in Children?

Summary of Evidence: MRI detects more
injuries, including injuries of the bone mar-
row, stress injuries, and ligamentous injuries,
than do radiographs. However, there is no
evidence that its routine use affects the acute
management of ankle fractures in children
(limited evidence). Like CT, it may be of value
in providing more detailed assessment of
the anatomy of complex fractures preoper-
atively (limited evidence). It is the imaging
modality of choice for the assessment of pre-
mature physeal (growth plate) closure (limited
evidence).

Supporting Evidence: Lohman et al. (19), in a
prospective study of 60 children 7 years of
age and older with ankle injuries who were
all examined with X-rays and MRIs, found
one false-negative and one false-positive frac-
ture of the tibia on X-ray and 11 false-positive
and 4 false-positive fractures of the fibula on
radiographs. Twenty-two of the patients had
bone bruises, mostly associated with ligamen-
tous injuries, none of which was seen on radio-
graphs. However, they concluded that routine
MRI examination of children with mild ankle
injuries was not indicated, although MRI was
useful for showing the anatomy of complex
fractures in detail (limited evidence). Seifert et
al. (20) prospectively studied 22 patients, 10–16
years of age, with distal tibial fractures using
X-ray and MRI. Ten of these cases were thought
to require internal fixation based on the X-rays
and 15 based on the MRIs because X-ray under-

estimated the degree of displacement of the
fragments in five patients. They therefore rec-
ommended MRI in all Salter type III and IV frac-
tures and all triplane fractures of the distal tibia
(limited evidence). They comment that CT can
also be used, but they prefer MRI because it
avoids radiation. Bone bruises or ligamentous
damage were also shown in eight patients only
by MRI, but these findings did not affect man-
agement of the patients.

MRI can also be used to evaluate prema-
ture closure of the distal tibial epiphysis follow-
ing an acute ankle injury by accurately demon-
strating the site and degree of the fusion. Eck-
lund and Jaramillo (21) studied 43 children with
post-traumatic physeal bars of the distal tibia
and Sailhan et al. (22) studied 14 patients, both
in larger series of premature physeal fusion at
a variety of sites. MRI visualized the sites and
sizes of the physeal bridges well, and in Sail-
han’s series, the MRI findings correlated well
with the surgical findings in eight patients (22)
(limited evidence).

IV. What Is the Diagnostic
Performance of Ultrasound in the
Investigation of Ankle Injuries in
Children?

Summary of Evidence: Ultrasound may be of
value in detecting fractures not visible on X-
rays in children following trauma (insufficient
evidence). Sonography is also able to detect
ankle joint effusions and in experienced hands,
it can detect ligamentous or tendon injuries
(insufficient evidence).

Supporting Evidence: Simanovsky et al. (23)
prospectively studied 20 children aged 5–13
years who had no fractures seen on radio-
graphs following ankle trauma. They found
seven minor fractures in these patients with
ultrasound, all of which were confirmed by
follow-up radiographs (insufficient evidence).
Two other studies assessed the accuracy of
ultrasound in the diagnosis of fractures around
the ankle, both including adults as well as chil-
dren. Singh et al. studied 114 patients aged
10–80 years, 27 of whom had fractures detected
by ultrasound. Twenty-three of these were
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visible on the initial X-rays and four were con-
firmed on follow-up X-rays (limited evidence)
(24). In a study by Wang et al. of 268 patients
(aged 8–63 years), 24 fractures were identified
sonographically that had not been seen on the
initial X-rays, although they were visible in ret-
rospect (insufficient evidence) (25).

Take Home Tables

Table 23.1 presents the Salter–Harris classi-
fication of physeal fractures of the distal
tibia. Tables 23.2 and 23.3 discuss the Ottawa
Ankle Rule for children and its diagnostic
performance.

Table 23.1. Physeal fractures of the distal tibia (Salter–Harris classification)
Type Percentage (%)

Type I 6
Type II 46
Type III 25
Type IV 10
Miscellaneous 12

Reprinted with permission from MacNealy et al. (1).

Table 23.2. Diagnostic performance of the Ottawa Ankle Rule in children

Author Patients (N)
Sensitivity
(%)

Specificity
(%)

Strength of
evidence

Chande (13) 71 100 32 Moderate
Plint et al. (15) 670 100 24 Strong
Libetta et al. (16) 761 98.3 46.9 Strong
Clark et al. (14) 195 83 50 Moderate

Table 23.3. The Ottawa Ankle Rule for childrena

Following trauma, a child should receive ankle radiographs if
There is pain around the malleoli and either
a. Inability to bear weight for four steps both immediately following the trauma

and at the time of examination
b. Bone tenderness at the posterior edge or the tip of the lateral or medial

malleolus
aFor children aged 2–16 who can verbalize pain.
Data from Chande (13), Clark and Tanner (14), Plint et al. (15), and Libetta et al. (16).
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Imaging Case Studies

Case 1

Figure 23.1 presents a case of a Salter Type II
fracture in a 12-year-old boy.

Figure 23.1. Salter Type II fracture in a 12-year-old boy. There is a fracture of the metaphysic of the distal tibia.



Chapter 23 Fractures of the Ankle 335

Case 2

Figure 23.2 presents a case of a triplane fracture
in a 14-year-old boy.

A B

C D

FE

Figure 23.2. Triplane fracture in a 14-year-old boy. A, B: Frontal and lateral X-rays. The metaphyseal compo-
nent of the fracture in the coronal plane (C) is more clearly seen on the CT scan as is the epiphyseal component
in the sagittal plane (D) as well as the degree of separation of the fragments. The extension through the growth
plate in the axial plane is best seen on the sagittal (E) and coronal (F) reconstructions. These also show that
a triplane fracture can be thought of as a combination of a Salter Type II fracture (E) and a Salter Type III
fracture (F).
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Suggested Imaging Protocol for
Fractures of the Ankle

Radiographs

A three-view series of radiographs of the ankle
(AP view, internal oblique or Mortise view,
and lateral view) is the initial imaging study
of choice following trauma in children. It is
indicated only if the child presents with pain
around the malleoli and if either of the follow-
ing two signs is present:

a. inability to bear weight for four steps both
immediately following the trauma and at the
time of examination;

b. bone tenderness at the posterior edge or
the tip of the lateral or medial malleolus
(Table 23.3).

CT and MRI

In cases of complex fractures of the distal tibia,
CT or MRI may provide better details of the
anatomy prior to surgery; MRI is useful for the
assessment of premature physeal closure. The
MDCT can be performed with low-dose tech-
nique to minimize radiation exposure.

Future Research

• To understand the barriers to implementa-
tion of the Ottawa Ankle Rule in the clini-
cal setting (both Emergency Department and
outpatient).

• To prospectively validate the decision rule
developed by Boutis et al. (17).

• To determine the role of MRI in the manage-
ment of acute ankle injuries in children.

• To assess the potential role of ultrasound in
the diagnosis of ankle injuries in children.
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Evidence-Based Approach

to Imaging of Congenital Heart
Disease

Rajesh Krishnamurthy and Pranav Chitkara

IssuesI. What is the role of conventional chest radiography in initial diagno-
sis of congenital heart disease (CHD)?

II. What is the role of routine daily chest radiography in the pediatric
intensive care unit and in the immediate post-operative period for
CHD?

III. How does MRI compare with echocardiography (echo) in evaluat-
ing right ventricular (RV) size and function in CHD?

IV. Can MRI determine clinical outcome and timing of pulmonary valve
replacement in repaired Tetralogy of Fallot (TOF)?

V. Can MRI replace routine cardiac catheterization in the evaluation of
patients undergoing single-ventricle repair?

VI. What is the role of CT in CHD?

Key Points� Chest radiographs do not function as a screening test for suspected
CHD in neonates. If CHD cannot be excluded by clinical examination,
echo is the preferred modality (moderate evidence).

� In patients with CHD, chest radiography has low accuracy for diagno-
sis of specific cardiac lesions (moderate evidence) but provides ancil-
lary information regarding pulmonary vascularity which is helpful in
initial management.

� Routine daily chest radiographs are useful in the setting of pediatric
and neonatal intensive care units and in the immediate post-operative
period after repair of CHD (moderate evidence).

� MRI should be considered the gold standard for evaluation of RV size
and function in the setting of CHD (strong evidence). Two-dimensional
echo measurements of RV size and mass correlate poorly with MRI
parameters (moderate evidence). Three- and four-dimensional echo
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hold promise for measurement of RV volume and mass in the setting
of CHD, but further study is required (limited evidence).

� MRI parameters (RV end-diastolic volume, RV end-systolic volume,
and biventricular ejection fraction) and EKG parameters (QRS dura-
tion on the resting EKG of >180 msec) are the best predictors of adverse
clinical outcome in patients with treated tetralogy of Fallot (moder-
ate evidence). The optimal timing of pulmonary valve replacement for
patients with corrected TOF is undetermined but is influenced by MRI
parameters of RV size and function (indexed RV volume and RV ejec-
tion fraction).

� MRI can replace cardiac catheterization for routine evaluation of
cardiovascular morphology and function prior to superior cavopul-
monary connection in the majority of patients undergoing single-
ventricle repair (moderate evidence).

� The role of multidetector CT is mainly as a problem-solving tool when
MRI is contraindicated, limited, or not available (limited evidence).
MDCT is accurate for diagnosing coronary artery anomalies, coarcta-
tion, and post-operative complications, but concerns regarding high
radiation exposure has limited its use.

Introduction, Pathophysiology,
and Definitions

Historically, conventional radiography played
an important role in infants with CHD. The sta-
tus of pulmonary vascularity on radiography
along with clinical status determined the nature
of palliative therapy at birth. Final palliation
was based on the morphologic and physiologic
diagnoses determined during initial palliative
surgery, as well as the clinical status of the
patient, and frequently involved invasive mon-
itoring and cardiac catheterization. The advent
of echo in the 1970s led to a revolution in
the noninvasive diagnosis of heart disease and
coincided with the introduction of several new
surgical techniques that not only prolonged sur-
vival in complex CHD but also led to adop-
tion of these techniques by centers around the
world. Echo became the mainstay of diagnosis
and follow-up for CHD, with cardiac catheteri-
zation being used as a trouble-shooting modal-
ity and to determine chamber pressures, oxy-
gen saturation, and pulmonary vascular resis-
tance prior to surgery. CT and MRI were late
entrants to the field in the 1980s and have made
rapid strides since then, being driven by tech-
nological breakthroughs that resulted in suc-
cessful cardiac and respiratory motion correc-
tion and dramatic improvements in spatial and

temporal resolution. MRI has rapidly estab-
lished itself as a complementary modality to
echo in a wide variety of clinical scenarios
where echo is either hindered by lack of acous-
tic windows or is unable to provide all the
necessary information for therapeutic decision-
making. It has also decreased the need for
routine diagnostic cardiac catheterization prior
to surgery. The use of CT in children has
been restricted due to the increased suscepti-
bility of children to radiation, but has carved a
niche for itself in situations where MRI is con-
traindicated (pacemakers) or inadequate (vas-
cular coils, coronary stenosis). In this chapter,
we will explore some questions relevant to radi-
ologists and cardiologists who are involved in
imaging of CHD. The most common clinical
scenarios incorporating the use of conventional
radiography, MRI, and CT are considered. Due
to the large scope of the chapter, discussions of
epidemiology and cost are generalized to the
entire field of CHD rather than to specific issues
like TOF or single-ventricle repair. Brief discus-
sions of pathophysiology and goals of treatment
are provided in the section on each clinical issue
where applicable.

Epidemiology

Estimates of prevalence (1) of congenital heart
disease range from 4 to 8 per 1,000 live-born
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infants. In adults (defined as >18 years), the
prevalence of CHD ranges from 2 to 4 per
1,000. The prevalence of severe CHD (which
includes TOF, truncus arteriosus, transposition
complexes, and single ventricle) is approxi-
mately 1.45 per 1,000 children and 0.38 per
1,000 adults, accounting for 12 and 9% of all
CHD lesions in children and adults, respec-
tively. ASD, VSD, and PDA are the most preva-
lent lesions. In the year 2000, 49% of those alive
with severe CHD were adults.

Overall Cost to Society

Since low mortality and good long-term out-
come are commonplace for most CHD, hospital-
based mortality is not a sensitive parameter to
judge outcome. Almost every CHD has low-risk
and high-risk groups, which determine dura-
tion of hospitalization and cost of treatment (2).
For instance, patients undergoing VSD repair
who were younger than 6 months of age at
the time of the repair, who required preop-
erative hospital stays of longer than 7 days
before surgical repair, or who had Down’s syn-
drome had a less favorable cost picture than
patients who were older than 2 years, who had
short (less than 4 days) preoperative hospital-
ization, or who did not have Down’s syndrome.
There are limited population-based data on the
cost of congenital heart disease to society. One
population-based study (3) of 10,569 patients
with CHD in 27 states calculated median total
hospital charges of $53,828 per patient. They
identified a small subset of high resource users
that accounted for 40% of all charges, with risk
factors including greater disease complexity,
younger age at surgery, prematurity, the pres-
ence of other anomalies, and admission during
the weekend. Actual cost measures related to
diagnostic evaluation are difficult to separate
from total hospital costs and are subject to sig-
nificant geographic variation (3).

Goals

The goals of imaging in the setting of congeni-
tal heart disease (CHD) are to identify subjects
with CHD, establish the need for treatment and

the optimal mode of treatment, define anatomy
and hemodynamics for treatment planning,
monitor for complications after treatment, and
determine the optimal timing of repeat inter-
vention. The role of MRI is to supplement
the diagnostic information on echo and replace
catheterization where possible. Echo is quite
successful at delineating intracardiac anatomy
and function in the preoperative period. But,
there are numerous examples in the neonatal
period and early childhood where the lack of
optimal acoustic windows results in inadequate
characterization of the extracardiac vasculature
by echo. Hence, the vast majority of indications
for MRI in the preoperative situation deal with
the extracardiac vasculature. Examples include
aortic coarctation, anomalous pulmonary veins,
scimitar syndrome, systemic venous anoma-
lies, branch pulmonary artery stenosis, aor-
topulmonary collaterals, anomalous coronary
arteries, etc. Following permanent palliation of
CHD, the goals of imaging change considerably.
Information regarding cardiac function and
flow becomes more important than informa-
tion regarding morphology. The goals of post-
operative imaging include serial assessment of
ventricular and valvular functions; surveillance
of grafts, conduits, and baffles; early detection
of complications; and determining timing of
surgical intervention. The failure rate with echo
increases in the post-operative setting when
acoustic windows diminish. MRI provides sev-
eral advantages over echo in assessment of car-
diovascular function and flow in this subgroup,
including large field of view 3-D morphologic
imaging with high spatial resolution, serial
accurate and reproducible measurements of
ventricular function with no geometric assump-
tions, and accurate flow velocity/volume quan-
tification, including Qp/Qs, stroke volumes,
and regurgitant fractions.

Methodology

The authors performed a MEDLINE search
using PubMed (National Library of Medicine,
Bethesda, MD) for data regarding the use of
diagnostic modalities and therapeutic decision-
making in the setting of common clinical
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scenarios in CHD. A systematic literature
review was performed from January 1966 to
August 2008. The clinical scenarios are listed
in the issues section. For each clinical scenario,
the search strategy used the following key state-
ments and words: (1) Clinical scenario (for exam-
ple, TOF), (2) Terms related to the clinical sce-
nario (for example, RV size, RV function, pul-
monary regurgitation), (3) Diagnosis, (4) MRI or
Magnetic Resonance Imaging, (5) Echocardiogra-
phy, (6) Catheterization or intervention, (7) Treat-
ment, (8) Decision-making, as well as combina-
tions of these search strings.

Discussion of Issues

I. What Is the Role of Conventional
Chest Radiography in Initial
Diagnosis of CHD?

Summary of Evidence: Chest radiographs do not
function as a screening test for suspected CHD
in neonates. Conventional radiographs are not
helpful in the workup of an asymptomatic
patient with a cardiac murmur. If CHD can-
not be excluded by clinical examination, echo
is the preferred diagnostic modality (moderate
evidence).

In neonates with CHD, chest radiogra-
phy has low accuracy for diagnosis of spe-
cific cardiac lesions (moderate evidence) but
provides ancillary information regarding pul-
monary vascularity which is helpful in initial
management.

Supporting Evidence: During radiologic assess-
ment of chest radiographs in 98 children
with an asymptomatic heart murmur, a low
reproducibility and accuracy were found with
respect to the presence or absence of heart dis-
ease (4). The mean inter- and intra-observer
kappa values were less than 0.6, mean sensi-
tivity was 0.3, mean predictive value of a pos-
itive test was 0.4, and mean predictive value of
a negative test was 0.8. The consequence is a
false-positive radiologic assessment in 60% of
the patients causing unnecessary anxiety and
further examinations. Similarly, a false-negative
assessment occurred in 20%, resulting in omis-

sion of relevant investigations and timely iden-
tification of the heart defect. Because of this low
accuracy, the authors concluded that the use of
chest radiographs in the initial evaluation of the
asymptomatic child with a heart murmur can-
not be recommended. If a heart defect cannot be
excluded by clinical examination, echo should
be performed (4).

Another retrospective study (5) found that a
screening chest film for CHD in 128 consecu-
tive neonates with suspected heart disease had
a low sensitivity for structural heart disease
(26–59%), a low negative predictive value (46–
52%), and worse sensitivity among low birth
weight and preterm infants. Chest films do not
function as a screening test for neonates with
suspected heart disease and echo should be
considered.

The overall measure of accuracy in dis-
tinguishing specific congenital cardiac lesions
among 13 patient categories representing dif-
ferent congenital heart diseases was 71%.
At such low accuracy, chest films alone
are not diagnostic of specific cardiac lesions
(6). The chest radiographs have also been
shown not to influence clinical management
in 68 asymptomatic neonates with a cardiac
murmur (7).

Traditional teaching holds that specific types
of CHD can be diagnosed on the chest radio-
graph through pattern recognition. A number
of characteristic patterns have been described
like “egg on a string” appearance in transpo-
sition of great arteries (Fig. 24.1A), a “boot-
shaped” heart in tetralogy of Fallot, and
a “snowman” appearance in supra-cardiac
total anomalous pulmonary venous connection
among others. This morphologic approach is
not useful clinically because specific types of
CHD rarely occur in isolation, and a number
of factors modify the manifestations of a par-
ticular CHD on a neonatal chest radiograph,
including severity of the lesion, associated con-
ditions, status of the ductus, shape of the thy-
mus, and morphology of the lungs and chest
wall.

However, in patients with documented CHD,
the status of the pulmonary vascularity is an
important clue to physiology and helps to deter-
mine the type of initial palliation. For example,
in the example in Fig. 24.1B, the patient has a
combination of diagnoses on echocardiography
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that could potentially result in congestive fail-
ure (mitral atresia), increased vascularity (dou-
ble outlet right ventricle), or reduced vascular-
ity (pulmonary stenosis). The chest radiograph
shows decreased pulmonary vascularity, which
enabled the choice of pulmonary blood flow
augmentation with a modified Blalock–Taussig
shunt as the appropriate initial palliative proce-
dure. Although chest radiography is commonly
used in the neonatal period to determine the
choice of initial palliation, this aspect has not
been studied in rigorous fashion.

II. What Is the Role of Routine Daily
Chest Radiography in the Pediatric
Cardiac Intensive Care Unit and in
the Immediate Post-operative Period
for CHD?

Summary of Evidence: Routine daily chest radio-
graphs are useful in the setting of pediatric
intensive care units and in the immediate post-
operative period after repair of CHD (moderate
evidence).

Supporting Evidence: It is important to limit the
dosage of radiation neonates receive by per-
forming only necessary and beneficial radio-
logic imaging (8). There are two approaches to
the use of chest radiography in the pediatric
intensive care unit (9):

1. Performing routine daily chest radiographs
in all patients who have cardiopulmonary
issues or are mechanically ventilated in
addition to on-demand radiographs based
on clinical status.

2. Obtaining chest radiographs only follow-
ing a change in clinical status.

A large number of adult critical care physi-
cians may doubt the value of daily routine
chest radiography but still practice that strat-
egy (10). Studies involving adult patients in the
ICU appear to be conflicting but overall tend
to favor non-utilization of daily routine chest
radiography (Table 24.1) (11–15). The limited
studies involving pediatric ICU patients seem to
indicate that daily chest radiography has sig-
nificant clinical value. However, this area needs
more research.

Pediatric Studies

In a prospective study in a pediatric ICU (16)
in which 353 routine chest radiographs in 101
patients were examined, 23% of chest radio-
graphs resulted in significant alterations in
management, 43% had unpredicted pulmonary
findings, and 46% showed unpredicted appli-
ance malpositions. Therefore, it was concluded
that routine daily and post-appliance placement
chest radiographs have significant clinical value
in the pediatric ICU.

Two prospective studies (17, 18) in pedi-
atric intensive care units evaluating the diag-
nostic value of routine chest radiographs also
revealed a high frequency of malpositioned
medical devices and changes in radiologic car-
diopulmonary status. In a study analyzing 174
CXRs in 74 patients (18), 16% of endotracheal
tubes, 23% of central venous lines, and 15% of
nasogastric tubes were malpositioned. Changes
in cardiopulmonary status, after the initial film,
were noted in 63%. More children showed
worsening of the radiologic cardiopulmonary
status rather than an improvement. Therefore,
the study also supported the importance of
routine CXRs in critically ill pediatric patients
(moderate evidence).

III. How Does MRI Compare with
Echocardiography in Evaluating RV
Size and Function in CHD?

Summary of Evidence:
1. MRI should be considered the gold standard

for assessment of right ventricular (RV) size
and function in the setting of CHD (strong
evidence).

2. Two-dimensional (2-D) echocardiographic
measurements of RV size and mass corr-
elate poorly with MRI parameters (moder-
ate evidence).

3. Three- and four-dimensional echocardiogra-
phies hold promise for measurement of RV
volume and mass, but further study is requi-
red (limited evidence).

Supporting Evidence: The right ventricle (RV) is
the most important determinant of outcome in
many congenital heart diseases before and after
surgical correction. Adults with repaired tetral-
ogy of Fallot and significant chronic pulmonary
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regurgitation are at risk for progressive right
ventricular dilatation and dysfunction. Other
groups that need assessment of RV size and
function include left-to-right shunts, conditions
involving a systemic RV like l-transposition of
great arteries, and following intra-atrial repair
of d-transposition of great arteries (Fig. 24.2),
Ebstein’s disease, and cardiomyopathy. RV size
and function can be monitored over time with
excellent precision and accuracy using MRI
(Table 24.2). Cardiac MRI has shown good inter-
study reproducibility in large study groups, not
only for assessment of left ventricular param-
eters but also for the more complex-shaped
right ventricle (19–22). MRI shows good inter-
study reproducibility for RV functional param-
eters in healthy subjects, patients with heart fail-
ure, and patients with hypertrophy, which sug-
gests that MRI is reliable for serial RV assess-
ment (19). Another recent study examined the
reproducibility of MR-derived RV measure-
ments in patients with congenital heart disease
and dilated right ventricles and demonstrated
high reproducibility in patients with both nor-
mal and abnormal volume loads (20). Such high
intra- and inter-observer reproducibilities fur-
ther establish the utility of MRI in diagnosis and
longitudinal follow-up of heart disease affect-
ing the right ventricle.

Although MRI is considered the gold stan-
dard, it is still expensive, has limited avail-
ability, and requires significant expertise to
acquire and interpret the images. The use of
2-D, 3-D, and 4-D echocardiographies has been
tested as an alternative to MRI in a number of
studies.

Current 2-D echocardiographic assessment
of RV function is at best an estimate. There
is a lack of an adequate geometric model to
quantify RV function by 2-D echocardiography
(23). The irregular crescentic shape of the RV
does not allow the use of geometric assump-
tions that are used for the left ventricle. The
most recent study on this topic (24) evalu-
ated three groups of patients: a normal RV
group (group 1), a repaired tetralogy of Fal-
lot group (group 2), and an unrepaired atrial
septal defect and/or partially anomalous pul-
monary venous connection group (group 3). It
evaluated the accuracy of the American Society
of Echocardiography guidelines for 2-D quanti-
tative assessment of right ventricular size and

function against MRI-derived RV volumes in
patients with congenital heart disease. There
was weak correlation between 2-D RV measure-
ments by echocardiography and MRI-derived
RV volumes (group 1: r = 0.15–0.54, group
2: r=0.33–0.61, group 3:r=0.32–0.85). Most 2-D
RV parameters were smaller by echocardiogra-
phy vs. MRI. The difference between 2-D RV
measurements by echocardiography and MRI-
derived RV volumes was more pronounced in
the RV volume overload groups.

The introduction of volume-rendered
3-D reconstruction of echocardiography images
provides a tool for the direct measurement
of cardiac chambers, not based on geometric
assumptions (25, 26). Real-time 3-D imaging is
referred to as 4-D imaging.

A recent study (27) aimed to determine
the accuracy of 3-D echocardiography to mea-
sure RV volumes in pediatric patients with
secundum atrial septal defects compared with
direct volume measurements performed dur-
ing intervention. It was determined that 3-
D echo provides an accurate measurement of
RV volume in pediatric patients with RV vol-
ume overload (correlation of 0.93 and 0.91
for end-systolic and end-diastolic volumes,
respectively).

Three-dimensional echocardiography (3-D
echo) by freehand scanning provides highly
accurate measurements of left ventricular mass
and volume using the piecewise smooth sub-
division surface reconstruction method. The
complexity of right ventricular (RV) geometry
presents a challenge in accurate 3-D assess-
ments of its physical parameters. The mean dif-
ference between 3-D and true mass was 3.4 g, or
5.4% of the mean true mass. It was concluded
that RV mass and volume can be measured
accurately from 3-D echocardiograms acquired
using freehand scanning and reconstruction
by the piecewise smooth subdivision method
(28).

A newly developed 4-D right ventricular
analysis method (29) for computing RV vol-
umes for both 3-D ultrasound and magnetic
resonance images was tested. New software
aided delineation of the RV free wall, tricus-
pid valve, RV outflow tract, and apex on 3-D
echo volumes. Although there was a slightly
higher variability measuring right ventricular
ejection fraction (RVEF) and volumes obtained
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by US compared with MRI, both imaging meth-
ods showed closely correlated results (correla-
tion of 0.98 and 0.99 for end-systolic and end-
diastolic volumes, respectively). The new RV
analysis software validated the accuracy of 4-D
echo RV volume data compared with MRI.

The main limitation with 3-D echocardiogra-
phy is the lack of optimal acoustic windows in
older patients and in the post-operative setting,
and future research should focus on this patient
population.

IV. Can MRI Determine Clinical
Outcome and Timing of Pulmonary
Valve Replacement in Repaired
Tetralogy of Fallot?

Summary of Evidence: MRI parameters (RV end-
diastolic volume and biventricular ejection frac-
tion) and length of the QRS duration on EKG
are the best predictors of adverse clinical out-
come in the late post-operative period after
repair of tetralogy of Fallot (moderate evi-
dence). The optimal timing of pulmonary valve
replacement for patients with corrected TOF is
undetermined but is influenced by MRI param-
eters of RV size and function (indexed RV vol-
ume and RV ejection fraction).

Supporting Evidence: Repair of TOF often results
in chronic pulmonary regurgitation (PR) and
RV dilation, which have been linked to late
morbidity and mortality related to prolonga-
tion of the QRS duration with increased risk
of malignant ventricular arrhythmias, atrial
arrhythmias, heart failure, and sudden death
(30). Although right ventricular volume load
due to severe pulmonary regurgitation can be
tolerated for years, the compensatory mecha-
nisms of the right ventricular myocardium ulti-
mately fail. RV dysfunction may become irre-
versible if the volume load is not eliminated or
reduced. Many centers now recommend early
pulmonary valve replacement before symp-
toms of heart failure develop (31, 32). Restora-
tion of pulmonary valve competence results
in improvement of right ventricular function,
incidence of arrhythmias, and exercise capac-
ity. Apart from surgical replacement of the pul-

monary valve, a percutaneous option for pul-
monary valve replacement has been recently
introduced and promises to have a major
impact on treatment strategy of TOF (33). Cur-
rent clinical guidelines for valve replacement
include the onset of symptoms, progressive RV
dilation, progressive tricuspid valve regurgita-
tion, or diminishing exercise capacity.

MRI Predictors of Adverse Clinical
Outcome in Repaired Tetralogy of
Fallot

MRI (Fig. 24.3) is considered the gold standard
for anatomical and functional evaluation of cor-
rected tetralogy of Fallot (34). Phase-contrast
MRI can reliably grade pulmonary regurgita-
tion and can detect restrictive RV physiology
(35). MRI accurately evaluates the morphology
of the RV outflow tract and branch pulmonary
arteries (36).

One study (37) aimed to determine indepen-
dent predictors of major adverse clinical out-
comes late after TOF repair during follow-up
evaluated by MRI. Twenty-two major adverse
outcomes occurred in 18 patients—with death
in 4, sustained ventricular tachycardia in 8,
and increase in NYHA class in 10. Multivariate
analysis identified RV end-diastolic volume
and LV ejection fraction as independent pre-
dictors of outcome. LV ejection fraction could
be replaced by RV ejection fraction <45%. QRS
duration greater than 180 msec also predicted
major adverse events and correlated with RV
size. It was concluded that severe RV dilatation
and either LV or RV dysfunction assessed
by MRI predicted major adverse clinical
events.

In another study (38), the clinical, laboratory,
and MRI data of 100 consecutive patients with
repaired TOF (median 21 years after repair)
were analyzed. Moderate or severe LV or RV
systolic dysfunction, but not PR fraction or RV
diastolic dimensions, was independently asso-
ciated with impaired clinical status in long-term
survivors of TOF repair.

One study (39) examined the relation-
ship among biventricular hemodynamics,
pulmonary regurgitant fraction (PRF), right
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ventricular outflow tract (RVOT) aneurysm
or akinesia, and baseline and surgical char-
acteristics in 85 adults with repaired TOF
using MRI vs. 26 matched healthy controls.
Patients with repaired TOF had higher right
ventricular end-diastolic volume index, right
ventricular end-systolic volume index, right
ventricular mass index, and lower RV ejection
fraction and LV ejection fraction compared
to controls. Pulmonary regurgitation and
RVOT aneurysm/akinesia were independently
associated with RV dilation. Left ventric-
ular systolic dysfunction correlated with
RV dysfunction, suggesting an unfavorable
ventricular–ventricular interaction. They con-
cluded that measures to maintain or restore
pulmonary valve function and avoid RVOT
aneurysm/akinesia are mandatory for preserv-
ing biventricular function late after repair of
TOF.

Timing of Pulmonary Valve
Replacement

The timing of pulmonary valve replacement
(PVR) in adult patients with repaired tetral-
ogy of Fallot remains controversial. Since MRI
is currently the best means of serial monitor-
ing and predicting adverse clinical outcome in
patients with treated TOF, it will become an
important means of selecting candidates suit-
able for surgical vs. transcatheter pulmonary
valve replacement (33) and to follow them
after treatment. An MRI study (40) in 17
adult patients with repaired tetralogy of Fal-
lot revealed a statistically significant decrease
in right ventricular (RV) volume at a mean
follow-up of 21 months after pulmonary valve
replacement and RV systolic function remained
unchanged. In no patients with an RV end-
diastolic volume >170 ml/m2 or an RV end-
systolic volume >85 ml/m2 before pulmonary
valve replacement were RV volumes “normal-
ized” after surgery.

A recent study (41) analyzed the influence
of pulmonary regurgitation severity and RV
size and function before PVR on the out-
come of RV size and function after PVR. Pul-
monary regurgitation was not related to RV
dimensions and function before PVR. More-

over, severity of pulmonary regurgitation did
not influence changes in RV dimensions after
PVR. The indexed RV end-systolic volume
before PVR best predicted the indexed RV end-
systolic and end-diastolic volumes after PVR.
Timing of PVR should be based on indexed RV
end-systolic volume and corrected RV ejection
fraction rather than on severity of pulmonary
regurgitation.

Another recent study (42) sought to inves-
tigate the optimal timing of pulmonary valve
replacement by analyzing preoperative thresh-
olds of right ventricular volumes above which
no decrease or normalization of RV size takes
place after surgery. After surgery, RV volumes
decreased with a mean of 28%; however, RV
ejection fraction did not change significantly.
In addition, it appeared that higher preopera-
tive RV volumes were independently associated
with a larger decrease in RV volumes. Receiver-
operating characteristic analysis revealed a cut-
off value of 160 mL/m2 for normalization of
RV end-diastolic volume or 82 mL/m2 for
RV end-systolic volume. Overall, a threshold
above which RV volumes did not decrease after
surgery was not found. However, normaliza-
tion could be achieved when preoperative RV
end-diastolic volume was <160 mL/m2 or RV
end-systolic volume was <82 mL/m2.

V. Can MRI Replace Routine Cardiac
Catheterization in the Evaluation of
Patients Undergoing Single-Ventricle
Repair?

Summary of Evidence: MRI may replace cardiac
catheterization for routine evaluation of car-
diovascular morphology and function prior
to superior cavopulmonary connection in the
majority of patients undergoing single-ventricle
repair (moderate evidence).

Supporting Evidence: Almost 10% of congenital
heart defects belong to the family of function-
ally univentricular hearts. Most cases are fatal
if surgical intervention does not occur. Typi-
cally palliation is done by a series of oper-
ations that result in passive systemic venous
return to the pulmonary circulation and a
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functional single ventricle supporting the sys-
temic circulation. The bidirectional Glenn pro-
cedure or the superior cavopulmonary anasto-
mosis involves anastomosis of the SVC to the
pulmonary artery and is usually performed in
infancy as a staged procedure before the Fontan
procedure. It provides a controlled source of
pulmonary blood flow while volume unloading
the systemic ventricle. Routine cardiac catheter-
ization before bidirectional Glenn operation is
considered the standard of care in these patients
(43). The main goals of the procedure include
assessment of anatomic and hemodynamic suit-
ability for surgery. However, cardiac catheteri-
zation is associated with morbidity and expo-
sure to ionizing radiation. Moreover, retrospec-
tive studies have demonstrated that patients
are rarely excluded from bidirectional Glenn
operation on the basis of findings at car-
diac catheterization (44, 45). Hence, MRI
(Fig. 24.4) has been proposed as an alter-
native to cardiac catheterization for rou-
tine evaluation of cardiovascular morphology
and function prior to the bidirectional Glenn
procedure (44).

A randomized clinical trial of 82 patients
comparing MRI and cardiac catheterization in
this patient population (46) showed that in
selected patients with single-ventricle physiol-
ogy considered for a bidirectional Glenn opera-
tion, there is no detectable differences in imme-
diate and short-term post-operative outcomes
between the MRI and catheterization groups.
The study also found that routine cardiac
catheterization is associated with higher rates
of minor adverse events (78 vs. 5%; p<0.001),
longer hospital stay (median 2 days vs. 1 day;
p<0.001), and higher hospital charges ($34,477
vs. $14,921; p<0.001) than MRI. The authors
also implied that routine measurement of pul-
monary vascular resistance is not necessary
before bidirectional Glenn operation. Further-
more, this imaging strategy was applicable for
the majority of patients presenting for Glenn
operation; only 10% of eligible patients were
excluded based on the following criteria: pul-
monary vein stenosis, pulmonary hypertension,
severe ventricular dysfunction, severe atrioven-
tricular valve regurgitation, known large aor-
topulmonary or venous collateral vessels, or
coarctation of the aorta. These conditions are
generally considered to warrant catheterization

for hemodynamic assessment or transcatheter
intervention. The authors state that the find-
ings of this study follow a trend in which rou-
tine preoperative catheterization has been sup-
planted by noninvasive strategies for a variety
of congenital heart lesions (47–52).

VI. What Is the Role of CT in CHD?

Summary of Evidence: Multidetector CT
(MDCT) has been used to diagnose coro-
nary artery anomalies, coarctation, and other
diseases of the extracardiac vasculature. Apart
from its use in the setting of coronary artery
anomalies, there are limited data on its diagnos-
tic efficacy in congenital heart disease (limited
evidence).

Concerns regarding radiation exposure have
limited the use of MDCT as a primary diagnos-
tic modality for CHD. CT has been used mainly
as a problem-solving tool in the setting of con-
traindications, limitations, or non-availability of
MRI.

Supporting Evidence: Although echocardiog-
raphy is the initial diagnostic modality for
patients with suspected congenital heart dis-
ease, in some patients this modality can be
limited in its ability to define the coronary
arteries and the extracardiac vasculature.
MRI imaging boasts excellent anatomic and
functional assessment capabilities, but has
limited availability, requires sedation, is time
consuming, and contraindicated or inadequate
in patients with pacemakers and vascular coils.
MRI enjoys a clear superiority over CT for
evaluation of intracardiac anatomy, flow, and
function. However, in situations where the
clinical question is restricted to the morphology
of the extracardiac vasculature, including the
coronaries, pulmonary arteries, aorta, pul-
monary or systemic veins, CT is comparable
to MRI. The strengths of MDCT complement
the weaknesses of MRI. CT is rapid, with a
reduced need for sedation; is efficacious in the
setting of metallic hardware, pacemakers, and
coils; is widely available and provides better
definition of small vessels and higher order
branches (Fig. 24.5). CT has the potential to
assess patency of stents or metallic prostheses
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placed across pulmonary arteries, baffles,
coronary arteries, and aortic branches. One
important advantage of CT angiography, when
compared to contrast angiography or even
MR angiography, is the ability to visualize the
vessel wall. CT also provides better delineation
of the airway, mediastinal abnormalities, and
the pulmonary parenchyma. CT has proven to
be clinically useful as an adjunct to echocar-
diography or magnetic resonance imaging (53,
54). Examples of indications appropriate for CT
include, but are not limited to, evaluation of
total or partial anomalous pulmonary venous
return, pulmonary vein stenosis, systemic and
pulmonary venous anatomy in heterotaxy,
branch pulmonary artery stenosis, confluence
and size of branch pulmonary arteries, and
the presence of systemic–pulmonary arterial
collaterals in pulmonary atresia, vascular rings,
anomalous coronaries, and the presence and
severity of coarctation (55).

One study (56) compared cardiac CT and
transthoracic echocardiography (TTE) in CHD
to determine their advantages and limitations.
Electron beam CT (EBCT) and TTE findings
were found to be concordant in patients below 1
year of age. EBCT was not accurate for detecting
anomalies of cardiac chambers (sensitivity of
0.68 and specificity 0.58) but was useful for eval-
uation of the great arteries (sensitivity of 0.91
and specificity of 0.85). It was concluded that
EBCT delineates findings related to systemic
venous return and coronary vessels. However,
TTE was found to be more suitable for intracar-
diac anatomy, including the cardiac valves and
septal defects.

A recent study (57) of 16 patients assessed
the reliability of MDCT angiography and
3-D reconstruction in patients with coarctation
of the aorta. The sensitivity of MDCT diag-
nosis for coarctation of the aorta was 100%,
which was higher than that of echocardio-
graphy (87.5%). It was concluded that CTA
with 3-D reconstruction represents a reliable
noninvasive technique for the assessment of
coarctation and may serve as a noninvasive
diagnostic tool before intervention or surgical
treatment.

Congenital anomalous coronary arteries,
although rare, are a well-recognized cause
of myocardial ischemia and sudden death in
children and young adults, with an increased
prevalence in patients with congenital heart
disease, especially TOF, TGA, and congenitally
corrected TGA. Defining the presence and the
exact proximal course of the coronary arteries
with respect to the aorta and pulmonary artery
is essential because this is the most important
indicator of risk of ischemia and determines
treatment. The spatial resolution of CT is supe-
rior to MRI, with the ability to reconstruct up
to 0.4 mm in the z-axis. Studies have shown
that CT is superior to MRI for evaluation of
coronary artery stenosis. Coronary CTA using
MDCT is an established means of detecting
anomalous origin of the coronary arteries
(58–64). MDCT is particularly advantageous
in patients presenting with acute symptoms
including palpitations, dizziness, atypical or
typical exertional chest pain, and dyspnea
on exertion, especially in young athletes (59).
Some authors advocate that CT should be used
as a first-line modality for coronary artery
anomalies (61).

In situations where there is a need for serial
evaluation, as in monitoring of aortic root
dilatation in TOF or after a Ross procedure, size
of coronary aneurysms in Kawasaki’s disease,
or aortic wall thickness in familial hypercholes-
terolemia, MRI may be a better choice than CT
because of the risk of cumulative radiation dose
associated with CT (55).

But, there are limited quantitative data on
the diagnostic accuracy of CT in CHD. A num-
ber of questions regarding the clinical utility of
CT and MRI in congenital heart disease remain
unanswered. Multi-institutional clinical trials
are required to clarify the role of CT.

Take Home Tables

Table 24.1 discusses adult studies of routine
chest radiography in the intensive care set-
ting. Table 24.2 discusses accuracy and repro-
ducibility of MRI for evaluation of RV func-
tional parameters.
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Table 24.1. Adult studies of routine chest radiography in the intensive care setting
Study Material Results Comment

Hornick et al. (11) Routine
post-operative
chest radiograph
after cardiac
bypass surgery in
100 adult patients

Non-indicated CXR
demonstrated a
significant finding
in only 1/89 cases.
Post-op CXR was
of value only to
clarify or confirm
clinical findings or
to check the
position of an
intra-aortic balloon
catheter

Routine immediate
post-op CXR, in the
absence of a clinical
indication, has little
clinical yield

Mets et al. (12) Prospective
comparative study
between routine
and on-demand
radiography in 338
adult cardiac
surgery patients in
the ICU and
post-ICU setting

Elimination of daily
routine CXR led to
decrease in total
number of CXR
obtained per
patient per day in
the ICU and did
not change the
utilization of
on-demand CXR
based on clinical
need

Routine radiography in
adult ICU and
post-ICU setting not
indicated

Krivopal et al. (13) Prospective
randomized study
of routine vs.
indicated chest
radiography in 94
adult patients
receiving
mechanical
ventilation > 48
hours

Significant cost
savings and
decreased
radiation exposure
among those
undergoing CXR
only when
clinically indicated

Routine radiography
not associated with
reduced ICU or
hospital length of
stay or with reduced
mortality

Hall et al. (14) Prospective study
comparing new
findings on 538
routine CXR vs.
clinical
examination in 74
mechanically
ventilated patients

65.8% of radiographs
did not disclose
any new findings.
However, in 17.6%,
new major findings
were discovered
only by chest
radiography

Findings supported use
of routine daily chest
radiography in
mechanically
ventilated patients

Marik et al. (15) Prospective study of
471 routine CXR in
200 consecutive
patients in a
medical ICU

37% of radiographs
resulted in change
in therapy.
Intubated patients
more likely to
benefit from
routine CXR

Routine daily CXR
justified in critically
ill patients
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Table 24.2. Accuracy and reproducibility of MRI for evaluation of RV functional parameters
Study Material Results Comment

Grothues et al.
(19)

60 subjects (47 male; 20
healthy volunteers, 20
with heart failure, 20
with ventricular
hypertrophy)
underwent two CMR
studies for assessment
of RV functional
parameters

Interstudy
reproducibility for all
groups 6.2% for RV
end-diastolic volume,
14.1% for RV
end-systolic volume,
8.3% for RV EF, and
8.7% for RV mass. LV
reproducibility better
than RV for all
measures but
statistically significant
only for EF (p<0.01)

MR is reliable for
serial RV assessment

Mooij et al. (20) Inter- and intra-observer
reproducibility of
biventricular mass,
volume, ejection
fraction (EF), and
stroke volume (SV)
measurements in 60
patients with normal
RV volumes (20) and
dilated RV due to
ASD (20) and repaired
tetralogy of Fallot (20)

High inter-observer
(0.94–0.99) and
intra-observer
(0.96–0.99) intra-class
correlation
coefficients for RV
and LV mass, volume,
and stroke volume
measurements. RV
and LV EF less
reproducible
(0.79–0.87). Higher
variability for RV
mass relative to LV

MR measurements of
RV size and function
highly reproducible
in patients with both
normal and abnormal
volume load

Helbing et al. (21) Comparison between
RV and LV stroke
volumes, and between
RV and LV stroke
volumes, and AV
valve inflow and great
artery stroke volumes
in 20 patients with
CHD affecting RV,
and 22 normal
controls aged 5–16
years

Close correlation
between RV vs. LV
stroke volumes (r =
0.96) and RV stroke
volume vs. great
artery (r = 0.97) or
tricuspid flow (r =
0.97) was observed
with small
inter-observer and
intra-observer
variability

MR imaging provides
accurate noninvasive
measurements of RV
function in healthy
children and patients
with (operated) CHD

Beygui et al. (22) Assess accuracy and
reproducibility of
MRI-derived RV
mass, volume, and
function. In vivo
study with
postmortem
correlation in nine
pigs. In vivo study in
15 volunteers and 25
patients with coronary
artery disease

High correlation
between MRI-derived
RV mass and RV
weight (r = 0.98, bias
= 2.5 g), intra- and
inter-observer
measurements of RV
mass, EDV, ESV, and
EF, inter-study
measurements of RV
functional parameters,
and MRI-derived
right and left
ventricular stroke
volumes

Assessment of the RV
mass, volume, and
function by routine
breath-hold gradient
echo MRI is accurate
and highly
reproducible
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Imaging Case Studies

Case 1

Figure 24.1 presents the utility of chest
radiograph in a case of a neonate with
d-transposition of the great arteries and in
a neonate with complex cyanotic congenital
heart disease, including mitral atresia, total
anomalous pulmonary venous connection
to the coronary sinus, double outlet right
ventricle, and pulmonary stenosis.

Figure 24.1. Utility of chest radiography in CHD. A: Chest radiograph of a neonate with d-transposition of the
great arteries, appearing as an “egg on a string” appearance of the heart and mediastinum. This pattern-based
approach to cardiac morphology is inaccurate and is rarely helpful for clinical management. Cardiac morphol-
ogy is determined by echocardiography in the neonatal period while the chest radiograph sheds light on phys-
iology. B: Neonate with complex cyanotic congenital heart disease, including mitral atresia, total anomalous
pulmonary venous connection to the coronary sinus, double outlet right ventricle, and pulmonary stenosis.
The chest radiograph demonstrated decreased pulmonary vascularity, which enabled decision-making regard-
ing initial palliative treatment. The pulmonary blood flow was augmented using a modified Blalock–Taussig
shunt.
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Case 2

Figure 24.2 shows MRI for evaluation of the sys-
temic right ventricle after intra-atrial repair of
d-transposition of the great arteries.

Figure 24.2. MRI for evaluation of the systemic right ventricle after intra-atrial repair of d-transposition of the
great arteries. A: Four-chamber view of the heart showing hypertrophy of the systemic RV as well as patency
of the pulmonary venous baffle coursing toward the right side of the heart. B: “Trouser”-like appearance of
the superior and inferior limbs of the systemic venous baffle after a Senning procedure.
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Case 3

Figure 24.3 shows MRI for evaluation of
repaired tetralogy of Fallot.

Figure 24.3. MRI for evaluation of repaired tetralogy of Fallot. A: Short axis view of the heart showing severe
RV dilatation with mild flattening of the interventricular septum. Systolic function of the RV was diminished,
with an ejection fraction of 42%. B: Recurrent right ventricular outflow tract obstruction in a patient with
treated TOF, showing a dephasing jet arising at the obstruction, with aneurysmal dilatation of the RVOT. C, D:
Phase-contrast imaging of the pulmonary artery demonstrating severe pulmonary regurgitation. E, F: Dimin-
ished diastolic function of the RV in a patient with treated TOF. E demonstrates end-diastolic forward flow
within the main pulmonary artery (white arrow), while 3f demonstrates reversal of the E:A ratio of the tricuspid
valve. This is due to increasing RV stiffness, causing diminished early diastolic filling (E), and predominant
RV filling (black arrow) occurring during atrial systole (A).
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Case 4

Figure 24.4 presents an MRI evaluation prior
to superior cavopulmonary anastomosis in a
patient with hypoplastic left heart syndrome.

Figure 24.4. MRI evaluation prior to superior cavopulmonary anastomosis in a patient with hypoplastic left
heart syndrome. A: Four-chamber view of the heart showing a functional single RV and severe hypoplasia of
the LV (white arrow). Following an atrial septectomy (small black arrow) the pulmonary venous return is diverted
to the RV, which functions as the systemic ventricle following a Norwood 1 procedure. B: Posterior view of a
volume-rendered 3-D MRA showing severe recurrent coarctation (left arrow) after a Norwood 1 procedure. A
modified Blalock–Taussig shunt (right arrow) is also noted supplying the pulmonary arteries. C: Unobstructed
branch pulmonary arteries. Central arrow points to the dephasing jet within the right pulmonary artery at the
insertion of the modified BT shunt. The left and right arrows point to bilateral SVCs in this patient, which would
require performance of a bilateral bidirectional Glenn shunt.
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Case 5

Figure 24.5 presents utility of CT angiography
in congenital heart disease.

Figure 24.5. Utility of CT angiography in congenital heart disease. Four-month-old male after a Norwood 1
procedure for hypoplastic left heart syndrome. A metallic endovascular coil was placed in the region of the
native aortic valve due to the presence of persistent aortic regurgitation after surgery. This resulted in a large
artifact on an attempted screening MRI prior to a Norwood 2 procedure (A). An EKG-gated CT angiogram was
performed instead, which demonstrated an unobstructed neo-aorta (arrow), and aortic arch (B), unobstructed
branch pulmonary arteries (C), and a normal appearance of the coronary arteries (D). A 3-D volume-rendered
image (E) provides an overview of the morphology, including the hypoplastic native aorta (left arrow), neo-
aorta (right arrow), and the left coronary artery.

Suggested Protocols for Imaging of
Congenital Heart Disease

MRI Protocol for Repaired Tetralogy
of Fallot

• Axial black blood imaging for overview of
chest anatomy.

• Axial thin-slice (3–4 mm) cine seg-
mented k-space gradient echo or cine
SSFP for evaluation of branch pulmonary
arteries.

• Cine SSFP in vertical long axis, four chamber,
RVOT, and short-axis planes for functional
evaluation.

• Phase-contrast imaging of the ascending
aorta, RVOT for PR fraction, branch pul-
monary arteries for differential pulmonary
flow, AV valves for regurgitant fraction, and
diastolic function assessment.

• Three-dimensional gadolinium-enhanced
MR angiogram for the extracardiac vascula-
ture.
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MRI Protocol for Patients Undergoing
Single-Ventricle Repair Prior to Superior
and Total Cavopulmonary Connection

• Axial and/or coronal thin-slice (2–3 mm)
black blood imaging for overview of chest
anatomy.

• Axial thin-slice (3–4 mm with overlap) cine
segmented k-space gradient echo or cine
SSFP for evaluation of branch pulmonary
arteries, systemic veins, and pulmonary
veins.

• Cine SSFP in vertical long axis, four-
chamber, and short axis planes for intracar-
diac morphology and function.

• Phase-contrast imaging for Qp:Qs, differen-
tial pulmonary blood flow, AV valve regur-
gitant fraction, and diastolic function assess-
ment.

• Three-dimensional gadolinium-enhanced
MR angiogram for the extracardiac vascula-
ture.

Future Research

• The role of chest radiography in determining
the need for palliation and the nature of ini-
tial palliation in patients with functional sin-
gle ventricle and left-to-right shunts.

• Prospective randomized study of routine
radiography compared with on-demand
radiography in specific pediatric cardiac con-
ditions in the ICU setting with outcome
measures.

• Validity of newer MRI techniques for ventric-
ular volumetry and functional evaluation,
including real-time, free-breathing, and sin-
gle breath-hold cine 3-D sequences.

• Normal MRI age-, sex-, and race-based
nomograms for biventricular volumetry,
mass, and function.

• Use of automated software algorithms for RV
functional processing.

• Optimal interval between MRI studies for
serial follow-up of patients with repaired
TOF.

• MRI evaluation of diastolic function in TOF
and in conditions with a systemic RV as
a means of predicting adverse clinical out-
come.

• Optimal timing and patient selection for
surgical vs. percutaneous pulmonary valve
replacement using MRI parameters.

• Use of MRI for decision making regarding
single vs. biventricular repair or transplan-
tation in patients with borderline ventricular
size and myocardial dysfunction.

• MRI vs. routine catheterization prior to total
cavopulmonary connection (Fontan proce-
dure) for assessment of anatomic and hemo-
dynamic suitability for surgery.

• Serial neurologic and cardiac MR imaging of
patients undergoing single-ventricle repair
for predicting long-term outcome.
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25
Congenital Disease of the Aortic

Arch: Coarctation and Arch
Anomalies

Jeffrey C. Hellinger, Luisa F. Cervantes, and L. Santiago Medina

IssuesI. Which clinical symptoms and signs may suggest the presence of
coarctation or an aortic arch anomaly?

II. What is the natural history of thoracic aorta coarctation and aortic
arch anomalies?

III. What are the diagnostic performances of imaging modalities used to
evaluate suspected coarctation and aortic arch anomalies?

Key PointsCoarctation

� Evaluation of upper versus lower extremity blood pressure is an
important diagnostic tool in the evaluation of coarctation. Systolic
blood pressure of upper extremities greater than that of lower extrem-
ities merits further diagnostic workup (limited to moderate evidence).

� Associated cardiovascular anomalies are common in patients with
coarctation and impact the presenting clinical symptoms, the age of
clinical presentation, and the clinical outcome (moderate evidence).

� In newborns and infants with appropriate acoustic window, echocar-
diogram is the study of choice with sensitivity >90% (limited to mod-
erate evidence).

� In older children, contrast-enhanced MR angiography (MRA) is supe-
rior to transthoracic echocardiography and other MR imaging tech-
niques for the diagnosis of congenital coarctation and obstructive aor-
tic arch anomalies (moderate to strong evidence).

� CT angiography (CTA) offers comparative performance to MRA and
can be used for the diagnosis and surgical planning when MRA is not
available or is contraindicated (limited evidence).
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� Conventional angiography is no longer routinely used for diagnosing
coarctation but is reserved for endovascular treatment with balloon
angioplasty or stent placement (limited evidence).

Aortic Arch Anomalies: Vascular rings and Pulmonary Slings

� The clinical presentation of a symptomatic vascular ring or a pul-
monary sling may result from tracheal compression, esophageal com-
pression, or both. Symptoms and signs are typically respiratory in
infants and children, whereas they are esophageal in adults (limited
to moderate evidence).

� Associated cardiac abnormalities occur in up to one-third of patients
with aortic arch anomalies (moderate evidence).

� Preoperative evaluation of aortic arch anomalies should also address
the presence of tracheomalacia. Unrecognized tracheomalacia can lead
to negative surgical outcome and persistent symptoms.

� MRI–MRA and CTA have the highest diagnostic performance (sensi-
tivity and specificity) followed closely by the esophagram in evaluat-
ing aortic arch vascular rings (limited to moderate evidence).

� Esophagram can readily detect vascular ring but has lower sensitivity
for pulmonary sling (limited evidence).

� Conventional angiography is no longer routinely used for the diagno-
sis of vascular rings (limited evidence).

Definition

Congenital disease of the aortic arch includes
coarctation and aortic arch anomalies. Tubu-
lar hypoplasia and interrupted aortic arch are
additional obstructive lesions which often occur
with coarctation and should be considered
in a clinical differential diagnosis. Suspected
aortic arch anomalies warrant investigations
to exclude a vascular ring or a pulmonary
sling. Fundamental understanding and prompt
diagnosis for both coarctation and aortic arch
anomalies are important as they can lead to
increased patient morbidity and mortality and
decreased patient longevity.

Thoracic Aorta Coarctation

Coarctation of the aortic arch is focal, eccen-
tric obstructive narrowing involving the isth-
mus. The narrowing may be located at (jux-
taductal), just above (preductal), or just below
(postductal) the site of insertion of the duc-
tus arteriosus (1). In children less than 1
year of age, the preductal type predominates,
while in those children greater than 1 year of
age, the postductal type predominates (2). The

narrowing results from an abnormal sling of
fibromuscular ductal tissue which extends from
the dorsal, superior–posterior margin of the
isthmus, opposite the ductal ostium, and encir-
cles the medial and lateral walls of the aorta
back toward the ostium (3). In addition to
tubular hypoplasia of the aortic arch and an
interrupted aortic arch, other associated cardio-
vascular abnormalities include bicuspid aortic
valve, left to right shunts (i.e., ventricular sep-
tal defects), and left-sided obstructive cardiac
lesions (i.e., congenital mitral atresia, hypoplas-
tic left ventricle, subaortic stenosis, and aortic
atresia). Depending on the level and degree of
the aortic obstruction, the patency of the ductus
arteriosus, and the age of the patient, collateral
arterial pathways develop to direct flow below
the obstruction. Key pathways include the sub-
clavian, internal mammary, thoracodorsal, and
intercostal arteries.

It is hypothesized that as the left subclavian
artery migrates cephalad through differential
growth of the dorsal aorta, the ductal ostium
from the sixth arch is pulled into the aorta,
forming the circumferential sling. Obstruction
occurs when there is postnatal constriction of
the ductus arteriosus (4, 5). While this may
be an isolated occurrence, it is theorized that
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when there is decreased antegrade flow in the
ascending aorta and the proximal aortic arch,
there is reversal in flow from the ductus arte-
riosus across the isthmus to the aortic arch
and supra-aortic arteries, resulting in an alter-
ation of the “branch point” angulation and
accentuation of the cephalad migration (4–6).
The left to right shunts and left-sided obstruc-
tive cardiac lesions lead to decreased ascending
aortic flow, accounting for their high associa-
tion with tubular hypoplasia, interrupted aortic
arch, and coarctation. Right-sided obstructive
cardiac lesions, such as right ventricular out-
flow tract obstruction, pulmonary stenosis, and
pulmonary atresia, protect against developing
coarctation, as there is dominant antegrade isth-
mus flow with diminished pulmonary to aortic
flow across the ductus arteriosus (7, 8).

Vascular Ring

A vascular ring is a developmental aortic arch
anomaly in which the trachea and the esoph-
agus are surrounded and either compressed
or effaced by vessels, ligaments, or both. The
ring may be complete or incomplete. The sur-
rounding structures include the aortic arch or
arches, aortic arch branch arteries, pulmonary
branch arteries, ductus arteriosus, and ligamen-
tum arteriosum. The vascular rings may occur
with a normal left-sided arch, a double aortic
arch, a right-sided aortic arch, or a cervical aor-
tic arch, depending on the number and side of
the aortic arch(es), the course and side of the
descending aorta, and the origin and course of
the aortic arch branch arteries, the pulmonary
branch arteries, and the ductus or the ligament
arteriosum.

Vascular rings result from abnormal persis-
tence and involution of primitive brachial arch
segments. Among the six arch segments, it is
most commonly due to abnormalities involving
the third, fourth, and sixth arches. Classification
is based on Edwards’ hypothetical embryologic
double aortic arch model (9).

The normal left-sided aortic arch with a left
descending aorta and the left-sided ligament
arteriosum are formed by regression of the
right and persistence of the left fourth arches,
eighth dorsal aorta segments, and sixth dor-
sal arches, respectively. Left aortic arch (LAA)

anomalies include an aberrant right subclavian
artery (ARSCA) and a circumflex descending
aorta. In both instances, the anomalous arterial
structures have a retroesophageal course. The
ring is formed when the ligamentum arterio-
sum is right sided. With an LAA–ARSCA, the
right ligament is indicated by the presence of a
Diverticulum of Kommerell.

A double aortic arch (DAA) is a complete vas-
cular ring. It results from the persistence of both
the right and the left fourth arches and the dor-
sal aortae. The right arch is often dominant in
size and located higher than the left arch. Sym-
metrical arches can occur and less commonly,
the left arch may be atretic with a fibrous seg-
ment distal to the takeoff of one or both of the
left arch branch arteries. Rarely, the right arch
may be atretic. The right arch typically sup-
plies the right common carotid and brachio-
cephalic arteries and the left supplies the left
common carotid and brachiocephalic arteries.
The descending aorta is often on the left but
the proximal descending aorta can occur on the
right or course midline. The ligament is usually
left sided. Less commonly, it can be right sided
or bilateral. Pulmonary arteries are normal.

A right aortic arch (RAA) occurs from per-
sistence of the right and regression of the left
fourth arches and eighth dorsal aorta segments,
respectively. Four variations may arise: aberrant
left subclavian artery (ALSCA), aberrant left
brachiocephalic artery (ALBCA), mirror-image
branching, and a circumflex left descending
aorta. In each instance, a vascular ring occurs
when the ligamentum arteriosum is left sided.
With a retroesophageal ALSCA or ALBCA, a
diverticulum of Kommerell signifies the con-
tralateral ligament. With mirror-image branch-
ing, a ring forms when a left ligament courses
retroesophageal. While the ligament may not be
visualized, morphologically, a small leftward-
facing dimple at the proximal descending
aorta indicates the takeoff of the ligament
(10).

A cervical arch occurs when the aortic arch is
positioned above the thoracic inlet. It is thought
to result when the third arch forms the basis for
aortic arch development, rather than the fourth.
This may occur with both right and left third
arches, leading to the potential formation of
left-sided, right-sided, and double aortic arch
anomalies and vascular rings. Most commonly,
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however, it occurs with a persistent right third
aortic arch and a right dorsal aorta (11).

Pulmonary Sling

A pulmonary sling is a specific type of vas-
cular ring in which the left pulmonary artery
arises from the right pulmonary artery, crosses
back to the left chest between the trachea and
the esophagus, and produces symptoms from
tracheal compression. It occurs as a result of
left sixth ventral arch involution. The left pul-
monary artery develops directly from the right
pulmonary artery. While right and left liga-
ments are possible, only a left ligament will lead
to a complete vascular ring. In this instance, the
ligament passes between the main or right pul-
monary artery and the left descending aorta.

Epidemiology

The incidence of congenial heart disease ranges
between 2.2 and 8.8 per 1,000 live births (12–16).
Depending on the study population and inclu-
sion of minor lesions, the incidence of congeni-
tal heart disease may reach 12–75 per 1,000 live
births (15, 17). Both coarctation and aortic arch
anomalies account for low percentages of these
congenital lesions.

Coarctation

Coarctation occurs in 1.8–9.8% of reported
congenital heart disease, with most studies
showing an incidence of 5–6% (12–17). About
6.3–7.5% of critically ill infants presenting with
congenital heart disease may have coarctation
(18, 19). Males predominate with a male-to-
female ratio of 1.2–2.3:1 (12, 20–27). About 14–
23% of patients present at less than 1 year
of age (23, 26–29), while 21–38% may present
during childhood (ages 1–10) (23, 27–29), 19–
20% during adolescence (ages 11–18) (23, 27),
and 17–21% during young adulthood (ages 19–
29) (23, 27). About 10–16% present during the
fourth decade of life (ages 30–40), while 9–10%
are diagnosed beyond age 40 (23, 27). Among
infants with newly diagnosed coarctation, 15%
will present within the first 48 hours of life,
while nearly 60% will warrant diagnostic eval-
uation within the first two weeks of life (12).

Among pediatric patients with coarctation,
associated cardiovascular anomalies may occur
in 44–84% (20, 22, 30). The majority of anomalies
occur in infants and young children less than 2
years of age. About 67% of lesions will occur
in patients less than 1 year of age (20), while
up to 68–71% will occur by 2 years of age (20,
22). This results in 67–89% of infants less than
1 year of age (20, 23) and up to 78–87% (20, 22)
of patients less than 2 years of age having an
associated congenital lesion. This is in compari-
son to 21–54% of patients greater than 2 years of
age having associated congenital heart disease
(20, 22).

Prevalent lesions include patent ductus arte-
riosus (58–80%) (12, 20, 31, 32), aortic tubular
hypoplasia (33–49%) (31, 32), bicuspid aortic
valve (27–63%) (28, 30–33), ventricular septal
defects (16–53%) (12, 20, 30–32), atrial septal
defects (6–27%) (20, 30–32), aortic valvular dis-
ease (7–37%) (12, 20, 30–32), mitral valvular dis-
ease (3–26%) (12, 20, 30–32), and transposition
of the great arteries (1–8%) (20, 30–32).

Most cases of coarctation occur sporad-
ically, but both environmental factors and
genetic causes are postulated. Supporting the
former, bimodal seasonal peak incidence is
reported to occur between September and
November and January and March (21). For
the latter, concordance in monozygotic twins,
autosomal dominant transmission, and high
first-degree relative transmission have been
described (34–36). The relationship between
coarctation and left ventricular outflow tract
obstructive lesions is postulated to occur
through a single gene mutation (37). Common
associated chromosomal syndromes include tri-
somy 13, trisomy 18, and 45 XO karyotype (1).

Aortic Arch Anomaly

Aortic arch anomalies occur in 0.5–1.6% (13,
18) of congenital heart disease presentations.
Review of surgical case series over the past
20 years found that males have a slightly
greater prevalence than females (1.2:1) (38–
46). Depending on the severity of vascular
compression and the presence of cardiovascu-
lar and noncardiovascular comorbid congeni-
tal disease, presentation may occur during the
neonatal period, infancy, childhood, or young
adulthood. However, review of surgical case
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series found that most patients first exhibit res-
piratory symptoms by 1 year of age (range
4.5–20 months, average 12 months) (39–41, 43,
44, 46, 47). In a retrospective review of 35
symptomatic pediatric patients (2 weeks to 17.5
years), McLaughlin et al. reported that diagno-
sis was made by 6 months of age in 34% and by
12 months of age in 63%. About 37% of patients
were diagnosed with an aortic arch anomaly
after 1 year of age (47).

The most common symptomatic anomalies
are a double aortic arch (49%, range 36–72%)
and a right aortic arch with a left ligamen-
tum/ductus arteriosum (28%, range 8–49%).
Less frequent symptomatic anomalies include
innominate artery compression (10%, range up
to 3.3–27%), left aortic arch with an aberrant
right subclavian artery (8%, range up to 1.7–
20%), and pulmonary sling (5%, range up to
1.8–12.5%) (38–44, 46–48). With a double aor-
tic arch, right dominance occurs in 66% (range
37–81%), left dominance in 16% (range 10–20%),
and codominance in 17% (range 3–53%) (38, 43–
45, 47). With a right aortic arch–left ligamentum,
a diverticulum of Kommerell occurs in 15–21%
(43, 45).

In reported case series, associated congeni-
tal heart abnormalities were found to occur in
12–32% (average 18%) of patients with aortic
arch anomalies (38, 40, 42–45, 48, 49). Com-
mon abnormalities include ventricular septal
defects (37%, range 18–71%), patent ductus arte-
riosus (21%, range 0–57%), right-sided obstruc-
tive lesions (including Tetralogy of Fallot; 18%,
range 0–23%), coarctation (9%; range 0–40%),
and atrial septal defects (3%, range 0–14%)
(38, 40, 42–45, 49). Analysis showed that 50%
(range 0–70%) of these lesions occurred with a
right aortic arch–left ligament, 33% (range 10–
50%) with a double aortic arch, 9.7% (range 0–
70%) with an aberrant right subclavian artery,
3.6% (range 0–10.5%) with a pulmonary sling,
and 3.6% (range 0–20%) with innominate artery
compression. Among patients with a right aor-
tic arch–left ligament and a double aortic arch,
authors reported a prevalence of 23% (range 19–
42%) and 12% (range 3–43%), respectively, for
associated congenital heart lesions (38, 42–45,
48).

Tracheomalacia may occur in up to 53% of
patients with symptomatic aortic arch anoma-
lies (50). Defining tracheomalacia as a tracheal

cross-sectional area reduction by greater than
50% in expiration as compared to inspiration,
Lee et al. found in a two-reader analysis of
15 patients with aortic arch anomalies under-
going 16- or 64-channel dynamic inspiratory–
expiratory multidetector-row CT that 8 patients
with tracheomalacia had an average reduction
of 87% (range 60–100%). The seven patients
without tracheomalacia had an average reduc-
tion of 8.2% (range 0.2–27%). Tracheomalacia
occurred in 100% of patients with innominate
artery compression, 33% of patients with a dou-
ble aortic arch, and 20% of patients with a
right aortic arch and an aberrant left subcla-
vian artery. Nine of the study patients under-
went bronchoscopy, confirming the presence of
tracheomalacia in seven patients and exclud-
ing tracheomalacia in the other two patients
(50). In a retrospective surgical review of 29
patients undergoing double aortic arch repair,
Shanmugam et al. achieved similar results.
Thirty-one percent of their study patients
had tracheomalacia (49) (limited to moderate
evidence).

Pulmonary slings are associated with tracheal
abnormalities including tracheal rings, tracheo-
malacia, and right upper lobe bronchus. In a ret-
rospective review of 12 patients who underwent
surgical repair for pulmonary sling, Backer et
al. reported 42% to have tracheal rings (51).
Horvath et al. found 40% of pulmonary sling
patients to have severe tracheomalacia (52). In
a study by Chen et al., all patients with a left
pulmonary artery sling presented with tracheal
stenosis (100%), and there was a high inci-
dence of right tracheal bronchus (22%), right
lung hypoplasia (22%), persistent left supe-
rior vena cava (22%), and left patent ductus
arteriosus (39%) (53). In a more recent retro-
spective review of surgical experience for pul-
monary sling (31 patients), Oshima et al. found
100% of the patients to have short- (29%) and
long (81%)-segment tracheal stenosis from tra-
cheal rings, while 19% had a right tracheal
bronchus (54).

There is no reported seasonal variance for
the birth prevalence of aortic arch anomalies.
Turner et al. reported 4% of patients with arch
anomalies to have 22q11 deletion (46). This
compares to 35% of patients with chromosome
22q11 deletion potentially having an aortic arch
anomaly (55).
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Overall Cost to Society

Limited information was found in the medi-
cal literature regarding cost-effective diagnostic
algorithms for coarctation. In a retrospective
review comparing MRI and echocardiogra-
phy obtained in young children prior to bal-
loon angioplasty for coarctation, Mendelsohn
et al. found no significant difference between
either modality to provide quantitative analy-
sis for required treatment planning. However,
MRI defined collateral flow with greater accu-
racy while echocardiography was superior for
intracardiac anatomy. An “echo-first” protocol
followed by MRI for nondiagnostic echocar-
diograms would incur higher cost than if the
workup proceeded directly to MRI for cases
when it was felt echocardiography would be
limited or nondiagnostic (56). Therrien et al.
evaluated cost-effective sensitivities of clini-
cal office visits, chest radiography, echocar-
diography, exercise stress testing, and MRI to
detect recoarctation or aneurysms in a cohort
of patients who previously underwent surgical
repair. The authors concluded that clinical visit
with MRI was the most cost-effective strategy.
Clinical evaluation with screening echocardiog-
raphy and an MRI for positive echocardiograms
cost only slightly more; however, 3% of recoarc-
tation or aneurysms may have been missed on
screening echocardiography (57).

No data were found in the medical litera-
ture regarding overall cost to society for diag-
nosis, treatment, and sequelae of aortic arch
anomalies. Both diagnostic and treatment algo-
rithms are discussed in the literature, but no
cost-effectiveness data were found specifically
incorporating imaging strategies in the diagno-
sis and management of symptomatic patients
with suspected vascular ring, pulmonary sling,
or other aortic arch anomalies.

Goals

For both coarctation and aortic arch anomalies,
early diagnosis and intervention are paramount
to minimizing morbidity and mortality. Initial
diagnosis and treatment planning should be
made with high accuracy and confidence, uti-
lizing a minimum number of modalities. Inves-
tigations should limit redundant data accumu-

lation and minimize the use of invasive modal-
ities and radiation. When radiation modalities
are employed, dose reduction strategies should
always be employed.

Imaging evaluation of the congenital aor-
tic arch lesions focuses on structural morphol-
ogy and flow analysis. Primary interpretation
addresses the caliber of the ascending aorta;
the location, number, sidedness, and caliber of
the arch(es); the number, course, and caliber of
the aortic arch branches; the patency and cal-
iber of the isthmus; the course and patency of
the descending aorta; and the course and cal-
iber of pulmonary branch arteries. The duc-
tus is classified as patent or closed. If coarc-
tation is identified, the narrowing is classified
in relation to the ductus and collateral flow is
assessed. If an aortic arch anomaly is detected
and the duct is closed, ligament sidedness is
determined by recognition of a diverticulum of
Kommerell or a ductal nimple. For both coarc-
tation and aortic arch anomalies, search is made
for associated cardiovascular and noncardio-
vascular abnormalities. For vascular rings and
pulmonary slings, the compressed tracheal and
esophageal segments are characterized by loca-
tion, length, and degree (qualitative and quan-
titative). Consideration is given to the assess-
ment of tracheobronchial structural properties
and airway dynamics and exclusion of tracheo-
bronchomalacia and complete cartilaginous tra-
cheal rings. Central airways and the esophagus
should be assessed for fluid and debris. Con-
sideration may also be given to assessment of
aspiration, airway disease, and pneumonia.
Alternative causes of tracheoesophageal nar-
rowing, including cardiac chamber, pulmonary
arteries, aortic arch, and innominate artery,
extrinsic compression, should be excluded.
Postoperative and postendovascular evalua-
tion should assess patency of the aorta and
branch arteries and exclude aneurysms, pseu-
doaneurysms, and iatrogenic aortic injury. In
addition, for those patients who have under-
gone stent placement, stent migration and
fatigue should be excluded.

Methodology

For data regarding the diagnostic performance
of clinical and radiographic examinations of
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patients with suspected coarctation and aor-
tic arch anomalies, a MEDLINE search was
performed using PubMed (National Library of
Medicine, Bethesda, MD). Imaging and treat-
ment outcome literature review was based
upon searches up to January 2009. Search
methodology used the following statements: (1)
coarctation, (2) vascular ring, (3) pulmonary
sling, (4) hypertension, (5) congestive heart fail-
ure, (6) respiratory distress, (7) recurrent infec-
tion, (8) dysphasia, (9) surgical repair, (10) bal-
loon angioplasty, (11) endovascular stents, (12)
ultrasound, (13) echocardiogram, (14) esopha-
gram, (15) MRI and MR angiography, and (16)
CT angiography.

Discussion of Issues

I. Which Clinical Symptoms and
Signs May Suggest the Presence of
Coarctation or an Aortic Arch
Anomaly?

Coarctation

Summary of Evidence: Coarctation results in
aortic flow obstruction and increased left ven-
tricular afterload. The alterations in systemic
perfusion, along with activation of sympa-
thetic and renin–angiotensin systems, in turn
lead to increased blood pressure. Most clin-
ical signs and symptoms are a direct man-
ifestation of this process. Two other sources
for presentation are valvular disease (aortic
and mitral) and infectious endocarditis. Clin-
ical presentation during the neonatal period,
infancy, childhood, adolescence, or adulthood
depends on the location of the coarctation,
the rate of ductal closure, the severity of the
coarctation, the presence of collateral arter-
ies, and the presence and type of cardiac
lesion. Neonates and young infants may present
with lethargy, poor feeding tolerance, failure
to thrive, congestive heart failure, renal insuf-
ficiency, and circulatory collapse (shock), while
pediatric patients beyond the neonatal period
in addition to lethargy, poor feeding tolerance,
and failure to thrive, more commonly present
with fatigue, exertional dyspnea, claudica-
tion, chest pain, headaches, dizziness, epistaxis,
fevers, and/or asymptomatic hypertension
(limited to moderate evidence). Detection of

a systolic murmur, diminished femoral pulses,
and elevated upper relative to lower extremity
blood pressure are important clinical findings in
the evaluation of coarctation (limited to mod-
erate evidence). Upper extremity systolic blood
pressure greater than the lower extremity sys-
tolic blood pressure merits further diagnostic
workup (limited to moderate evidence).

Supporting Evidence: In a review of 80 patients
(2 weeks to 49 years old) who underwent surgi-
cal repair for coarctation, Kish et al. found that
100% of patients less than 3 months of age pre-
sented with congestive heart failure; only 9% of
those greater than 3 months had cardiac dys-
function (25).

A study by Cheatham et al. reported that
in patients less than 2 years of age (78% hav-
ing congenital heart anomalies), 75% presented
with heart failure, while 3% had fatigue and 9%
failure to thrive as the main presenting symp-
tom. In Cheatham’s cohort of pediatric patients
greater than 2 years of age (21% having congen-
ital heart anomalies), 8% presented with heart
failure, while 15% had fatigue, 10% claudica-
tion, and 10% failure to thrive (22). In a clinico-
pathologic study of 84 patients beyond 1 year
of age (range 1–49 years old, mean 17 years
old), including 48 with isolated coarctation and
36 with associated cardiac lesions, Glancy et
al. reported that the most common presenting
symptoms included dyspnea (44%), claudica-
tion (39%), fatigue (27%), epistaxis (19%), chest
pain (18%), and headaches (18%). Only 18% pre-
sented with heart failure—all of whom had an
associated cardiac lesion (58).

Regarding physical exam findings, 74–95% of
patients are reported to have elevated blood
pressure above that of age-matched popula-
tions, while 88–100% have a systolic murmur
and 85–96% have decreased femoral pulses (22,
23, 25, 58) (limited to moderate evidence). Lib-
erthson found that 72% of pediatric patients <1
year of age and 83% of patients between 1 and
18 years of age have blood pressure exceed-
ing the 90th percentile (23) (limited to moder-
ate evidence). In a retrospective review of 108
infants surgically treated for coarctation over
12 years, Glass et al. reported 84% of clinical
diagnoses could be made by palpating femoral
arteries (i.e., diminished pulses) and obtain-
ing blood pressure readings in the upper and
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lower extremities (2) (limited to moderate evi-
dence). In a study of 40 children (mean age 11
years) including 20 healthy controls, Rahaila et
al. demonstrated that the value to warrant fur-
ther diagnostic imaging evaluation was a blood
pressure 5–10 mmHg higher in the arm than in
the leg (59) (limited to moderate evidence). Park
et al. compared blood pressure gradients and
pulsed Doppler recordings in 74 healthy chil-
dren and 21 children with preoperative or post-
operative aortic coarctation. The authors con-
cluded that (1) if the systolic pressure in the calf
or the thigh was lower than that in the arm, the
presence of aortic coarctation was suspicious
and (2) if the arm systolic pressure minus calf
systolic pressure and/or arm systolic pressure
minus thigh systolic pressure is greater than the
mean plus two standard deviation for normal
children, the diagnosis of aortic coarctation is
likely (60) (limited to moderate evidence).

Aortic Arch Anomaly

Summary of Evidence: The clinical presentation
of a vascular ring or a pulmonary sling reflects
the severity of compression on the trachea,
esophagus, or both. The age of presenta-
tion correlates indirectly with the degree of
narrowing. Respiratory symptoms are more
prevalent among infants and young children,
while esophageal symptoms are more common
among older children, adolescents, and adults.
As there are no direct vascular signs or symp-
toms, a high index of suspicion is necessary to
reach a correct working differential diagnosis
(limited to moderate evidence).

Supporting Evidence: Review of surgical expe-
rience over the past 40 years finds that most
patients present with respiratory symptoms
(91%, range 80–100%), including stridor (53%,
range 42–100%), recurrent infections (32%,
range 21–47%), respiratory distress (26%, range
0–78%), wheezing (21%, range 0–86%), and
cough (13%, range 0–24%) (limited to moderate
evidence). Gastrointestinal complaints are less
frequent occurring in 36% of patients (range 15–
60%), mostly adults. Dysphagia (54%, range 0–
100%), feeding difficulties (28%, 0–100%), and
failure to thrive (8%, range 6–46%) are most
common (38, 40–46, 61, 62). Multiple authors
have shown that more severe constrictions (as
with a double aortic arch) manifest in younger

patients with stridor, respiratory distress, and
feeding difficulties, while less severe lesions, as
found in older patients, result in recurrent infec-
tions and dysphagia (38, 42, 46). When there
are associated cardiac defects, cardiac symp-
toms will also be present. Kocis et al. reported
murmurs (10%), congestive heart failure (8%),
cyanosis (3%), cor pulmonale (2%), and chest
pain (2%) to be most common among the cohort
of 19% presenting with cardiac symptoms (43).

II. What Is the Natural History of
Thoracic Aorta Coarctation and Aortic
Arch Anomalies?

Coarctation

Summary of Evidence: In the neonatal period,
the inability to develop collateral flow as the
aorta constricts leads to left heart dysfunction
and potentially pulmonary hypertension and
right heart dysfunction with enlarged cardiac
chambers. This is exacerbated by comorbid con-
genital heart lesions (limited to moderate evi-
dence). Diminished cardiac output can lead to
fatigue during feedings, renal insufficiency, and
systemic shock. The feeding intolerance can
result in failure to thrive. For those with suffi-
cient compensatory collateral flow that delays
presentation until later in life, secondary car-
diovascular complications will develop as a
result of the systemic hypertension, potential
valvular disease, and potential bacterial endo-
carditis (moderate evidence). For all patients,
unrepaired coarctation increases patient mor-
bidity and mortality, reducing expected life
expectancy as compared to the general popu-
lation (moderate evidence). Medical manage-
ment is first initiated to maintain ductal arterio-
sum patency, to control hypertension, and/or
to control cardiac function. Definitive patient
management requires surgical repair. In select
patients, endovascular therapy is an option
with balloon angioplasty, stent placement, or
both. While surgery improves patient survival,
patients may have residual hypertension plac-
ing them at risk for subsequent cardiovascu-
lar disorders, including coronary artery dis-
ease, ischemic heart disease, congestive heart
failure, aortic valvular disease, aortic root
dilatation, aortic aneurysms, aortic rupture,
aortic dissection, cerebrovascular ischemia,
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cerebral hemorrhage, and bacterial endocardi-
tis. Age at the time of coarctation repair is
a determining factor for operative mortality,
recoarctation, and residual hypertension. To
optimize surgical outcome and minimize poten-
tial future cardiovascular risk, elective coarcta-
tion repair is recommended in early childhood
and should not be delayed past 10 years of age
(limited to moderate evidence).

Supporting Evidence: In an autopsy review of
304 patients who did not undergo surgical
repair, Campbell found that nearly 90% of
patients died prior to 50 years of life. Causes
of death included congestive heart failure, aor-
tic rupture, intracranial hemorrhage, and bacte-
rial endocarditis. The mean age of death was
calculated to be 34, as compared to 71 for
the control population (63). In a study review-
ing a 12-year surgical experience for coarcta-
tion in infants less than 1 year of age, Glass
et al. reported a 50% mortality rate if coarc-
tation was not repaired and appropriate med-
ical management initiated. Fifty-three percent
of the deaths occurred in neonates less than
4 weeks of age (2). Following surgical repair
for coarctation, Bobby et al. showed that sur-
gical repair increased life expectancy but did
not achieve that of the expected general pop-
ulation. In comparison to Campbell et al., 70%
of patients reached the sixth decade of life and
50% were alive at 70 years of age. Survival data
from two studies examining patients following
surgery reveal 79% to be alive at 40 years (28)
and 74% at 44 years (64), with a mean age of
death of 34 and 37 years, respectively.

Pediatric surgical repair for coarctation most
commonly consists of resection with direct end-
to-end anatomists (70–97%) or extended end-to-
side anastomosis (30%). Other options include
interposition graft (1–3%), patch aortoplasty (3–
5%), and left subclavian flap transposition (5%)
(22, 65, 66). Depending on the age in which
repair is undertaken and the surgical technique,
operative mortality over the past 40 years for
pediatric patients has been reported to range
between 2 and 41% (2, 20, 22, 30, 65–68). Var-
ious groups have shown mortality to be high-
est in infants less than 1 year (19–45%) (2, 30,
66). In a review of 333 operative pediatric cases,
Tawes et al. reported that mortality reached 45%
in patients less than 1 year and was significantly

lower in infants older than 1 (2.6%). Preductal
coarctation, multiple congenital heart lesions,
and congestive heart failure were prevalent
in the cohort of demised infants (20, 33). In
more recent surgical experience, Williams et al.
reported mortality rates of 25% for infants less
than 1 year with complex congenital heart dis-
ease and only 4% for those with isolated coarc-
tation (66).

Recoarctation has been reported to occur in
4–26% of pediatric patients (20, 22, 30, 65, 67,
69). Several studies have shown recoarctation to
have a higher rate in infants less than 1 year.
Among 248 patients who survived operative
repair, Tawes et al. reported that 21 patients
(8%) developed recoarctation over 2 months to
16 years. Ninety-five percent were less than 1
year, yielding a recoarctation rate among sur-
viving infants of 20% as compared to 0.6% rate
for those older than 1 year (20). Sorland et al.
found a recoarctation rate of 57% among infants
less than 1 year as compared to 17% for those
operated after 1 year (65). Similarly, Rostad et
al. reported a rate of 52% for infants and 14% for
those older than 1 year (67). Applying actuarial
analysis for infants who underwent coarctation
repair, Williams et al. found that recoarctation
occurred in 54% within 7 years (66).

Examining outcome data from pediatric sur-
gical review series found that isolated late
hypertension occurs in 12.5–21% (22, 23, 65, 69).
Multiple authors have reported that the preva-
lence of late hypertension increases with the age
at the initial operation and that a greater degree
of blood pressure normalization is achieved
when repair occurs in early childhood. Liberth-
son et al. found a prevalence of 6% when oper-
ated at 1–5 years of age, 27% at 6–10 years
of age, 33% during adolescence, 51% during
young adulthood, and 44% after 30 years of
age (23). Cohen et al. reported that the lowest
prevalence was achieved when the coarctation
repair occurred under 9 years of age (70). Toro-
Salazar et al. found similar results. However, in
addition to an age of less than 9 years, these
authors reported that the presence of hyper-
tension at the first postoperative clinic visit
and the development of postoperative para-
doxical hypertension were independent risk
factors. Long-term survival was highest when
surgery occurred between 1 and 5 years of
age (28).
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Aortic Arch Anomaly

Summary of Evidence: Chronic tracheoe-
sophageal compression from an unrepaired
vascular ring or a pulmonary sling may result
in persistent respiratory and gastrointesti-
nal dysfunction. Secondary upper airway
abnormalities and intrathoracic airway obstruc-
tion may lead to exercise intolerance, apnea,
cyanosis, and recurrent upper and lower respi-
ratory infections, while continuous esophageal
compression may result in feeding intolerance,
failure to thrive, and aspiration. Surgical repair
is definitive management to relieve symp-
toms. This consists of dividing the vascular
ring and in the case of a pulmonary sling,
reimplanting the left pulmonary artery. In the
majority of cases, the surgical approach is a
left thoracotomy. Residual tracheal narrowing
may occur from intrinsic pathology and/or
extrinsic compression. Postoperatively, pul-
monary function testing (PFT) can be applied
to initially screen for central airway (tracheal)
obstruction (intrinsic or extrinsic). Intrinsic
tracheomalacia and tracheal rings may cause
persistent narrowing and symptoms, leading to
postoperative morbidity and mortality. Addi-
tional surgical procedures such as aortopexy,
tracheal segmental resection, and tracheoplasty
may be required at the time of anomaly repair
to treat both tracheomalacia and tracheal rings
(limited to moderate evidence).

Supporting Evidence: In a retrospective review of
69 patients who underwent surgical repair for
tracheobronchial compression, Horvath et al.
reported high preoperative morbidity related
to late diagnosis. One hundred percent had
recurrent respiratory infections treated with
antibiotics. In 35%, preoperative management
required endotracheal ventilation with 12.5% of
these patients necessitating tracheostomy (52).

Repair of a vascular ring or a pulmonary
sling is approached from a left thoracotomy in
87% of patients (range 57–93%), a right tho-
racotomy in 7% (range 1–41%), and a median
sternotomy in 6% (range 2–9%) (38, 40–42, 44,
49). Operative mortality ranges between 3 and
7% (40–42, 44, 46, 49, 52). Rivilla et al., Hor-
vath et al., Shanmugam et al., and Turner et al.
each individually reported that tracheomalacia
was a significant contributing factor in all cases
of patient demise in their respective surgical
experiences (40, 46, 49, 52). Mclaughlin et al.

reported that 50% of patients requiring post-
operative tracheostomy had significant tracheo-
malacia (47), while Turner et al. reported that
100% of patients requiring a tracheostomy had
tracheomalacia (46).

Regarding long-term clinical surveillance and
outcome, surgical repair achieves symptomatic
relief in 80% (range 70–95%) of patients. Among
the 20% (range 5–30%) of patients with resid-
ual symptoms, 36% (range 17–100%) may have
tracheomalacia (38, 42, 44, 47, 49). Horvath et
al. applied PFTs in 15% of surviving patients
to screen for central airway obstruction. Thirty
percent of these patients were found to have
decreased peak expiratory flow rates, warrant-
ing advanced imaging to assess for residual nar-
rowing (52).

III. What Are the Diagnostic
Performances of Imaging Modalities
Used to Evaluate Suspected
Coarctation and Aortic Arch
Anomalies?

Coarctation

Summary of Evidence: Chest radiography has a
low to moderate sensitivity, depending of the
age of the patient, the degree of coarctation, and
the presence of associated cardiac anomalies. It
is useful to assess the heart size, screen for con-
gestive heart failure, and exclude other poten-
tial etiologies. In isolated coarctation, key diag-
nostic findings include aortic rib notching and
a “figure of 3” contour (limited evidence). In
neonates and infants with optimal acoustic win-
dow, echocardiography has a high sensitivity
of >90% for coarctation (moderate evidence). In
older children, contrast-enhanced MR angiog-
raphy is superior to transthoracic echocardiog-
raphy and other MR imaging techniques for the
diagnosis of congenital coarctation and obstruc-
tive aortic arch anomalies (moderate to strong
evidence). CT angiography is a useful and sen-
sitive alternative modality to MRA when MRI
may be contraindicated (i.e., aortic stent) or not
available (limited to moderate evidence).

Supporting Evidence: Glancy et al. reported
51% of chest radiographs to have rib notch-
ing. Seventy-two percent were in patients with
isolated coarctation. Rib notching correlated
inversely with the aortic lumen and directly
with the patient’s age (58). Similarly, Kish et al.
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found that in patients greater than 3 months of
age with coarctation, 59% had rib notching. The
“figure of 3” aortic contour has sensitivity as
low as 4% on routine chest radiography (25),
increasing to 64% if oral contrast is given (58).
In isolated coarctation, the heart size is most
often normal (63%) or mildly enlarged (35%). In
distinction, in 94% of patients with associated
cardiac lesions, the heart is enlarged (58). Kish
et al. in a retrospective review of 80 patients (2
weeks to 49 years) found that 92% of neonates
presenting at less than 3 months of age had
cardiomegaly as compared to 44% of patients
greater than 3 months of age (25).

The largest series found comparing multiple
imaging modalities is from Ming et al. (mod-
erate to strong evidence). Contrast-enhanced
MR angiography, ECG-gated T1-weighted spin-
echo imaging, and gradient-echo cine imag-
ing were performed for the diagnosis of con-
genital obstructive aortic arch anomalies in
416 patients (age range 3 days to 12 years,
mean age 2.4 years). Transthoracic echocardio-
graphy was performed in all patients prior
to the 1.5 T MR examination. Standard of
reference was based on final diagnosis at
surgery and/or conventional catheterization
angiography. Congenital obstructive aortic arch
anomalies were diagnosed in 213 patients and
ruled out in 203 patients. Among the 213
patients with anomalies, coarctation of the
aorta was diagnosed in 174, interruption of
aortic arch in 35, and persistent fifth aortic
arch with fourth aortic arch interruption in 4
patients. Diagnostic sensitivity, specificity, and
accuracy of contrast-enhanced MR angiogra-
phy were 98% (208/213), 99% (201/203), and
98% (409/416), respectively. Diagnostic sensi-
tivity, specificity, and accuracy of transthoracic
echocardiography were 88% (187/213), 92%
(186/203), and 90% (373/416), respectively. The
same diagnostic parameters for ECG-gated T1-
weighted imaging and gradient-echo cine imag-
ing were 89% (189/213), 84% (170/203), and
86% (359/416), respectively (71).

In an echocardiogram study by Smallhorn
et al., echocardiography correctly predicted the
presence of coarctation in 45 of 48 neonates
and infants (sensitivity 93.75%) (72). Huhta et
al. studied 261 consecutive infants and chil-
dren with congenital heart disease (age 1 day
to 20 years, mean 3.3 years) (moderate evi-
dence). In 255 patients (98%), complete visual-

ization of the ascending and descending aorta
was possible by two-dimensional transtho-
racic echocardiographic examination. One or
more significant aortic arch anomalies were
present on angiograms in 116 of 255 patients
(46%) and were detected by two-dimensional
echocardiography in 110 (sensitivity 95%, speci-
ficity 99%). Of those with coarctation, 27 out
of 29 cases were diagnosed correctly (93.1%)
(73).

Nihoyannopoulos et al. studied 540 consec-
utive patients prospectively aged 2 days to
15 years with a mean of 2 months (moder-
ate evidence). Standard of reference was sub-
sequent cardiac catheterization and angiogra-
phy. At angiography, 51 patients had aortic
arch obstruction; of these, 35 had juxtaduc-
tal coarctation, 15 isthmic hypoplasia, and 1
a type B interrupted aortic arch. The pres-
ence of arch obstruction was correctly diag-
nosed with two-dimensional echocardiography
in 45 of 51 patients for an overall sensitivity
of 88%. Echocardiography defined a juxtaduc-
tal coarctation in 33 of 35 patients and isthmic
hypoplasia in 13 of 15 patients (sensitivity 94
and 73%, respectively). Among the 489 patients
without aortic arch obstruction, echocardiog-
raphy incorrectly diagnosed the presence of
such obstruction in 9 patients (overall speci-
ficity 98%) (74).

A more recent echocardiography study from
2005 using the carotid–subclavian artery index
has been reported (limited evidence). Sixty-
three patients (47 neonates and 16 infants) and
23 controls were evaluated. The ratio of the aor-
tic arch diameter to the left subclavian artery
(carotid–subclavian artery index) was signifi-
cantly smaller in patients with coarctation. A
cutoff point at 1.5 showed a sensitivity of 97.7
and 94.7%, and a specificity of 92.3 and 100% for
neonates and young infants, respectively. The
positive predictive value for coarctation was
97.7 and 100% for neonates and infants, respec-
tively (75).

It is important to determine pressure gradi-
ent at the level of the coarctation (76). Catheter
angiography continues to be the standard ref-
erence to quantify pressure gradients. How-
ever, phase contrast MRI provides reliable non-
invasive data for determining pressure gradi-
ents at the coarctation site. Nielsen et al. ret-
rospectively reviewed 31 patients referred for
assessment of native or recurrent coarctation.
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By logistic regression analysis, the following
variables predicted a hemodynamically sig-
nificant coarctation gradient (>20 mm Hg):
(a) smallest aortic cross-sectional area from
gadolinium-enhanced 3D MR angiography and
(b) heart rate-corrected mean flow deceleration
in the descending aorta measured by phase-
velocity cine. The combination of these vari-
ables had a sensitivity of 95%, specificity of 82%,
and an area under the receiver–operator char-
acteristic curve of 0.938. In a subsequent valida-
tion study, the prediction model correctly clas-
sified 9 of 10 patients, with no false negatives
(76).

A retrospective review of 16 pediatric
patients (15 days to 2 years) by Hu et al.
compared 16-channel multidetector-row CT
angiography to color Doppler echocardiogra-
phy using operative findings as the reference
standard. CTA achieved an overall sensitiv-
ity of 100 with an 87.5% sensitivity for axial
interpretation and 100% sensitivity using
multiplanar and three-dimensional (3D) recon-
structions. Color Doppler echocardiography
had a sensitivity of 87.5% (limited to moderate
evidence) (77).

Aortic Arch Anomaly

Summary of Evidence: Diagnostic algorithms
are designed to first investigate the pulmonary
system and upper gastrointestinal tract with a
secondary aim of excluding a vascular ring or
a sling. Algorithms utilize chest radiographs,
barium esophagrams, echocardiography,
angiography, and bronchoscopy. MRI–MRA
and CTA have the highest diagnostic perfor-
mance (sensitivity and specificity) followed
closely by the esophagram in evaluating aor-
tic arch vascular rings (limited to moderate
evidence). However, the esophagram may
not detect pulmonary slings, for which cross-
sectional vascular imaging is required (limited
evidence). Chest radiography is most helpful to
establish arch sidedness and exclude parenchy-
mal abnormalities. Invasive bronchoscopy is
reserved for direct assessment of the airway
and exclusion of tracheomalacia.

Supporting Evidence: Chest radiography is per-
formed as part of the initial evaluation. It is
readily accessible and exposes patients to mini-
mal radiation. While it is a rapid means to deter-
mine arch sidedness, detect airway narrowing,

and assess for atelectasis, pneumonia, bronchial
wall thickening, and air trapping, it has a low
sensitivity for detection of a symptomatic vas-
cular ring or a pulmonary sling. Recognition of
a right aortic arch or an eccentric (unilateral or
bilateral) tracheal narrowing should raise sus-
picion for a ring (47). In a retrospective review
of 24 patients (mean age 4.5 months, range birth
to 8.7 years) presenting with symptomatic vas-
cular rings, Turner et al. reported a sensitivity of
only 4% (46) (limited evidence).

The esophagram is essential for evaluating
the upper gastrointestinal tract in patients
who have feeding difficulties and dysphasia.
Search is made for a retro- or anteroesophageal
concave impression. The retroeosphageal
impression may reflect a double aortic arch,
an aberrant subclavian artery, an aberrant bra-
chiocephalic artery, or a circumflex aorta. The
anteroesophageal impression would suggest
a pulmonary sling. Rivilla et al. found that
the esophagram could diagnose esophageal
compression in 90% of cases, depicting the
impression on the esophagus and its relation-
ship to the trachea (40, 47). Both Chun et al.
(41) and Turner et al. (46) found esophagrams
to have a sensitivity of 95% in diagnosing
aortic arch anomalies (limited evidence). In a
retrospective clinical review of 82 patients with
aortic arch anomalies, Woods et al. reported that
most diagnoses could be made by the esopha-
gram in conjunction with echocardiography.
The esophagram was limited in detecting a
pulmonary sling as well as innominate artery
compression (44).

Echocardiography may be used as a screen-
ing modality or as an adjunct means to confirm
the diagnosis following a positive esophagram.
However, echocardiography may not always
depict intrathoracic vascular and nonvascular
structures in their entirety, as needed for sur-
gical planning. Echocardiography is dependent
on the operator and an appropriate acoustic
window to display the aortic arch, isthmus,
and branch vessels (78). An adequate acous-
tic window is more often obtained in new-
borns and young infants than in older children
and adults. Echocardiography is most useful for
diagnosing associated congenital heart disease.
Among 15 of 24 pediatric patients with a known
vascular ring, Turner et al. found echocardiog-
raphy to have a sensitivity of only 47% (46) (lim-
ited evidence).
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Until recently, catheter angiography has been
considered the standard means to angiograph-
ically evaluate aortic arch anomalies. While
catheter angiography provides a direct vascu-
lar display of the thoracic aorta, arch anatomy,
and branch arteries to facilitate diagnosis and
treatment planning, it is an invasive study that
requires sedation or anesthesia, is dependent
on iodinated contrast, and generates potentially
moderate to high radiation exposure. Turner et
al. found catheter angiography to have a sensi-
tivity of 100% (46) (limited evidence).

MRI–MRA and CTA have replaced conven-
tional angiography in most algorithms requir-
ing angiography. The diagnostic capability of
MRA and CTA is equivalent to the diagnos-
tic capability of catheter angiography and both
are noninvasive. In addition, both can eval-
uate associated congenital heart lesions, can
generate three-dimensional angiographic dis-
plays, and can depict the aortopulmonary–
tracheoesophageal topographic relationship for
diagnosis and treatment planning. MRI–MRA
and CTA directly evaluate the aortic arch
anomaly and the etiology and degree of cen-
tral tracheoesophageal compression (79) (lim-
ited evidence).

MRI is advantageous over CTA in that aor-
tic arch and aberrant artery flow dynamics can
be quantified and the exam is performed with-
out radiation or iodinated contrast medium.
MRI, however, is not always readily accessi-
ble for timely diagnostic evaluations and is not
applicable to all patients, as select implantable
devices preclude its use and ferromagnetic sus-
ceptibility artifact can render portions of or
the entire exam nondiagnostic. MRI has lim-
ited spatial resolution, particularly for evaluat-
ing peripheral airways and lung parenchyma.
Complete exams with functional and hemody-
namic sequences may take up to 45–60 minutes,
often necessitating sedation for pediatric cases.
In a study consisting of 18 subjects with congen-
ital aortic arch anomalies, Kersting-Sommerhoff
et al. showed that MRI can provide sufficient
anatomic information for the effective, nonin-
vasive evaluation of patients with congenital
aortic arch anomalies (limited evidence) (80).
In a recent study of 11 infants and children,
Greil et al. established that noninvasive 3D MRI
using 3D double-slab FISP MR angiography is
effective in diagnosing vascular rings and slings
in free-breathing infants and children without

intravenous contrast agent or associated radia-
tion exposure (limited evidence) (81). In a ret-
rospective review of 22 patients, Eichorn et al.
found MRA to have sensitivities and speci-
ficities of 100% for diagnosing an aortic arch
anomaly (79). Turner et al (46), and Shanmugam
et al. (49) achieved accuracies of 100% in the
cohort of patients who underwent MRI (limited
evidence). MRI is recommended for pulmonary
sling evaluation (44, 82).

CT angiography is advantageous for its high
spatial resolution and rapid acquisition time.
For most pediatric patients with a suspected
aortic arch anomaly, it obviates the need for
sedation and anesthesia. CTA is most advan-
tageous for simultaneous evaluation of cen-
tral and peripheral airways and the lung
parenchyma. Tracheobronchomalacia, tracheal
rings, atelectasis, pneumonia, and air trapping
can all be assessed. Although CTA is dependent
on radiation and iodinated contrast medium,
low radiation dose and low contrast medium
protocols can and should be employed for safe
practice. Eichorn et al. found CTA to have sen-
sitivities and specificities of 100% for diagnos-
ing an aortic arch anomaly (79). Turner et al.
achieved an accuracy of 100% in the select
patients who had a CTA (40). Shanmugam et al.
(49) utilized CT angiography to evaluate 11 out
of 29 patients with a double aortic arch, report-
ing 100% accuracy (limited evidence). CT is also
recommended as an option to evaluate for a
pulmonary sling (44). With regard to diagnos-
ing tracheomalacia with CT, Lee et al. reported
100% sensitivity with dynamic inspiratory–
expiratory, low-dose acquisitions (50) (limited
evidence).

Although invasive, bronchoscopy offers the
direct means to diagnose and evaluate tra-
cheal narrowing and tracheomalacia. With this
method, arch anomalies are diagnosed indi-
rectly by recognizing the location of narrow-
ing and determining that it is from extrinsic
compression. While bronchoscopy may demon-
strate a pulsating mass at the level of extrin-
sic compression, it cannot define the entire
anatomical morphology of the arch anomaly.
Supporting its application for evaluating tra-
cheomalacia in this patient population, Shan-
mugam et al. reported that 14 out of 29 patients
with a double aortic arch underwent pre-
operative bronchoscopy. 64% of these patients
had tracheomalacia (49). Iatrogenic bronchial
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wall edema during bronchoscopy may exacer-
bate tracheal narrowing and symptoms (limited
evidence).

Take Home Figures

What Is the Diagnostic Imaging
Workflow for Suspected Thoracic
Aorta Coarctation?

The diagnostic algorithm for suspected coarcta-
tion is shown in Fig. 25.1. Chest radiography

is recommended as the first imaging modality.
For an infant, a single frontal anterior–posterior
projection is obtained. For all other patients,
frontal and lateral views are recommended. If
the patient is an infant or a young child, or
if the chest exam reveals cardiomegaly, con-
gestive heart failure, or both, echocardiography
should be performed. For all other patients or
if echocardiography has a suboptimal acous-
tic window, MRI with MRA is the study of
choice. CT angiography should be obtained if
there are contraindications to MRI, MRI is not

ECHO
Infant 

Young Child
Older Child to 
Young Adult

ECHO

Treatment

NegativePositiveYes

Negative

Treatment
Consider 

MRI-MRA 
or CTA 

NO 1st MRI-MRA
2nd Low Dose CTA

Appropriate 
Window

Cardiomegaly
or CHF

Rib Notching,  
 “Figure of 3”, or 

Normal

Suspected Coarctation

Chest Radiograph

Positive

Figure 25.1. Diagnostic algorithm for suspected coarctation.
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available, or if the patient is at a high seda-
tion risk. Following a positive MRI–MRA or
CTA, prior to surgical or endovascular repair,
echocardiography is recommended as a second
screening modality to assess cardiac morphol-
ogy and function and exclude congenital heart
defects. If diagnosis is first made by echocardio-
graphy, MRI–MRA or CTA may be considered
prior to intervention.

What Is the Diagnostic Imaging
Workflow for a Suspected Aortic Arch
Anomaly?

As shown in Fig. 25.2, modality consideration
reflects the dominating clinical symptoms. If
respiratory symptoms predominate, noninva-
sive advanced angiography is recommended.
As no radiation is utilized, MRI with MRA is the

 ECHO

Suspected Aortic Arch Anomaly

Chest Radiography:  Two Views

Positive Negative

1st MRI- MRA
2nd Low-Dose CTA

NegativePositive

Consider 
Bronchoscopy

MRI- MRA vs.
Low Dose CTA

Persistent 
Symptoms

Esophagram

Primary Gastrointestinal SymptomsPrimary Respiratory Symptoms

1st MRI-MRA 
2nd Low-Dose CTA

Surgery

Consider 
Bronchoscopy

ECHO

Consider 
Bronchoscopy

Positive Negative

Surgery 

Consider 
Bronchoscopy

Figure 25.2. Diagnostic algorithm for suspected aortic arch anomaly.
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study of choice. However, if there is a high sus-
picion for tracheomalacia, there are suspected
lung parenchymal abnormalities, or the patient
is at a high sedation risk, CT angiography is
the study of choice. In addition, if MRI is con-
traindicated or MRI is not available, CT angiog-
raphy is recommended. When gastrointestinal
symptoms predominate, an esophagram is rec-
ommended as the first imaging modality. A
positive esophagram should be followed by
an MRI–MRA or a CTA based upon the crite-
ria described above. Echocardiography is war-
ranted after a positive MRI–MRA or CTA to
assess cardiac morphology and function and
exclude congenital heart lesions. If symptoms

persist following a negative esophagram, con-
sideration should be given to either MRI-MRA
or CTA. If the airway has not been ade-
quately characterized and tracheomalacia, tra-
cheal rings or both have not been excluded,
either prior to surgical repair or following a neg-
ative MRI-MRA or CTA, invasive bronchoscopy
should be considered.

Take Home Tables

Tables 25.1 and 25.2 discuss the imaging per-
formances for coarctation and arch anomalies,
respectively.

Table 25.1. Diagnostic imaging performance for coarctation
Imaging modality Sensitivity (%) Specificity (%) Accuracy (%) References

3D MRA 98 99 98 (71)
MRI – ECG gated

T1-weighted and
gradient-echo CINE

89 84 86 (71)

CTA 100 100 100 (77)
Transthoracic ECHO 94 98 98 (74)

neonate to early
adolescence

88 92 90 (73)

neonate to late
adolescence

93 100 98 (73)

Table 25.2. Diagnostic imaging performance for aortic arch anomalies
Imaging modality Sensitivity (%) Specificity (%) Accuracy (%) References

3D MRA 100 100 100 (79)
CTA 100 100 100 (46)

100 100 100 (49)∗
Esophagram 95 NA NA (41)

95 NA NA (46)
Transthoracic ECHO 47 NA NA (46)

∗Patients limited to those with a double aortic arch.



Chapter 25 Coarctation and Arch Anomalies 375

Imaging Case Studies

Case 1

Figure 25.3 presents a case of a 17-year-
old male who presented with asymptomatic

hypertension and elevated upper extremity
systolic blood pressure relative to the lower
extremity.

Figure 25.3. A–F are selected images from a 17-year-old male who presented with asymptomatic hyperten-
sion and elevated upper extremity systolic blood pressure relative to the lower extremity. A frontal chest (A)
radiograph demonstrates bilobed convex prominence of the proximal descending aortic shadow (arrows) with
multiple ribs showing sclerosis and notching (arrowheads). High-resolution 3D MRA (B) confirms high-grade
juxtaductal coarctation (thick arrow) and dilation of the subclavian artery (short arrow) and aorta proximal to
the narrowing as well as poststenotic dilatation of the descending aorta immediately distal to the narrow-
ing. The dilated segments conform to the bilobed “figure of 3” radiographic appearance of the aortic shadow
with proximal (thin arrow) and distal (thick arrow) aortic enlargement relative to the coarctation. In B, note
the robust collateral network consisting of aortic arch branch arteries, intercostal arteries, and a dominant
post-coarctation collateral artery (thin arrow). Phase contrast MRI (C) was applied to quantify collateral flow.
Note the turbulent flow (signal) across the coarctation and the retrograde flow through the post-coarctation-
dominant collateral branch artery into the descending aorta. The patient was managed with endovascular
bare stent placement (D–F, thin arrows). A surveillance non-ECG-gated chest CT angiogram shows appropri-
ate positioning (E, F volume-rendered images) and wide patency (F) of the stent. Note the decompression
of the dominant post-coarctation collateral artery (short arrow). Mid and distal descending aorta intercostal
arteries remain patent (arrowheads).
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Case 2

Figure 25.4 shows images from a 19-month-old
male who presented with feeding intolerance
and gastroesophageal reflux.

Figure 25.4. A–E are selected images from a 19-month-old male who presented with feeding intolerance and
gastroesophageal reflux. Chest radiography demonstrates a right aortic arch (A, arrow; RAA) with anterior
displacement of the mid to distal trachea (BC, arrow), indicating a retroesophageal versus retrotracheal artery.
Volume-rendered images from a high-resolution 3D MRA (DE) confirm the RAA (D, long arrow) with an aber-
rant left subclavian artery (DE, short arrow). A posterior projection demonstrates a small diverticulum of Kom-
merell, indicating a complete ring formed by a left-sided ligamentum arteriosus (E, arrowhead).
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Suggested Imaging Protocols for
Coarctation and Arch Anomalies

Plain Radiograph

Frontal anterior–posterior projections are
obtained for infants. For other pediatric
patients, frontal and lateral views are rec-
ommended. Exam should be performed in
inspiration. If air trapping is suspected, bilat-
eral decubitus views can be obtained.

Esophagram

Multiprojectional real-time barium swallow
is performed with dose reduction strategies.
Search is made for posterior or anterior indenta-
tion of the esophagus to determine the presence
of a ring or a sling, respectively.

MRI

Bright and dark blood MRI sequences are
obtained followed by CINE short- and long-axis
imaging through the heart, pulmonary arteries,
and thoracic aorta. For an aortic arch anomaly,
focused dark blood imaging is recommended
through the trachea to evaluate for narrow-
ing. For coarctation, phase contrast imaging
is performed to assess the hemodynamics of
the coarctation and collateral flow. Aortic valve
short-axis CINE and phase contrast imaging
should be performed to assess the number of
leaflets and exclude stenosis, insufficiency, or
both. Gadolinium is administered and a 3D
MRA is acquired in the coronal or the sagit-
tal plane. Images are transferred to a worksta-
tion for interpretation using advanced imaging
techniques, including multiplanar reformations
(MPR), curved planar reformations (CPR), vol-
ume rendering (VR), and maximum intensity
projections (MIP).

CTA

High-resolution axial images are acquired using
low-dose techniques. Acquisition is timed such
that pulmonary arteries, thoracic aorta, and aor-
tic branch arteries are opacified. Images are
transferred to a workstation for interpretation
using advanced 3D visualization techniques.

Echocardiogram

For an appropriate acoustic window, two-
dimensional gray scale and color Doppler CINE
imaging is performed through the heart, tho-
racic aorta, aortic branch arteries, and pul-
monary arteries. In select cases, if there is avail-
able technology, 3D imaging can be considered
to assist in depicting complex anatomy.

Future Research

• Evaluate advanced MR and CT angiography
protocols using the latest generation of MR
and CT scanners and workstation technol-
ogy to determine diagnostic performance.

• Multimodality cost-effective analysis for
evaluation of suspected coarctation and aor-
tic arch anomalies.
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26
Imaging Evaluation of Mediastinal

Masses in Infants and Children
Edward Y. Lee

IssuesI. What are the clinical findings that raise suspicion for possible medi-
astinal masses in infants and children?

II. What is the diagnostic performance of the major methods to image
infants and children with mediastinal masses?

III. Which imaging approach is most appropriate in differentiating
normal thymus from abnormal anterior mediastinal masses in
infants?

IV. Which imaging modality is best equipped to evaluate anterior
mediastinal masses in infants and children?

V. Which imaging modality is most appropriate for evaluating middle
mediastinal masses in infants and children?

VI. What is the recommended imaging approach for evaluating neu-
rogenic tumors in the posterior mediastinum in infants and
children?

VII. What is the role of PET in the management of childhood lym-
phomas?

Key Points� The most common chest masses are located within the mediastinum in
infants and children. Approximately 80% of mediastinal masses con-
sist of malignant lymphoma, benign thymic enlargement, teratomas,
foregut cysts, and neurogenic tumors in the pediatric population (mod-
erate evidence).

� Mediastinal masses in the pediatric population are often asymp-
tomatic. However, infants and children may also present with clinical
symptoms characteristic of a particular type of mediastinal mass (lim-
ited to moderate evidence).
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� Mediastinal masses are typically detected and localized on frontal and
lateral chest radiographs, the initial imaging modality of choice. Fur-
ther evaluation can be performed with ultrasound, CT, or MRI depend-
ing on a combination of clinical presentation, age of patient, and loca-
tion of the mass (i.e., anterior, middle, or posterior mediastinum) (mod-
erate evidence).

� In infants, prominent but normal thymus can be differentiated from
neoplasm or other masses by ultrasound after initial evaluation with
chest radiographs (limited evidence).

� CT and MRI have similar sensitivity for further evaluation of a medi-
astinal mass. While CT is preferable to MRI for evaluating lung masses
and calcification in a mass, MRI is preferable to CT for evaluating chest
wall involvement (limited to moderate evidence).

� In evaluating mediastinal vascular anomalies presenting as middle
mediastinal masses in pediatric population, both CT angiography
(CTA) and MR angiography (MRA) are excellent diagnostic imaging
tests (moderate evidence).

� Magnetic resonance imaging (MRI) is the preferred test in evaluating
posterior mediastinal masses since most are neurogenic and have pos-
sible intraspinal extension (limited evidence).

� PET is useful in the initial staging, monitoring interim treatment
response, and reassessment after completed treatment in pediatric
patients with lymphoma (moderate evidence).

Definition and Pathophysiology

The mediastinum is defined anatomically as the
portion of the body within the thorax located
between the pleural spaces (1–10). It is bordered
by the thoracic inlet superiorly, the diaphragm
inferiorly, the sternum anteriorly, and the verte-
bral column posteriorly. With the exception of
the lungs, the mediastinum contains all of the
organs and tissues within the chest including
the thymus gland, the chest portion of the tra-
chea and esophagus, the great vessels, the heart,
lymph nodes, fat, and nerves (1–10). Within
each of these organs and structures, mediastinal
masses in infants and children can arise from a
wide variety of conditions including congenital
anomalies, benign and malignant neoplasms,
infection, which often present complex diagnos-
tic and therapeutic dilemmas (6, 11–24). In both
infants and children, mediastinal masses are
associated with variable signs and symptoms
depending on the underlying primary patho-
logic condition and functional compromise of
both structures within the mediastinum and the
lung (5, 11, 14, 22, 25).

In order to narrow the differential diagnosis,
the precise location of a suspected mediastinal
mass must be identified. The mediastinum is
traditionally divided into three compartments
on the lateral chest radiograph: anterior, mid-
dle, and posterior (Fig. 26.1) (1, 2, 4, 7, 8, 10).
The anterior mediastinal compartment is the space
bordered anteriorly by the sternum and pos-
teriorly by the pericardium. The predominant
anatomic structures and tissues located within
the anterior mediastinum are the thymus gland,
anterior (prevascular) lymph nodes, and fat.
Although experts differ over the exact bound-
aries between the middle and posterior medi-
astinal compartments, it is generally agreed that
the middle mediastinal compartment is the space
between the anterior border of the pericardium
and an imaginary line drawn 1 cm posteriorly
to the anterior border of the vertebral bodies (2).
The middle mediastinal compartment contains
the heart, great vessels, tracheobronchial tree
and esophagus (both are of embryonic foregut
origin), lymph nodes, fat, and nerves. The pos-
terior mediastinal compartment is the space bor-
dered anteriorly by an imaginary line drawn
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1 cm posterior to the anterior border of the
vertebral bodies and posteriorly by the poste-
rior paravertebral gutters. The posterior medi-
astinal compartment contains the paravertebral
autonomic (sympathetic and parasympathetic)
nerve chain and intercostal nerves, fat, lymph
nodes, as well as the thoracic vertebral column.

Epidemiology

The mediastinum is the most common loca-
tion of chest masses in infants and children
(4). In infants (0–2 years), mediastinal masses
are located within the anterior mediastinum
in 24%, middle mediastinum in 12%, and pos-
terior mediastinum in 49% as presented in
Table 26.1 (26). While thymic hyperplasia (18%)
is the most common anterior mediastinal mass,
neuroblastoma (39%) is the most common pos-
terior mediastinal mass in infants (26). Mid-
dle mediastinal masses are predominantly due
to duplication cysts (such as bronchogenic or
esophageal duplication cyst).

In contrast, mediastinal masses are found
most frequently within the anterior medi-
astinum in children aged 2–18 years account-
ing for 46% of 508 children with mediasti-
nal masses as presented in (Table 26.2) (4,
25, 27). Of the anterior mediastinal masses,
malignant lymphomas, teratomas, and benign
thymic enlargement accounted for the major-
ity (85%). Of the 508 pediatric mediastinal
masses, approximately 20% were located within
the middle mediastinum (Table 26.2). Develop-
mental malformations of the embryonic foregut
(such as bronchogenic cyst, esophageal dupli-
cation cyst) or lymphadenopathy constituted
the majority of middle mediastinal masses
(Table 26.2). Approximately 34% of pediatric
mediastinal masses were posterior, of which
88% were of neurogenic origin (Table 26.2)
(4, 25, 27).

In infants and children, the incidence of
different types of mediastinal masses largely
depends on the age of the patients. For exam-
ple, thymic hyperplasia is the most common
anterior mediastinal masses (18%) in infants but
rarely present in children unless related to prior
chemotherapy treatment (i.e., rebound thymic
hyperplasia). Lymphoma (with incidence of 1.6
per 100,000 among children living in the United

States) is the most common anterior mediastinal
mass in older children; however, it rarely occurs
in infants or children under 5 years of age (28).
Although definite differentiation among the dif-
ferent neurogenic tumor types in infants and
children is not possible on the basis of imaging
appearance, age of the patient is often the most
helpful information. Neuroblastoma is typically
seen in infants and younger children (<5 years),
ganglioneuroblastoma often occurs in children
between 5 and 10 years of age, and ganglioneu-
roma is typically present in older children and
adolescents (29).

Overall Cost to Society

No discussion was found in the medical lit-
erature on the overall cost to society from
the diagnosis and management of mediasti-
nal masses in infants and children. Although
different methods of diagnosing mediastinal
masses are evaluated and reviewed (4–10, 13,
23, 30–40), the cost-effectiveness of incorporat-
ing imaging strategies in the management of
mediastinal masses in infants and children has
not been specifically addressed.

Goals

The goals of diagnostic imaging in evaluat-
ing mediastinal masses in infants and children
include the following:

1) identifying the mass and determining its
location within the anterior, middle, or pos-
terior mediastinum;

2) characterizing the mass;
3) delineating its extent and relationship to vas-

cular structures, spinal canal, and chest wall;
4) providing appropriate differential diagnos-

tic considerations and most likely diagnosis;
and

5) developing a plan for further patient man-
agement.

To accomplish these goals, it is imperative first
to understand the various imaging features of
mediastinal masses on chest radiographs and
second to determine which imaging modality
(or modalities) will aid in reaching a definitive
diagnosis. This, in turn, will
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1) prevent unnecessary additional imaging
studies associated with exposure to ioniz-
ing radiation (i.e., plain radiographs and
CT—a particularly important consideration
in imaging a pediatric population);

2) minimize potential side effects from the
administration of intravenous contrast mate-
rial and sedation associated with cross-
sectional imaging (CT and MRI); and, most
importantly,

3) expedite the delivery of appropriate treat-
ment options that result in improved patient
outcomes.

Methodology

The author performed a MEDLINE search
using PubMed (National Library of Medicine,
Bethesda, MD) for data relevant to the diagnos-
tic performance and accuracy of both clinical
and radiographic examinations of infants and
children with mediastinal masses. The diagnos-
tic performance of the clinical examination (i.e.,
history and physical exam) was based on a sys-
tematic literature review performed in MED-
LINE (National Library of Medicine, Bethesda,
MD) during the years from 1966 to June 2008.
The clinical examination search strategy used
the following key statements and words: medi-
astinal mass, symptoms, infants, and children as
well as combinations of these search strings.
The review of the current diagnostic imaging
literature was done with MEDLINE covering
the years from 1966 to June 2008. The search
strategy used the following key statements and
words: mediastinal mass, infants, children, plain
radiographs, ultrasound, CT or computed tomog-
raphy, MRI or magnetic resonance imaging, PET
or positron emission tomography, and imaging as
well as combinations of these search strings.
Next, mediastinal masses were divided into
three main categories: anterior mediastinum, mid-
dle mediastinum, and posterior mediastinum. A
further search was performed using each of
these three categories or combinations thereof
with key statements and words as stated previ-
ously. Following a preliminary review of titles
and abstracts, the author identified the most
relevant publications and reviewed these in
full along with additional articles distilled from
their respective bibliographies. This chapter

was limited to human studies and English lan-
guage literature.

Discussion of Issues

I. What Are the Clinical Findings that
Raise Suspicion for Possible
Mediastinal Masses in Infants and
Children?

Summary of Evidence: Approximately 50% of
pediatric patients with mediastinal masses are
asymptomatic (7, 41–43). The clinical presen-
tations of remaining symptomatic pediatric
patients with mediastinal masses can be non-
specific. However, in some infants and chil-
dren with mediastinal masses who present with
specific symptoms, imaging decisions based on
individual clinical presentations may lead to
timely, accurate diagnoses and proper patient
management (limited to moderate evidence).

Supporting Evidence: In infants and children
with mediastinal masses, clinical findings vary
widely depending on the specific underly-
ing diagnosis and degree of involvement of
adjacent mediastinal structures. Close to half
of affected patients ultimately diagnosed with
mediastinal masses are clinically asymptomatic,
especially posterior ones (7, 41–43). The remain-
ing patients with mediastinal masses usually
present with symptoms. Harris et al. reported
that pain (53%), dyspnea (17%), malaise or
weakness (10%), and chest pressure (3%) are
some of the common symptoms in their study
consisting of 30 pediatric and adult patients
with mediastinal masses (44).

Although the majority of symptoms in chil-
dren with mediastinal masses are somewhat
non-specific, certain symptoms can often sug-
gest specific mediastinal masses in symp-
tomatic pediatric patients (limited to moder-
ate evidence) (7, 41–43). For example, respi-
ratory symptoms such as wheeze, cough, and
dyspnea indicate possible airway compromise
due to extrinsic compression from an ante-
rior mediastinal mass (e.g., lymphoma); con-
genital anomalies of the heart or great vessels
(e.g., vascular rings and slings) in the middle
mediastinum; or developmental malformations
involving tracheobronchial tree and esophagus
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in the middle mediastinum (e.g., duplication
cysts) (limited to moderate evidence) (7, 11,
20–22, 45). Separate chapters (Chapters 24 and
25) will discuss appropriate imaging of congen-
ital heart disease and vascular rings and slings.

Infants and children with neurogenic tumor
(virtually all neuroblastoma or ganglioneurob-
lastoma in the pediatric population) in the pos-
terior mediastinum are often asymptomatic and
detected incidentally on chest radiographs or
other imaging studies performed for other rea-
sons. However, they can also present with

1) clinical signs of disseminated disease includ-
ing irritability, weight loss, fever, and/or
bone pain;

2) more specific symptoms such as
opsoclonus–myoclonus syndrome, which
involves ataxia with involuntary muscle and
eye movements; or, even less commonly,

3) Horner’s syndrome, which is characterized
by ptosis, myosis, and anhydrosis secondary
to thoracic apical or cervical masses (limited
to moderate evidence) (42, 46–50).

In addition, spinal canal invasion by neu-
rogenic tumor in the posterior mediastinum
can present with symptoms of cord com-
pression. In a retrospective study consisting
of 66 infants and children with neurogenic
tumors of the thorax, Ribet and Cardot reported
that approximately 12% of thoracic neurogenic
tumors in infants and children are associated
with cord compression (limited to moderate
evidence) (51).

II. What Is the Diagnostic
Performance of the Major Methods
to Image Infants and Children with
Mediastinal Masses?

Summary of Evidence: When evaluating a medi-
astinal mass, the two-view chest radiographs
(posteroanterior and lateral views) are usu-
ally the first diagnostic imaging choice due to
its widespread availability, relative low cost,
and easy acquisition (moderate to strong evi-
dence) (3, 4, 7, 9, 10, 42). Chest radiographs are
very sensitive for the detection of mediastinal
masses. However, they are rarely specific. To
reach a definitive diagnosis, additional imaging
(i.e., ultrasound, CT, or MRI) is almost always

required (moderate evidence). Ultrasound is
generally used to confirm prominent, but nor-
mal thymus in infants. Cross-sectional imaging
such as CT or MRI can be used to evaluate
the remaining mediastinal masses in the pedi-
atric population. CT is often more readily avail-
able and rarely requires sedation, particularly
with state-of-the-art multi-detector CT (MDCT).
Although both CT and MRI are helpful in eval-
uating mediastinal masses, MRI has advantages
over CT in

1) avoidance of ionizing radiation exposure,
2) evaluating posterior mediastinal neurogenic

tumor with possible intraspinal extension,
and

3) as a problem-solving tool for identifying
foregut duplication cysts with high attenu-
ation on non-contrast CT (limited evidence).

CT angiography (CTA) and MR angiography
(MRA) have shown utility in evaluating medi-
astinal masses due to underlying mediastinal
vascular anomalies such as vascular rings and
slings (moderate evidence). In children with
lymphoma, PET is currently used for staging,
early response assessment during treatment,
and response assessment after completion of
therapy. Diagnostic performance of imaging in
infants and children with mediastinal masses is
presented in Table 26.3.

Supporting Evidence

Chest Radiographs

Mediastinal masses in infants and children
are typically first detected on chest radio-
graphs with a relatively high degree of accu-
racy, depending on the size and location of a
given mass. In a retrospective evaluation of 30
pediatric and adult patients with mediastinal
masses, Harris et al. showed that chest radio-
graphs (posteroanterior and lateral views) were
able to detect mediastinal masses in 29 (97%)
of the 30 patients studied (limited evidence)
(44). In a larger retrospective study of 105 chil-
dren and adults, Adegboye et al. reported that
all mediastinal masses were initially identi-
fied on chest radiographs, supporting the util-
ity of chest radiographs as an initial imaging
study choice for evaluating mediastinal masses
(limited to moderate evidence) (52). However,
in another study of 128 patients aimed at
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predicting the pathologic diagnosis of anterior
mediastinal masses, Ahn et al. reported only
a 36% accuracy in defining the type of mass
(limited to moderate evidence) (53). These stud-
ies demonstrate that while chest radiographs
are useful in detecting mediastinal masses,
they are limited in their ability to establish a
specific diagnosis; hence, further imaging by
ultrasound, CT, or MR is typically needed to
further characterize a given mediastinal mass
and narrow the differential diagnosis (moderate
evidence).

Ultrasound (US)

The utility of ultrasound in diagnosing medi-
astinal masses may lie somewhere between the
established role of chest radiographs and that
of cross-sectional imaging studies such as CT
and MRI, particularly in infants younger than
12 months. Infants have unossified sternal and
costal cartilages, providing acoustic windows
large enough to permit evaluation of anterior
mediastinal structures and a relatively large
thymus (4, 54–57).

Although ultrasound is somewhat operator
dependent, it offers several advantages in eval-
uating anterior mediastinal masses in infants
and young children, especially when com-
pared to the more expensive cross-sectional
imaging modalities, CT and MRI. Unlike CT
and MRI, ultrasound provides real-time evalu-
ation and it can be performed portably, with-
out sedating the patient, and without insert-
ing intravenous angiocatheters for contrast
administration. Most importantly, US can be
performed without the potentially harmful
effects of ionizing radiation that is delivered
by CT.

In infants initially diagnosed with a widen-
ing of the superior mediastinum on chest radio-
graphs, ultrasound may aid in differentiating
the normal thymus from a true mediastinal
mass, thus obviating the need for further evalu-
ation by CT or MRI, as detailed under Issue III
below. However, in evaluating middle and pos-
terior mediastinal compartments, and in evalu-
ating older children (>8 years old) whose acous-
tic windows are limited, it is generally believed
that ultrasound has limited value in assessing
these mediastinal masses; hence, cross-sectional
imaging by CT or MRI is typically required fol-
lowing initial evaluation on chest radiographs

where suspected mediastinal masses have been
identified.

Computed Tomography (CT)

CT plays an important role in further char-
acterizing mediastinal masses seen on chest
radiographs in infants and children, particu-
larly masses located in the anterior and mid-
dle mediastinal compartments. Ginaldi et al.
demonstrated that CT provides the most con-
sistently accurate information when they com-
pared CT to chest radiographs in 37 pediatric
patients with various chest masses (limited to
moderate evidence) (58). In a study of medi-
astinal abnormalities in 23 pediatric patients,
Siegel et al. showed that in 82% of the patients
studied, CT provided more diagnostic informa-
tion than chest radiographs alone (limited to
moderate evidence) (30). Specifically, CT was
useful in differentiating abnormal masses from
benign processes (e.g., normal developmen-
tal anomalies) and in demonstrating the full
extent of a malignant tumor (30). The addi-
tional information generated by CT, in turn,
affected the clinical management of 65% of
study patients (30). The superior diagnostic util-
ity of CT is also supported by Graeber et al.,
whose retrospective review of 42 patients with
mediastinal masses demonstrated that in 88%
of cases, CT accurately predicted the nature,
size, location, and involvement of other organs
by mediastinal masses (limited to moderate
evidence) (59).

With recent advances in computed tomog-
raphy technology such as multi-detector row
CT (MDCT), CT has assumed an expanded role
in evaluating mediastinal masses in the pedi-
atric population. Indeed, MDCT can now offer
increased temporal and spatial resolution, faster
scan times, decreased sedation rate, and sophis-
ticated post-processing techniques including
multiplanar reformations and 3D reconstruc-
tions (60–62). With respect to mediastinal vas-
cular imaging, the imaging capability of CT
angiography (CTA) is presently equivalent or
superior to conventional angiography, mak-
ing rapid and accurate diagnoses of mediasti-
nal vascular anomalies and associated central
airway anomalies/abnormalities possible. For
example, in a study of 14 children and young
adults by Lee et al., CT was shown to have
>94% accuracy in evaluating mediastinal aortic
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vascular anomalies with multiplanar reforma-
tions (i.e., coronal and sagittal reformations)
and 3D reconstructions (limited evidence) (63).
However, given the potentially harmful effects
of ionizing radiation associated with CT, this
modality should be used only when necessary
in the pediatric population, especially among
patients for whom repeated imaging studies
may be required (e.g., children with neoplasm).

Magnetic Resonance Imaging (MRI)

Due to its superior ability to characterize soft
tissues in exquisite detail, but without the
effects of ionizing radiation, MRI has become
an important diagnostic imaging modality for
evaluating mediastinal masses in the pedi-
atric population. The utility of MRI in evalu-
ating mediastinal masses has been well estab-
lished (31, 64, 65). In a retrospective study con-
sisted of a total 75 pediatric and adult patients
with mediastinal masses, von Schulthess et al.
demonstrated the utility of MR in evaluating
mediastinal masses, particularly with respect to
(1) confirming presence, (2) delineating mor-
phology, and (3) depicting encroachment or dis-
placement of adjacent blood vessels or airways
within the mediastinum (moderate evidence)
(31). In a study of 13 pediatric patients with pos-
terior mediastinal masses, Siegel et al. reported
the ability of MRI to accurately evaluate tumors
and any associated intraspinal extension—
preoperative findings that are essential for suc-
cessful surgical intervention and patient man-
agement (limited evidence) (32).

MR is also useful in confirming the cys-
tic nature of some mediastinal masses, which
may appear solid on CT due to their high
proteinaceous content (e.g., bronchogenic and
esophageal duplication cysts) (limited evi-
dence) (2, 9, 23, 34, 66–68). Lastly, MRI, when
combined with magnetic resonance angiog-
raphy (MRA), is useful in identifying medi-
astinal vascular anomalies or abnormalities
presenting as mediastinal masses (limited to
moderate evidence) (69–72). However, MRI,
particularly when compared to other cross-
sectional imaging modalities such as CT, has
several disadvantages including relatively high
cost, more image artifacts due to cardiac and
respiratory motion, poor spatial resolution, lim-
ited ability to demonstrate calcification, and the
need for greater sedation in children.

Positron Emission Tomography (PET)

PET is a non-invasive functional imaging
modality using the 2-fluoro-2-deoxy-(18
fluorine)-d-glucose (18FDG), which has been
shown a great promise in evaluating pediatric
patients with lymphoma (73–81). Although
other imaging modalities (e.g., chest radio-
graphs, CT, and MRI) are more commonly
used for assessing the extent of lymphoma
involvement in pediatric patients, they have
been limited for the following:

1. detecting tumor involvement in normal-
sized lymph nodes;

2. discriminating between fibrous scar and
necrotic tissue from active tumor in residual
masses after treatment; and

3. evaluating disease involvement in extra-
nodal sites (e.g., liver or bone marrow) (73,
81–85).

In the pediatric population with lymphoma
(particularly Hodgkin’s lymphoma), PET is cur-
rently used for staging, early response assess-
ment during treatment, and response assess-
ment after completion of therapy (73–85). Fur-
thermore, PET (with its high sensitivity for
detecting the metabolic activity of actively
growing cancer cells) and CT (with its abil-
ity to visualize detailed anatomic structures)
can be “fused” together. This hybrid PET/CT
imaging can provide complete information
on cancer location and metabolic activity
(86, 87).

III. Which Imaging Approach Is Most
Appropriate in Differentiating
Normal Thymus from Abnormal
Anterior Mediastinal Masses
in Infants?

Summary of Evidence: In infants, typically
younger than 12 months, a normal thymus
can vary widely in appearance (i.e., size and
symmetry). Thus, it is sometimes confused
with a mediastinal mass on chest radiographs.
Under these circumstances, ultrasound can be
used to identify a normal, albeit large or asym-
metric, thymus, thereby obviating the need
for further imaging, biopsies, and/or surgery
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(limited evidence). However, in cases of ectopic
thymic tissue in the neck, a correct diagnosis
is usually made by evaluating its connection
and similarity to normal thymus with CT or
MR in multiple planes. MR is preferable in
infants and children due to both the ease of
distinguishing the signal characteristics of the
thymus and avoidance of ionizing radiation
exposure (limited evidence).

Supporting Evidence: In infants, the thymus is
quite large in comparison to other structures
in the chest. As the child develops, the thymus
becomes smaller, reaching its triangular “adult”
configuration generally by age 5 (88, 89). As a
general rule, the thymus should not be visible
on a chest radiograph after age 10 years and
on CT after age 40 years. Occasionally, the rel-
atively large thymus or its asymmetric or vari-
able shape in infants is mistaken for a medi-
astinal mass on chest radiographs. Further com-
plicating the diagnosis, the thymus can also
assume an ectopic location due to interrupted
migration from the brachial clefts in the neck
during thymic embryogenesis. In an autopsy
study of 3,236 children, Bale and Sotelo-Avila
reported that the incidence of abnormally
positioned thymic tissue was 1% (moderate
evidence) (90).

In infants and young children with an acous-
tic window large enough to permit evaluation
of the thymus, an ultrasound study can usually
establish whether the structure initially iden-
tified on chest radiographs is either a normal
thymus or a true anterior mediastinal mass. In
a prospective evaluation of the thymus in 140
infants and children (newborn to 8 years old),
Liang and Huang reported that normal thymus
was easily and clearly visualized with ultra-
sound in the majority (95%) of cases (moder-
ate evidence) (91). Likewise, Adam and Igno-
tus’s prospective ultrasound study of the thy-
mus in healthy children showed visualization
of the normal thymus in 47 of 50 (94%) chil-
dren ranging in age from 2 to 8 years (lim-
ited to moderate evidence) (92). Normal thymic
features on ultrasound include (1) homoge-
neous echotexture, (2) mild hypoechogenic-
ity relative to adjacent thyroid gland or liver,
(3) smooth and well-marginated border due
to a fibrous outer capsule, and (4) a pliable

organ that moves with respiration and cardiac
pulsation (54, 93).

Although confirmation of normal thymus on
ultrasound generally obviates the need for fur-
ther imaging studies in children, when the nor-
mal thymus cannot be clearly visualized on
ultrasound, or when an aberrant thymus is sus-
pected, further imaging with CT or MRI may
provide a definite diagnosis. The normal thy-
mus is located within the anterior mediastinum;
however, it can extend into the suprasternal
neck region, as well as into the middle and
posterior mediastinum as one contiguous, lobu-
lated, and pliable structure (i.e., an ectopic loca-
tion) (94–100). Under these circumstances, the
thymus can be difficult to evaluate comprehen-
sively on ultrasound. However, cross-sectional
imaging such as CT (particularly with the recent
introduction of MDCT) or MRI can depict the
continuity between ectopically positioned and
normally positioned thymic tissues with great
certainty (limited evidence) (101–103). Because
of its superior soft-tissue characterization and
lack of ionizing radiation, MRI is ideally suited
for assessing aberrant thymus in infants and
children, even though it is more expensive
than CT on a per study basis, requires seda-
tion in most children under 6 years, and is less
available in smaller hospitals and healthcare
facilities.

IV. Which Imaging Modality Is Best
Equipped to Evaluate Anterior
Mediastinal Masses in Infants
and Children?

Summary of Evidence: In an effort to make a cor-
rect diagnosis of anterior mediastinal masses
in a pediatric population, both CT and MRI
are used to further characterize a mass (mod-
erate evidence). Although both CT and MRI
are equally highly sensitive in evaluating lym-
phoma and germ cell tumor overall, CT is
superior to MRI in assessing lung parenchy-
mal involvement and associated calcification
(limited to moderate evidence) (38). MRI, on
the other hand, is superior to CT in evalu-
ating chest wall involvement although image
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quality is sometimes degraded by the motion
and may be a disadvantage of MRI (limited
to moderate evidence) (104). The current most
common practice is using MDCT for character-
izing anterior mediastinal masses in children
beyond infancy with CT protocol following
the ALARA (as low as reasonably achievable)
concept.

Supporting Evidence: Once a mass is localized
within the anterior mediastinum on chest radio-
graphs, subsequent imaging is based on several
factors including clinical presentation, patient
age, and radiographic findings. As mentioned
previously in the discussion of Issue III, ultra-
sound is the ideal modality for distinguish-
ing a normal thymus in infants from a sus-
pected mediastinal mass (54, 91–93). In evalu-
ating germ cell tumor as well as lymphoma,
the most common anterior mediastinal malig-
nancy in children, CT is superior to MRI in
evaluating lung parenchymal involvement and
associated calcification (38). In a study of 45
patients with mediastinal masses, Batra et al.
compared CT and MRI and concluded that
while CT was superior for displaying calcifi-
cation within a mass in eight patients and for
demonstrating associated lung abnormality in
four patients, MRI and CT were equally effec-
tive in demonstrating mediastinal lesions (lim-
ited to moderate evidence) (38). On the other
hand, MRI is more sensitive than CT in assess-
ing chest wall involvement as demonstrated by
Bergin et al. in their retrospective study com-
paring CT and MRI in 28 patients with newly
diagnosed or recurrent thoracic lymphoma for
chest wall involvement (limited to moderate
evidence) (104).

V. Which Imaging Modality Is Most
Appropriate for Evaluating Middle
Mediastinal Masses in Infants
and Children?

Summary of Evidence: Once a suspected mass
is localized within the middle mediastinum
on chest radiographs, further evaluation with
cross-sectional imaging such as CT or MRI
is typically required. Although both CT and
MRI are useful in evaluating middle medi-

astinal masses, in circumstances where foregut
duplication cysts (which are sometimes solid
in appearance on CT due to their high pro-
teinaceous content) must be differentiated from
solid mediastinal masses (i.e., primary neo-
plasms and lymphadenopathy), MRI can be an
effective problem-solving imaging tool (limited
evidence) (2, 9, 23, 34, 66–68). In cases of medi-
astinal vascular anomalies, both CT angiogra-
phy and MR angiography are excellent diag-
nostic imaging choices (moderate evidence)
(63, 105–107).

Supporting Evidence: The middle mediastinum
is the least common location of mediastinal
masses accounting for approximately 12.1%
(in infants) and 20% (in children) of the total
including adenopathy (secondary to infec-
tion, primary neoplasm [i.e., lymphoma], and
metastatic disease) and foregut duplication
cysts (i.e., bronchogenic cysts, esophageal
duplication cysts, and neurenteric cysts)
(4, 25, 27). Once a mass is detected on chest
radiographs, either CT or MRI can be used
to confirm diagnosis and further characterize
the mass. MRI can be used as a problem-
solving tool for confirming the cystic nature
of mediastinal masses (i.e., foregut dupli-
cation cysts). On MRI images, these lesions
typically show low to intermediate MR sig-
nal intensity on T1-weighted images and
markedly increased signal intensity on T2-
weighted images with lack of central contrast
enhancement—imaging characteristics that
are useful in differentiating solid-appearing
cysts on CT from solid neoplasms or lym-
phadenopathy in the middle mediastinum (2,
9, 23, 34, 66–68). Murayama et al. evaluated and
characterized the MR signal intensity patterns
of 26 cystic mediastinal masses, demonstrating
that varying T1-weighted MR signal intensity
reflects the composition of the intracystic fluid,
which is helpful in confirming and differ-
entiating cystic mediastinal masses (limited
evidence) (68).

Vascular structures within the middle medi-
astinum can also present as middle mediasti-
nal masses. Unlike acquired vascular masses
(e.g., aneurysms) in adults, middle mediasti-
nal vascular masses in infants and children
are typically congenital anomalies of the great
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vessels such as vascular rings and slings
(9, 10, 21, 22, 70–72, 108). In evaluating medi-
astinal vascular anomalies of childhood, cross-
sectional imaging by CT or MRI with vascu-
lar imaging protocols (i.e., CTA and MRA) and
2D/3D image reconstructions are currently the
preferred initial imaging tests. In a study con-
sisting of 18 subjects with congenital aortic arch
anomalies, Kersting-Sommerhoff et al. showed
that MR can provide sufficient anatomic infor-
mation for the effective, non-invasive evalu-
ation of patients with congenital aortic arch
anomalies (limited evidence) (105). In a recent
study of 11 infants and children, Greil et al.
established that non-invasive 3D MRI tech-
niques such as 3D double-slab FISP MR angiog-
raphy are effective (100% accuracy) in diagnos-
ing vascular rings and slings in free-breathing
infants and children without intravenous con-
trast agent or associated radiation exposure
(limited evidence) (106). CT angiography pro-
tocol combined with 2D and 3D reconstruc-
tions has also proven useful in evaluating medi-
astinal vascular anomalies in infants and chil-
dren. For example, in a study of 14 children and
young adults, Lee et al. demonstrated improved
diagnostic accuracy (96%) in evaluating medi-
astinal aortic vascular anomalies by utilizing
2D and 3D CT reconstructions (compared to
axial CT images alone) (limited evidence) (63).
Information obtained from CTA and MRA gen-
erally obviates the need for further imaging
by conventional angiography, which, up until
now, has been considered the “gold standard”
in evaluating mediastinal vascular anomalies.
In a recent study of 22 pediatric patients with
mediastinal vascular anomalies (i.e., vascular
rings and slings), Eichhorn et al. compared the
diagnostic capability of conventional angiog-
raphy, CTA, and MRA (correlated with intra-
operative findings, when available) (107). Their
findings suggest that CTA or MRA is equiv-
alent to the diagnostic capability of conven-
tional angiography (limited evidence). In addi-
tion, both CTA and MRA are more accurate than
conventional angiography in detecting airway-
and esophageal compression-associated medi-
astinal vascular anomalies (limited evidence)
(107). They concluded that CTA and MRA are
non-invasive, accurate, and robust techniques
for preoperative evaluation of mediastinal vas-
cular anomalies (107).

VI. What Is the Recommended
Imaging Modality for Evaluating
Neurogenic Tumors in the Posterior
Mediastinum in Infants and
Children?

Summary of Evidence: Once neurogenic tumors
in the posterior mediastinum are detected on
chest radiographs, both CT and MRI can be
used for confirming diagnosis, determining the
extent of disease, and assessing changes after
treatment (6–10, 24, 31–33, 37, 109). Moreover,
because of its superior ability to detect con-
comitant intraspinal tumor extension, MRI is
currently the single best imaging modality for
evaluating neurogenic tumors originating in
the posterior mediastinum (limited to moderate
evidence) (32, 109).

Supporting Evidence: Posterior mediastinal
masses account for approximately 34% of all
mediastinal masses (4, 25, 27). Among posterior
mediastinal masses, most are neurogenic in
origin in both infants and children, arising
from the nerve ganglion, nerve sheath, or
other nervous tissue (4, 25, 27). Among neuro-
genic lesions, sympathetic chain ganglion cell
tumors (i.e., neuroblastoma, ganglioneurob-
lastoma, and ganglioneuroma) predominate
(4, 5, 9, 37, 42). Although differentiating pos-
terior mediastinal sympathetic chain ganglion
cell tumors from one another is challenging,
age of patient is often helpful. While neu-
roblastoma and ganglioneuroblastoma occur
in the first decade of life, ganglioneuromas
are commonly seen in older children and
adolescents (29).

Although plain radiographs occasionally
show typical imaging characteristics of pos-
terior mediastinal neurogenic tumors (i.e.,
smooth, well-marginated, and elongated
paraspinal soft-tissue masses with speckled
internal calcifications growing in a vertical
direction [superior-to-inferior] often associated
with posterior rib erosions) (9), further cross-
sectional imaging by CT or MRI is generally
required to confirm diagnosis, determine the
extent of disease, and assess changes following
treatment.

Until recently, CT has been utilized as
the primary diagnostic imaging modality in
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assessing patients with posterior mediastinal
neurogenic tumors. In current best practice,
however, MRI has supplanted CT in evaluating
possible intraspinal extension that sometimes
occurs when the primary neurogenic tumor
spreads through the neural foramina and into
the spinal canal. In a study consisting of 240
mediastinal neurogenic tumors, Akwari et al.
reported that intraspinal extension can be seen
in approximately 8% of patients with poste-
rior mediastinal neurogenic tumors (moderate
evidence) (110). Siegel et al. demonstrated that
MR may be more helpful than CT in evaluat-
ing posterior mediastinal tumors because of the
likelihood of intraspinal extension in a study
of 18 children with mediastinal masses (lim-
ited evidence) (32). In a retrospective, multi-
institutional investigation of thoracic neurob-
lastoma in 26 children, Slovis et al. also suggest
that MR imaging is the optimal test for evaluat-
ing the extent of thoracic neuroblastoma, partic-
ularly for intraspinal extension (achieving 100%
sensitivity in detecting intraspinal extension of
thoracic neuroblastoma with MRI versus 88%
sensitivity with CT) (limited to moderate evi-
dence) (109).

VII. What Is the Role of PET in the
Management of Childhood
Lymphomas?

Summary of Evidence: PET is a non-invasive
diagnostic imaging modality, complementary
to conventional cross-sectional imaging (e.g.,
CT or MRI) in the initial staging of pedi-
atric patients with newly diagnosed lymphoma
(moderate evidence). There is moderate evi-
dence that PET is more sensitive than cross-
sectional imaging (e.g., CT or MRI) at disease
detection (staging) in adults. The role of PET
for monitoring treatment response in children
with lymphoma is not yet clearly established;
however, it will likely have an important role
on interim patient management and outcome
(limited to moderate evidence). PET is more
accurate than other cross-sectional imaging
modalities (e.g., CT or MRI) in the reassessment
of children after complete treatment for lym-
phoma (moderate evidence).

Supporting Evidence: PET is a nuclear medicine
imaging study, which can detect pairs of
gamma rays emitted by a positron-emitting
radionuclide (tracer) that is chemically incor-
porated into a biologically active molecule and
then injected into the living subject. Three-
dimensional or functional images of tracer con-
centration within the body can subsequently
be produced by computer analysis and image
reconstruction algorithm. PET, used as an initial
diagnostic imaging modality, changed disease
stage in up to 33% pediatric patients with lym-
phoma (74, 78, 111). Montravers et al. showed
that PET in comparison to conventional imag-
ing modalities (consisting of various imaging
modalities but at least one CT study of the chest,
abdomen, and pelvis) detected more disease
sites, resulting in upstaging of disease in 50%
of children with Hodgkin’s and non-Hodgkin’s
lymphoma (limited evidence) (74). This find-
ing was supported by another study performed
by Hermann et al. who compared whole-body
PET with CT in the initial staging of children
with Hodgkin’s lymphoma (78). They found
that PET resulted in a change in disease stage
in 28% and treatment modification in 22% (lim-
ited evidence) (78). Recently, Miller et al. also
confirmed that the use of PET during diagnostic
staging results in change in staging in approx-
imately 33% of children with Hodgkin’s and
non-Hodgkin’s lymphoma (limited to moderate
evidence) (111). For evaluation of extra-nodal
involvement (such as spleen, bone, and bone
marrow) in children with lymphoma, PET is
superior to conventional cross-sectional imag-
ing modalities (limited to moderate evidence)
(74, 78, 80, 112).

Currently, published studies related to the
use of PET for evaluation of early treatment
response in children with lymphoma are lim-
ited. However, there are several studies which
showed promising results. Montravers and
colleagues showed that residual activity (i.e.,
incomplete resolution) at previously known
disease sites correlated with persistent viable
disease in their PET study obtained during
treatment of lymphoma in children (limited
evidence) (74). This was further supported by
Miller and colleagues who demonstrated an
excellent prognostic ability of interim PET scan
in children with lymphomas (111). In their
study, they showed that 95% (19 out of 20



392 E.Y. Lee

patients) who had a negative PET study during
their chemotherapy were found to be disease
free for an average period of 14.5 months (lim-
ited to moderate evidence) (111). In contrast,
further progression of disease was seen in all
three patients with interim positive PET study
(111).

PET is a functional imaging modality that
has a promising ability for tissue characteriza-
tion (i.e., ability to discriminate between viable
residual tumor and necrotic/fibrous scar tis-
sue) in the residual mass at the end of treat-
ment. Montavers et al. demonstrated the use-
fulness of PET as a reliable imaging modality
of choice for assessing the nature of residual
mass after treatment of lymphoma by show-
ing 93% negative predictive value (limited evi-
dence) (74). Their finding was subsequently
supported by Edeline et al., who demonstrated
100% negative predictive value of PET in their
prospective study consisting of 11 children with
Hodgkin’s lymphoma and negative PET (lim-
ited evidence) (113). Most recently, Hernandez-
Pampaloni et al. showed similar sensitivity but
higher specificity, positive predictive value, and
negative predictive value with PET (78, 98, 94,
and 90%, respectively) in comparison to CT (79,
88, 90, and 46%, respectively) in their study
consisting of 24 children with histologically
proven lymphomas (18 Hodgkin’s and 6 non-
Hodgkin’s lymphomas) (limited to moderate
evidence) (114).

Take Home Figures

What Are the Various Roles of the Principal
Imaging Modalities in Evaluating
Mediastinal Masses in Infants and
Children?

Figure 26.1 presents the three compartments of
mediastinum on the lateral chest radiograph.

The decision tree in Fig. 26.2 outlines the var-
ious roles of the four major imaging modali-
ties in evaluating mediastinal masses in infants
and children that are either clinically suspected
or detected based on chest radiographs. Chest
radiographs are the initial imaging modality of
choice because of its widespread availability,
low cost, and rapid acquisition. The choice of
the next imaging modality is typically guided
by a combination of clinical presentation, age

of the patient, and location of the mass (i.e.,
anterior, middle, and posterior mediastinum) as
viewed on chest radiographs.

For anterior mediastinal masses in infants,
ultrasound can aid in confirming the diagno-
sis of normal thymus. In cases of aberrant thy-
mus that cannot be definitely diagnosed with
ultrasound in infants, CT or MRI can be sub-
sequently used for further evaluation. In chil-
dren, either CT or MRI can be used to evaluate
an anterior mediastinal mass.

Figure 26.1. Three compartments of mediastinum on
the lateral chest radiograph. The mediastinum is tra-
ditionally divided into three compartments on the
lateral chest radiograph: anterior, middle, and pos-
terior. The anterior mediastinal compartment is the
space bordered anteriorly by the sternum and pos-
teriorly by the pericardium. The middle mediastinal
compartment is the space between the anterior bor-
der of the pericardium and an imaginary line drawn
1 cm posterior to the anterior border of the verte-
bral bodies. The posterior mediastinal compartment
is the space bordered anteriorly by an imaginary line
drawn 1 cm posterior to the anterior border of the
vertebral bodies and posteriorly by the posterior par-
avertebral gutters. Anterior = anterior mediastinum.
Middle = middle mediastinum. Posterior = posterior
mediastinum.
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Figure 26.2. Algorithm for imaging mediastinal masses in infants and children. ∗Preferred as a problem-
solving tool for evaluation of solid-appearing foregut duplication cysts on CT.

In infants and children whose middle medi-
astinal mass is suspected to be non-vascular,
CT or MRI can be used for further evaluation.
MRI, in addition, can be used as a problem-
solving tool for confirming prior CT studies of
solid-appearing duplication cysts located
within the middle mediastinum. If the middle
mediastinal mass is suspected to be vascular in
origin, CTA or MRA should be considered.

In infants and children diagnosed with poste-
rior mediastinal masses, particularly those with

neurogenic tumors, MRI is the preferred imag-
ing modality.

For evaluation of children with lymphoma,
PET can be a useful functional imaging
modality for staging, assessment of early
treatment response, and assessment after com-
pletion of therapy. PET can be used for
staging, early response assessment during treat-
ment, and response assessment after com-
pletion of therapy in pediatric patients with
lymphoma.
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Take Home Tables

Tables 26.1 and 26.2 discuss primary mediasti-
nal masses (location and prevalence) in infants
(0–2 years) and children (2–18). Table 26.3 dis-
cusses the diagnostic performance of infants
and children with mediastinal masses.

Table 26.1. Primary mediastinal masses in
infants (0–2 years): location and prevalence
(prevalence sums to 100% but not all tissue
types were stated)

Location/type of mass
Prevalence
(%)

Anterior
Thymic hyperplasia 6
Teratoma 2
Other 16
Total 24

Middle
Duplication cyst 4
Other 8
Total 12

Posterior
Neuroblastoma 13
Ganglioneuroblastoma 2
Plexiform neurofibroma 1
Other or mixed neurogenic 33
Total 49

Other
Angiomatous malformation 4
Undifferentiated sarcoma 1
Other 10
Total 15

Data from Pokorny and Sherman (26).

Table 26.2. Primary mediastinal masses in
children (2–18 years): location and prevalence

Location/type of mass aPrevalence (%)

Anterior
Malignant lymphoma

(non-Hodgkin/Hodgkin)
23

Thymus (benign enlargement,
ectopy)

6

Teratoma 10
Other (angioma, cardiovascular,

thymic cyst, thymoma, substernal
thyroid, mesenchymal tumor,
histiocytosis X)

–

Total 46

Middle
Foregut cysts (bronchogenic,

enteric)
11

Lymphadenopathy (lymphoma,
granulomatous)

–

Other (angioma, cardiovascular,
mesenchymal tumor)

–

Total 20

Posterior
Neurogenic tumor (ganglion cell,

nerve cell)
30

Other (angioma, lymphoma,
foregut cyst, mesenchymal
tumor)

–

Total 34
aPrevalences were not available for all types of masses but
sum to 100%.
Data from King et al. (25, 27).
Courtesy of David F. Merten, MD; reprinted with the per-
mission of the Am J Roentgenol from Merten (4).

Table 26.3. Diagnostic performance for infants and children with mediastinal
masses

Study Sensitivity Specificity References Evidence

CXR• 97–100% N/A (44, 52) Limited/moderate
US∗ 94–95% N/A (91, 92) Limited/moderate
CT overall 100% N/A (58) Limited/moderate
CT intraspinal◦ 88% N/A (109) Limited/moderate
MRI overall 100% N/A (31, 32) Limited/moderate
MRI intraspinal◦ 100% N/A (109) Limited/moderate

•Patient population consisted of both children and adults.
∗Evaluation of thymus in infants and children (newborn to 8 years old).
◦Intraspinal extension of posterior mediastinal neurogenic tumors
Note: PET is not included since the primary use of PET in pediatric population is currently limited to the
evaluation of mediastinal neoplasm (e.g., lymphoma) instead of evaluating all mediastinal masses.
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Imaging Case Studies

Case 1

Figure 26.3 presents a case of a 2-month-old
male infant who presented with wheezing and
coughing.

A B

Figure 26.3. A: A 2-month-old male infant who presented with wheezing and coughing. Frontal chest radio-
graph showing soft-tissue density (arrows) located in the right superior mediastinum raised the possibility of
an anterior mediastinal mass. B: Subsequently obtained contrast-enhanced axial MDCT image confirmed the
diagnosis of normal thymus (NT) with an extension (arrows) into the posterior mediastinum between supe-
rior vena cava (SV) and trachea (T). Homogeneous attenuation and contiguity with a normal thymus located
within the anterior mediastinum helped to make a correct diagnosis. E = esophagus.

Case 2

Figure 26.4 presents a case of a 10-year-old girl
who presented with right-sided chest pain.

A B C

Figure 26.4. A: A 10-year-old girl who presented with right-sided chest pain. Frontal chest radiograph shows
a large mass in the right hemithorax (arrows). B: Lateral chest radiograph confirms the location of this mass
(M) within the posterior mediastinum. C: Axial postcontrast T1-weighted MRI image shows a large hetero-
geneously enhancing right paraspinal mass (M) with associated intraforaminal extension (arrow) at T10–T11
level. Surgical pathology confirmed the diagnosis of neuroblastoma.
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Suggested Imaging Protocols

Plain Radiographs

PA and lateral views of the chest are the initial
evaluation of mediastinal masses in infants and
children. For young infants in whom the lateral
chest radiograph cannot be easily obtained, AP
view of the chest radiograph may suffice.

Ultrasound

The choice of ultrasound transducer with opti-
mal frequency depends on (1) patient age,
(2) mediastinal mass location, and (3) the
planned approach. To achieve optimal sono-
graphic imaging evaluation in neonates and
infants, a high-resolution 10–15 MHz linear-
array transducer in a transsternal, paraster-
nal, or intercostal approach should be used.
However, a 2–7 MHz linear-array or sector
transducer is typically required for better soft-
tissue penetration in children and adolescents.
In characterizing the lesion, imaging in at least
two planes is recommended and color flow may
aid in demonstrating associated internal vascu-
larity or anomalous vessels.

CT

CT should be performed at the lowest possi-
ble radiation exposure without affecting diag-
nostic imaging quality (i.e., weight-based mAs
and kVp, thin collimation [<1 mm], and
fast table speed [<1 sec]). For non-vascular
mediastinal masses in infants and children,
imaging is acquired with intravenous contrast
and reformatted in 2D (MPR) in both medi-
astinal and lung window settings. For vascular
masses (e.g., vascular rings and slings), the CT
angiography protocol is used with 2D (MPR)
and 3D reconstructions (for mediastinal vessels
and central airways).

MRI

For non-vascular masses, the MRI protocol con-
sists of axial FRFSE T2 fat saturation, axial T1
or DIR, coronal FRFSE T2 fat saturation, coro-
nal 3D MR angiography SPGR (with gadolin-
ium), and axial and coronal T1 fat satura-
tion (after gadolinium) typically using eight
channel cardiac coils. With respect to vascular
mediastinal lesions, the MRI protocol includes
axial, sagittal, and coronal oblique FSEDIR as

well as sagittal 3D MRA SPGR (with gadolin-
ium). Ideally, a breath-holding/respiratory trig-
ger should be used for FRFSE sequence. If
patients are sedated, a breath-hold sequence
may be used without needing cooperation of
breath-hold. ECG gating and breath-holding
must be used for a DIR sequence.

PET

The patient preparation prior to PET study in
pediatric patients with lymphoma includes the
following:

1) avoiding any form of caffeine (including
soda, tea, chocolate), nicotine, or alcohol (12
hours prior to study);

2) refraining from any strenuous exercise (24
hours before the study);

3) preventing from any solid food or fluid (4
hours prior to the study); and

4) avoiding cold temperatures (12 hours before
the study).

In general, younger children (<6 years old) have
difficulty staying still for the entire PET study
(which typically takes 30–50 minutes) and
require sedation to cooperate fully with the test.
After arrival at the nuclear medicine depart-
ment, the patient will remain in a heated room
for 30 minutes and the patient’s blood sugar
level is checked. Then 2-(18F)-fluoro-2-deoxy-d-
glucose (18F-FDG) (150 Ci/kg) is administered
intravenously. After the injection, the patient
waits approximately 1 hour, empties his/her
bladder, and lies on the PET scanner table.
Trans-axial images are obtained from the base
of skull level to the mid thigh level. Once trans-
axial image acquisition is completed, trans-axial
images are transferred to the image worksta-
tion, where they can be reconstructed into mul-
tiplanar (i.e., coronal and sagittal reformations)
and 3D whole-body MIP (maximum intensity
projection) images. Subsequently, fusion soft-
ware can be used to co-register PET images
and CT images to produce a “PET/CT fusion”
images.

Future Research

• Large-scale prospective diagnostic perfor-
mance studies comparing the sensitivities,
specificities, and predictive accuracies of
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prevailing imaging modalities (e.g., ultra-
sound, CT, and MRI) aimed at evaluating
mediastinal masses in infants and children.

• Cost analysis and outcome assessment of the
various types of diagnostic imaging modal-
ities for evaluating mediastinal masses in
infants and children.

• Large prospective studies to determine the
indications and limitations of new imag-
ing technologies such as PET and hybrid
PET/CT for evaluating infants and children
with lymphoma.
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IssuesI. What are the clinical presentation and predictors of chest infec-
tions in children and which findings raise the suspicion for
complications?

II. When are chest radiographs useful in children with suspected pneu-
monia?

III. How does chest radiography compare to cross-sectional imaging in
the evaluation of chest infections in children? When is chest CT indi-
cated?

IV. What is the role and diagnostic performance of imaging studies
(radiography, ultrasound, CT) for the treatment planning of com-
plicated pneumonia with empyema and pleural effusions?

V. What are the relative roles of imaging studies in medical therapy,
minimally invasive intervention such as thoracostomy or thoracen-
tesis, and surgical treatment for pneumonia complicated by pleural
involvement?

Key Points� Imaging studies have limited value in the differentiation between viral
and bacterial lower respiratory tract infections (moderate evidence).

� CT provides more information than plain radiographs for compli-
cated pulmonary infections with empyema, pleural effusion, or bron-
chopleural fistula (moderate evidence).

� In immunocompromised patients, CT has been shown to character-
ize the type of infection better than plain radiographs (moderate evi-
dence).

� Ultrasound has an advantage over CT in the identification and charac-
terization of complicated effusions (moderate evidence).
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� Early detection and therefore intervention for pleural complications of
pneumonia are critical and can result in better outcomes (moderate
evidence).

� Early surgery (VATS) is more cost-effective than thoracotomy (with-
out or with image guidance) in the treatment of empyemas in children
(strong evidence).

Definition and Pathophysiology

Pneumonia is defined as an infection of the
lungs. Acute respiratory infections are the most
common infection of the human host. The
majority of these are of the upper respira-
tory tract, but infections of the lower respi-
ratory tract are frequent challenges for clin-
icians caring for children. Most of these ill-
nesses are mild, and patients suffering from
them are appropriately cared for in an ambula-
tory setting, but a small number are ill enough
to require hospitalization and some die. Thus,
lower respiratory tract infections, particularly
pneumonia, constitute a major health problem
both in the United States and throughout the
world. Bacterial pneumonias make up only a
small number of lower respiratory tract infec-
tions but have the highest mortality rates. The
infectious agents responsible for pneumonia
and lower respiratory tract infection can be
divided into bacterial, viral, fungal, mycobac-
terial, and atypical causes. Incidence of spe-
cific pathogens differs by age (Table 27.1). The
most common pathogens in children are Strep-
tococcus pneumoniae and Haemophilus influenzae,
followed by Staphylococcus aureus and Strepto-
coccus pyogenes (1–5). In particular, S. aureus
and gram-negative pathogens can affect new-
borns and malnourished children (5). Viral ill-
nesses such as respiratory syncytial virus (RSV),
influenza, parainfluenza, and adenovirus have
been identified in approximately a quarter of
children with pneumonia (5). The potential
complications of pneumonia include parapneu-
monic (pleural) effusion, empyema, or abscess.
Empyema is treated either medically, surgically,
or with placement of drainage tubes. Abscesses
and necrotizing pneumonias are usually treated
medically, but interventional procedures such
as drainage tube placement might sometimes be
used.

Pleural Effusion and Empyema

A pleural effusion is broadly defined as an
abnormal collection of fluid in the space
between the parietal and visceral pleuras and
may arise from a variety of processes that alter
the normal flow and absorption of pleural fluid.
The most common causes of pleural effusions in
children are pneumonia (parapneumonic effu-
sion), congenital heart disease, and malignancy.
A diagnostic or therapeutic thoracentesis is usu-
ally indicated to determine the nature of the
effusion as well as to relieve associated dyspnea
and respiratory compromise.

An empyema is characterized by the pres-
ence of pus, with polymorph nuclear leukocytes
and fibrin, in the pleural space. Nearly one-half
of all children with pneumonia will develop
parapneumonic effusions, but fewer than 5%
of these effusions progress to empyema. How-
ever, the incidence of empyema complicat-
ing community-acquired pneumonia is increas-
ing, which causes significant childhood mor-
bidity (6). Progression of a pleural effusion to
empyema is through a three-stage evolution:
(1) exudative, (2) fibrinopurulent, and (3) orga-
nization. Most commonly pleural effusions do
not progress beyond the exudative phase and
resolve with antibiotics alone (4, 7). The sec-
ond stage is heralded by the arrival of bacte-
ria, by pleural invasion from the contiguous
pneumonic process. Progression occurs with
polymorph accumulation and fibrin deposition;
membrane formation occurs and the devel-
oping empyema may become compartmental-
ized or loculated. The chemistry profile of
pleural fluid is characterized by a decrease
in pH and glucose concentrations and an
increase in lactate dehydrogenase concentration
(LDH). The most common organisms encoun-
tered in pleural fluid in children are S. aureus,
S. pneumoniae, H. influenzae, and S. pyogenes
(1–5). If a fibropurulent pleural effusion is not
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adequately treated, then the third organizing
phase develops. Fibroblasts grow into the exu-
date from the visceral and parietal pleural sur-
faces. An inelastic membrane is formed, which
and may encase the lung and pleura, with
the potential to restrict respiration. The thick
exudate may drain spontaneously through
the chest wall or into the lungs, causing a
bronchopleural fistula. Other infectious com-
plications of empyema include bacteremia and
pericarditis by direct extension or bacteremic
seeding, and pneumothorax.

Lung Abscess

A lung abscess is an accumulation of inflamma-
tory cells accompanied by tissue destruction or
necrosis that produces one or more large cavi-
ties in the lung. It is arbitrary to designate larger
cavities by the term lung abscesses and smaller,
multiple cavities with similar histology by the
term necrotizing pneumonia. Necrotizing pneu-
monia is an acute fulminating infection of the
lung parenchyma, characterized by vascular
thrombosis and rapid tissue breakdown lead-
ing to multiple thin-walled cavities. Pulmonary
abscess is a more chronic thick-walled cavity in
the lung, usually encountered in patients with
chronic debilitating states. Anaerobic bacteria
and S. aureus are most frequently implicated
with the formation of a lung abscess. Com-
plications of lung abscess include rupture into
adjacent compartments, which occurs more fre-
quently with S. aureus. Localized bronchiectasis
may also occur as a complication.

Epidemiology

According to the WHO, there are over 150
million cases of pneumonia annually in the
world in children less than 5 years of age
(8). In the United States, 20 million hospi-
talizations in the pediatric population occur,
although many are of viral etiology (8). Each
year in the developed nations, 5–10% of chil-
dren under the age of 5 years will develop
pneumonia (5). The incidence of pneumonia in
children is approximately 34–40 per 1,000 (9).
Approximately one-half of children younger
than 5 years with community-acquired pneu-
monia require hospitalization (10). Complicated
pneumonia such as necrotizing pneumonia and

abscess formation has been noted to increase
in incidence over the years between 1990 and
2005 (11, 12). Parapneumonic effusions compli-
cate pneumonia between 36 and 56% of cases
with an incidence between 0.4 and 0.6 per 1,000
cases (13). Empyema complicates an estimated
0.6% of all childhood pneumonias, resulting in
an incidence of 3.3 per 100,000 children (6).
Unlike in the adult population, most pediatric
patients recover without mortality whereas in
adults, the mortality rate has been reported
to be up to 20% (6, 11). There has been an
emergence of community-acquired methicillin-
resistant S. aureus (MRSA) in pediatric pneu-
monia, originally thought to be mainly hospital
acquired (14). An aggressive infection, MRSA
pneumonia, has been reported to present with
high fever, leukopenia, rapidly progressing res-
piratory distress, development of multilobar
infiltrates with effusions, and empyema (15,
16). Intravenous antibiotics are first-line ther-
apy and surgical treatment may be needed in
patients with MRSA pneumonia complicated
by empyema (15).

Overall Cost to Society

In the adult population in Europe, the cost
to society resulting from uncomplicated pneu-
monia is estimated at $8 billion, with 1.1 mil-
lion cases per year (17). Childhood pneumo-
nias are a frequent cause of doctor visits, antibi-
otics prescriptions, loss of work days of par-
ents, and reduction of quality of life (18). For
example, the mean number of work days lost
by mothers ranged between 0.2 and 4.2 days
(18). No additional specific US pediatric cost
data were found in the literature. However,
there has been one cost-effectiveness analysis
reported, related to pneumonia with pleural
involvement, treated by either thoracentesis,
chest tube/pleural drain placement, or video-
assisted thoracoscopic surgery (VATS) (13).

Length of hospitalization has been compared
between different treatment strategies of parap-
neumonic effusions, or empyema. In a random-
ized controlled trial, gross total cost of hospi-
talized patients requiring intervention to treat
parapneumonic effusions has been demon-
strated to be approximately equal for treat-
ment with VATS versus chest tube placement,
resulting in total charges of approximately
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$21,947 versus $19,714 on average, respectively.
However, hospital length of stay was on aver-
age 6 days for patients who underwent VATS
and 13 days for patients who underwent chest
tube placement (13).

Goals

The main goal in imaging pulmonary infections
is early diagnosis. This will aid in early and
adequate treatment and may prevent poten-
tial complications. When there is pleural effu-
sion, imaging guides appropriate management.
The standard treatment of pneumonia and its
complications may include all or part of the
following: antibiotics, thoracentesis, chest tube
placement, fibrinolytic therapy, or surgical
debridement of empyema. Severe cases of
empyema, for example, often require surgical
decortication if there is failure to respond to
antibiotic treatment, thoracentesis, or chest tube
placement. Appropriate diagnosis and treat-
ment must aim to minimize risk to patients,
including that related to ionizing radiation
exposure, interventional procedure complica-
tions, and surgical complications.

Methodology

The review of the current diagnostic imaging
literature was done using PubMed/MEDLINE
covering the years January 1980–December
2008. The search strategy used the following
key statements and words: pediatric, children,
neonate, neonatal, pneumonia, empyema, pleural
effusion, abscess, VATS. We excluded non-English
journal articles, case reports, animal studies,
and basic science articles.

Discussion of Issues

I. What Are the Clinical Presentation
and Predictors of Chest Infections in
Children, and Which Findings Raise
the Suspicion for Complications?

Summary of Evidence: Clinical presentation and
diagnosis of pneumonia vary with age and
pathogen, with tachypnea being the single most
predictive sign (moderate evidence).

The clinical exam does not reliably diagnose
pneumonia nor distinguish between viral and
bacterial pneumonias (moderate evidence).

Supporting Evidence: The goal of clinical eval-
uation is to confirm the clinical diagnosis and
to assess severity of disease (10). The typi-
cal presentation is cough and respiratory dis-
tress, sometimes with fever and muscle aches.
History, physical examination, laboratory test-
ing, and radiographic testing are the primary
components of the diagnostic workup. History
focuses on assessment of age, presence of fever,
chest pain, dyspnea, immunizations, duration
of symptoms, exposure to sick contacts, and
recent travel. In a study of 110 children with
respiratory infections, tachypnea emerged as
the best clinical sign for identifying pneumonia,
with a sensitivity of 74% and a specificity of 67%
(19). Although there may be findings suggestive
of either viral or bacterial pneumonia, the clin-
ical exam does not reliably diagnose pneumo-
nia nor distinguish between viral and bacterial
pneumonias. Models that have been tested in
adult populations based only on clinical infor-
mation in the absence of imaging do not reliably
predict the presence of pneumonia (20).

Laboratory evaluation includes a complete
blood count and leukocyte differentiation. In
children with severe symptoms or if outbreak is
suspected, microbiology of sputum and blood
cultures may be useful (21, 22). The diagnosis
of pneumonia is often confirmed and defined
by the presence of a lung opacity on chest
radiography. Accepted indications for a chest
radiograph include severe disease, confirma-
tion of non-specific clinical findings, assessment
of complications, and exclusion of other tho-
racic causes of respiratory symptoms (23, 24).

In the neonatal period, pneumonia is virtu-
ally always due to bacteria, particularly group B
Streptococcus as well as E. coli, H. influenzae, and
–Listeria monocytogenes (25). Physical findings
and clinical signs of pneumonia are often non-
specific but include fever, temperature insta-
bility, difficulty feeding, and restlessness (10).
In this population, viral pneumonia is rare
due to conferred maternal antibody protection,
whereas bacterial pneumonia is most frequently
due to pathogens acquired during labor and
delivery and is more prevalent in premature
babies. In keeping with dropping maternal anti-
body levels, viral childhood pneumonia occurs
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at a peak between 2 months and 2 years of age
(7). Presenting signs and symptoms in this age
group remain non-specific and include cough,
fever, temperature instability, abnormal leuko-
cyte count, findings of sepsis, and respiratory
distress (10). In older children from 2 years to
18 years of age, bacterial infections become rel-
atively more common. In addition to previously
mentioned symptoms, pleuritic chest pain may
occur (7, 10). In a retrospective case series of
79 patients who presented with at least one
symptom of fever, cough, sputum production,
chest pain, dyspnea, or course crackles, pneu-
monia was diagnosed using chest radiography
as the gold standard in 24 (prevelance: 30%)
(26). In this study group, a combination of all
four symptoms of fever, cough, sputum, and
course crackles yielded a sensitivity and speci-
ficity of 91.7 and 92.7% for clinical detection of
pneumonia.

Viral Versus Bacterial Pneumonia

If possible, differentiation between bacterial
and viral etiologies of pneumonia would be
helpful for treatment decisions. As mentioned
previously, age is an important criterion. In bac-
terial infection, pulmonary findings are most
commonly limited to one anatomic area on
physical examination, and symptoms include
fever, moderate-to-severe respiratory distress,
and chest pain (27). Primary viral infection is
considered more likely if symptoms include
wheezing (27). There is a gradual onset of
symptoms such as fever, congestion, rhinor-
rhea, and wheezing (27–29). Children with viral
pneumonias also tend not to appear as toxic as
those with bacterial pneumonia (28). In addi-
tion, viral illnesses may often precede bacterial
infection (27).

Lung response to an infective antigen may
be more age specific than antigen (i.e., bacteria
versus viral) dependent. Virkki et al. performed
a study in 254 children admitted with diagno-
sis of community-acquired pneumonia to eval-
uate the role of chest radiography, total white
blood cell count, serum C-reactive protein,
and erythrocyte sedimentation rate (30). They
found that 71% of children with lobar opaci-
ties demonstrate laboratory evidence of a bacte-
rial infection, but interstitial opacities were seen
with approximately equal frequencies in viral

and bacterial pneumonias. Of children less than
2 years, 38% had bacterial infections and 60%
viral, whereas in older children bacterial pneu-
monias were more prevalent (49%) than viral
(22%), the remainder being of mixed etiology.
Likewise, Korppi et al. performed a study of 61
children treated for radiologically and micro-
biologically confirmed viral or bacterial pneu-
monia (31). Chest radiographs were indepen-
dently reviewed by two radiologists, and they
found that 74% of the patients with alveolar
and 62% with interstitial pneumonias had bac-
terial infection. An interstitial pattern of pneu-
monia on chest radiographs is therefore non-
specific: it could be due to viral (26%), bacterial
(30%), or mixed (44%) etiologies. Hence, distin-
guishing between viral and bacterial pneumo-
nias in pediatric patients remains problematic,
given the number of clinical and radiographic
findings that overlap.

Parapneumonic effusions and empyema in
children are complications and follow acute
bacterial pneumonias (12, 32). Rare causes of
empyema include distant spread from other
sources of infection such as osteomyelitis of the
ribs, septic emboli, and lung abscesses. Children
typically present ill-appearing, febrile, and with
unilateral chest signs (12, 32).

II. When Are Chest Radiographs
Useful in Children with Suspected
Pneumonia?

Summary of Evidence: Chest radiographs may
have a role in evaluating for pneumonia in the
clinical presentation of fever of unknown origin
(limited evidence).

Chest radiographs are sufficiently sensi-
tive and highly specific for the diagnosis
of community-acquired pneumonia (moderate
evidence).

Imaging studies have limited value in the
differentiation between viral and bacterial
lower respiratory tract infections (moderate evi-
dence).

Supporting Evidence

Fever of Unknown Origin

There are currently varying data regarding
the utility of chest radiographs for fever
of unknown origin. Only 0–3% of infants
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with fever of unknown origin had a positive
chest radiograph demonstrating pneumonia,
and therefore chest radiography appears to
have limited utility in this age group (33, 34).
This contrasts with a prospective study of 278
children aged less than 5 years with fever
and leukocytosis, to determine the incidence
of radiographic findings of pneumonia, which
was found not only in 40% of those with clini-
cal findings suggestive of pneumonia but also
in 26% of those without clinical evidence of
pneumonia. Accounting for the 53 children in
whom no chest radiograph was taken and who
were presumed to not have pneumonia, this
study estimated the minimum incidence of clin-
ically occult pneumonia in this population as
19% (35).

Neonatal Pneumonia

Chest radiographs are commonly used in the
neonatal intensive care unit, but the radio-
graphic findings of neonatal pneumonia sub-
stantially overlap with those of other causes
of the neonatal respiratory distress syndrome.
Although evidence for this practice is lacking,
a negative chest radiograph result allows the
neonatologists to stop antibiotic treatment at 3
days of age, if other tests are also negative.

Community-Acquired Pneumonia

Chest radiography is the standard first-line
imaging tool for the evaluation of suspected
pulmonary infections, particularly in suspected
community-acquired pneumonias. However, a
Cochrane review of a randomized trial of 522
children, aged 2 months to 5 years, performed
by Swingler and Zwarenstein failed to demon-
strate any evidence that chest radiography
improves outcome in ambulatory children with
lower respiratory tract infection (36). Up to 10%
of pediatric patients with proven pulmonary
infection can have a normal chest radiograph
(sensitivity 90%) (17). Table 27.2 summarizes
the test characteristics of the only three stud-
ies in which complete sensitivity and speci-
ficity data of chest radiography are available:
reported sensitivities range between 71 and 87%
and specificities from 90 to 98% (37–39). In a few
more limited studies, sensitivity and specificity
values were not directly specified, but accu-
racy was reported to range between 58 and 77%
(38–40).

In the evaluation of children with pneumo-
nia, frontal views are most useful when lobar
(bacterial) pneumonia is present. When pneu-
monia has been defined as “a focus of streaky
or confluent lung opacity,” the sensitivity and
specificity of the frontal view alone were 85 and
98%, respectively. For opacities that are con-
fluent and lobar in distribution (not streaky or
non-segmental/non-lobar), the sensitivity and
specificity increased to 100% (37). However, this
study also suggested that non-lobar types of
infiltrates will be underdiagnosed in 15% of
patients if only the frontal view is used.

Differentiation of Bacterial and Viral
Pneumonias

When viral causes of respiratory infection such
as bronchiolitis are suspected, chest radio-
graphs may not be needed in uncomplicated
cases. In a retrospective study of 298 patients
in an urban children’s hospital at the University
of Colorado by Roback et al., clinicians did not
typically obtain chest radiographs in first-time
wheezing episodes, whereas there was a higher
utilization of radiographs in patients with ele-
vated temperature, absence of family history
of asthma, and localized wheezing on physi-
cal examination (40). Perlstein et al. developed
a publication of a set of evidence-based guide-
lines, as implemented at the Children’s Hospital
of Cincinnati, that demonstrated 20% decrease
in the number of chest radiographs ordered (40,
41). In another study of 72 adult patients by
Graffelman et al. in the primary care setting,
limited value was found using chest radiogra-
phy in predicting the etiology of viral versus
bacterial lower respiratory infections. The pos-
itive predictive value and the negative predic-
tive value for bacterial infection were 75 and
57%, respectively (42).

III. How Does Chest Radiography
Compare to Cross-Sectional Imaging
in the Evaluation of Chest Infections
in Children? When Is Chest CT
Indicated?

Summary of Evidence: Chest CT is not war-
ranted in uncomplicated pneumonia (moderate
evidence).
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CT provides more information than plain
radiographs for complicated pulmonary
infections with empyema, pleural effusion, or
bronchopleural fistula (moderate evidence).

In immunocompromised patients, CT has
been shown to characterize the type of infec-
tion better than plain radiographs (moderate
evidence).

Supporting Evidence: Given satisfactory perfor-
mance of chest radiographs in uncomplicated
community-acquired pneumonias, CT is not
recommended for evaluation of pulmonary
infections without empyema, pleural effusion,
or bronchopleural fistula.

Pneumonia with Complications (Table 27.3)

Several studies (43–50) have demonstrated that
CT can often add information to the diagno-
sis, particularly in fungal infections and in com-
plicated pneumonia cases. In a case series of
42 immunocompetent children, chest radiog-
raphy was suboptimal in detecting abscesses,
bronchopleural fistulae, fluid loculations, and
parenchymal involvement when compared to
CT (51). Chest radiograph accuracy rates were
reported as follows: fluid loculations (42%),
abscess formation (40%), bronchopleural fistu-
lae (33%), and parenchymal involvement (84%).
A limitation of this study is the lack of reported
sensitivity and specificity values. Donelly and
Klosterman performed a study of 56 patients
with complicated pneumonia who were not
responding to treatment. Chest CT was com-
pared to a chest radiograph performed earlier
on the same day. CT scans were evaluated for
the presence of cavitary necrosis, abscess, bron-
chopleural fistula, cavitation, loculated pleural
effusions, malpositioned chest tube, pericardial
effusion, or bronchial obstruction (50). All 56 CT
scans demonstrated at least one of the above
findings that were not seen on chest radio-
graphs (50). A total of 110 findings were seen
on CT and not on chest radiography, with an
average of approximately two findings per CT
scan. Parenchymal complications totaled 40 and
pleural complications 37. In another retrospec-
tive analysis of 17 children who underwent both
CT scanning and chest radiography, evidence of
cavity necrosis is often seen on CT before or in
the absence of findings on chest radiographiy
(52).

Immunocompromised Children with
Pneumonia

In the high-risk immunocompromised patients,
it is absolutely critical to have a high sensi-
tivity, as failure to detect results in failure to
treat and subsequent high mortality (45). CT
has been shown to have higher accuracy than
plain radiography for early detection of pneu-
monia in immunocompromised and hospital-
ized patients (45, 48). For example, in a series
of 48 patients (median age of 11 years and
range of 2–19 years), chest radiographs and
CT were rated independently by three experi-
enced radiologists and subsequently correlated
with biopsy or bronchoscopic washing results.
CT was shown to identify more true-positive
cases of bacterial and fungal pneumonias than
radiography (91 versus 85%). Unfortunately, no
detailed numbers of sensitivity and specificity
were cited (45). In 87 adult patients with febrile
neutropenia (median age 47, range 18–80 years),
CT detected pneumonia 5 days on average ear-
lier than chest radiographs and was more sen-
sitive in the detection of poorly defined opaci-
ties, ill-defined nodules, consolidation, ground-
glass opacities, pleural effusions, cavitations,
and bullae (53). For the evaluation of children
who are severely ill or immunocompromised
for fungal infections and Pneumocystis carinii
pneumonia (PCP), CT can add value. Janzen
et al., in a retrospective review of 45 children
who underwent both CT and chest radiography,
found that the first-choice diagnosis was correct
in 44% on chest CT and correct in 30% on chest
radiography (p < 0.05) (49). Equivocal or normal
chest radiographs are common, reported up to
39% in patients with PCP infection and up to
10% of patients with known pulmonary disease
(17). CT can aid in the detection of fungal infec-
tions via identification of nodules, cavitation,
ground-glass opacities, and halo effect (45–47).
CT can play an important role such as in eval-
uating pulmonary aspergillosis and candidal
pneumonias (45). In another study to evaluate
if CT adds information to chest radiography, 33
cases were reviewed retrospectively (54). It was
found that in 16 cases CT added no additional
useful information, but in 17 cases CT added
confidence and changed management (biopsy,
changing antibiotics, bronchoscopy).
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Nosocomial Infections and MRSA
Pneumonia

In the case of nosocomial infections, such as
multidrug-resistant infections (MRSA pneumo-
nia), CT offers a rapid and decisive diagnosis
(14). For aspiration pneumonias, chest radio-
graphs alone are usually adequate for diagno-
sis and to ensure resolution. The primary role of
imaging has been the detection and monitoring
of complications from the pneumonia.

IV. What Is the Role and Diagnostic
Performance of Imaging Studies
(Radiography, Ultrasound, and CT)
for Treatment Planning
of Complicated Pneumonia with
Empyema and Parapneumonic
Effusions?

Summary of Evidence: Chest imaging can be
used to distinguish between the exudative and
organizing phases of pleural effusion, through
demonstration of atypical layering patterns on
decubitus radiography, complexity of pleural
fluid on ultrasound, and loculations of hetero-
geneous fluid on CT (moderate evidence).

Ultrasound has an advantage over CT in the
identification and characterization of compli-
cated effusions, also being more cost-effective
and not employing ionizing radiation (moder-
ate evidence).

Supporting Evidence: The diagnosis of pleural
effusion can be readily achieved via radiogra-
phy, ultrasound, or CT. There are several stud-
ies evaluating the prognostic implications of the
use of ultrasound versus CT and the implica-
tions for treatment decisions. Ultrasound can be
helpful in both prognosis and treatment deci-
sions. It is a low-cost test, widely available,
portable, does not use ionizing radiation, and
rarely requires sedation. This has to be con-
trasted to CT, which has a relatively high radi-
ation dose, in the order of 100 times that of
a chest radiograph. Ultrasound is effective in
demonstrating “high-grade” effusions contain-
ing septations, fronds, loculations, and debris.
US depiction of the thickness and number of
these septations predicts the success of chest
tube drainage (55). CT assists in providing
a global assessment for pre-therapy planning,

including the ability to demonstrate size, possi-
ble loculations, and the extent of lung involve-
ment, including abscess formation or necrosis
(51). Kearney et al. demonstrated in a retrospec-
tive review of 50 patients who underwent both
US and CT that, although both US and CT have
effective roles, neither technique reliably identi-
fied the stage of pleural effusions or predicted
whether patients would require surgical inter-
vention (56).

Donnelly et al. have shown in a retrospec-
tive review of 30 patients who received a chest
CT with subsequent pleural fluid analysis that
CT characteristics of a parapneumonic effu-
sion do not allow one to predict empyema and
distinguish it from a transudative process (57,
58). Experienced radiologist reviewers rated the
presence of pleural enhancement (seen in 100%
of empyemas and in 89% of transudative effu-
sions), pleural thickening (57 and 56%, respec-
tively), abnormal extrapleural space (66 and
67%, respectively), and extracostal chest wall
edema (33 and 56%, respectively) (57).

A retrospective analysis of 46 pediatric
patients with empyema by Ramnath et al.
found that early sonographic evaluation of
parapneumonic effusions led to decreased hos-
pital length of stay for high-grade effusions
and effective triage into two groups, operative
(20 patients) versus non-operative treatment
(26 patients) (55). Operative therapy included
video thoracotomy, open decortication, or pleu-
ral debridement, and non-operative therapy
included antibiotics alone with or without tho-
racentesis or chest tube placement. When the
ultrasound detected high-grade effusions (evi-
dence of organization such as fronds, septa-
tions, or loculations), the hospitalization stay
was shorter (8.6 days) for patients eventually
treated operatively, compared to those who
were not (16.4 days). In non-operated patients
in whom ultrasound revealed low-grade effu-
sions, there was no significant difference in hos-
pital stay length between patients treated with
antibiotics alone and chest tube drainage (55). In
another study, ultrasound has also been shown
to be quite effective in identifying empyemas
(59). In this prospective study of 1640 febrile
patients admitted to the ICU, 94 patients under-
went 118 ultrasound-guided thoracenteses for
pleural effusions, identified by chest radiogra-
phy and ultrasound. In 11/31 studies where a
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complex septated pattern and in all four where
a diffusely hyperechoic pattern was reported,
empyemas were confirmed with thoracentesis.
On the other hand, in none of the remain-
ing 83 studies where an anechoic or complex
non-septated/hypoechoic pattern was reported
were empyemas diagnosed.

V. What Are the Relative Roles
of Imaging in Medical Therapy,
Minimally Invasive Intervention such
as Thoracotomy or Thoracentesis, and
Surgical Treatment for Pneumonia
Complicated by Pleural Involvement?

Summary of Evidence: Early detection of com-
plicated pneumonia by imaging and subse-
quently early intervention result in better
patient outcomes (moderate evidence).

Currently, there is no strong evidence to
support or not support fibrinolytic therapy
for childhood empyema in conjunction with
image-guided interventions (insufficient evi-
dence). While it may result in more rapid treat-
ment response, side effects and the pain from
this treatment limit its current use.

There is strong evidence in the surgical lit-
erature that early surgery (VATS) is more cost-
effective than thoracotomy (without or with
image guidance) in the treatment of empyemas
in children (strong evidence).

Supporting Evidence

Image-Guided Thoracentesis and Chest Tube
Placement

As pleural effusions evolve, antibiotic therapy
alone may not be sufficient. More aggressive
intervention is often required. Beyond antibi-
otics, minimally invasive therapy with image-
guided thoracentesis or chest tube drainage
may be necessary. Thoracentesis is a stan-
dard procedure for the management of pleural
effusions in adults. However, in children,
thoracentesis is not easily performed as this
procedure requires cooperation and frequently
sedation. Patients treated with thoracentesis
have been reported to require additional inter-
ventions due to recurrence (4, 6, 60). For

example, Tu et al. found in 94 ICU patients
with a pleural effusion suspected to have
empyema that additional interventions were
often needed; a total of 118 image-guided tho-
racentesis procedures were performed in this
group (59). A prospective study of 67 patients
with empyemas found that single chest tube
placement versus repeated thoracentesis had no
significant difference in outcome, thereby sup-
porting that in children early thoracotomy tube
drainage is preferred to thoracentesis, in order
to avoid repeat interventions (61). In this study,
the patients were prospectively divided into
two treatment arms: chest tube placement (32
patients) and ultrasound-guided thoracentesis
(35 patients). As assessed by chest radiography,
the amount of fluid drained, the number of days
that the patient was febrile, and the duration of
antibiotic therapy, no statistical differences were
found between both treatment arms.

Thoracentesis or single chest tube placement
may not be beneficial in the presence of locula-
tions and adhesions by fibrin. The aim of using
fibrinolytic therapy in such cases is to improve
drainage of pus by lysis of the fibrinous
bands.

Fibrinolysis

A recent meta-analysis has shown that, in
adults, intrapleural fibrinolytic therapy con-
fers significant benefit in reducing the require-
ments for surgical intervention for patients
in the early studies included in the review,
but not in the more recently published stud-
ies (62). Separate subgroup analysis of proven
loculated/septated effusions suggests a poten-
tial overall treatment benefit with fibrinolyt-
ics, but these results should be treated with
caution. In children, fibrinolytic therapy has
been reported in three studies with about 64
cases (63). There were no in-hospital deaths. The
aggregate data revealed a failure rate of 9.3%
and a complication rate of 12.5%. One of the
studies was a 10-center randomized prospective
study of urokinase undertaken by the British
Paediatric Respiratory Society Empyema Study
Group (64). They reported a slight reduction
in length of stay in hospital compared to the
saline group (7.4 versus 9.5 days). However,
a major surgical concern with this therapy is
that patients may be more likely to fail rescue
VATS, as it has been suggested that urokinase
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causes intrapleural adhesions to become very
adhesive (6).

Beyond Image-Guided Thoracentesis or Thora-
cotomy: Surgery

In cases not amenable to minimally invasive
image-guided procedures such as thoracente-
sis or simple chest tube placement without or
with fibrinolysis, surgical interventions includ-
ing video-assisted thorascopic surgery (VATS)
or thoracotomy can be effective options (13,
63). VATS is a relatively safe and effective
treatment for complicated pleural effusion and
empyema.

Early intervention with VATS can result in
better outcomes (13, 65). Luh et al., using
VATS, described an 86.3% satisfactory result in
234 patients with complicated pneumonia with
effusions or empyema (65). In a prospective
randomized trial, Kurt et al. found that early
intervention with VATS was superior to con-
ventional thoracotomy drainage (13). These sur-
gical papers may be biased toward operative

in favor of image-guided intervention. How-
ever, even a meta-analysis, performed to eval-
uate primary operative versus non-operative
therapy in children with empyema, suggested
a more favorable response with early surgi-
cal intervention (VATS or thoracotomy) (63).
In this meta-analysis, primary operative ther-
apy was associated with lower in hospital
mortality rate, re-intervention rate, length of
stay, time with tube thoracotomy, and time of
medical therapy when compared to medical
management.

Take Home Tables and Figures

Tables 27.1, 27.2, and 27.3 show data on
infectious pneumonia by age, diagnostic
performance of clinical exam and chest
radiography in detection of pneumonia in
non-immunocompromised patients, and a
literature review of CT diagnostic perfor-
mance in all populations of pediatric patients,
respectively.

Table 27.1. Infectious pneumonia by age

0–4 weeks 4–8 weeks 8–12 weeks 12 weeks–4 years
5-Year
adolescence

Etiology (in
the order of
prevalence)

– Group B
Streptococcus,
– gram-negative
enteric bacteria,
–Listeria
monocytogenes

–Chlamydia
trachomatis,
–Viruses (RSV,
parainfluenza)
–Streptococcus
pneumoniae,
–Bordetella
pertussis,
–Group B
Streptococcus,
–gram-negative
enteric
bacteria,
–Listeria
monocytogenes

–Chlamydia
trachomatis,
–Viruses (RSV,
parainfluenza)
–Streptococcus
pneumoniae,
–Bordetella
pertussis

–Viruses (RSV
parainfluenza,
Influenza,
adenovirus,
rhinovirus),
–Streptococcus
pneumoniae,
–Haemophilus
influenzae
(non-type B),
–Moraxella
catarrhalis,
–group A
Streptococcus,
–Mycoplasma
pneumoniae,
–Mycobacterium
tuberculosis

–Mycoplasma
pneumoniae,
–Chlamydia
pneumoniae,
–Streptococcus
pneumoniae,
–Viruses (RSV
parainfluenza,
Influenza,
adenovirus,
rhinovirus),
–Mycobacterium
tuberculosis

Modified with permission of Elsevier from Lichenstein R, Suggs AH, Campbell J. Emerg Med Clin North Am 2003; 21:
437–451.
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Table 27.2. Diagnostic performance of clinical exam and chest radiography in detection of
pneumonia in non-immunocompromised patients

Clinical exam:

Author Year Study size Finding Sensitivity (%) Specificity (%)

Palafox
et al. (19)

2000 110 Tachypnea 74 67

Okimoto
et al. (26)

2006 79 If all of following present:
fever, cough, sputum
production, dyspnea

91.7 92.7

Chest Radiography
Author Year Study size Sensitivity (%) Specificity (%) PPV (%) NPV (%)

Rigsby
et al. (37)

2004 240 85 98 n/a n/a

Lamme
et al. (38)

1986 179 81–87 95–96 n/a n/a

Patenaude
et al. (39)

1995 373 71 90 n/a n/a

Graffelman
et al. (20)

2007 129 n/a n/a 75 57

Summary: Reported sensitivities range between 71 and 87% and specificities from 90 to 98% (37, 38, 39).
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Table 27.3. Review of literature on CT diagnostic performance in all populations of pediatric
patients (community-acquired pneumonias, immunocompromised patients): Evidence table

Author Year
Study
size Objective

Study
type Conclusions

Kuhlman
et al.
(47)

1987 10 To evaluate whether CT
findings impacted
clinical decision making

Case
series

CT directly affected patient
management in 7; CT
demonstrated the halo sign in
8/9 patients with early CT
scans; fluffy masses,
cavitation, or air crescent
signs in 5/7 patients with
serial CT scans

Mori
et al.
(46)

1991 55 To compare chest
radiography and chest
CT in febrile bone
marrow transplant
patients for evaluation of
pulmonary infection

Case
series

CT scans demonstrating
nodules in febrile BMT
patients strongly indicate
fungal infection

Negative CT studies suggest
extrapulmonary infection

CT appears to add useful
information to radiographic
analysis during the
assessment of febrile
episodes in BMT patients

Barloon
et al.
(54)

1991 33 To assess if CT added
specificity to plain chest
radiography

Case
series

16 cases, CT added no
additional useful information
but in 17 cases, CT added
confidence and changed
management (biopsy,
changing antibiotics,
bronchoscopy)

Janzen
et al.
(49)

1993 45 To compare CT and chest
radiography in diagnosis
of pneumonia in
immunocompromised
patients (non-AIDS)

Case
series

For CT, sensitivity and
specificity in detecting
pulmonary complications was
100 and 98%

For chest radiography,
sensitivity and specificity in
detecting pulmonary
complications was 98 and 93%

CT was correct in first-choice
diagnosis in 44% and chest
radiograph was correct in 30%

CT identified the diagnosis
within the top three
differential considerations in
70% and chest radiography in
53%

Chest radiographs and CT scans
have comparable sensitivity

CT is superior to chest
radiography in differential
diagnosis

Winer-
Muram

et al.
(45)

1997 48 To determine the diagnostic
accuracy of chest
radiographs versus chest
CT in patients during
treatment for
hematologic
malignancies

Case
series

Both chest radiographs and CT
have satisfactory accuracies
for fungal pneumonia or
cryptogenic organizing
pneumonia

CT identified more true-positive
cases than did chest
radiographs
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Table 27.3. Continued

Author Year
Study
size Objective

Study
type Conclusions

Heussel
et al.
(53)

1997 87 To assess usefulness of CT
in early detection of
pneumonia in
neutropenic patients
with unknown infection
or non-specific chest
radiographs

Case
series

CT detected pneumonia 5 days
earlier than chest radiography

Probability of pneumonia being
detected on chest radiographs
during a 7-day follow-up of
an abnormal CT was 31%,
whereas this probability was
only 5% when the initial CT
was normal

Don-
nelly
et al.
(57)

1997 30 To compare CT findings of
parapneumonic effusions
treated with
thoracentesis,
thoracoscopy, or both, to
determine whether these
CT findings can reliably
differentiate empyemas
from transudative
parapneumonic effusions
in children

Case
series

None of individual CT findings
or a composite score of
findings could accurately
differentiate empyema from
transudative parapneumonic
effusions

Pleural enhancement was found
in 100% of empyema and 89%
of transudative effusions

Pleural thickening was found in
57% of empyema and 56% in
transudative effusions

Abnormal extrapleural space
was found in 66% of
empyema and 67% of
transudative effusions

Extracostal chest wall edema
was found in 33% of
empyemas and 56% of
transudative effusions

Don-
nelly
et al.
(50)

1998 56 To investigate usefulness of
CT in evaluating
children who do not
respond appropriately to
treatment for pneumonia
when chest radiography
is non-contributory

Case
series

CT yielded findings related to
parenchymal and pleural
complications not seen on
chest radiography (pericardial
effusion, bronchial
obstruction, cavitary necrosis,
abscess, decreased
enhancement, bronchopleural
fistula, or cavity)

All CT scans showed at least
one significant finding (100%
yield) not seen on
radiography

Donelly
et al.
(52)

1998 17 To describe sequential
clinical and radiographic
findings of cavitary
necrosis by CT

Case
series

CT effective in identifying loss
of lung architecture,
decreased enhancement, and
multiple cavities with thin,
non-enhancing walls

CT often detects evidence of
cavitary necrosis complicating
pneumonia before chest
radiographs do
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Figure 27.1 is a diagnostic and therapeutic
imaging workup algorithm for pneumonia with
pleural effusion in immunocompetent children.
Figures 27.2 and 27.3 show the role of ultra-

Figure 27.1. Diagnostic and therapeutic imaging workup algorithm for pneumonia with pleural effusion in
immunocompetent children.

A B C

Figure 27.2. Empyema: role of ultrasound. Chest radiograph (A) shows left-sided pleural collection. Ultra-
sound images (B, C) demonstrate this collection to be complex (grade 2), with loculations, echogenic fluid,
and fibrous adhesions.

sound and CT in empyema. Figure 27.4 shows
how CT can be used to differentiate empyema
from lung abscess.
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A

C D

B

Figure 27.3. Empyema: role of CT. Radiograph (A) and CT (B) demonstrate left-sided pleural collection with
mass effect, consistent with empyema. Radiograph (C) and CJ (D) following chest tube placement show thick-
ening of the visceral pleura consistent with pleural, fibrosis (organization phase, grade 3), preventing full
expansion of the left lung.
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Figure 27.4. Use of CT to differentiate empyema from lung abscess. Radiograph (A) and CT (B) demonstrate a
fluid collection with mass effect on the lung (arrows), which forms an obtuse angle with the pleura, consistent
with a pleural abscess (empyema). Radiograph (C) and CT (D) demonstrate a gas- and fluid-containing lung
mass, which forms a sharp angle with the pleura, confirming its intraparenchymal location.

Case Imaging Studies

Case 1

Figure 27.5 presents CT in a child with acute
lymphatic leukemia with ARDS.

A B

Figure 27.5. CT in a child with acute lymphatic leukemia with ARDS: multiple pulmonary nodules, several
of which are cavitating (arrow), findings that raise specificity for opportunistic fungal infection.
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Suggested Imaging Protocols

Radiography

Posterior–anterior (PA) and lateral views are
optimal whenever possible. Anterior–posterior
(AP) views are also very useful. In suspected
effusions, decubitus views can be useful in
distinguishing free-flowing pleural fluid ver-
sus loculated fluid collections. However, in the
presence of extensive pulmonary parenchymal
consolidation, the value of decubitus films to
identify loculated versus free pleural fluid is
severely limited.

Ultrasound

Technique includes screening of the whole pleu-
ral space, not just the lung bases. Lower fre-
quency (3.5–7 MHz) sector transducers are
used initially for more overview through inter-
and subcostal scanning; higher frequency (10–
12.5 MHz) linear transducers are helpful for
more detail in the near field, prior to marking
for needle placement (66).

Chest CT

In chest infections, use of intravenous contrast
is almost always indicated. Lower mA tech-
niques (and kVp reduction in small children)
can be used than in the abdomen, due to the
high intrinsic contrast of lung parenchyma; fur-
ther dose reduction is possible with follow-up
of large lesions (abscess, empyema pockets) and
for checking the position of chest tubes. Coro-
nal reformats and 3D renditions (virtual bron-
choscopy) are sometimes helpful tools prior to
bronchoscopy or surgery.

Future Research

• What is the cost-effectiveness of CT in man-
agement of empyema and parapneumonic
effusions?

• Can findings on imaging (plain radiography,
ultrasound, CT) predict likelihood of success
of various interventions for complications of
pneumonia?

• How can ultrasound, a non-irradiating
modality, be utilized more in the evalua-
tion of pulmonary infection and its compli-
cations?

• What is the role of MR, a more expensive but
non-ionizing modality, for evaluation of pul-
monary infection complications (67)?

• A prospective clinical trial to compare
the benefits (including cost-effectiveness) of
optimal image-guided intervention (with fib-
rinolysis) to early surgery (VATS) for the
treatment of empyemas in children.
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Imaging of Asthma in Children

D. Gregory Bates

Issues
I. Are chest radiographs indicated in patients with acute asthma?

II. What are the radiographic findings of importance in uncomplicated
versus complicated asthma?

III. What is the role of CT in patients with asthma?

Key Points� Airway inflammation is universal to all asthmatics and the degree of
the inflammation corresponds to the severity of disease. Bronchocon-
striction plays a limited role in the etiology of asthma (moderate
evidence).

� There has been a sharp rise in the prevalence, morbidity, mortality, and
economic burden both within the United States and globally over the
past 40 years, particularly in children (moderate evidence).

� Despite the considerable knowledge with regard to the pathology of
asthma, the costs of asthma represent a large burden to society, both
nationally and internationally (moderate evidence).

� The majority of patients presenting with asthma can be diagnosed clin-
ically by medical history and physical examination; the need for chest
radiographs in acute asthma is limited to a minority of patients (lim-
ited to moderate evidence).

� Pulmonary function testing underestimates the degree of bronchial
inflammation and may be insufficient for surveillance criteria (limited
evidence).
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� No data were found in the medical literature that evaluate the cost-
effectiveness of imaging in asthma (insufficient evidence).

� The value of the chest radiograph should be to diagnose complica-
tions, to establish a precipitating cause for an asthmatic attack, and
to exclude alternate diagnoses that resemble asthma (moderate evi-
dence).

� High-resolution computed tomography (HRCT) is a non-invasive
technique capable of demonstrating and quantifying both the anatomic
and physiologic changes in the lungs of asthmatic patients (moderate
evidence).

Definition and Pathophysiology

Following the initial description by Sir William
Osler (1) in 1892, the definition of asthma has
been frequently revised throughout the past
century as our understanding of asthma’s com-
plex pathophysiology continues to evolve. In
infancy, there continues to be limited infor-
mation about the underlying immunopathol-
ogy of asthma. Beyond the age of 3 years,
the diagnosis of asthma becomes progressively
more defined (2). Beyond 6 years, the def-
inition of asthma, defined by the National
Heart, Lung, and Blood Institute (NHLBI) in
1997, is accepted as “a chronic inflammatory
disorder of the airways in which many cells
and cellular elements play a role, in partic-
ular, mast cells, eosinophils, T lymphocytes,
macrophages, neutrophils, and epithelial cells.
In susceptible individuals, this inflammation
causes recurrent episodes of wheezing, breath-
lessness, chest tightness, and coughing, par-
ticularly in the night or in the early morn-
ing. These episodes are usually associated with
widespread but variable airflow obstruction
that is often reversible either spontaneously or
with treatment. The inflammation also causes
an associated increase in the existing bronchial
hyperresponsiveness to a variety of stimuli”
(3, 4). Any or all of these features may be present
in the asthmatic patient, although the absolute
minimum criterion for the diagnosis of asthma
remains controversial.

Over the last decade, our understanding of
the pathophysiology of asthma has progressed
rapidly. Once thought to be a primary dis-
order of smooth muscle, asthma is now rec-
ognized primarily as an inflammatory disease
in which the airway architecture is modified

by cellular inflammation, smooth muscle and
myofibroblastic hyperplasia, goblet cell hyper-
plasia, and reorganization of the extracellular
matrix resulting in subepithelial fibrosis. This
inflammatory process represents an inappropri-
ate immune response to common allergens in
genetically susceptible individuals. The inflam-
matory response in the asthmatic lung is charac-
terized by infiltration of the bronchial mucosa
by mast cells, lymphocytes, and eosinophils.
Activation of these cells results in a cascade of
inflammatory mediators that individually or in
concert induce changes in the airway geometry
and produce the symptoms of the disease. This
inflammatory response is the primary cause
of airway hyperreactivity and variable airway
obstruction characteristic of asthma. Airway
inflammation is universal to all asthmatics and
the degree of the inflammation corresponds to
the severity of disease.

T lymphocytes are the primary mediators
of the allergic inflammatory response in asth-
matics. Following presentation of the anti-
gen to the T cells, a unique set of cytokines
is produced, of which the interleukins (IL)
play a significant role. These interleukins are
responsible for the stimulation of mucosal mas-
tocytosis, eosinophilia, and IgE production.
Mast cell degranulation releases vasoactive
mediators, chemotactic factors, and cytokines
that enhance activation of inflammatory cells,
cause microvascular leakage, increase mucous
production, and induce bronchoconstriction.
Eosinophils induce hyperresponsiveness in the
airways by direct cytotoxic injury to epithe-
lial cells, which normally produce enzymes that
degrade the neuropeptides responsible for air-
way tone, as well as epithelial-derived relaxing
factor. This antigenic stimulation of cytokines
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appears to be genetically controlled and is
established during early childhood. Asthma
is linked to a region of chromosome 5q, on
which the genes for IL-4, IL-5, and IL-13 are
localized (5).

Epidemiology

There has been a sharp increase in the preva-
lence, morbidity, mortality, and economic bur-
den both within the United States and glob-
ally over the past 40 years, particularly in chil-
dren. Currently, approximately 300 million peo-
ple worldwide have asthma, with the preva-
lence rate increasing by 50% every decade. In
children (defined as ages 0–17 years), preva-
lence rates of >10% are now seen in developed
countries, which increases to >30% in devel-
oping regions of the world. In North Amer-
ica, 10% of the population has asthma, approx-
imately 35.5 million individuals (6, 7). In 1997,
the National Health Interview Survey (NHIS)
redesigned the household survey that served as
the primary source of national asthma preva-
lence estimates. This redesign created a break
in the time series and therefore has compli-
cated assessment of recent trends in asthma
prevalence. The previous trend of increasing
asthma-associated morbidity and mortality that
occurred during the period from 1980 to 1995
appears to have plateaued for certain measures
(8–10).

The most recent statistics released by the
National Center for Health Statistics (NCHS)
in 2005 estimate the current asthma preva-
lence at approximately 7.7% of the US popu-
lation (22.2 million people). Rates are lower in
higher age groups: 8.9% of children (6.5 mil-
lion) had asthma compared to 7.2% of adults
(15.7 million). In children, asthma prevalence
has increased from 3.6% in 1980. Asthma preva-
lence for boys (10%) is 30% higher than that
for girls (7.8%). The gap between African-
Americans and white non-Hispanic children
has progressively widened from 15% higher
asthma prevalence in 1980–1981, 26% higher
in 1995–1996, to 44% higher in 2000. Chil-
dren aged 0–4 years had the most rapid
growth in asthma prevalence during this time
period (9, 11).

Asthma Attack Prevalence

Asthma attack prevalence measures the percent-
age of the populations who had at least one
attack over the past 12 months. It is a rough
estimate of the percentage of symptomatic per-
sons, at a given point in time, who may have
poorly controlled asthma and are therefore
at risk of adverse outcomes such as emer-
gency department visits or hospitalization (11).
Currently, there are no national measures of
asthma incidence or the rate at which peo-
ple develop asthma over a period of time.
The current asthma attack prevalence is esti-
mated at 4.2% of people (12.2 million). Among
those with asthma, about 55% had at least one
asthma attack in the previous year. Asthma
attack prevalence is lower in older age groups:
5.2% of children (3.8 million) compared to 3.9%
of adults (8.4 million). Males (5.9%) have an
asthma attack rate 30% higher than females
(4.5%) (11). In children, the asthma attack preva-
lence remained stable from 1997 to 2000 (9).

Lifetime Asthma Diagnosis

Lifetime asthma diagnosis (ever been diagnosed
as having asthma by a physician) is esti-
mated at 11.2% of people, encompassing 23 mil-
lion adults and 9 million children. Among all
race and ethnicity groups, Puerto Ricans are
95% more likely to have ever been diagnosed
with asthma than non-Hispanic Caucasians.
Mexicans have the lowest lifetime asthma
risk. When considering race only, African-
Americans are about 20% more likely to be diag-
nosed with asthma than Caucasians. In children
0–17 years, males (14.6%) were more likely to
have an asthma diagnosis than females (10.6%)
(11).

The Center for Disease Control (CDC) report
on the asthma morbidity and mortality rates
from 1960 to 1995 demonstrated an increasing
trend in missed days of school and work, and
racial disparities in asthma emergency depart-
ment visits, hospitalizations, and deaths (12).
These statistics have been most recently corrob-
orated by the NCHS, who estimate school days
missed due to asthma in children 5–17 years
to be 12.8 million days in 2003 (11). In 2004,
children had 7.0 million visits to a physician’s
office or hospital outpatient department (950
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visits/10,000 population), and emergency
department (ED) visits totaled 754,000 (103
visits/10,000 population). Hospitalizations
for childhood asthma totaled 198,000 (27
hospitalizations/10,000 population). The
asthma death rate for children had increased
3.4% per year from 1980 to 1998, but recent
trends show a decline in asthma deaths to
186 (2.5 deaths/1,000,000 population) in 2004.
Risk factors associated with a higher rate
of outpatient visits, emergency room visits,
and hospitalizations include younger age,
female sex, and African-American race. Mor-
tality risks are higher in older children (11–17
years), male sex, and African-American race
(11, 13).

Overall Cost to Society

No cost-effectiveness data were found in the
medical literature incorporating imaging strate-
gies for the management of asthma. In the
United States, the total direct costs (medi-
cations, office, and emergency room visits,
and hospitalization) and indirect costs (loss
of school or work days, lost productivity,
restricted activity, and premature retirement) of
asthma have increased from approximately 4.5
billion dollars in 1985 to 12.7 billion dollars in
1998. Current estimates show the direct costs
accounted for 58% and the indirect costs 42%
of the total expenditure (14). Notable changes
reflected during this period include a decrease
in hospitalization costs (reflecting a decrease in
the length of stay and not a decrease in the total
number of admissions), and medication costs
have replaced hospital costs as the largest com-
ponent of the direct costs. The average estimate
in annual cost per adult with asthma increased
2.9% during this time period, but the cost per
child decreased by 15.5%. The reason for this
pattern may reflect increasing asthma preva-
lence in patients with milder disease (15).

Emergency room visits and hospitalizations
are major expenditures related to asthma care.
The economic burden of asthma disproportion-
ately affects those with the most severe dis-
ease (16). In a survey of approximately 35,000
patients, Malone et al. in 1987 found that
less than 20% of patients with severe asthma

were responsible for greater than 80% of the
total direct costs (17). Hospitalizations made up
more than 74% of direct expenditures related
to asthma care for children 0–4 years of age.
Hospitalization expenditures are proportion-
ately the lowest for children 5–17 years of age,
but they tend to use more medication and ER
services (17).

Although our understanding of the patho-
physiology of asthma continues to evolve, the
fundamental cause for the disorder and rea-
sons for its increased prevalence remain largely
unknown. Allergic sensitization, genetics, and
environmental influences all play a role in the
development of the disease in susceptible indi-
viduals (6, 7). The rising costs of asthma rep-
resent a large burden to society, both nation-
ally and internationally. As the direct and indi-
rect costs of asthma continue to rise, the field
of health economics has shifted toward how to
best utilize available resources and therapeu-
tic strategies to improve care (14). Because only
a small proportion of those with asthma are
consuming the majority of resources, interven-
tions aimed at these high-cost patients could
be an effective strategy in reducing the mor-
bidity and cost of asthma (18). Non-invasive
methods that could identify disease and allow
introduction of earlier, more effective treatment
are needed to curtail the current trends in
asthma.

Methodology

A MEDLINE search was performed using Ovid
for original research publications discussing
the performance and effectiveness of imaging
strategies in asthma. The search covered the
years 1959 to October 2007. The search strat-
egy employed different combinations of the
following terms: (1) asthma, (2) children, age’s
under 18 years, (3) diagnostic imaging, (4) eco-
nomic costs, and (5) prevalence. Additional arti-
cles were identified by reviewing the reference
lists of relevant papers, identifying appropriate
authors, and using citation indices for MeSH
terms. This review was limited to human stud-
ies and the English language literature. The
author performed an initial review of the titles
and abstracts of the identified articles followed



Chapter 28 Imaging of Asthma in Children 423

by the review of the full text in articles that were
deemed relevant.

Discussion of Issues

I. Are Chest Radiographs Indicated
in Patients with Acute Asthma?

Summary of Evidence: There is considerable
debate in the literature regarding the usefulness
of the chest radiograph in the management of
the pediatric patient with asthma. The majority
of patients presenting with asthma can be diag-
nosed clinically by medical history and phys-
ical examination and tend to respond rapidly
to bronchodilator therapy, thus suggesting that
chest X-ray is needed in a minority of patients
(19) (moderate evidence). The chest radiograph
plays a limited role in establishing the diagno-
sis of asthma, although a variety of manifes-
tations of the disease may be visible on chest
radiographs in a significant number of patients.
The value of the chest radiograph is in diag-
nosing complications, establishing a precipitat-
ing cause for an attack, and excluding alternate
diagnoses that resemble asthma (20).

Supporting Evidence: Prior to the early 1980s,
the chest radiograph was considered to play
an important role in the evaluation of pedi-
atric asthma (21–30). Recommendations from
this cohort of studies were principally derived
from hospitalized patients. Abnormal chest
radiographs were identified in 43–76% of chil-
dren hospitalized with asthma (21, 23, 29).
When hyperinflation was excluded, radio-
graphic abnormalities were identified in 21–
31% of patients, parenchymal consolidation
being the most commonly reported complica-
tion. Despite the fact that the majority of the
radiographs were normal or had no affect on
patient management, these early studies con-
cluded that chest radiography made a sig-
nificant contribution in the evaluation of the
hospitalized child with asthma and therefore
should be routinely obtained in all patients on
admission in order to guide subsequent ther-
apy. These studies provided early, but limited,
information on the contribution of chest radio-
graphs in the management of children hospital-
ized with asthma.

Following the early 1980s, a shift occurred in
the recommendation for the chest radiograph
as a routine diagnostic procedure in the patient
with acute asthma (19, 31–39). These studies
evaluated the asthmatic patient and the need for
chest radiographs in three major clinical scenar-
ios: the newly diagnosed asthmatic, the emer-
gency room patient, and those requiring hospi-
talization.

In the outpatient setting, Gershel et al. eval-
uated the value of the routine chest radio-
graph in children during acute first attacks of
asthma. Radiographs of 5.7% had positive find-
ings other than those seen in uncomplicated
asthma. They concluded that for the vast major-
ity of children with a first episode of wheezing,
routine chest radiography does not add infor-
mation that appreciably alters the care of the
patient or leads to the diagnosis of unsuspected
but clinically important disease in children over
1 year of age (34) (moderate evidence). Hederos
et al. studied 60 preschool children (0–6 years
old) with newly diagnosed asthma and with rel-
atively greater risk for permanent illness. Seven
(11%) of the patients had abnormal X-rays, but
none of the findings led to any change in the
treatment and all follow-up radiographs were
normal (39) (limited evidence).

In the emergency room setting, Rushton com-
pared chest radiographic abnormalities in 391
asthmatic patients treated successfully in the
emergency room versus those requiring hos-
pitalization. They found no differences in the
radiographic abnormalities between the two
groups. The information obtained from the
chest X-ray “did not provide sufficient data to
alter the acute emergency room management
of those asthma patients successfully treated
as outpatients or those failing to respond
and requiring hospitalization” (32) (moderate
evidence). Dalton reviewed the radiographic
abnormalities in 135 patients presenting to the
emergency room with acute asthma exacerba-
tion. Significantly abnormal radiographs were
identified in 15% of children, greater than 50%
of these representing pneumonia. They con-
cluded that the need for chest radiography in
the management of acute asthma is indicated
only after careful clinical evaluation and if there
is little or no known improvement after initial
treatment (35) (moderate evidence). Tsai et al.
conducted a prospective study comparing 445
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hypoxemic patients (oxygen saturation <93%
on room air) versus non-hypoxemic emergency
room patients presenting with an acute asthma
exacerbation. While radiographic abnormalities
were statistically more common in hypoxemic
asthmatics compared to those who were non-
hypoxemic, there was no statistical association
between any radiographic finding in hypox-
emic asthmatics and duration of hypoxemia,
hospital length of stay, and admission to the
Pediatric Intensive Care Unit (PICU) (38) (mod-
erate evidence).

In the hospital setting, Brooks et al. evalu-
ated 128 asthmatic children hospitalized fol-
lowing failed emergency room treatment. The
total incidence of radiographic abnormalities
was 64.1%, but only 4.7% were compatible with
pneumonia. The chest radiograph was recom-
mended in particularly ill-appearing patients,
those failing to respond appropriately to stan-
dard emergency room therapy, or if the diag-
nosis was anything other than uncomplicated
asthma (31) (moderate evidence). Dawson and
Capaldi evaluated 100 children hospitalized for
acute asthma attacks who had a chest X-ray ver-
sus 100 children who did not have a chest X-
ray. The two groups were matched for age, sex,
severity of illness, and in clinical measures of
disease. Their findings suggest that the age of
the child, time or day of the week at presenta-
tion, or severity of the illness did not determine
the decision to order a routine X-ray in acute
asthma. “The lack of written information about
the indication for and the results of the film in
the records suggest that the ordering of a chest
film is a reflex action, with little thought being
given to its value. Ordering of a routine chest X-
ray appears to be an ineffective and inefficient
use of radiology and an unnecessary expense”
(36) (moderate evidence).

Buckmaster and Boon in a retrospective
review designed criteria on when not to order
a chest radiograph in children presenting with
acute asthma as opposed to the majority of the
literature which typically evaluates the yield of
the chest radiograph (how many CXR showed a
positive finding). A chest radiograph was con-
sidered unnecessary when all of the following
criteria were met:

1. The child was a known asthmatic.
2. The assessing doctors’ diagnosis was

asthma.

3. The child was responding to asthma therapy.
4. There was no suspicion of pneumothorax

documented by the physician.
5. The child was not admitted to the intensive

care unit.

In the 12 months prior to implementation of
the guidelines, 466 children were evaluated for
acute asthma. Two hundred and sixty patients
had a CXR, of which 211 (81.1%) were deemed
unnecessary when the criteria were applied.
During the 6-month period following the imple-
mentation of the program, 197 children pre-
sented with acute asthma. Seventy-two had
a chest radiograph, of which 56 (78%) were
deemed unnecessary. However, the percentage
of all children presenting with asthma who had
unnecessary chest radiographs fell from 45.3%
(211/466) to 28.4% (56/197). If the guidelines
had been adhered to completely, the number of
patients undergoing chest radiography in the
after group would have fallen to 16/197 (8%).
Failure to follow guidelines includes uncer-
tainty in diagnosis, fears of litigation, desire to
move children through the emergency depart-
ment, the ready availability of the test, and
many others. These authors showed that an
unacceptably high rate of unnecessary chest
radiographs are ordered in patients presenting
to the ED with asthma and that through an edu-
cational program a statistical reduction in the
rate of ordering radiographs can be achieved
(19) (moderate evidence).

II. What Are the Radiographic
Findings of Importance
in Uncomplicated Versus
Complicated Asthma?

Summary of Evidence: A number of radio-
graphic findings have been associated with
asthma. The findings can be classified into two
main categories as follows: (1) those that are
not critical to patient management (uncom-
plicated asthma—hyperinflation, peribronchial
thickening, streaky or subsegmental atelectasis,
and transient pulmonary hypertension) and
(2) those that are critical to patient manage-
ment (complicated asthma—lobar atelectasis,
pneumonia, pneumomediastinum, and pneu-
mothorax) (34, 40). A wide variation in the
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incidence of abnormal radiographic findings
is reported in the literature, depending on
both the population studied (hospitalized
versus non-hospitalized) and the inclusion
or exclusion of non-critical radiographic
abnormalities.

Supporting Evidence

Uncomplicated Asthma

Hyperinflation is the most common abnor-
mality and is identified radiographically as
hyperexpansion, flattening of the diaphragms,
increased retrosternal lucency, anterior bowing
of the sternum, and bulging of the intercostal
rib spaces (41). The reported incidence in hos-
pitalized patients ranges from 12 to 72% (25,
27–29, 31, 37) and from 5 to 48% (26, 30, 32,
35, 38) in the emergency room. Hyperinflation
may fluctuate rapidly as the asthma worsens
or is relieved and is occasionally found dur-
ing symptom-free periods (25). There is poor
correlation between the degree of hyperinfla-
tion and the severity of the asthma attack (29,
40) or the patient’s responsiveness to therapy
(32, 40). Simon et al. reported that 95% of the
radiographs were normal in patients with inter-
mittent asthma, but only 66% were normal in
patients with constant asthma (26) (moderate
evidence).

Bronchial wall thickening is usually tran-
sient and represents visibility of the walls of
secondary bronchi beyond the mediastinum,
resulting in parallel line shadows or ring shad-
ows when seen on end. This finding is not spe-
cific to asthma and can be identified in infection,
bronchiectasis, cystic fibrosis, and pulmonary
edema (40). Bronchial wall thickening is more
common in asthmatic patients with superim-
posed acute viral infections and in those with
constant asthma (20). Viral infections are in
fact the most common cause of acute asthma
attacks and hospitalization for asthma in the
pediatric age group, and it is likely that the
peribronchial thickening and “infiltrates” seen
on radiographs are related to the viral infec-
tion that precipitated the attack (28, 40). The
reported incidence of bronchial wall thicken-
ing varies between 11 and 85% (26, 28, 31,
32, 38). Brooks et al. reviewed 128 hospitalized
patients and grouped the patients into five cat-
egories based on radiographic findings. Peri-
bronchial thickening was equally distributed

among all groups, had no effect on patient man-
agement, and therefore was not considered a
significant radiologic abnormality (31) (moder-
ate evidence).

Prominent perihilar vascular markings are
more often seen in pediatric than adult asthmat-
ics (40). The etiology is believed to be transient
pulmonary hypertension (40), although no clin-
ical, electrocardiographic, or cardiac catheteri-
zation data are available to confirm or exclude
this theory (20). Simon et al. reported that
12% of patients with moderate to severe con-
stant asthma had a combination of overinfla-
tion and enlarged hilar vessels (26) (moderate
evidence).

Atelectasis results from bronchial obstruc-
tion, most often as a consequence of mucous
plugging. Children have a smaller caliber and
reduced elastic recoil of inflamed airways, and
reduced number and size of the pores of Kohn
and canals of Lambert (40). Both result in
an increased likelihood of mucous plugging
and more frequent atelectasis, respectively. The
spectrum of atelectasis ranges from microscopic
to multilobar. Involvement of only part of one
or more lobes results in linear or discoid atelec-
tases that resemble viral infection (20). This
subsegmental atelectasis is regarded as a non-
critical finding, whereas segmental or lobar
atelectasis is a critical finding (34). Atelectasis
is seen more frequently in younger children (28,
32), with a reported incidence of approximately
3–36% (28, 29, 31–34, 38) (limited to moderate
evidence).

Complicated Asthma

The most frequent finding in complicated
asthma is pneumonia. Bacterial infection has no
statistical association with wheezing, unlike the
common association with viral infections, res-
piratory syncytial virus (RSV) in infants, and
parainfluenza, rhinovirus, and mycoplasma in
older children. While bacterial colonization
occurs in chronic asthmatics, there is no corre-
lation between colonization and acute asthma
exacerbation in children or adults (41). The
reported radiographic incidence of pneumo-
nia (airspace disease or parenchymal consol-
idation) in both inpatients and outpatients
ranges from 0 to 31% (21–23, 27–35, 37–39)
(limited to moderate evidence). Early studies
reported the highest incidence of pneumonia
(20–31%) in children with asthma requiring
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hospitalization (21–23, 28, 29), although these
articles poorly differentiated bacterial and viral
pneumonias and atelectasis as a cause of
consolidation.

The reported incidence of pneumomedi-
astinum varies between 0 and 15% of patients
and may be underreported (28). There is a
bimodal distribution peaking at ages 4–6 and
13–18 years (40). The extent of the pneumome-
diastinum correlates with the severity of the
attack (40). The postulated mechanism of pneu-
momediastinum is mucous plugging or infec-
tion that causes a check valve obstruction that
increases intraalveolar pressure during a deep
inspiration, cough or Valsalva maneuver result-
ing in alveolar rupture. The interstitial air dis-
sects along the perivascular sheaths toward the
hilum and ruptures into the mediastinum (40).
Eggleston et al. reported that 15% of patients
over the age of 10 years developed pneumo-
mediastinum while none were seen less than 2
years of age. They speculated that older patients
are able to generate higher intrathoracic pres-
sures, and because their respiratory rates are
generally lower than younger patients, these
pressures are maintained over longer periods
and could be responsible for their susceptibil-
ity to mediastinal emphysema (28) (moderate
evidence).

Pneumothorax is an uncommon occurrence
in asthmatics, with a reported incidence of
0–3% of patients (25, 28, 31, 34, 35, 37, 41,
42). Pneumothorax occurs following rupture
of alveoli along the pleural surface permitting
escape of air directly into the pleural space. The
pleura ruptures at transpulmonary pressures of
200 mm of mercury, a tension not attained by
forced expiration even in the most severe parox-
ysms of coughing. In severe chronic asthma,
the pleura becomes thinner and may rupture
with sudden increases in transthoracic pressure,
such as excessive positive pressure ventila-
tion (43) (limited to moderate evidence). Pneu-
mothorax may occur in association with pneu-
momediastinum, is more frequent in patients
with long-standing disease, is responsible for
a significant mortality in intubated asthmat-
ics on positive pressure ventilation, and has a
higher recurrence rate in patients with a his-
tory of previous pneumothorax. Sudden death
may occur secondary to massive lung collapse
(40).

III. What Is the Role of CT in Patients
with Asthma?

Summary of Evidence: HRCT of the lungs can
provide useful information about many dif-
fuse lung diseases and can allow a specific
pulmonary diagnosis with a reasonable degree
of confidence (44). HRCT manifestations of
asthma include bronchial wall thickening, nar-
rowing of the bronchial lumen, regions of
decreased attenuation and vascularity on inspi-
ratory scans and air trapping on expiratory
scans, bronchiectasis, emphysema, atelectasis,
pneumonia, and mucoid impaction (45). Expi-
ratory CT provides complementary information
to that of both conventional full-inspiration CT
and pulmonary function testing. Expiratory CT
scanning is the most sensitive means of detect-
ing subtle air trapping and may aid in direct-
ing further diagnostic workup. Combining sus-
pended full-inspiration and end-expiration CT
reveals the major physiologic consequences of
airway diseases, particularly diseases of smaller
airways beyond the segmental branches (46)
(moderate evidence).

Supporting Evidence: Chronic inflammation
heals through a remodeling process that
leads to structural changes of the airways in
asthmatic patients. The remodeling process
involves thickening of the airway by fibrosis
and an increase in smooth muscle and mucous
gland mass (45). Airway inflammation is diffi-
cult to measure directly in children. Pulmonary
function tests are indirect measure of inflam-
mation and are made inaccurate by variable
bronchoconstriction over time. Broncho-
alveolar lavage with fiberoptic bronchoscopy
is problematic in children, and tissue biopsy
is rarely performed in clinical practice. There
is no well-established method of assessing the
activity of inflammation in children’s lungs
as a means to guide treatment of asthma with
anti-inflammatory agents (47). HRCT is capa-
ble of demonstrating both the anatomic and
physiologic changes in the lungs of asthmatic
patients. Thin-section CT is able to resolve
anatomic details of the lung on the order of
0.2–0.3 mm, corresponding to bronchial wall
thickness of 0.2 mm and a diameter of 2 mm or
larger. This represents the proximal seventh to
ninth airway generations (48).
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Nuhoglu et al. was the first to report the
HRCT findings in 16 asthmatic children not
responding as expected to inhaled steroids
with or without persistent auscultatory find-
ings. Chest radiographs were abnormal in 9
(56%) patients and HRCT was abnormal in 12
(75%) patients. Irreversible findings on HRCT
included bronchiectasis, bronchial wall thick-
ening, and fibrotic retractions. They concluded
that thoracic HRCT scanning may be a helpful
adjunct in the evaluation of a child with asthma
and atypical clinical findings (49) (limited
evidence).

Ketai et al. evaluated bronchial wall thick-
ening with low-dose HRCT in 18 age-matched
control patients and 21 children with mod-
erately severe but stable asthma during peri-
ods free from clinical bronchoconstriction in
an attempt to define the presence of bronchial
wall thickening due to airway remodeling.
Bronchoconstriction causes apparent bronchial
wall thickening by decreasing the diame-
ter of the bronchus, thereby increasing the
wall thickness relative to the bronchial size.
Bronchial wall thickness and bronchial wall
area were measured and the percentage wall
area (bronchial wall area divided by bronchial
cross-sectional area) was calculated. Both quan-
titative measurements and qualitative assess-
ment of HRCT scans demonstrated asthmatic
subjects to show a greater wall thickness to
outer bronchial diameter and asthmatic air-
ways with an outer diameter of 6–10 mm to
have a greater wall thickness than similar-sized
airways in healthy subjects. They concluded
that moderate to severe stable asymptomatic
asthmatics have evidence of bronchial wall
thickening, independent of a physiologic bron-
chodilator response, that is related to airway
inflammation or remodeling rather than bron-
choconstriction (47) (moderate evidence).

Pifferi et al. in a prospective study evaluated
whether 32 asthmatic children with increased
residual volume (RV) after 3 months of anti-
inflammatory treatment correlated with the
detection of low-density areas on HRCT (sim-
ilar to emphysema) that might indicate bron-
chiolar remodeling. Functional tests such as RV
have been shown to correlate with air trap-
ping measured by quantitative HRCT in adults
with asthma. HRCT evaluation in adult studies
has shown persistence of low lung density after

acute asthmatic attacks and after prolonged
treatment with corticosteroids. The HRCT find-
ings resemble emphysema, although the low-
attenuation areas were probably not caused
by alveolar disruption but by extensive peri-
bronchial fibrosis with cicatricial emphysema
and loss of lung recoil. Both the inspiratory and
expiratory HRCT were abnormal in 10 (31.2%)
children showing persistent low-density areas
despite normalization of pulmonary function
test (PFT) values and a significant reduction in
eosinophilic cationic protein (ECP), an inflam-
matory marker particularly valuable for mon-
itoring chronic asthma during steroid therapy.
This study is the first to identify that there may
be structural changes in the lung in chronic
pediatric asthma patients not readily detectable
by pulmonary function testing (50) (moderate
evidence).

Marchac et al. evaluated bronchial wall thick-
ening on HRCT in children with difficult-to-
treat asthma and persistent symptoms despite
treatment. Children with this condition are
likely to have bronchial inflammation and
therefore to have a greater risk of remodel-
ing. HRCT findings were compared with clini-
cal status and lung function data. Twenty-seven
patients with moderate and severe asthma were
compared to 21 age-matched control patients.
A bronchial wall thickening score was devised
based on the number of visible bronchi at three
determined levels on HRCT. Bronchial wall
thickening scores were similar in the moderate
and severe asthmatic groups but significantly
higher than the control group. This persistence
of inflammation in patients with difficult-to-
treat asthma and persistent symptoms there-
fore subjects patients to a higher risk of per-
manent remodeling and sequelae. Like Pifferi et
al. (50), they also found no correlation between
HRCT scores and respiratory function, includ-
ing FEV1 (reflecting proximal bronchial obstruc-
tion) and FEF25–75 (reflecting obstruction of
small airways). Since the fundamental criterion
for the non-invasive surveillance and adapta-
tion of asthma treatment is respiratory func-
tion, pulmonary function testing may under-
estimate the degree of bronchial inflammation
and thus be insufficient for surveillance. In con-
trast to adults with severe asthma, no mucoid
impaction, emphysema, areas of hyperlucency,
bronchiectasis, or sequellar line shadows were
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identified. They concluded that HRCT could
be used in association with clinical and lung
function data to assess the severity in patients
with persistent asthma, to identify patients with
a higher risk of subsequent airway remodel-
ing, and to assist in decision-making to opti-
mize treatment of inflammation (51) (moderate
evidence).

De Blic et al. in a prospective pilot study eval-
uated 37 children with severe asthma to deter-
mine if bronchial wall thickening on HRCT cor-
relates with markers of bronchial inflammation
and remodeling. Using the same bronchial wall
thickness scoring system as developed by Mar-
chac et al. (51), a significant correlation was
identified between bronchial wall thickening
and reticular basement membrane (RBM) thick-
ening on endobronchial biopsy and exhaled
nitrous oxide production (eNO) by the airway
wall as measured by chemiluminescent NO
analyzer. Thickening of the lamina reticularis
is diagnostic of asthma and appears to reflect
thickening of the entire airway wall, includ-
ing the airway smooth muscle. Increased eNO
has both relaxation and antiproliferative effects
on airway smooth muscle and may reflect an
adaptive response to the airway remodeling.
This is the first study to suggest a concor-
dance between radiologic findings and a clas-
sic parameter of remodeling (RBM thickness) as
well as a relatively new marker (eNO). HRCT

scanning is a non-invasive technique that might
prove valuable for quantifying airway remodel-
ing in children with severe asthma (52) (moder-
ate evidence).

Take Home Tables

Tables 28.1 and 28.2 discuss indications for chest
radiograph and HRCT in asthma, respectively.

Table 28.1. Indications for chest radiograph
in asthma

1. Acute onset of wheezing with no prior
history of asthma

2. Severe asthma (status asthmaticus) or poor
response to treatment

3. Clinical suspicion for complicated asthma
4. Prior to intubation and positive pressure

ventilation

Table 28.2. Indications for HRCT in asthma

1. Asthma and atypical clinical manifestations
2. Poor response to bronchodilators or

conventional inhaled corticosteroid therapy
3. Patients with high risk for airway

remodeling
4. Assessment of bronchial inflammation as a

means to optimize treatment and evaluate
efficacy of treatment
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Imaging Case Studies

Case 1

Figure 28.1 presents a case of a 3-year-old
male with asthma with cough, wheezing, and
hypoxia.

Figure 28.1. A 3-year-old male with asthma presenting with cough, wheeze, and hypoxia. Frontal (A) and lat-
eral (B) radiographs of the chest demonstrating peribronchial thickening and subsegmental atelectasis (arrows)
of the right middle lobe and left lower lobe. Radiographs demonstrate findings of uncomplicated asthma.

Case 2

Figure 28.2 presents the case of a 4-year-old
female with poorly controlled asthma.

Figure 28.2. A 4-year-old female with poorly controlled asthma. Single-slice HRCT of the chest during inspi-
ration (A) demonstrates bilateral, central bronchial wall thickening (arrows). Similar HRCT slice obtained in
expiration (B) demonstrates segmental air trapping in the superior segment of the left lower lobe (arrow).
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Suggested Protocol for Imaging for
Asthma in Children

Chest Radiograph

For children that can stand or sit upright: PA
and lateral radiograph. For other children and
infants: supine AP and lateral radiograph.

HRCT

HRCT is performed without the need for intra-
venous contrast and at low radiation dose
compared to conventional chest CT. High
resolution is simply thinner axial and coro-
nal reconstructions (≤ 2 mm) from a volumet-
ric acquisition of images during full-inspiration
breath-hold. Selective 1–2 mm axial slices could
then be obtained in full expiration to improve
detection of air trapping. Lower kVp and mAs
settings can be used and this depends on the
size of the child: infants and young children:
90–100 kVp and 20–50 mAs; older children:
110–120 kVp and 50–75 mAs.

Future Research

• Is there a role for MRI of lung function or
to assess lung volumes in asthmatics (which
avoids ionizing radiation)?

• When is the lateral chest radiograph valuable
in children with uncomplicated and compli-
cated asthma?
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Imaging of Clinically Suspected

Malrotation in Children
Kimberly E. Applegate

IssuesI. What are the clinical predictors of malrotation and volvulus?
II. Who should undergo imaging? What is the diagnostic performance

of imaging in the diagnosis or exclusion of malrotation?
III. How should the UGI series be performed? What imaging is appro-

priate in indeterminate cases?
IV. Special situation: The older child (at low risk?)
V. Special situation: The child with heterotaxy syndrome

Key Points� Malrotation of the bowel is associated with risk of intestinal volvulus
and can be fatal (strong evidence). Volvulus is a surgical emergency
that is treated with the Ladd procedure (strong evidence).

� Infants and children diagnosed with symptomatic malrotation (with-
out volvulus) should undergo Ladd procedure to fix the bowel and
prevent future volvulus and intestinal obstruction from Ladd’s bands
(moderate evidence).

� Although consensus is lacking, asymptomatic children beyond infancy
should undergo prophylactic Ladd procedure to avoid catastrophic
midgut volvulus (limited evidence).

� The imaging test of choice is the upper gastrointestinal (UGI) series to
diagnose or exclude malrotation (moderate evidence).

� 15–30% of UGI studies in children are indeterminate for malrotation
versus normal variation due to the overlap of normal findings with
malrotation, the lack of consensus on UGI positive findings and tech-
nique, and the lack of consensus for when surgeons should perform
prophylactic Ladd procedure (insufficient evidence).
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Definition and Pathophysiology

Malrotation is a congenital, abnormal rotation
of the bowel, usually both small and large
bowels, within the peritoneal cavity. There is
accompanying abnormal fixation by mesenteric
bands, or there is absence of fixation of portions
of the bowel and this leads to an increased risk
of acute or chronic volvulus, obstruction, and
bowel necrosis. Malrotation has been diagnosed
prenatally as well as incidentally at autopsy in
the elderly (1, 2). Intestinal malrotation covers
the entire range of intestinal anomalies from
readily apparent omphalocele in the newborn
to asymptomatic “nonrotation” of the large
and small bowels in an adult. While the large
majority of individuals become clinically symp-
tomatic as infants, an important minority occurs
beyond infancy and without the typical clinical
presentation of bilious vomiting (3–5).

The greatest concern in the patient with mal-
rotation is volvulus. When there is malrotation,
the mesenteric attachment of the midgut (the
bowel from the ligament of Treitz to the distal
transverse colon) is abnormally short or defi-
cient. The gut can then twist clockwise around
the SMA and lead either to intermittent abdom-
inal distention and pain or acute bowel necro-
sis and perforation if the twist remains fixed (2,
6, 7). Catastrophic volvulus results in ischemia
of the entire midgut and if the patient survives,
they will need total parenteral nutrition until
small bowel transplant.

Epidemiology

While pediatric healthcare workers are univer-
sally aware of the devastating potential com-
plications from malrotation, it is not a com-
mon condition. The Centers for Disease Con-
trol and Prevention (CDC) survey registry of
birth defects estimates that the prevalence of
malrotation in infants under the age of 1 year
is 3.9 per 10,000 live births (8). Pediatric sur-
geons report that malrotation occurs more fre-
quently, in approximately 1 in 500 live births in
the United States, although this rate likely over-
estimates true incidence due to selection bias (9,
10). There is a slight male predominance in mal-
rotation incidence but no significant difference

in incidence in Caucasian versus black infants
in the United States.

Malrotation is a diagnosis usually made in
the newborn and young infant; 60–75% of cases
occur within the newborn period and up to 90%
of cases occur within the first year of life (5, 10–
13). Malek and Burd used a national inpatient
sample and excluded incidental Ladd proce-
dures to estimate the incidence of urgent Ladd
procedures in both infants and older children.
They reported 5.3 per 1,000,000 or 362 annual
cases of urgent Ladd procedures in American
children older than 1 year, representing only
10% of all cases (5). Therefore, there are approx-
imately 3620 cases or 53 per 1,000,000 American
children who undergo urgent Ladd procedure
for malrotation each year.

Malrotation has a variable presentation and
appearance, making it more difficult to have
consensus on its clinical diagnosis and manage-
ment (14–17). The classic presentation of malro-
tation associated with either duodenal obstruc-
tive bands or midgut volvulus in the newborn
is bilious vomiting (7, 10, 18). Volvulus is more
common in infants and associated with a high
rate of bowel necrosis and resection—44% and
with high mortality—28% (19). When there is
midgut volvulus and small bowel necrosis, the
baby may have short gut syndrome and depen-
dence on total parenteral nutrition. Mortality in
affected newborns was approximately 30% in
the 1950s and 1960s (12, 19) but since then has
markedly decreased to 3–5% today (19, 20).

The Ladd procedure is the standard surgery
to treat malrotation with or without volvulus in
infants and children. The surgeon detorses the
volvulus (usually in a counterclockwise fash-
ion), cuts the adhesive and, sometimes obstruct-
ing peritoneal bands, places the colon in the
left abdomen and the small bowel in the right
abdomen, and performs an incidental appen-
dectomy. There is a small risk of recurrent
volvulus with reports of 5% (21), 3.5% (22), and
1.8% (23).

Associated congenital anomalies are com-
mon, reported in up to 62% of cases, and usually
involve the gastrointestinal tract (Table 29.1) (9,
13). The most commonly reported anomalies
not only involve the duodenum (atresia and
web), in 10% of cases, but also include Meckel’s
diverticulum, other intestinal stenoses or atre-
sias, and Hirschsprung’s disease (10, 13, 20).
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There are a number of syndromes that have a
higher risk of malrotation that include Down’s
syndrome and the heterotaxy syndrome
(Table 29.2). Malrotation is obligate with
omphalocele, gastroschisis, and left-sided
congenital diaphragmatic hernia.

Overall Cost to Society

The cost of the imaging, evaluation, and care
of patients with suspected malrotation in the
United States is unknown. Since it is a rare con-
dition with less than 400 urgent Ladd proce-
dures per year, the cost of acute care is likely
low. However, long-term costs and impact on
quality of life for the minority with short gut
syndrome and multivisceral transplants would
be significant as well as readmissions both
in the short term and in the long term for
bowel obstruction caused by mesenteric adhe-
sions (24). Murphy and Sparnon (24) report
26% of patients who underwent Ladd pro-
cedure at a tertiary hospital were readmitted
within 6 months after Ladd procedure while
13% of patients required multiple readmissions
and at least one surgery each to lyse adhesions.
Neonates are more likely to develop adhesions
compared to older children and adults.

Goals

In acutely symptomatic infants and children,
the immediate goal of initial bowel imaging
is to detect potentially life-threatening volvu-
lus, enabling urgent surgical intervention and
preventing bowel ischemia that may lead to
either death or short gut syndrome in those who
survive. Imaging to detect those infants and
children with malrotation who are at risk of
life-threatening volvulus is performed to allow
non-urgent surgical treatment with the Ladd
procedure. Additional imaging studies, such as
repeat UGI series or enema to document the
position of the cecum, may be performed to fur-
ther characterize indeterminate results.

Methodology

A MEDLINE search was performed using
PubMed (National Library of Medicine,
Bethesda, Maryland) for original research pub-

lications discussing the diagnostic performance
and effectiveness of imaging strategies in.
Clinical predictors of malrotation with volvulus
were also included in the literature search. The
search covered the years 1966 to June 2008. The
search strategy employed different combina-
tions of the following terms: (1) malrotation, (2)
volvulus, (3) radiography or imaging or gastroin-
testinal series, (4) sensitivity and specificity, (5)
intestinal obstruction. Additional articles were
identified by citation indices and review of the
reference lists of relevant papers. This review
was limited to human studies and the English
language literature. The author performed an
initial review of the titles and abstracts of the
identified articles followed by review of the full
text in articles that were relevant.

Discussion of Issues

I. What Are the Clinical Predictors of
Malrotation and Volvulus?

Summary of Evidence: Neonates will present
with vomiting that is either bilious or will
progress to bilious in 95% of cases (13, 20, 25).
Most neonates have volvulus at surgery (mod-
erate evidence). Most children older than 1 year
have abdominal pain as the major presenting
symptom. However, the presentation of malro-
tation in older children is much more varied
and non-specific and this leads to long delays
in diagnosis (moderate evidence). There are no
clinical or imaging predictors for volvulus in
patients with malrotation, although some sub-
types of malrotation have higher risk of volvu-
lus than others (moderate evidence).

Supporting Evidence: The hallmark of malrota-
tion presenting in the neonate is bilious eme-
sis (20, 25). When malrotation presents with bil-
ious emesis, there is likely volvulus or bowel
obstruction from adhesive bands. Bilious eme-
sis suggests obstruction below the insertion of
the common bile duct and in the newborn
should be attributed to bowel obstruction until
proven otherwise. It can be seen in any cause
of bowel obstruction from the duodenum to the
rectum (e.g., Hirschsprung’s disease) as well as
ileus (26, 27). However, in two series of neonates
with bilious emesis, only 20% (26, 27) and 38%
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(27, 28) of them had intestinal obstruction that
required surgery.

Approximately 10% of symptomatic malro-
tation will occur beyond infancy. Catastrophic
volvulus of the midgut (with bowel ischemia),
while less common than that in infants, occurs
in both children and adults (28–32). In chil-
dren older than 1 year, the clinical presentation
is quite variable and leads to long delays in
diagnosis—with reports up to 5 years (34–36).
Most children older than 1 year have abdominal
pain as the major presenting symptom which
is non-specific. Abdominal physical exam is
unremarkable in 85% of these children at ini-
tial presentation (25). The absence of abdomi-
nal distension, presence of diarrhea, or a nor-
mal abdominal radiograph do not exclude mal-
rotation. The range of reported presentations of
malrotation with or without volvulus include
chronic intermittent pain, vomiting, failure to
thrive, chylous ascites, diarrhea, malabsorption,
internal hernia, malnutrition, mesenteric lym-
phocele, pneumonia, and pneumatosis (11–14,
36–38). Malrotation is also reported incidentally
in asymptomatic adults (13, 32, 39).

II. Who Should Undergo Imaging?
What Is the Diagnostic Performance
of Imaging in the Diagnosis or
Exclusion of Malrotation?

Summary of Evidence: All infants and children
with clinical suspicion of malrotation should
undergo UGI series if they are clinically sta-
ble. The upper gastrointestinal (GI) series exam-
ination is the gold standard for radiographic
diagnosis of malrotation and volvulus and it is
often the only imaging test performed (11–13,
20, 40) (moderate evidence). The technique and
interpretation must be meticulous to diagnose
or exclude malrotation because of the variation
of normal that overlaps malrotation. There is
a lack of consensus in the radiology commu-
nity on which images and views are necessary
although the American College of Radiology
has a pediatric UGI guideline (41). Published
case series from single institutions report false-
positive rates of approximately 15% and false-
negative rates of 3–7% for the diagnosis of mal-
rotation on UGI (10, 15, 42–45) (Table 29.3).

Supportive Evidence: When an infant presents
with signs and symptoms that strongly sug-
gest malrotation with volvulus, surgeons will
not use imaging and take the infant directly to
the operating room. If the clinical presentation
is less acute, they may request an abdominal
radiograph and UGI series.

Abdominal Radiographs

While commonly performed in infants and chil-
dren with vomiting, plain radiographs are nei-
ther sensitive nor specific for the diagnosis
of malrotation with volvulus. Radiographs of
patients with malrotation and volvulus range
from normal to distal bowel obstruction (11–13,
18, 46). When volvulus or obstruction is present,
the most common appearance is of gas in the
stomach and a paucity or total lack of other
bowel gas.

UGI Series

The UGI series is a fluoroscopic study with bar-
ium (or in very ill patients, sometimes iodi-
nated contrast is used) to visualize the anatomy
and peristalsis of the stomach and duodenum.
It is an inexpensive, easy to perform, and
widely available test. The UGI series remains
the imaging gold standard for the diagnosis
of malrotation with or without volvulus. Yet,
when compared to surgical findings, there are
known false-positive and false-negative results
(Table 29.3). Long et al. reported a 15% false-
positive rate in a series of 81 infants and chil-
dren undergoing a Ladd procedure after UGI
study reported malrotation (limited evidence).
They also stated that the most common reason
for false-positive UGIs was the failure to recog-
nize normal variations that mimic malrotation.
These variations include a “wandering” duo-
denum, a mobile duodenum, and “duodenum
inversum” (42, 43). The inferior displacement
of the normal duodenal–jejunal junction (DJJ) is
often seen in infants and children from dilated
adjacent stomach, small and large bowels, the
presence of a feeding tube, as well as from
enlargement of the spleen or liver (3). Finally,
the UGI study has known false-negative results
reported 2–7% of the time (Table 29.3). Long
notes that in those 2% of the malrotated cases
with a normal position of the DJJ, the cecal posi-
tion was not normal (42, 43).
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Contrast Enema

The contrast or barium enema was the primary
imaging test to diagnose or exclude malrota-
tion in the mid-twentieth century until research
showed the UGI to be more accurate (6, 7, 40,
47). The enema is performed to show the posi-
tion of the entire colon but in particular to show
whether the cecum is normally positioned in
the right lower quadrant of the abdomen. Prob-
lems with this approach include (a) the pres-
ence of a variant of normal, the mobile cecum
in 15% of all age groups, (b) the laxity of peri-
toneal ligaments in infants and young children
may allow the cecum to be displaced by dilated
bowel, a cause of false positive, and finally,
(c) normal cecal position in 13–40% of malro-
tated patients (Table 29.3). Compare this false-
negative rate for the enema of 13–40% to that of
the UGI false-negative rate of 2–7%. The false-
positive rate of enema (13%) (15) is similar to
that for UGI (15%). While the enema is not the
preferred imaging test for malrotation, it is use-
ful in uncertain cases at UGI to document cecal
position.

Cross-Sectional Imaging (US, CT, and MR)

Diagnostic performance of the relative posi-
tions of the SMA and SMV on US (and cross-
sectional) imaging is lower than that of the
UGI but can reveal malrotation in children
with non-specific abdominal symptoms. The
SMV is normally located anteriorly and to the
patient’s right of the SMA. When the SMV is
to the left, this relationship is the reverse of
normal or if the SMV is directly anterior to
the SMA, it raises the possibility of malrota-
tion (48–51). When the SMV is directly ante-
rior to the SMV, Dufour et al. reported that 28%
of these cases had malrotation (50). False pos-
itives occur and include patients with scolio-
sis. Further, up to one-third of cases of malrota-
tion have a normal SMA–SMV relationship (50,
51). Finally, the technical feasibility of visualiz-
ing the SMA/SMV relationship depends on the
ability of the sonographer, the cooperation of
the child, and the amount of overlying bowel
gas that may obscure it. An US study of over
300 children showed that in 26% it could not
depict the SMA/SMV relationship (48). There-
fore, ultrasound is inadequate for this diagnosis
(limited to moderate evidence).

Similar to US, the SMA/SMV anatomic rela-
tionship has been reported in normal and mal-
rotated patients using CT and MR (52–55). In
one CT study of 166 patients, 89% of normal
patients had a normal SMA/SMV relationship
(55).

Volvulus: Diagnostic Performance of UGI,
Sonography, and CT

Volvulus can be an intermittent phenomenon
and therefore its imaging detection does not
always correlate with the surgical findings in
several series. The UGI study has a sensitivity
of 54% (56) to 79% (57). On UGI, a corkscrew
appearance with proximal duodenal obstruc-
tion is the typical finding indicating volvulus.
The “Z” shape of the duodenum can mimic
volvulus but represents malrotation and duode-
nal obstruction from Ladd’s bands (58).

Imaging is specific for the finding of a
swirling pattern of small bowel and mesentery
around the SMA and has been reported with
sonography and CT in addition to UGI. Several
reports describe the “whirlpool” sign first on US
(59, 60) and then on CT of midgut volvulus con-
firmed at surgery (61).

III. How Should the UGI Series Be
Performed? What Imaging Is
Appropriate in Indeterminate Cases?

Summary of Evidence: The UGI series must be
performed with careful attention to anatomic
detail that includes the patient positioning and
the limited use of barium. It is critical to be
familiar with the variation of normal and the
subtle signs of malrotation (42, 43, 57, 62) (lim-
ited evidence).

Supporting Evidence: The critical anatomy that
the UGI documents is the position of the
duodenal–jejunal junction (DJJ) which is located
to the left of the left vertebral body pedicle at the
L1 or L2 level and posterior on the lateral view.
There is overlap of the UGI appearance of sub-
tle malrotation with that of normal variations
and some estimate that 15% (3) to 30% (13) of
UGI studies may be indeterminate. Long noted
that the most common reason for false-positive
UGIs was the failure to recognize normal varia-
tions that mimic malrotation. These variations
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include a “wandering” duodenum, a mobile
duodenum, and “duodenum inversum” (13, 18,
42, 43, 62). One of the most common reasons for
false-positive UGI is the inferior displacement
of the DJJ (42, 43, 57). The inferior displacement
of the normal duodenal–jejunal junction (DJJ) is
often seen in infants and children from dilated
adjacent stomach, small and large bowels, as
well as from enlargement of the spleen or liver.
Sizemore also noted that inferior displacement
of the DJJ causes false positives but also found
that the jejunal position results in both false pos-
itives and negatives (57). When the jejunum is
located in the right upper abdomen, the radi-
ologist was more likely to report malrotation
even if the DJJ is normally positioned. Equally,
when the jejunum is located normally in the left
upper abdomen, the radiologist was more likely
to report a normal UGI study even with abnor-
mal DJJ position.

Katz and colleagues described seven signs of
malrotation on UGI series in infants and young
children (62). The presence of one of these signs
may not be abnormal, but the presence of more
than one should raise suspicion of malrota-
tion and perhaps further imaging. One find-
ing of interest was the ability of the radiologist
to manually displace the normal DJJ position
because of normal laxity of the peritoneal lig-
aments in children under the age of 4 years.
It should not be surprising then that extrin-
sic “masses” such as gastric distention, small
bowel distention, and splenomegaly will dis-
place the normal duodenum and lead to false
positives in the unaware (3, 63, 64). Feeding
tubes may also displace the normal DJJ (3).

A number of different approaches have been
described in the literature to decrease the false-
positive and false-negative results on UGI (3,
13, 18). The goal is to document normal mesen-
teric attachments for the midgut by inferring
the position of the ligament of Treitz. No imag-
ing currently shows this ligament and there-
fore we use the position of the visualized DJJ
instead. The second, third, and fourth portions
of the duodenum are retroperitoneal and there-
fore posterior in the abdomen on lateral view.
On frontal view, the DJJ is normally located to
the left of the left vertebral body pedicle at L1 or
L2 level. It is important to document this posi-
tion on both the frontal and lateral views. On
the lateral view, the distal duodenum should

remain posterior to the stomach. When the third
portion of the duodenum courses anteriorly, it
suggests malrotation. Koplewitz and Daneman
reported that 70% of proven malrotation cases
had this finding (65).

There are a number of reasons that the DJJ
may be displaced, particularly inferiorly dis-
placed, on the frontal projection. This displace-
ment is not uncommon in normal infants and
young children who have lax peritoneal liga-
ments that allow mobility of the small bowel.
Premature infants are more likely to have a
horizontal position of their stomach that ori-
ents the duodenal bulb more superiorly than
the DJJ. An overdistended stomach from too
much barium or air from a crying baby will
inferiorly displace the DJJ. Small bowel obstruc-
tion, splenomegaly, and scoliosis may displace
the DJJ on UGI. Other suggested techniques to
optimize the diagnostic performance of the UGI
include (a) to document the first pass of bar-
ium through the duodenum under fluoroscopic
observation, (b) avoid overfilling the stomach
with barium, (c) when in doubt, review other
imaging studies, (d) perform delayed abdomi-
nal radiographs to document the position of the
cecum.

What Imaging Is Appropriate
in Indeterminate UGI Cases?

Up to 30% of UGI studies may be indetermi-
nate in young infants (3, 13). Either the imag-
ing is not clearly normal or abnormal or the
clinical presentation does not match the UGI
study findings. When uncertainty exists about
whether the DJJ position is a normal variant or
malrotation, either repeat UGI examination or
evaluation of the cecal position may be help-
ful in indeterminate cases. The simplest solu-
tion is to continue the UGI series by follow-
ing the barium course through the small bowel
to document cecal position. In young infants it
can be difficult to distinguish small from large
bowel so that either an enema (if urgent) or
a repeat UGI is recommended. In hospitalized
infants, repeat UGI examination (often possible
the following day) can be preformed via naso-
gastric tube which allows control of the amount
of barium needed and limits fluoroscopy time.
Alternatively, an enema can be performed on
the same day to document the cecal position.



Chapter 29 Imaging of Clinically Suspected Malrotation in Children 441

The recommended action will depend on the
urgency of definitive diagnosis and the degree
of clinical suspicion for malrotation. The imag-
ing choice should be performed in conjunction
with the referring clinician.

IV. Special Situation: The Older
Child (at Low Risk?)

Summary of Evidence: The risk of symptomatic
volvulus, either acute or chronic, from malrota-
tion in an older child (beyond infancy) or adult
is real but low. Unfortunately, there are no clin-
ical or imaging predictors for volvulus in those
patients with malrotation, although some sub-
types of malrotation have higher risk of volvu-
lus than others (moderate evidence). Given the
reports of catastrophic acute volvulus in older
children, and one decision analytic model, pro-
phylactic Ladd procedure is recommended in
both symptomatic and asymptomatic children
(limited evidence).

Supporting Evidence: Approximately 10% of
urgent Ladd procedures in the United States
are performed in children beyond infancy and
in adults (5). Older children and adults with
symptomatic malrotation are a heterogeneous
and poorly defined group, with many clinical
presentations. Some may present with catas-
trophic volvulus while others will have years
of abdominal complaints. There is no argument
that those with acute volvulus undergo Ladd
procedure. There is less consensus to perform a
Ladd procedure prophylactically in those chil-
dren (and adults) with less acute or no symp-
toms.

Small case series of malrotation with acute
midgut volvulus are reported in both older chil-
dren and adults by many surgeons (11, 12, 28–
31, 33, 34, 45, 66–68). The clinical manifestations
in older patients are often much less straight-
forward than are those in neonates and encom-
pass a wide variety of signs and symptoms (15,
28–32). This situation has led to controversy
and confusion in the literature about whether
older children and adults need surgical inter-
vention (18, 45). Most published case series rec-
ommend prophylactic Ladd procedure in both
symptomatic (11, 12, 28, 33, 66) and incidentally
detected malrotation (33, 34, 45, 66–68) in chil-

dren, but others recommend a watch and wait
approach (38).

At present, there is no method for predict-
ing which patients will develop volvulus as a
result of malrotation. Given this situation and
the often confusing manifestations in older chil-
dren, it is important that subtle abnormalities
in the upper GI series be documented and dis-
cussed with the referring clinician and patient.
Long average delays of 1.7 years (34), 2.3 years
(33), and up to 5 years (35) in the diagnosis
of malrotation in symptomatic children after
infancy document the challenges of diagnosing
the condition in older patients. Symptoms of
malrotation in older children and adults range
from acute abdominal pain and vomiting to
mild intermittent pain and malabsorption (11–
13, 17, 32, 63, 69, 70). Other reported manifesta-
tions and complications of malrotation include
short gut syndrome, feeding difficulties, diar-
rhea, small bowel obstruction, adhesive bands,
internal hernia, malnutrition, failure to thrive,
chylous ascites, mesenteric lymphocele, pneu-
matosis, and pneumonia (11–14, 18, 36, 37).
Malrotation also may be an incidental imaging
finding, especially in adults (15, 32, 39).

Malek and Burd used Markov decision anal-
ysis to understand treatment options for chil-
dren (beyond infancy) with asymptomatic mal-
rotation. They used a national sample and data
on mortality from volvulus and elective surgery
to compare quality-adjusted life expectancy
for children who undergo Ladd procedure
and those who do not. They showed gains
in quality-adjusted life expectancy that were
the highest if asymptomatic malrotation was
treated at the age of 1 year rather than observa-
tion. These gains persisted but decreased when
the Ladd procedure was performed in older
children, up to age 20 years. In adults, the model
showed the preferred treatment strategy to be
no surgery (4).

V. Special Situation: The Infant or
Child with Heterotaxy Syndrome

Summary of Evidence: Infants with heterotaxy
syndrome typically have complex congenital
heart disease that results in high morbidity
and mortality. Most of these infants also have
malrotation. Controversy exists on whether
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these infants should undergo UGI study and
elective Ladd procedure given their higher
risk of post-operative complications from their
complex heart disease and other medical
problems.

Supportive Evidence: Heterotaxy syndrome (also
termed asplenia and polysplenia or situs
ambiguous) is defined as visceral malposi-
tion and dysmorphism that is associated with
indeterminate cardiac atrial arrangement. Most
infants and children diagnosed with heterotaxy
syndrome will have congenital heart disease
and many will have severe complex lesions (71,
72). Mortality for the asplenia type of hetero-
taxy is as high as 80% in the first year of life
(71, 72). Therefore, controversy exists regarding
the role of UGI series screening and prophy-
lactic Ladd procedure not only in these infants
with malrotation but also in those who have
complex heart disease and other medical condi-
tions. Small case series show that most (some-
times all) children with heterotaxy will have
malrotation and some develop acute midgut
volvulus that requires urgent Ladd procedure
(73–76).

Small case series show a risk of midgut volvu-
lus in heterotaxy syndrome infants with known
malrotation. These authors also conclude that
screening UGI studies should be performed
in all heterotaxy infants (insufficient evidence)
(73–75, 77). The UGI will not only diagnose mal-
rotation but also detect duodenal obstructions
from either Ladd’s bands or associated duo-
denal stenoses. Some authors also recommend
prophylactic Ladd procedure in a select group
of these infants that are stable from the cardiac
disease (75, 77). There is insufficient evidence
to suggest that all heterotaxy infants should
undergo Ladd procedure given the severe con-
genital heart disease in many that results in
either early mortality or high risk of post-
operative complications and mortality from this
elective procedure.

Take Home Tables

Tables 29.1, 29.2, 29.3, and 29.4 present, respec-
tively, syndromes associated with malrotation,
anomalies reported with malrotations, diagnos-
tic performance of imaging for malrotation, and
diagnostic performance of imaging for volvu-
lus. Figure 29.1 presents a normal UGI series in
an infant.

Table 29.1. Syndromes associated with
intestinal malrotation

Apple peel intestinal atresia
Brachmann-de Lange syndrome
Cantrell syndrome
Cat eye syndrome
Chromosomal abnormalities (13, 18, 21, etc.)
Coffin-Siris syndrome
Down’s Syndrome

Familial intestinal malrotation
FG syndrome

Heterotaxy syndrome (asplenia, polysplenia)
Marfan syndrome
Meckel syndrome
Mobile cecum syndrome
Prune belly syndrome

Adapted with permission from Taybi H, Lachman R. Radi-
ology of syndromes, metabolic disorders, and skeletal dys-
plasias, 3rd ed. Chicago, IL: Yearbook Medical Publishers,
1990; 825–826.

Table 29.2. Associated anomalies reported
with malrotation

Absence of kidney and ureter
Biliary atresia
Congenital diaphragmatic hernia
Duodenal or small bowel stenosis or atresia
Duodenal web
Gastroschisis
Hirschsprung’s disease
Imperforate anus
Intestinal pseudoobstruction
Intussusception
Malabsorption
Meckel’s diverticulum
Omphalocele
Pyloric stenosis

Adapted with permission from Jamieson and Stringer (13).
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Table 29.3. Diagnostic performance of imaging for malrotation (based on single insti-
tution case series with references in parentheses)

Test Sensitivity (%) Specificity (%)

UGI series (range) 93–98 85–93
93 (44, 68)
95 (10)
97 (15)
98 (42, 43)
98 (78)

85 (15)
85 (42, 43)
93 (79)

Barium enema (abnormal cecal position) (range) 60–87
87 (57)
84 (42, 43)
80 (56)
69 (44)
68 (80)
60 (68)

87 (15)

Ultrasound of SMA–SMV
relationship (on axial view)

67 (51, 55)
67 (50)
98∗ (78)

79 (78)

∗Does not include those patients where the SMA/SMV were not visible due to overlying bowel gas.

Table 29.4. Diagnostic performance of imaging for volvu-
lus (reference in parentheses)

Sensitivity Specificity

UGI 54% (56)–79% (57) 98% (57)
Whirlpool

sign∗ on US
83% (81)–92% (60) 100% (60)

∗Defined as the swirling appearance, usually in a clockwise direction, of the
small bowel, mesentery and vessels indicating volvulus.

Figure 29.1. Normal UGI series in an infant with the arrows showing the position of the normal duodenal–
jejunal junction (DJJ) on both antero-posterior (A) and lateral views (B). The ligament of Treitz position is
inferred by the DJJ position. UGI criteria for normal DJJ position are to be located left of the left vertebral body
pedicle at the level of the inferior aspect of the duodenal bulb on frontal projection. On the lateral view, the
second through fourth portions of the duodenum are retroperitoneal and located posteriorly with the DJJ at
the level of the duodenal bulb (reprinted with permission of The Radiological Society of North America from
Applegate et al. (3)).
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Imaging Case Studies

Cases 1 and 2

Figure 29.2 presents malrotation in two differ-
ent children: a 3-month-old female with gag-
ging and coughing with feeding; an older child
who had bilious vomiting.

A C

B

Figure 29.2. Malrotation in two different children. (A) and (B) are a UGI series of a 3-month-old female with
gagging and coughing with feeding. UGI/SBFT demonstrated the DJJ over the left pedicle inferior to the level
of the pylorus (A). This appearance raised the question of malrotation. Delayed images demonstrated the small
bowel to lay in the right abdomen (B) and the cecum to lie in the left upper quadrant, confirming the presence
of malrotation. At surgery, this infant was malrotated and underwent a Ladd procedure with appendectomy.
(C, D) An older child who had bilious vomiting underwent a delayed film (C) after gastric tube injection that
demonstrates the cecum in the epigastric regions and therefore the inferred short small bowel mesentery due
to its close proximity to the duodenum (arrow showing barium-filled appendix) (reprinted with permission
of The Radiological Society of North America from Applegate et al. (3)).
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Suggested Imaging Protocol for
Clinically Suspected Malrotation in
Children

• UGI series is the preferred single imaging
test. Should include true frontal and lat-
eral views to document the position of the
entire duodenum and the duodenal–jejunal
junction.

• If UGI series is indeterminate, (a) repeat
the UGI on a subsequent day or (b)
either perform a contrast enema or continue
the UGI series with small bowel follow-
through to document the position of the
cecum.

Future Research

• Consensus on standard technique and
explicit criteria for the diagnosis or exclusion
of malrotation on UGI series.

• Consensus on explicit criteria for the diagno-
sis or exclusion of malrotation at laparotomy.

• Decision analysis and consensus on the role
of Ladd procedure for (a) children beyond
infancy who present with asymptomatic or
atypical symptoms for malrotation and (b)
infants with heterotaxy syndrome.
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30
Imaging of Infantile Hypertrophic

Pyloric Stenosis (IHPS)
Marta Hernanz-Schulman, Barry R. Berch, and Wallace W. Neblett III

Issues
I. What are the clinical findings that raise the suspicion for IHPS and

direct further investigation?
II. What is the diagnostic performance of the clinical and imaging

examinations in IHPS?
III. Is there a role for follow-up imaging in uncertain cases?
IV. What is the natural history of IHPS and patient outcome with med-

ical therapy versus surgical therapy?

Key Points� In advanced cases, the clinical presentation of IHPS is typical. How-
ever, in early cases, the presentation may overlap with other causes of
vomiting, particularly gastroesophageal reflux.

� Clinical examination by palpation of the pyloric mass (olive) is specific
but less sensitive than imaging depending on the examiner and may
be time consuming (moderate evidence).

� US is the preferred diagnostic imaging test in experienced hands (mod-
erate to strong evidence).

� US is highly sensitive and specific to the diagnosis of IHPS, does not
require radiation or additional gastric filling, and can be diagnostic
within a few minutes. However, it requires operator and diagnostic
expertise (moderate evidence).

� If US is negative, UGI series or nuclear medicine to evaluate for reflux
may be necessary, depending on clinically assessed need to document
presence and degree of reflux.
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� UGI is effective in diagnosis of IHPS but may be time consuming, uti-
lizes radiation which is of particular concern when fluoroscopic time is
lengthy, and requires additional filling of the stomach, with the poten-
tial for aspiration.

Definition, Clinical Presentation,
and Pathophysiology

IHPS is a condition that develops within the
2nd to 12th week of postnatal life, in which
there is abnormal thickening of the muscle and
mucosa of the antropyloric portion of the stom-
ach, leading to gastric outlet obstruction, pro-
tracted “projectile” vomiting, dehydration, elec-
trolyte loss, and eventual emaciation (1, 2).
The clinical presentation is dependent on the
length of symptoms and initially can be con-
fused with onset or exacerbation of reflux. Vom-
iting is at first intermittent, but increases to fol-
low all feedings. As the frequency of vomit-
ing increases, there is loss of fluid as well as
hydrogen ion and chloride, with hypochloremic
alkalosis, paradoxical aciduria as the kidney
attempts to conserve sodium at the expense of
hydrogen ion, and decreased urine output. The
child is voraciously hungry, often gnawing his
fists, and as weight loss and starvation super-
vene, the distended stomach and vigorous peri-
staltic waves may be visible through the emaci-
ated body habitus.

The pathophysiology of IHPS remains elu-
sive, despite the relatively high prevalence of
this condition and the success of modern surgi-
cal management. Particular attention has been
paid to the hypertrophied muscle, and multi-
ple abnormalities have been identified. When
compared to control specimens, the muscular
layer has been found to have increased expres-
sion of insulin-like growth factor-I messenger
RNA, increased platelet-derived, and insulin-
like growth factors. Further, it is deficient in
interstitial cells of Cajal, in the quantity of nerve
terminals and markers for nerve-supporting
cells, in peptide-containing fibers, and in mes-
senger RNA production for nitric oxide syn-
thase as well as in nitric oxide synthase activ-
ity (3–12). It is therefore hypothesized that,
as a consequence of the abnormal innerva-

tion of the muscle, there is failure of muscle
relaxation, increased synthesis of growth fac-
tors, and muscle hyperplasia, hypertrophy, and
obstruction.

On the other hand, the hypergastrinemia
hypothesis suggests that a genetically influ-
enced congenital increase in parietal cells ini-
tiates a cycle of increased acid production,
repeated pyloric contraction, and decreased
gastric emptying, with histopathologic mus-
cle abnormalities as secondary events. Data
supporting these contentions include induc-
tion of IHPS in puppies with pentagastrin
infusion (13), the development of IHPS after
inception of feeding (14), the thickening of the
antropyloric mucosa and submucosal edema
and cellular infiltrates (1, 2, 15), the develop-
ment of IHPS with prokinetic agents such as
erythromycin (15), and the resolution of the
lesion and histopathologic abnormalities after
obstruction is surgically relieved (16). However,
further research is needed to extricate the etiol-
ogy and pathophysiology of this intriguing con-
dition from the multiplicity of associated find-
ings and confounding variables.

Epidemiology

Ninety-five percent of cases of IHPS present
between the 3rd and 12th week of life, with
a peak age at presentation of 4 weeks. The
diagnosis is rare earlier than 10 days of life.
The epidemiology of IHPS is variable, influ-
enced by genetics and dependent on racial and
geographic extraction. The genetic influence is
likely to be polygenic, explaining the famil-
ial link. No single locus has been found to
account for the greater than fivefold increase
in incidence among first-degree relatives (17).
Male and female children of affected mothers
carry a 20 and 7% risk of developing IHPS,
respectively, while male and female children
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of affected fathers carry a lower respective
risk of 5 and 2.5%. Probandwise concordance
in monozygotic and dizygotic twins is 0.25–
0.44 and 0.05–0.10, respectively (18). The dis-
cordance in the incidence of pyloric stenosis
among monozygotic twins suggests an environ-
mental factor not yet identified. Among white
populations of northern European extraction,
the incidence of IHPS is approximately 2–5 per
1,000 live births, with a male:female ratio rang-
ing from 2.5:1 to 5.5:1. This incidence falls by
20–30% among Caucasians in India and among
Black (0.7 per 1,000 live births) and Asian
populations.

An association has been described between
pyloric stenosis and malrotation, esophageal
atresia, and obstructive lesions of the urinary
tract. Higher birth order, low birth weight,
higher maternal age, and maternal educational
status have also been described in association
with pyloric stenosis (19).

Overall Cost to Society

The costs to society of caring for infants with
IHPS vary with the decision tree for diagno-
sis, with the type of surgery performed, with
the skill of the physicians involved, and with
the rate of complications. In a retrospective
study of 234 patients suspected of IHPS, White
and colleagues (20) determined that the mean
total charges for their patients with IHPS were
$2,454, with a potential savings of $100 per
patient in a model in which diagnostic imag-
ing was applied after clinical evaluation by
surgery, so long as the surgeon’s sensitivity to
palpate the olive was at least 38%. This model
assumes that no further imaging will be per-
formed if an olive is not palpated by the sur-
geon. A multi-institutional study by Campbell
and colleagues (21) outlined minimum total
hospital charges of $1,614 for patients with open
pyloromyotomy and $5,075 for patients with
laparoscopic pyloromyotomy. However, mean
charges were $11,245 for open and $11,307 for
laparoscopy surgery, largely secondary to com-
plicating and comorbid events. In a retrospec-
tive study of 780 patients in North Carolina,
Pranikoff et al. (22) found that mean hospital
charges for patients treated for IHPS by general
surgeons were $5,121, whereas the charges for

those treated by pediatric surgeons were $4,496.
This was compounded by the incidence of com-
plications, which were significantly greater in
the general surgeon group (2.9 versus 0.5%) and
which raised the charges from $4,806 to $6,592.
Safford et al. also showed that patients treated
both by high-volume surgeons and at high-
volume hospitals have improved outcomes at
less cost (23).

Cost analyses have been performed that show
(a) there is added cost without benefit if imag-
ing is performed after positive palpation of the
olive (20); (b) lower costs if patients are treated
on a clinical pathway (24); and (c) UGI series
as the initial test may be cost-effective when
pyloric stenosis prevalence is low (25, 26) (lim-
ited evidence). However, to our knowledge, no
studies have been published that assess the cost
of surgical consult and surgeon’s time in palpat-
ing the olive, versus performance of an imag-
ing study, such as US, when the condition is ini-
tially suspected by the pediatrician or primary
care physician or that have assessed the time
delay in scheduling an outpatient surgical clinic
appointment and its impact on patient care and
its cost.

Goals

In patients with IHPS, the goal of imaging is to
diagnose the condition as quickly and nonin-
vasively as possible, so that treatment may be
begun before electrolyte abnormalities, dehy-
dration, and weight loss supervene.

Methodology

The authors performed a MEDLINE search
using PubMed (National Library of Medicine,
Bethesda, MD) for data relevant to the diag-
nostic performance and accuracy of both clin-
ical and radiographic examinations of patients
suspected of IHPS, as well as the surgical
and medical therapy for this condition. The
diagnostic performance of the clinical exami-
nation (history and physical exam) and surgi-
cal outcome was based on a systematic litera-
ture review performed in MEDLINE (National
Library of Medicine, Bethesda, MD) during the
years 1966–June 2008. The search strategy used
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the following statements: (1) pyloric stenosis, (2)
US, (3) UGI, (4) clinical examination, (5) surgery,
(6) laparoscopic surgery, (7) medical therapy.

Discussion of Issues

I. What Are the Clinical Findings
that Raise the Suspicion for IHPS and
Direct Further Investigation?

Summary of Evidence: The classic presentation
of IHPS is that of nonbilious, often projectile
vomiting in a young child 3–12 weeks of age.
In severe cases, starvation may arise, with indi-
rect hyperbilirubinemia and electrolyte abnor-
malities including hypochloremia, sodium and
potassium imbalances, and alkalosis or aci-
dosis. In emaciated children, the distended
peristalsing stomach may be visible in the
hypochondrium.

Supporting Evidence: The clinical presentation of
IHPS is that of nonbilious vomiting in young
infants. This scenario can be confusing, as reflux
is common in this age group and is the major
diagnostic differential. In patients with IHPS,
forceful vomiting sometimes described as “pro-
jectile” develops acutely or as an exacerbation
of preexistent reflux. The episodes of vomit-
ing are initially intermittent but progress to fol-
low all or nearly all meals, and the infant may
develop hematemesis with protracted vomit-
ing, believed to be related to gastritis. Unlike
patients with gastroenteritis, patients with IHPS
are voraciously hungry. Starvation can exacer-
bate low glucuronyl transferase activity, and
indirect hyperbilirubinemia may be present
in 1–2% of patients. Electrolyte abnormali-
ties (hypochloremic alkalosis and sodium and
potassium deficits) are more specific findings
which can be masked by dehydration. Renal
mechanisms supervene to maintain intravascu-
lar volume by conservation of sodium at the
expense of hydrogen ion, leading to aciduria
in the face of systemic alkalosis; sodium may
also be conserved at the expense of potassium,
exacerbating potassium deficits. Emaciation in
these infants is no longer common, but when it
occurs, the distended stomach and active peri-
staltic activity may be visible in the hypochon-
drium.

In the vomiting infant, measurement of
serum electrolyte levels can help differentiate
the child with IHPS from the child with vom-
iting secondary to reflux. However, these find-
ings are seen late in the course of the condition
and are correlated with more severe dehydra-
tion. In a retrospective study of 65 infants with
IHPS (27), investigators found that bicarbonate
levels are normal in 29%, moderately elevated
in 34%, and markedly elevated in 25%. Patients
with elevated bicarbonate levels showed the
most severe dehydration, the lowest chloride
levels, the highest percentage of low urinary
pH, and had the longest duration of symptoms.
There was a decrease in bicarbonate levels in
12.3% of patients; these patients had otherwise
normal electrolytes, the least dehydration, and
the shortest duration of symptoms. The authors
postulate that a slight metabolic acidosis from
lack of nutrition occurs in IHPS, before the clas-
sic overlay of electrolyte disturbances super-
venes secondary to gastric losses. In a subse-
quent study of 216 infants (28), the authors
found that the alkalotic and hypochloremic
infants had a significantly longer duration of ill-
ness, sodium, potassium, and chloride deficits.
These sicker patients also had a higher percent-
age of palpable olives, and overrepresentation
of female and black infants, likely because of a
lower suspicion of IHPS in these populations.

Therefore, the patient with IHPS will present
with new onset or exacerbation of postprandial
nonbilious vomiting, with more advanced cases
demonstrating dehydration, elevated serum
bicarbonate, with chloride, sodium, and potas-
sium deficits, and paradoxical aciduria. The evi-
dence indicates that the typical electrolyte dis-
turbances of IHPS occur later in the evolution of
this condition, and that heightened clinical sus-
picion and further investigation before the full
constellation of findings has appeared will aid
in reaching the goal of early treatment.

II. What Is the Diagnostic
Performance of the Clinical
and Imaging Examinations in IHPS?

Summary of Evidence: Clinical examination has
moderate sensitivity for pyloric stenosis of
72–74%, although this may be decreasing
as reliance upon imaging increases and the
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diagnosis is made earlier. The specificity of
abdominal palpation is high at 97–99%. Clinical
examination is operator dependent, and may
be time-consuming, requiring 10–29 minutes of
palpation for high diagnostic sensitivity.

Ultrasound has high sensitivity and high
specificity, approaching 100% in experienced
hands. Ultrasound can be performed rapidly,
without patient preparation. However, ultra-
sound is highly operator dependent.

UGI is considered to have high sensitivity
and high specificity, although modern data are
lacking. UGI has less operator dependency than
ultrasound but does require the use of ionizing
radiation, which can be prolonged when there
is poor gastric emptying.

In general, physical examination will be the
first evaluation for suspected pyloric stenosis.
When palpation for the olive is negative, US
is the preferred initial imaging test. However,
when there is little or no experience with using
US for this diagnosis, UGI is the preferred imag-
ing test (moderate evidence).

Supporting Evidence

Clinical Palpation

The clinical examination in IHPS refers to the
ability to palpate the pyloric mass or olive. The
mainstay imaging examination for IHPS was
the UGI or barium meal, standardized in 1932
by Meiweissen and Sloof (29); in 1977, US was
first reported in the diagnosis of IHPS (30) and
has now become the preferred diagnostic imag-
ing modality for this condition. The sensitiv-
ity of each of these examinations varies with
the skill of the examiner, particularly for clini-
cal palpation and for US.

Success in palpating the enlarged pylorus is
not easy in most circumstances and is possi-
ble only if the infant is calm. The use of a
pacifier, decompression of the stomach via oro-
gastric tube (which moves the pylorus more
anteriorly), or a small feeding (5% dextrose
in water) have been described as helpful. The
examiner should be willing to commit 10–20
minutes of time in order to successfully pal-
pate the pylorus, and repeat examinations may
be required (31). The frequency of diagnosis
by successful palpation of the pyloric mass has
decreased over the past two decades; this is
believed to be due in part to the time com-

mitment needed for successful physical exam-
ination, the ease and reliability of the noninva-
sive US study, and the younger age at diagnosis
today, addressed later in this section.

In a prospective investigation of 116 infants
with vomiting, the physical examination was
successful in 80% of 75 patients with proven
IHPS. In this study, the physical examination
had a sensitivity of 72%, specificity of 97%, pos-
itive predictive value of 98%, and negative pre-
dictive value of 61% (32).

In one retrospective study of 212 patients
seen between 1974 and 1977 and of 187 patients
seen between 1988 and 1991, Macdessi and
Oates (33) found that the pyloric mass was suc-
cessfully palpated by the surgeons in 99% of
patients in the earlier group and in 79% of the
patients in the second group; however, among
the nonsurgeons to whom the patients initially
presented, the pyloric mass was palpated in
47% of patients in the earlier group and in 33%
of patients in the later group.

In another retrospective study of 234 patients,
150 of whom had pyloric stenosis, the pyloric
mass was successfully palpated in 111 patients,
with one false-positive examination, for a sen-
sitivity of 74% and a specificity of 99%. How-
ever, the sensitivity ranged between 31 and
100% among the five surgeons in the group
(20). Some authors suggest sedation in order to
increase sensitivity of the manual examination,
which increased from 70 to 100% after sedation
in a reported series of 10 patients with IHPS
(34).

Abdominal Radiographs

Abdominal radiographs, if obtained, typically
reveal a distended stomach with scarcity of
bowel gas distal to the stomach. However, this
is not a sensitive diagnostic test, and findings
would need to be confirmed by palpation, US,
or UGI. Therefore, if pyloric stenosis is sus-
pected, this examination only adds delay and
radiation exposure and is not recommended.

UGI Examination

The UGI examination is performed by intro-
duction of a positive oral contrast agent, typ-
ically barium, into the stomach and observa-
tion of the abnormal antropyloric channel dur-
ing passage of the contrast. The fluoroscopic
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examination can be lengthy, as diagnosis is
dependent on passage of contrast through the
abnormal channel, which can be markedly
delayed. In addition, it necessitates further dis-
tension of the stomach with contrast, or passage
of an orogastric tube to decompress the stom-
ach, which allows improved visualization by
eliminating dilution of the contrast by the gas-
tric contents.

When performed by an experienced radiolo-
gist, the UGI is accurate in the diagnosis and
exclusion of IHPS. There are few investiga-
tions today that specifically address the sensi-
tivity and specificity of UGI in IHPS. In a study
of 46 patients without a palpable olive pub-
lished in 1967, UGI was diagnostic in 44 (96%)
(35). These authors found the double track sign
and string sign to be present in more than
one-half of the patients, while beak, shoulder,
and pyloric tit signs were present in slightly
less than half; 7% of the patients had com-
plete obstruction, with no passage of contrast
from the stomach 30 minutes after completion
of the fluoroscopic examination. There were no
false positives in this series; however, without
visualization of the muscle layer, overlap of
IHPS and pylorospasm can lead to confusion
between these two conditions. Continued flu-
oroscopy until the antropyloric channel opens
can lead to protracted length of the examina-
tion and increased radiation exposure, even in
infants without IHPS. In one patient reported
by Hernanz-Schulman et al. (36) who did not
have IHPS, findings in the UGI examination
were diagnostic of the condition, although the
US findings, which were not diagnostic of IHPS,
resulted in surgery correctly not being per-
formed. In that study, 45 UGIs were performed
following US; the calculated UGI specificity was
98%. When there is little or no experience with
the use of US for diagnosing pyloric stenosis,
the UGI is the recommended initial imaging
test.

Ultrasound Examination

The US examination, similar to abdominal
palpation, requires a skilled and experienced
examiner. Unlike the clinical examination, US is
not time consuming, and diagnosis by an expe-
rienced examiner can be made very quickly,
even in a hungry, crying infant, and without
need to empty the stomach with an orogas-

tric tube. Unlike the UGI examination, US diag-
nosis is not dependent upon gastric emptying,
and both the lumen and the outer muscle are
directly visualized. The child does not need to
drink and there is no radiation exposure.

Uncertainty in the US diagnosis arises when
absolute reliance is placed upon measurements
of the antropyloric channel, with changing
sensitivity and specificity based on the mea-
surements used and the prevalence of the
condition (37). The measurements most often
used include muscle thickness, length of the
hypertrophied pyloric channel typically termed
pyloric length, and pyloric diameter. Analysis
of the literature on this subject must be viewed
with the understanding that the technique has
evolved in unison with the equipment and
our ability to visualize increasing details of the
antropyloric junction.

The initial and seminal report of US for
the diagnosis of IHPS, reported in the New
England Journal of Medicine in 1977 (30), con-
sisted of five patients examined with a static B-
scanner and used the pyloric diameter, which
ranged between 1.8 and 2.8 cm, with a mean
of 2.3 cm. With the advent of real-time scan-
ners soon thereafter, muscle thickness began to
be reported as an important component of this
diagnosis.

In a prospective study of 200 infants with
vomiting (38) scanned with a mechanical sec-
tor transducer operating at 7.5 mHz, Stunden et
al. found a mean muscle thickness of 3.4 mm,
with a range of 3–5 mm, a mean pyloric length
of 22.3 mm with a range of 18–28 mm, and
a pyloric diameter of 13.3 mm, with a range
of 9–19 mm in positive cases. In their work,
these investigators found the pyloric length
the most discriminatory criterion, with a cut-
off value at 18 mm. They additionally identi-
fied the importance of real-time evaluation, the
lack of opening of the channel in patients with
IHPS, and the variability in size of the normal
channel secondary to normal muscular contrac-
tions. Using these criteria, these authors were
able to discriminate between patients with and
without IHPS with 100% success rate, without
false-positive or false-negative results. In their
patient population, a pyloric mass was palpated
in two patients who had normal US examina-
tions and subsequently were proven not to have
IHPS.
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In a subsequent study including 323 sono-
graphic examinations scanned at 5.0 or
7.5 mHz, Blumhagen and colleagues (39)
found an accuracy of 99.4% for US, despite
classifying a positive case diagnosed as “sus-
picious” and a case diagnosed by sonography
4 days later, both scanned at 5.0 mHz, as false
negatives. There were no false positives. In 8%
of the normal patients, clinical examination
had been false positive (specificity 91%). These
authors found a mean muscle thickness of 4.8
with a range of 3.5–6.0 mm and a mean pyloric
length of 17.8 with a range of 11–25 mm. They
found some overlap in the pyloric length and
identified muscle thickness as the criterion with
the higher discriminatory value.

Graif et al. (40) examined a control group of
22 infants with gastrointestinal symptoms, and
22 patients suspected of IHPS, of whom 17 were
shown to have IHPS. These investigators found
a mean muscle thickness of 4.5, with a range of
3–6 mm, and pyloric length of 22.1 with a range
of 16–26 mm. In the control group, mean muscle
thickness was 2.3 with a range of 1.9–3.5 mm,
and pyloric length was 12 with a range of
8–16 mm.

In a retrospective study of 145 consecutive
infants with vomiting, O’Keefe et al. (41) deter-
mined that muscle thickness of 3 mm or greater
is diagnostic of IHPS, while muscle thick-
ness was <2 mm in 100% of normal patients
and <1.5 mm in 98% of these normals. When
appropriate referral for surgical therapy is taken
as the endpoint of the examination, the sensi-
tivity and specificity of US was 100 and 99%,
respectively.

These results were validated in a study of
152 consecutive patients scanned with linear
transducers at 7.5 mHz, with non-palpable
olive on initial physical examination. Hernanz-
Schulman et al. (36) found that in the 66 patients
with IHPS, a muscle thickness of 3 mm or
greater was diagnostic of IHPS in their patient
population, with no false-positive examina-
tions. In the 77 normal patients, muscle thick-
ness was evaluated only during the time when
the antrum was relaxed and measured 1 mm
or less in all the patients. There were no false-
negative studies. These investigators identi-
fied seven patients in whom the muscle thick-
ness ranged between 1.3 and 2.7 mm; these
patients were observed and did not develop
IHPS; although the muscle thickness in these

patients did not reach 3 mm, the canal length
overlapped with that of patients with IHPS.
These authors also described thickening of the
mucosa within the channel lumen, and protru-
sion into the gastric antrum, termed the antral
nipple sign, variability in the thickness of the
muscle of the unrelaxed normal antrum, as well
as in the muscle thickness and pyloric length in
patients with IHPS within the abnormal range.

III. Is There a Role for Follow-Up
Imaging in IHPS?

Summary of Evidence: Initially described as con-
genital hypertrophic pyloric stenosis, IHPS is
now known to be a condition that develops
after birth. The rate at which pyloric stenosis
evolves is not known nor is it known whether
pylorospasm is always a self-resolving condi-
tion, or whether it is one of the initial steps
in the development of pyloric stenosis in some
patients. Therefore, in the small minority of
patients with equivocal findings, if symptoms
do not resolve, a repeat examination is impor-
tant to assess for the development of IHPS (lim-
ited evidence).

Supporting Evidence: In the retrospective eval-
uation of 145 consecutive patients, O’Keefe
et al. (41) found six (4%) patients with equiv-
ocal findings and borderline muscle measure-
ments >2 and <3 mm. In two of these patients,
IHPS developed, with follow-up examination
demonstrating a change in muscle thickness
from 2 to 4 mm 2 weeks later. Two patients
had pylorospasm that resolved; one patient had
milk allergy and one patient had eosinophilic
gastroenteritis.

In a prospective Doppler study of vascular-
ity of the pyloric muscle and mucosa, Hernanz-
Schulman and colleagues (36) identified one
child who was referred at 2 weeks for US eval-
uation of vomiting secondary to family his-
tory and heightened clinical suspicion. The
initial examination found a muscle thickness
of 2.8 mm with intermittent opening of the
canal, which increased to 3.5 mm at 5 weeks
of age without canal opening, at which time
the diagnosis of IHPS was made and con-
firmed at surgery. In a manuscript address-
ing the accuracy of various muscle measure-
ments, O’Keefe and colleagues illustrate the
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maturation of pyloric stenosis over a 2-week
period, in an infant initially presenting at 5
weeks of age (41).

How long should one wait until a repeat
sonogram is requested? The answer is not
known; at this time, following the child’s clin-
ical status, requesting a follow-up examina-
tion is reasonable if initial findings lie in
the borderline group as described previously,
and the child’s symptoms do not resolve, or
exacerbate.

IV. What Is the Natural History of
IHPS and Patient Outcome with
Medical Therapy Versus Surgical
Therapy?

Summary of Evidence: Although pyloromy-
otomy has been widely used and has been
successful in the management of IHPS for
the past century, experience with nonoper-
ative management has been reported (42).
However, the excellent outcomes achieved
with the Ramstedt procedure have resulted in
little enthusiasm for a nonoperative approach,
particularly in North America. This procedure
allows rapid return to oral feeding, with aver-
age length of stay in North America of less than
2 days.

Several recent publications from Japan have
reported resurgent interest in medical therapy
for this disorder (43–45). The theory that mus-
cular spasm is a contributing factor to hyper-
trophy has led to trials of atropine (intravenous
and oral) as the primary treatment. However,
this approach has not been consistently suc-
cessful, often requiring subsequent pyloromy-
otomy, and has the disadvantages of require-
ment for prolonged hospitalization, necessity
of skilled nursing care, and careful follow-
up while the patient is receiving this medica-
tion. Another approach has been endoscopic
or image-guided balloon dilatation; however,
these techniques are less reliable and do not
convey significant advantage over standard
operative surgical treatment but may have a
limited application in rare patients in whom
surgery may be contraindicated.

Supporting Evidence: In a prospective trial of 34
patients, Yamataka and colleagues (45) treated

14 patients with incremental doses of oral
atropine, escalating to intravenous medication
as needed, and 20 patients with pyloromy-
otomy. The stomach was decompressed via NG
tube prior to each dose of atropine and trial
feedings. Treatment was successful in 20/20
surgical cases and in 12/14 atropine patient
cases (85%), with 2 patients requiring subse-
quent pyloromyotomy. Mean time to full feeds
in the surgical group was 2.7 days with a range
of 2–3 days and 5.3 days with a range of 1–10
days in the atropine group.

In a prospective trial of 85 patients with
IHPS, Kawahara and colleagues (44) treated
52 patients medically with fixed doses of IV
atropine, followed by oral atropine, and 33
patients with surgery. Medical therapy was suc-
cessful in 87% of these, with the remaining
needing pyloromyotomy with a mean hospi-
tal stay of 15 days and a range of 7–28 days.
In the patients successfully treated, atropine
was given for a mean of 51 days and a range
of 29–137 days. Hospital stay was 13 days
with a range of 6–36 days. Complications in
this group consisted of urinary tract infec-
tion, upper respiratory tract infection, and tran-
sient increase in serum aspartate aminotrans-
ferase. Among the surgical group, mean hos-
pital stay was 5 days, with a range of 4–
29 days. Complications included wound infec-
tion in four patients requiring hospitalization
in three, mucosal perforation in one patient,
and postoperative hemorrhage resulting in
hypoxic encephalopathy in one patient with
hemophilia.

Balloon dilatation in infants with IHPS has
been attempted unsuccessfully in a limited
number of patients (46). However, it was
reported to be successful in three infants
with persistent vomiting after conventional
pyloromyotomy (47).

The success of the muscle-splitting surgical
correction of IHPS described by Ramstedt in
1912 (48) is unchallenged. However, the surgical
approach to the pyloric mass has evolved from
an upper midline laparotomy to an incision in
the right hypochondrium and circumumbilical
incision. In 1991, Alain reported laparoscopic
pyloromyotomy in 20 infants, introducing
a new approach to the Ramstedt procedure
(49). Several retrospective and prospective
studies have been performed comparing



Chapter 30 Imaging of Infantile Hypertrophic Pyloric Stenosis 455

complications, postoperative recuperation,
length of hospital stay, and expense between
these operations. Mucosal perforation, a
complication of both procedures, is more
problematic with laparoscopy, as it may be
unrecognized and require reoperation. On the
other hand, wound infection appears to be
slightly less with laparoscopy in some series.
Although cosmetic results are superior with
laparoscopy, the data to date suggest that

once the learning curve for the laparoscopic
approach is mastered, there is little difference
in the overall outcome between these two
procedures (21, 50–53).

Take Home Figures and Tables

Figure 30.1 is an algorithm for diagnosis of
infants suspected of IHPS. Table 30.1 shows per-
formance of diagnostic imaging in IHPS.

Figure 30.1. General algorithm for diagnosis of infants suspected of IHPS.

Table 30.1. Performance characteristics of diagnostic examinations in IHPS
Sensitivity (%) Specificity (%)

Palpation by surgeon∗

By nonsurgical clinician

31–99 (mean 72.5)
(20, 32–34, 37, 39)
26–47 (mean 37) (33, 37)

85–99 (mean 93)
(20, 32, 37, 39)

Ultrasound (in experienced
hands)

97–100 (mean 99)
(20, 32, 36, 38–41)

99–100 (mean 99.8)
(20, 32, 36, 38–41)

UGI 90–100 (mean 95)
(20, 33, 35)

99
(20)

∗Reference (37). Assumption that palpation of olive pre-US examination was done by clinicians and post-US
examination was done by surgeons, although actual examiner is not specified.
References in parentheses



456 M. Hernanz-Schulman et al.

Imaging Case Studies

Case 1

Figure 30.2 presents a sonogram of an infant
with IHPS.

A

†

†

†

†

Figure 30.2. US of infant with IHPS. The length of
the antropyloric channel with abnormally thickened
muscle is 18 mm and the muscle (between cross-
hairs) measures 4.5 mm in thickness. The thickened
mucosa protrudes into the fluid-filled antrum (A).

Case 2

Figure 30.3 presents a UGI of an infant with
IHPS.

A

Figure 30.3. UGI of infant with IHPS. The antropy-
loric portion of the stomach is narrowed by the thick-
ened muscle, and contrast is seen coursing between
the interstices of the thickened and compressed
mucosa. A = antrum; arrow points to the duodenal
bulb.

Future Research

• Further research on the etiology of IHPS may
prevent the condition or allow more effective
and rapid medical management.

• Given the fact that pyloric ultrasound is the
current standard of reference, further studies
are required to determine learning curve and
skills for general radiologists to be proficient
with pyloric ultrasound.
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Intussusception in Children:

Diagnostic Imaging and Treatment
Kimberly E. Applegate

IssuesI. What are the clinical predictors of intussusception? What are the
clinical predictors of reducibility and bowel necrosis? Who should
undergo imaging?

II. Which imaging studies should be performed? What is the diagnostic
performance of abdominal radiographs and sonograph? What are
the pathologic lead points?

III. How should therapeutic enema be performed? Where should
patients be treated? What are the complications of enema therapy?
What are the surgical management and complications? What is the
cost-effectiveness analysis?

IV. What is the appropriate management in recurrent cases?
V. Special case: Intussusception limited to the small bowel

VI. Special case: Intussusception with a known lead point mass

Key Points� Children with clinically suspected intussusception should undergo
enema reduction after surgical consultation. The only absolute con-
traindications to enema are signs of peritonitis on clinical exam or free
air on abdominal radiographs. Air enema has better overall reduction
rates than liquid enema, but the outcome depends on the experience of
the radiologist (moderate evidence).

� Barium should not be used due to the poorer outcomes compared with
iodinated liquid contrast in those children who perforate (moderate
evidence).
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� Ultrasound (US) should be the primary imaging modality in the ini-
tial diagnosis of intussusception because it is a non-invasive test with
high sensitivity and specificity. US also plays a role in the evaluation of
reducibility of intussusception, presence of a lead point mass, poten-
tial incomplete reduction after enema, and of intussusception limited
to small bowel (limited evidence).

� Abdominal radiographs have poor sensitivity for the detection of
intussusception but may serve to screen for other diagnoses in the dif-
ferential diagnosis, such as constipation, and for free peritoneal air. For
evaluating children with a low probability for intussusception, sonog-
raphy is the preferred screening test (limited evidence).

� The use of delayed repeat enema for the reduction of intussusception
shows promise, but there are few data on the appropriate methods or
time (limited evidence).

� For recurrence of intussusception, including multiple recurrences,
enema is the preferred method for reduction (limited evidence).

Definition and Pathophysiology

Intussusception is an acquired invagination of
the bowel into itself, usually involving both
small and large bowel, within the peritoneal
cavity. The more proximal bowel that herni-
ates into more distal bowel is called the intus-
susceptum and bowel that contains it is called
the intussuscipiens. It is an emergent condi-
tion where delay in diagnosis is not uncommon
and leads to an increased risk of bowel perfo-
ration, obstruction, and necrosis. There may be
an accompanying pathologic lead point mass
in approximately 5% of children (1). Intesti-
nal intussusception may occur along the entire
length of the bowel from the duodenum to pro-
lapse of intussuscepted bowel through the rec-
tum. It can also range from classic clinical pre-
sentations to asymptomatic transient intussus-
ception seen increasingly on multichannel CT
studies of the abdomen for other indications
(2). Most cases are “idiopathic” in that the eti-
ology of the intussusception is due to hyper-
trophied lymphoid tissue in the terminal ileum
which results in ileocolic intussusception. Some
reports have suggested a viral etiology, most
commonly adenovirus but also enterovirus,
echovirus, and human herpes virus 6 (3). The
clinical signs and symptoms of intussusception
are often non-specific and overlap with those of
gastroenteritis, malrotation with volvulus, and,
in older children, Henoch–Schonlein Purpura
(HSP). The large majority of clinically symp-

tomatic cases occur in the infant and toddler,
with a peak age of 5–9 months, although it has
been reported on prenatal imaging and may
occur in children who present without the typ-
ical clinical presentation of vomiting, bloody
stools, palpable abdominal mass, and colicky
abdominal pain (4). The classic triad of colicky
abdominal pain, vomiting, and bloody stools is
present in less than 25% of children (5–7).

Epidemiology

Intussusception is the most common cause of
small bowel obstruction in children and occurs
in at least 56 children per 100,000 per year
in the United States (8). It is second only to
pyloric stenosis as the most common cause of
gastrointestinal tract obstruction in children. It
occurs in boys more than girls at a ratio of 3:2.
Some papers have reported associations with
viruses, particularly adenovirus, although lack
of seasonality suggests more than one pathogen
(4, 8). Delay in diagnosis and treatment is
not uncommon, making enema reduction less
successful, bowel resection more likely, and
death due to bowel ischemia possible (1, 4, 9,
10). There were 323 intussusception-associated
deaths in American infants reported to the Cen-
ters for Disease Control (CDC) between 1979
and 1997. In a review of administrative dis-
charge data of intussusception-associated hos-
pitalizations and deaths in the United States,
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Parashar and colleagues (8) noted a peak age of
5–7 months, with two-thirds of patients under
age 1 year, no consistent seasonality, hospital-
ization rates of approximately 56 per 100,000
children, and a general trend toward fewer
hospitalizations over the past two decades.
The mortality rates also decreased over this
time period, from 6.4 per 1,000,000 to 2.3 per
1,000,000 live births. They also reported an
increased risk of intussusception-related deaths
among infants whose mothers were <20 years
old, unmarried, nonwhite, and had less than a
grade 12 education. The authors concluded that
these data suggest reduced access or delay in
seeking care contributed to the risk of death.
They did not investigate costs or rates of sur-
gical versus enema reductions.

In another paper comparing worldwide data,
Meier and colleagues noted that the most
important difference between industrialized
and developing countries’ outcomes was the
delay in presentation for treatment and con-
sequent lower rates of enema reduction and
higher rates of surgical mortality (18%) from
bowel necrosis (10).

Rotavirus Vaccine

Shortly after the first and only rotavirus vac-
cine was introduced in the United States in 1998
for routine vaccination of infants at ages 2, 4,
and 6 months, several reports to the Centers
for Disease Control (CDC) suggested an asso-
ciation between the vaccine and intussuscep-
tion. This was noted particularly within 2 weeks
after vaccination with the first dose. The vac-
cine was removed from the world market in
1999 (11). Although controversial, subsequent
investigations have not found a higher rate of
intussusception after rotavirus vaccination (12,
13). A new rotavirus vaccine is currently under
development (14).

Overall Cost to Society

No data have been identified detailing the total
cost to society of intussusception. Three recent
surveys have documented practice patterns for
the evaluation of intussusception (4, 15, 16).

In centers without pediatric radiologists, the
enema is the initial and often only imaging test
performed for both diagnosis and treatment.
In contrast, at the 2004 SPR annual meeting,
a survey of pediatric radiologists showed that
57% now use sonography for initial diagnosis
prior to enema (15). Overall, the total hospital
cost for children with intussusception treated
with surgery is approximately four times that
of those treated with enema (17–19).

Goals

The goal of initial bowel imaging is early
detection of intussusception to enable enema
reduction of the intussusception. Additional
imaging studies may be performed to further
characterize indeterminate results. The ulti-
mate goal that radiologists should strive for is
non-operative reduction for all children with
idiopathic intussusception (approximately 95%
cases), but delay in presentation and diagnosis
makes this goal elusive.

Methodology

A MEDLINE search was performed using
PubMed (National Library of Medicine,
Bethesda, Maryland) for original research
publications discussing the diagnostic perfor-
mance and effectiveness of imaging strategies
in intussusception. Clinical predictors of intus-
susception were also included in the literature
search. The search covered the years 1966
to June 2008. The search strategy employed
different combinations of the following terms:
(1) intussusception, (2) children, ages under 18
years, (3) diagnosis, (4) therapy or surgery or
etiology. Additional articles were identified by
reviewing the reference lists of relevant papers,
identifying appropriate authors, and use of
citation indices for MeSH terms. This review
was limited to human studies and the English
language literature. The author performed an
initial review of the titles and abstracts of the
identified articles followed by review of the full
text in articles that were relevant.
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Discussion of Issues

I. What Are the Clinical Predictors of
Intussusception? What Are the
Clinical Predictors of Reducibility
and Bowel Necrosis? Who Should
Undergo Imaging?

Summary of Evidence: At this point there are no
reliable clinical prediction models that can accu-
rately identify all patients with intussuscep-
tion (limited evidence). Determination of which
children should undergo imaging and which
should not undergo imaging has not been stud-
ied in formal prospective trials.

Supporting Evidence

What Are the Clinical Predictors of
Intussusception?

Ideally, children with intussusception should be
diagnosed early to avoid bowel necrosis and
surgery. However, one report found that only
50% of children were correctly diagnosed at ini-
tial presentation to a healthcare provider (20).
The classic triad of colicky abdominal pain (58–
100% cases), vomiting (up to 85% cases), and
bloody stools is present in less than 25% of chil-
dren (5, 21). Guaiac positive stool is present in
75% of children with intussusception (7, 22).
Vomiting or diarrhea may lead to dehydra-
tion, which exaggerates lethargy. The mixture of
stool, blood, and blood clots has been described
as “current jelly stools” and is suggestive of
intussusception.

Kupperman and colleagues published a
cross-sectional study that evaluated the clini-
cal factors that might predict intussusception
in 115 children (23) (limited evidence). Using
multivariate logistic regression and bootstrap
sample analysis, they not only found that the
presence of highly suggestive abdominal radio-
graphs, rectal bleeding, and male sex were inde-
pendent predictors of intussusception but also
noted that these factors were not specific. Har-
rington and colleagues investigated the posi-
tive and negative clinical predictors of intus-
susception in a prospective cohort study (5)
(moderate evidence). They recorded signs and
symptoms in 245 children and correlated them
with sonographic and enema findings. Signifi-

cant positive predictive factors for intussuscep-
tion were the presence of right upper quad-
rant mass, gross blood in stool, guaiac positive
stool, and the triad of colicky abdominal pain,
vomiting, and right upper quadrant mass. They
were unable to identify significant negative pre-
dictors. Klein and colleagues reviewed clinical
history, physical exam, and radiographic find-
ings to develop a prediction model of children
with possible intussusception (24) (moderate
evidence). Their univariate analysis identified
several known factors associated with intussus-
ception, including vomiting, abdominal pain,
palpable abdominal mass, guaiac positive stool,
and rectal bleeding. However, they concluded
that they were “unable to develop a prediction
model that would reliably identify all patients
with the diagnosis of intussusception. Previ-
ously identified predictors of intussusception
remain important in increasing suspicion of this
important diagnosis. At this point there is no
reliable prediction model that can accurately
identify all patients with intussusception.”

What Are the Clinical Predictors of
Reducibility and Bowel Necrosis?

The most important factor that decreases the
reduction rate of enema is a longer duration of
symptoms. This finding is supported by multi-
ple case series. A significant delay is typically 48
hours, but some reports suggest 24 or 72 hours
as either one of several factors or the single fac-
tor predicting unsuccessful enema reduction (4,
25). Other factors associated with lower reduc-
tion rates include age less than 3 months, dehy-
dration, small bowel obstruction, and intussus-
ception encountered in the rectum (25% reduc-
tion rate) (4, 20, 21, 25, 26) (limited evidence).

II. Which Imaging Studies Should Be
Performed?

Summary of Evidence: Ultrasound has higher
accuracy in the diagnosis of intussusception
than plain radiographs. Ultrasound also has
higher diagnostic accuracy in identifying patho-
logic lead points than plain radiographs or
enema. The role of ultrasound findings in pre-
dicting success of reduction is not well known
with available literature. Given current evi-
dence, the diagnostic approach should include
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(a) abdominal radiographs if concern for other
diagnoses or for perforation; (b) sonography
for diagnosis or exclusion of intussusception;
(c) if positive, a surgical consult should be
obtained prior to the enema reduction attempt;
and (d) air enema reduction (or if no experience
with the air technique, liquid enema) (moderate
evidence).

Supporting Evidence

What Is the Diagnostic Performance of
Abdominal Radiographs?

The presence of a curvilinear mass within the
course of the colon (the crescent sign), partic-
ularly in the transverse colon just beyond the
hepatic flexure, is a nearly pathognomonic sign
of intussusception. The absence of bowel gas in
the ascending colon is one of the most specific
sign of intussusception on radiographs (27).
However, small bowel gas located in the right
abdomen on radiographs may mimic ascend-
ing colon or cecal gas. Radiographs have low
sensitivity and specificity, even when viewed
by experienced pediatric radiologists (27, 28)
(limited evidence). Sargent and colleagues (26)
reported 45% sensitivity in 60 children when
evaluated prospectively by pediatric radiolo-
gists, using the enema as the reference standard
(Table 31.1). Others report similar poor sensi-
tivity in the detection of intussusception (4).
In a survey of the SPR 2004 attendees, Dane-
man found that 79% obtain radiographs, but
this practice may not be under the control of
radiologists (15). Only 10% of pediatric radiol-
ogists in this survey preferred radiographs for
the diagnosis.

What Is the Diagnostic Performance of
Sonography?

Intussusception can be reliably diagnosed when
a “donut,” “target,” or “pseudokidney” sign is
seen using linear transducer sonography (29–
32). The optimal US technique in this pop-
ulation is well described (30–34). There are
no known contraindications or complications
resulting from US for this purpose. US also
plays a role in the evaluation of reducibility of
the intussusception, the presence of a patho-
logic lead point (PLP) mass, intussusception
limited to small bowel, to diagnose or exclude
residual intussusception after enema, and to

identify alternative diagnoses (5, 31, 33, 34)
(limited evidence). In a 2004 survey, 57% of
North American pediatric radiologists reported
the use of sonography to diagnose intussuscep-
tion as compared to 93% of European pediatric
radiologists in a 1999 survey (15, 35).

Sonography screening in children has been
suggested to reduce cost, radiation expo-
sure, and both patient and parental anxi-
ety/discomfort with enema (34) (limited evi-
dence). Published series from single institu-
tions suggest high accuracy, approaching 100%
in experienced hands, with sensitivity of 98–
100% and specificity of 88–100% (5, 31, 36, 37)
(limited evidence) (Table 31.1). Eshed and col-
leagues found similar abilities in sonographic
diagnosis of intussusception for staff radiolo-
gists as well as senior and junior radiology res-
idents: sensitivity and specificity were 85 and
98% for staff radiologists, 75 and 96% for senior
residents, and 83 and 97% for junior residents,
respectively (38). Given that the theoretical cost-
effectiveness of sonography is dependent on
the prevalence of intussusception, optimization
of imaging will require stratification of sub-
jects into different levels of probability of intus-
susception (39). However, data are lacking for
such stratification. Henrikson and colleagues
noted a trend of decreased prevalence of intus-
susception (22%) in those children referred for
enema and began sonographic screening (lim-
ited evidence). In their small series of 38 chil-
dren, they were able to avoid 19 enemas in
those with negative sonography, resulting in
savings in both radiation exposure (an average
of 8.2 mGy for negative enemas) and hospital
charges (34). Future cost-effectiveness modeling
research will be needed to define the population
that should undergo sonography.

What Are the Sonographic Predictors of
Reducibility and Bowel Necrosis?

Del-Pozo and colleagues performed sonogra-
phy in 145 children with intussusception and
found that fluid seen inside the intussusception
represented trapped peritoneal fluid and was
associated with significantly fewer reductions
on enema and with bowel ischemia at surgery
(40, 41) (limited evidence).

Some US reports have noted that thicker
bowel wall was associated with fewer enema
reductions (31, 42), but others did not find
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this association (41). Lack of color Doppler sig-
nal in the intussuscepted bowel wall suggested
bowel ischemia in several small series (43–45).
Free intraperitoneal fluid in small or moder-
ate amounts is present in approximately half of
children with intussusception and is not a con-
traindication for enema (32). There are conflict-
ing reports that free peritoneal fluid is associ-
ated with fewer reductions (4, 21, 25, 33, 46).
Some descriptive studies report that the pres-
ence of lymph nodes trapped in the intussus-
ception is associated with fewer reductions (33,
47). For these US findings, due to the conflict-
ing reports and/or small series, the evidence is
inconclusive.

What Are the Pathologic Lead Points?

Approximately 5–6% of intussusceptions in
children are caused by pathologic lead points
(PLP) which are due to either focal masses
or diffuse bowel wall abnormality. The most
common focal PLPs are (in decreasing order
of incidence) Meckel’s diverticulum, duplica-
tion cyst, polyp, and lymphoma (1, 4, 48)
(limited evidence). Diffuse PLPs are most
commonly associated with cystic fibrosis or
Henoch–Schonlein Purpura. Although the com-
mon teaching remains that focal PLPs are more
common in older children, this is somewhat
misleading. The relative prevalence of PLP with
intussusception is higher in children over the
age of 3 years, particularly for lymphoma. How-
ever, the absolute number of PLP in infants ver-
sus older children is approximately equal (1).

The detection of lead points by imaging
remains problematic (49), although US is the
non-invasive standard of reference. 66% of PLPs
may be identified at US (50) and that of 40% of
PLPs may be diagnosed on liquid enema (4). Air
enema has a lower rate of detection of PLP of
11% (51), so that some researchers suggest that
US be used afterward to search for PLP (4) (lim-
ited evidence).

III. How Should Therapeutic Enema
Be Performed?

Summary of Evidence: The air enema is con-
sidered superior at reduction, cleaner (based
on appearance of peritoneal cavity at surgery
when perforation occurs), safer, and faster, with

less radiation when compared to liquid enema
(22, 52–56) (moderate evidence). The recurrence
rates for air versus liquid enema reductions do
not differ (both are approximately 10%). The
“rule of threes” used to guide liquid enema
technique is supported by limited evidence.
Barium is no longer the liquid contrast medium
of choice due to the risk of barium peritoni-
tis, infection, and adhesions when perforation
occurs during the enema (22, 46, 53, 57). Neither
sedation nor medications increase the enema
success rate (limited evidence). Direct compar-
ison of reduction with fluoroscopy versus ultra-
sound has not been studied (insufficient evi-
dence).

Supporting Evidence: There are multiple inves-
tigations of success rates for enema reduction,
although most are retrospective. Seventy-one
published studies of this question were largely
Level-3 (limited evidence) investigations con-
sisting of unselected but often consecutive case
series. The average reduction rate for these 71
published studies was 74%. In 19 series with
at least 150 children each, retrospective anal-
ysis demonstrated reduction rates averaging
80%, range 53–96% (25) (Table 31.2). The largest
series from China, using air enema in 6,396 chil-
dren, reported reduction rates of 95% (55) (lim-
ited evidence). However, while the air enema
may be preferred in experienced hands, the liq-
uid enema is also safe and effective. The air
enema technique is well described in the liter-
ature (54, 56, 58). Briefly, the enema tip should
be placed within the child’s rectum and taped
in place with abundant tape. The child is placed
in a prone position to allow the radiologist or
assistant to squeeze the buttocks closed and
prevent air from leaking. Air is rapidly insuf-
flated into the colon under fluoroscopic obser-
vation. Once the intussusception is encoun-
tered, its reduction is followed fluoroscopically
until it is completely reduced. Air should flow
freely from the cecum into the distal small
bowel loops to signify complete reduction. One
critical safety issue is to keep air pressure below
a maximum limit of 120 mmHg to avoid the risk
of perforation (22, 46, 56).

Air Versus Liquid Enema

Two randomized trials comparing outcomes
with air versus liquid enema technique exist,
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yet their conclusions differ, with one stating
there is no difference and the other showing
the air enema superior to liquid enema (59,
60) (moderate evidence). In 1999, Hadidi and
El Shah reported that air had a higher reduc-
tion rate than liquid enema (p=0.01). Chil-
dren were randomized with less than 48 hours
of symptoms to saline reduction under sono-
graphic guidance (n=47), air (n=50), or bar-
ium (n=50) under fluoroscopic guidance (59).
In 1993, Meyer and colleagues randomized 101
children to air (n=50) or barium (n=51) enema
and found success rates of 76% for air and
63% for liquid enema (60). The results were
not statistically significant but do support air as
being more effective. In addition, the trial used
sedation and had lower reduction rates than
those not using sedation (25). The authors aban-
doned the use of sedation after this study. The
use of sedation may reduce the intraabdom-
inal pressure children create by the Valsalva
maneuver and is reported to improve reducibil-
ity at enema (46, 56). More recent reports of air
reduction show better results than liquid enema
reduction (1). The superior air enema results
may be due to the level of experience of those
who use air reduction techniques as well as the
presence of higher intraluminal pressure for air
as compared to standard hydrostatic reduction
(61, 62).

In a 1991 survey of American pediatric radi-
ology chairs, Meyer found that only 24% were
using air enema but 64% used barium and 12%
water-soluble contrast (16) as compared to 35%
of international pediatric radiologists who used
air enema (63). More recently, in 2004, 65% of
American pediatric radiologists reported using
air enema, 33% used liquid enema (water-
soluble contrast or barium), and 3% used liquid
enema with sonographic guidance (15). Some
pediatric radiologists will use air for children
older than 3 months but for younger infants,
especially neonates, they prefer liquid contrast
due to the greater differential diagnosis in this
group (25).

All children should have surgical consulta-
tion prior to enema (a) to assess for peritoneal
signs precluding enema, (b) to identify children
who cannot be reduced with enema or who
are found to have perforation, and (c) for post-
reduction management. Prior to enema reduc-
tion, dehydration should be treated with intra-

venous fluid resuscitation. Children with evi-
dence of peritonitis, shock, sepsis, or free air
on abdominal radiographs are not candidates
for enema. Radiologists should strive for enema
reduction rates of 80%, but it will depend on
their patient population (moderate evidence).
Several reports estimate that the rate of sponta-
neous reduction based on sonographic and/or
enema diagnosis prior to surgery is 10% (1, 21,
42, 51) (limited evidence).

Bratton and colleagues suggest that more
experienced radiologists and caregivers at chil-
dren’s hospitals decrease the risk of surgical
reduction, length of hospital stay, and cost of
care (17) (moderate evidence). Surgical man-
agement is performed when the patient is too
unstable (shock, dehydration, sepsis) for enema
reduction, when the enema is unsuccessful, or
when PLP is diagnosed.

The Rule of Threes

A general guideline to the liquid enema tech-
nique, often taught to radiology residents, is
the “rule of threes”: three attempts of 3-minute
duration, with the liquid enema bag at 3 feet
above the fluoroscopy table. There is little evi-
dence to support this rule, particularly regard-
ing the height of the enema bag (25, 64).
Many experienced pediatric radiologists alter
this general guide in response to the clinical
status of the patient and the movement of the
intussusceptum mass achieved with the initial
enema (21, 64). For example, if the intussus-
ception is partially reduced to where it most
frequently hangs up, at the ileocecal valve,
some radiologists will make further or longer
attempts and/or raise the enema bag above
3 feet. The exam is tailored to the patient
and performed in conjunction with the surgeon
involved.

Radiation Dose

The dose deposited will depend on a number
of factors, including the type of fluoroscopy
equipment, the use of pulsed fluoroscopy, and
the fluoroscopy time (1, 46). A 1993 study
reported a very low mean effective dose of
0.055 mSv for enema reduction of an intussus-
ception (65). Experienced pediatric radiologists
using air enema averaged 95 seconds of fluo-
roscopy time to reduce an intussusception and
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42 seconds to exclude one in a child without
intussusception (56). Air enema radiation doses
average one-third to one-half less the dose for
liquid enema (46).

Alternative Enema Approaches

A number of different approaches have been
described to try to improve intussusception
reduction on enema that include sedation, anes-
thesia, use of glucagon, manual palpation, and
delayed repeat enema. In the past, sedation and
sometimes anesthesia were commonly used to
improve reduction rates but case series showed
no improvement (16, 66, 67) (limited evidence).
In a 1991 survey Meyer found that only 10%
of respondents used sedation either always or
almost always (16) as compared to 54% of inter-
national pediatric radiologists, and those using
sedation reported lower reduction rates (59).
Therefore, few pediatric radiologists currently
use sedation in the United States. Glucagon was
shown not to improve enema reduction rates in
one study (68) and is no longer used (16). The
use of manual palpation has been suggested
to improve intussusception reduction at enema
but has not been systematically studied (46, 69).
One study by Grasso et al. reported a reduction
rate of 76% when manual palpation was used,
less than the average of 80% in large series (69).

Fluoroscopy Versus Sonography

In the West (i.e., North America, parts of
Europe, Australia), fluoroscopy is almost
always used during enema reduction. There
are other reports, primarily from Asia, on the
use of sonography with either water (70–76)
or air (77–79) that show reduction rates as
high as or higher than those using fluoroscopy.
However, the experience level required for
these techniques has not been studied nor has
the ability of sonography to detect perforations
(limited evidence).

Delayed Repeat Enema

In the small percent of children who fail initial
enema reduction, delayed repeat enema may
avoid the need for surgical reduction. The use of
delayed attempts at between 30 minutes and 19
hours after initial attempt has shown promise
in increasing the success of enema reductions

(80–84) (limited evidence). These four small
series showed further reduction rates of 50–82%
by waiting at least 30 minutes prior to further
attempts at enema reduction. Further research
to understand optimal timing and technique
for delayed repeat enemas is needed. Daneman
and Navarro, with the largest reported experi-
ence to date, suggest a delay of 2–4 hours until
further research yields more rigorous guide-
lines (25). The child must remain clinically sta-
ble and be appropriately monitored during this
time interval. Delayed enema should not be per-
formed if the initial enema does not move the
intussusception at all (25, 83).

Where Should Patients Be Treated?

Bratton and colleagues performed a retrospec-
tive cohort analysis of all children hospitalized
with intussusception in the state of Washing-
ton from 1987 through 1996 (17) (moderate evi-
dence). They investigated whether the rate of
surgical management for these children var-
ied by hospital pediatric caseload, measured by
the annual number of pediatric hospital admis-
sions. By reviewing the discharge data of all
507 children, they found an overall rate of sur-
gical reduction of 53%, with 20% undergoing
bowel resection. Rates of surgical reduction var-
ied by pediatric caseload from 36% at hospitals
with large pediatric caseloads to nearly double,
64%, at hospitals with low pediatric volumes.
Children who underwent surgery versus enema
reduction had similar gender and median age
characteristics, but those who had bowel resec-
tion were more likely to have coexisting con-
ditions. Median cost of hospital care for these
children was $5,724 for surgical reduction and
$1,184 for enema reduction.

What Are the Complications of Enema
Therapy?

The most important potential complication of
enema is bowel perforation. Sixty-six published
studies of this question were largely Level-3
(limited evidence) investigations consisting of
unselected but often consecutive case series.
The mean perforation rate was 0.8% (Table
31.2). In 18 case series with at least 150 children
each, perforation rates averaged 0.6%, with a
range of 0–1.6% (25). There were no statistically
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significant differences between air and liquid
enema perforation rates (Table 31.3). When
these averages were weighted to reflect the sam-
ple size of each published study, the perforation
rates were even lower, at 0.3% for all 66 studies
and 0.2% for the larger studies.

Ultimately, however, the risk of perforation
depends on each radiologist’s patient popula-
tion and technique. Though determination of
clinical predictors of perforation is complicated
by lack of prospective studies, the one acknowl-
edged key factor is symptom length greater
than 48 hours. Several reports in both pig mod-
els and children suggest that there may be pre-
existing focal perforation in the necrotic intus-
suscipiens or, less commonly, the intussuscep-
tum that is rarely radiographically apparent as
free air (20, 22, 25, 85–88) (moderate evidence).
The most common site is at or just proximal to
the intussusception in the transverse colon (88).
Perforations with air tend to be smaller than
those with liquid enema although the overall
perforation rates are similar (22, 86).

In 1989, Campbell surveyed enema tech-
niques and complications of North American
pediatric radiologists (89). Respondents’ com-
bined experience was 14,000 intussusception
enemas. Although they did not report enema
reduction rates, the combined perforation rate
was 0.39% (55/14,000), with only one death.
This study remains the basis for the risk of per-
foration that is explained to parents for consent
prior to enema reduction (one in 250 to one in
300) (limited evidence).

Barium is no longer the liquid contrast
medium of choice for reduction of intussuscep-
tion due to the risk of barium peritonitis, infec-
tion, and adhesions when perforation occurs
during the enema (22, 46, 53, 57) (moderate evi-
dence). While iodinated contrast is now pre-
ferred and is considered a safer agent than bar-
ium, one should be aware that it may produce
fluid and electrolyte shifts if perforation occurs
since contrast is absorbed from the peritoneum.

One complication unique to air enema is the
tension pneumoperitoneum. In an early report,
two deaths occurred from this complication,
leading the proponents of air enema to advise
having an 18-gauge needle readily available in
the fluoroscopy room for emergent decompres-
sion (25, 46, 53). Although theoretically possi-
ble, there have been no reports of air embolism.

What Are the Surgical Management and
Complications?

Depending on the patient population, approx-
imately 20–40% of children who undergo sur-
gical reduction of their intussusception will
require bowel resection (20% reference 17; 30–
40% reference 1). If we estimate that 20% of
children with intussusception will fail enema
reduction and undergo surgical reduction, then
only 4–8% of all children will require bowel
resection. Ideally, only this population should
need surgical intervention.

Short-term complications from laparotomy
include infection and bowel perforation. The
long-term risk of small bowel obstruction from
adhesions is approximately 8% for neonates
and 3–5% for those children older than 1 month
(90).

Cost-Effectiveness Analysis

There are no known rigorous economic anal-
yses on diagnosis and treatment strategies for
intussusception, although one study evaluated
the cost savings of more aggressive enema
reduction compared to surgical reduction (19).
Stein and colleagues analyzed single institu-
tion billing records of 703 children with intus-
susception to compare government DRG reim-
bursements of hospital care in Australia (lim-
ited evidence). In 1993 Australian dollars, the
government paid, on average, $727 for enema
reduction and $4,514 for surgical reduction
in hospital care. With the broader indications
for enema and the increased use of air, they
noted decreased use of surgical reduction at
their institution: in 1983, 65% children under-
went surgical reduction decreasing to 25% in
1992 (19). Ironically, the authors noted that hos-
pital profit, however, is greater for surgical
reductions.

IV. What Is Appropriate Management
in Recurrent Cases?

Summary of Evidence: Intussusception recur-
rence rates average 10% in large series, with
a range of 5.4–15.4% (1, 91), regardless of
air versus liquid enema technique (moderate
evidence). The recurrence rates are =5% when
surgical reduction is performed, presumably
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due to the development of adhesions (92).
Repeat enema is both safe and effective in
recurrent intussusception (1, 46, 92, 93) as long
as the child remains clinically stable (limited
evidence). There is insufficient evidence to
support any particular approach beyond the
performance of the enema and referral to a
surgeon for shared decision-making with the
patient.

Supporting Evidence: Fifty percent of children
who develop recurrent intussusception will
present within 48 hours, although recurrences
have been reported up to 18 months later (53)
(limited evidence). No clear risk factors are
known for why some children have recurrences
although some have focal PLP. In those with
PLP, children with diffuse bowel abnormality
such as cystic fibrosis, Henoch-Schonlein Pur-
pura, or celiac disease may be treated with
enema reduction more aggressively than those
with focal PLPs.

The risk of PLP in children with recurrent
intussusception is low. In one large series of 763
children, it was 8% (5/69) (53), only slightly
higher than the reported 5–6% incidence of
PLP at first presentation of intussusception (1)
(insufficient evidence). No predictive clinical
factors have been identified for PLP in these
children with recurrent intussusception. Reduc-
tion with air enema was possible in 95% of
recurrences in the largest reported experience
(1, 53) (limited evidence).

When there is concern for PLP, sonography
may play an important role and may detect
60% of PLPs (1, 44, 92) (limited evidence).
While US will not detect all PLPs, the risk of
missing a PLP without other signs or symp-
toms to guide management is unlikely (48). Ein
reviewed 1,200 intussusception cases covering
40 years’ experience at one institution to ana-
lyze this risk. When the enema failed to detect
lymphoma as a PLP, Ein noted the presence of
clinical signs of illness of greater than 1 week,
patient age greater than 3 years, weight loss,
and palpable mass in all of these children (lim-
ited evidence).

In a randomized, double-blind trial com-
paring 144 children who received intramus-
cular corticosteroids versus 137 who received
placebo before air enema reduction, Lin and
colleagues reported significantly fewer intus-

susception recurrences at 6 months (3) (moder-
ate evidence). In both groups, the initial reduc-
tion rate was 85%. There were no recurrences
in the children who received dexamethasone,
compared to 5% in the placebo group. They
hypothesized that steroids decreased the vol-
ume of mesenteric adenopathy and lymphoid
hyperplasia in the terminal ileum and thus the
risk of recurrence. However, further investiga-
tion of the risks and benefits of this intervention
is needed.

V. Special Case: Intussusception
Limited to the Small Bowel

With the increasing use of multi-detector CT
scanners, radiologists are reporting more fre-
quent presence of small, asymptomatic small
bowel–small bowel intussusception (2, 94) (lim-
ited evidence). These intussusceptions are typ-
ically transient and, since the children are
asymptomatic, they are of no known clinical
significance.

There is little evidence in the literature
regarding the optimal diagnosis and treatment
of symptomatic intussusception limited to the
small bowel. Most authors agree, however,
that the diagnosis is more difficult both clini-
cally and radiologically (1, 21, 26). Small bowel
intussusceptions are unlikely to have associ-
ated abdominal mass or rectal bleeding. Treat-
ment is virtually always surgical reduction.
Special risk factors for small bowel intussus-
ception include the early post-operative period
after either intraperitoneal or retroperitoneal
surgery, the presence of long enteric feeding
tubes, diffuse PLP (cystic fibrosis or HSP),
and small bowel polyps (1, 26, 95) (limited
evidence).

VI. Special Case: Intussusception
with a Known Lead Point Mass

The optimal imaging approach to children with
intussusception and known PLP is unknown.
However, Daneman surveyed the SPR mem-
bers at their 2004 annual meeting and found
that 76% of respondents attempt reduction
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in these patients (15). Some surgeons may
request enema reduction in these children
to partially reduce the intussusception and
perhaps decrease the laparotomy incision size
(82). There is insufficient evidence to support
any particular approach beyond referral to a
surgeon for shared decision-making with the
patient and, if requested, the performance of an
enema (25, 59, 93).

Take Home Tables

Table 31.1 summarizes the sensitivity and speci-
ficity of diagnostic imaging for intussusception.
Table 31.2 summarizes the published intussus-
ception enema reduction rates and perforation
rates. Table 31.3 summarizes the comparison of
air versus liquid contrast enema reduction and
perforation rates.

Table 31.1. Summary of sensitivity and specificity of diagnos-
tic imaging for intussusception

Test
Sensitivity
(%)

Specificity
(%)

Abdominal
radiographs∗

45 –

Ultrasound# 98–100 88–100
Enemaˆ 100 100

∗Data from references (4) and (27).
#Data from references (5, 31, 36, 37).
ˆReference standard for ileocolic intussusception (does not include intussuscep-
tion limited to small bowel); see reference 25.
(Reprinted with the kind permission of Springer Science+Business Media from
Applegate KE. Intussusception in children: Diagnostic imaging and treatment.
In Santiago LS, Blackmore CC (eds.) Evidence-Based Imaging: Optimizing Imag-
ing in Patient Care. New York: Springer Science+Business Media, 2006.)

Table 31.2. Summary of published intussusception enema reduction rates and perforation
rates. Summary data include a weighted average measure of reduction and perforation rates
based on publications with at least 150 pediatric cases. The enema techniques varied and
included air versus liquid media, with sonographic or fluoroscopic guidance

All Studies Studies with cases>150

Rates
Number of
studies Mean (SD)

Wt mean
(SD)

Number of
studies Mean (SD)

Wt mean
(SD)

Reduction (%) 71 74.1 (16.8) 87.3 (12) 19 79.6 (12.5) 89.5 (9.3)
Perforation (%) 66 0.8 (1.4) 0.3 (0.7) 18 0.6 (0.8) 0.2 (0.4)

Wt mean=weighted mean; SD=standard deviation.
Data from Daneman and Navarro (25).
(Reprinted with the kind permission of Springer Science+Business Media from Applegate KE. Intussusception in children:
Diagnostic imaging and treatment. In Santiago LS, Blackmore CC (eds.) Evidence-Based Imaging: Optimizing Imaging in
Patient Care. New York: Springer Science+Business Media, 2006.)
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Table 31.3. Summary comparison of air versus liquid contrast enema reduction and perfora-
tion rates. Note that while the liquid contrast media reduction rates are lower, a number of
these studies are older than the newer air enema reports. There was no significant difference in
perforation rates

All studies Studies with cases >150
Number
of
studies Mean (SD)

Wt mean
(SD)

Number
of
studies Mean (SD)

Wt mean
(SD)

Reduction (%) Pneumatic 32 82.1 (11.9) 91.4 (5.2) 10 86.4 (6.3) 92.2 (3.3)
Hydrostatic 39 67.5 (17.6) 69.1 (15.2) 9 72.1 (13.7) 70.0 (14.1)

p-value <0.001 <0.0001 0.009 <0.0001

Perforation (%) Pneumatic 31 1.0 (1.5) 0.3 (0.6) 11 0.8 (0.9) 0.2 (0.4)
Hydrostatic 35 0.6 (1.4) 0.4 (1.0) 7 0.3 (0.6) 0.2 (0.4)

p-value 0.30 0.53 0.28 0.99

p-values are based on the t-test.
Data from Daneman and Navarro (25).
(Reprinted with the kind permission of Springer Science+Business Media from Applegate KE. Intussusception in children:
Diagnostic imaging and treatment. In Santiago LS, Blackmore CC (eds.) Evidence-Based Imaging: Optimizing Imaging in
Patient Care. New York: Springer Science+Business Media, 2006.)

Imaging Case Study

Case 1

Figures 31.1 and 31.2 present the case of a 9-
month-old boy who comes to the emergency
department with a 1-day history of irritability,
vomiting, and intermittent crying.

Figure 31.1. Linear sonography of the right mid–lower abdomen demonstrates the target sign of bowel intus-
susception. There is bowel within bowel and thickened walls of these loops due to edema. No primary lead
point (PLP) is identified. (Reprinted with the kind permission of Springer Science+Business Media from
Applegate KE. Intussusception in Children: Diagnostic Imaging and Treatment. In Santiago LS, Blackmore CC
(eds.) Evidence-Based Imaging: Optimizing Imaging in Patient Care. New York: Springer Science+Business
Media, 2006).
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Figure 31.2. The appearance of the intussusception at
air enema reduction. The intussusception is encoun-
tered at the hepatic flexure, with the baby in a prone
position (arrow). Air is insufflated into the rectum
to push the intussusception retrograde until it is no
longer seen on fluoroscopy and there is air in mul-
tiple loops of small bowel. (Reprinted with the kind
permission of Springer Science+Business Media from
Applegate KE. Intussusception in Children: Diagnos-
tic Imaging and Treatment. In Santiago LS, Black-
more CC (eds.) Evidence-Based Imaging: Optimiz-
ing Imaging in Patient Care. New York: Springer Sci-
ence+Business Media, 2006).

Suggested Imaging Protocol for
Intussusception in Children

Ultrasound for Clinically Suspected
Intussusception

If there is a concern for alternative diagnoses
such as constipation, 1–2 view abdominal radio-
graphs (supine or prone and decubitus) (lim-
ited evidence). The abdomen is scanned with
a 5 mHz or higher linear transducer using the
graded compression technique and a bowel
or high-contrast application package. All four
quadrants of the abdomen must be scanned,
typically in transverse planes, beginning with
the right upper quadrant, to exclude an intus-
susception mass.

Air Enema for Reduction

Prior to performing the enema, consult the sur-
geon (moderate evidence). [If no experience

with air or few cases seen per year, then per-
form liquid enema with water-soluble contrast
using the guide of the “rule of threes” described
previously.] The enema tip without a balloon
should be placed within the child’s rectum and
taped in place with abundant tape. With the
child prone, the radiologist squeezes the but-
tocks closed to prevent air leak. Air is rapidly
insufflated into the colon under fluoroscopic
observation until the intussusception is com-
pletely reduced, when air flows freely from the
cecum into the distal small bowel loops. Air
pressure must remain below a maximum limit
of 120 mmHg to avoid the risk of perforation.
Repeat enema for recurrences, including multi-
ple recurrences (limited evidence).

Future Research Studies

• Investigate the optimal technique and timing
of delayed, repeat enema reduction.

• Investigate the role of corticosteroids to
decrease the rate of recurrence in a prospec-
tive controlled trial.

• Perform cost-effectiveness analyses (CEA) of
the role of US for the diagnosis of intus-
susception. This investigation would include
the question: At what disease prevalence
or individual case probability is US cost-
effective prior to enema?
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32
Imaging of Appendicitis in

Pediatric Patients
Erin A. Cooke and C. Craig Blackmore

IssuesI. What is the accuracy of imaging for diagnosing acute appendicitis
in children?

II. In which cases of suspected pediatric appendicitis is imaging
indicated?

III. What is the effect of imaging on the rate of negative appendectomy
in pediatric patients with suspected appendicitis?

IV. What is the role of imaging in managing pediatric perforated appen-
dicitis?

V. What is the effect of imaging pediatric patients with suspected
appendicitis on health-care costs?

Key Points� In pediatric patients, CT demonstrates superior sensitivity compared
to ultrasound in diagnosis of appendicitis, with similar specificities of
these modalities (moderate evidence).

� A protocol of initial use of ultrasound followed by CT for negative or
equivocal cases may be warranted in order to minimize the risks of
ionizing radiation (moderate evidence).

� The presence of an elevated absolute neutrophil count, nausea, or max-
imal tenderness in the right lower quadrant shows high sensitivity
but poor specificity in identifying pediatric patients with appendicitis
(moderate evidence). These patients may benefit from imaging.

� There is conflicting evidence regarding the effect of imaging on the
rate of negative appendectomy, but the more valid studies suggest that
there is a decrease in the rate with use of preoperative imaging (mod-
erate evidence).

� Preliminary data suggest that preoperative imaging may be able to dif-
ferentiate between cases of perforated and nonperforated appendicitis.
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Additionally, imaging may lead to a decrease in the perforation rate
and may be useful in predicting clinical outcomes in patients who
present with perforation (limited evidence).

� The data examining the financial impact of imaging pediatric patients
with suspected appendicitis are inconclusive (insufficient evidence).

Definition and Pathophysiology

Appendicitis is defined as inflammation of
the vermiform appendix, usually caused by
obstruction of the appendiceal lumen (1, 2).
Obstruction leads to bacterial overgrowth and
an increase in intraluminal pressure, which in
turn causes a decrease in mural perfusion. The
resulting inflammation and decrease in vascular
perfusion can lead to gangrene and perforation.
Delayed diagnosis can result in serious com-
plications, including gross perforation, abscess
formation, peritonitis, wound infection, sep-
sis, infertility, adhesions, and bowel obstruction
(3, 4).

Epidemiology

Acute appendicitis is the most common rea-
son for abdominal surgery in pediatric patients
(3–5) and is diagnosed in 1–8% of children
presenting with abdominal pain to the emer-
gency department (2, 4). There are approxi-
mately 70,000–90,000 pediatric cases of appen-
dicitis yearly in the United States (1, 6). The
estimated incidence ranges from 75 to 233 per
100,000 pediatric patients per year, with males
affected more commonly than females at a rate
of 1.4 to 1.0 (5). It is more common in 10- to 19-
year-old patients although it can present even
in children under 1 year old (3, 5). The rate of
perforation in pediatric patients ranges from 23
to 73% in various series and is higher in young
children (2–4, 7).

Overall Cost to Society

Acute appendicitis is a very common reason for
pediatric hospitalization and incurs significant
costs in terms of health-care resources. For pedi-
atric patients, appendectomy is the most com-
mon surgical procedure performed in the hospi-
tal for non-neonatal- or non-pregnancy-related

conditions (6). Nationwide, an average of 238
pediatric appendectomies are performed daily
(6). Annually, appendicitis accounts for approx-
imately 87,000 pediatric hospital stays in the
United States, representing 4.2% of all hospital
stays for pediatric illness (6). Appendicitis is the
second most common reason for hospitalization
for children and adolescents 6–17 years old. The
aggregate total charges related to care of pedi-
atric patients with appendicitis nationwide sum
to over $800,000,000 annually (6). At an institu-
tional level, a retrospective chart review by Gar-
cia Pena et al. showed that 308 pediatric patients
who were observed for possible appendicitis
collectively accumulated 487 inpatient observa-
tion days, with per-patient cost of $5,831 (8).

Goals

The goals of imaging in suspected acute appen-
dicitis are to determine if the patient has appen-
dicitis, enable earlier diagnosis, and identify
complications, such as perforation or abscess,
which may change surgical management.

Methodology

A recent meta-analysis on the performance of
ultrasonography (US) and computed tomogra-
phy (CT) for the diagnosis of appendicitis in
pediatric populations was performed by Doria
et al. (9). In this meta-analysis, a literature
search was performed for articles from Jan-
uary 1986 to December 2004 that used US, CT,
or both as diagnostic tests for appendicitis in
children. The literature search used Medline,
Embase, CINAHL, the Cochrane Database of
Systematic Reviews, the Cochrane Controlled
Trials Register, the American College of Physi-
cians Journal Club database, and manual search
for relevant articles. Medical subject headings
included appendicitis, appendix, sonography, ultra-
sonography, computed tomography, and computed
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tomography scan. Both prospective and retro-
spective studies were included. Clinical vari-
ables, technical factors, and test performance
were appraised by three readers, and statisti-
cal analyses were performed, including pooled
point estimates and 95% confidence intervals
for the sensitivity and specificity of US or CT
for the diagnosis of appendicitis.

To examine the more recent literature as well
as studies not included by Doria et al., we
performed a literature search of English lan-
guage articles from 1990 through January 2008
using the Medline database and the MeSH
terms appendicitis and diagnostic imaging and
either child, adolescent, or child-preschool. The bib-
liographies of relevant articles were searched
for other potentially relevant articles. Studies
were included if they were either prospective
or retrospective evaluations of CT or graded
compression ultrasound in patients 18 years or
younger, with outcomes measured by surgical,
pathological, or clinical follow-up.

Discussion of Issues

I. What Is the Accuracy of Imaging for
Diagnosing Acute Appendicitis in
Children?

Summary of Evidence: CT is more sensitive than
ultrasound with similar specificity (moderate
evidence) (Table 32.1).

A protocol of US followed by CT in negative
or equivocal subjects may achieve similar sensi-
tivity and specificity to CT alone, with less radi-
ation exposure (moderate evidence).

A protocol of US followed by CT if negative
may be cost-effective for the evaluation of pedi-
atric patients suspected of having appendicitis
(moderate evidence).

There are no reliable data to support the use
of abdominal radiographs in the diagnosis of
acute appendicitis (insufficient evidence).

Supporting Evidence: Abdominal radiography is
generally considered to be both insensitive and
nonspecific in the diagnosis of acute appen-
dicitis, although there are limited data to sup-
port this (4). Some studies have indicated that
abdominal radiographs are either normal or
misleading in approximately 77% of children

with appendicitis and that they rarely affect
management (2). Many of the findings that
can be seen with appendicitis, such as local-
ized ileus, bowel obstruction, and a right lower
quadrant soft tissue mass, are very nonspecific.
The purportedly most specific finding, that of a
calcified appendicolith, is seen only in approx-
imately 5–15% of patients with appendicitis
versus in less than 1–2% of children without
appendicitis (1, 2).

Cross-section imaging, therefore, is the main-
stay of image-guided diagnosis. A recent meta-
analysis by Doria et al. (9) found 26 prospec-
tive and retrospective trials of graded com-
pression US and/or CT in pediatric patients
(mean age range of 7–12 years) with suspected
acute appendicitis. Studies included results
from ultrasound only, CT only, or combined
ultrasound and CT in 6,850, 598, and 1,908
patients, respectively. The mean sample preva-
lence of appendicitis from these trials was
0.31 for both US and CT articles (range 0.15–
0.75). The weighted perforation rate in positive
appendicitis cases was 26.5%.

This meta-analysis identified eight studies of
CT in pediatric patients, which demonstrated a
pooled sensitivity of 94% [95% confidence inter-
val (CI), 92–97%], a combined specificity of 95%
(95% CI, 94–97%), and a summary diagnostic
odds ratio of 239 (95% CI, 118–487). For the
extracted data, the positive and negative likeli-
hood ratios were 18.8 and 0.06, respectively (5).
When these test specifications were applied to a
population with the mean prevalence of appen-
dicitis found in the trials examined by Doria et
al. (31%), the positive predictive value was 89%
and the negative predictive value was 97%.

There were 23 studies of graded compres-
sion ultrasound that met inclusion criteria in the
Doria et al. study. With one outlier removed,
the pooled sensitivity of ultrasound in pedi-
atric populations was 88% (95% CI, 86–90%),
the pooled specificity was 94% (95% CI, 92–
95%), and the summary diagnostic odds ratio
was 202 (95% CI, 159–258). The positive and
negative likelihood ratios were 14.7 and 0.13,
respectively (5). The positive predictive value of
graded compression ultrasound was 87%, and
the negative predictive value was 95% using the
mean prevalence of 31% for calculations.

Thus, in patients with suspected acute
appendicitis in whom further evaluation with
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imaging is desired, the Doria et al. article
demonstrated that there is a significant differ-
ence in the weighted pooled sensitivities in
favor of CT use, with no significant difference
in specificity of CT compared to US. However,
as the authors noted, pediatric patients in gen-
eral demonstrate greater sensitivity to ioniz-
ing radiation which is produced with CT scan-
ning. This radiation risk of CT use must be
weighed against the risk of additional false-
negative cases with US.

Several limitations were identified in the
examined studies, including potential verifica-
tion and selection bias, which could result in
falsely inflated sensitivity and specificity esti-
mates. The degree of differential verification
bias is probably similar between CT and US
since patients with negative imaging results
were likely to be managed nonoperatively
regardless of modality. Additional difficulties
in analysis included lack of randomization of
patients to imaging groups. Generalizability
may also be an issue as CT was more commonly
studied in North America whereas ultrasound
was more prevalently used in Europe and Asia.
In addition, relatively few children under the
age of 5 years were included in many of the
studies, so that the results may not hold true for
infants and preschool-age children.

In review of the literature since the Doria et
al. paper, a single prospective trial examining
CT in pediatric patients with suspected acute
appendicitis was identified (10). This 2005 study
of 94 patients of ages 6–17 who were admit-
ted to the hospital for observation for possible
appendicitis found that CT with rectal contrast
demonstrated a sensitivity of 100%, specificity
of 98%, positive predictive value of 90%, and
negative predictive value of 100% for those 53
patients in whom the appendix was visualized.
The investigators labeled those studies in which
the radiologist could not identify the appendix
as positive for possible appendicitis. Given the
relatively small sample size, these results are
consistent with the results of the Doria et al.
meta-analysis, although the absence of data on
many subjects in whom the appendix was not
visualized limits the data.

Ideally, an imaging protocol would combine
the sensitivity of CT with the lack of ionizing
radiation afforded by US in order to maximize
diagnostic accuracy while minimizing patient

risk. In our literature search, two prospective
studies were identified which examined the
combination of graded compression ultrasound
as the initial imaging followed by CT study if
the appendix was not visualized by ultrasound
or if the ultrasound was inconclusive for the
diagnosis of appendicitis (11, 12). These trials
enrolled a total of 585 patients with a prevalence
of appendicitis ranging from 23 to 43% with a
pooled prevalence of 39%. The sensitivity var-
ied from 77 to 97% with a pooled sensitivity of
95% (95% CI, 83–100%). The range of specificity
was 89–99%, with a pooled result of 93% (95%
CI, 97–97%). As expected, these series demon-
strated a greater sensitivity and lower speci-
ficity when the combined US followed by CT
results were considered than when the US data
were considered alone. Another randomized
trial of 600 patients compared results of CT and
ultrasound versus ultrasound alone in a pedi-
atric population (13). This study demonstrated
similar results to the two aforementioned series,
with the combined CT and ultrasound protocol
demonstrating a sensitivity of 99% and speci-
ficity of 89% while ultrasound alone showed a
sensitivity of 86% and specificity of 95%.

An additional consideration in deciding on
the use of US versus CT is patient body habi-
tus. An elevated body mass index (BMI) can
limit visualization of the appendix with ultra-
sound, with nonvisualization of the appendix
in 79% of overweight children compared to
33% in normal weight and 25% in underweight
children (5). The majority of studies evaluat-
ing diagnostic imaging do not report weight
or BMI, and thus it is difficult to define a cut-
off as to which children of a given weight
would benefit more from CT than from US.
A retrospective study by Grayson et al. found
that increased intraperitoneal fat was correlated
with a significantly increased likelihood of visu-
alizing a normal appendix on CT of pediatric
patients (14).

A recent formal cost-effectiveness analysis by
Wan and colleagues compared a protocol based
on US followed by CT if negative to the use
of CT and US alone. The Markov decision ana-
lytic model indicated that the incremental cost-
effectiveness ratio (ICER) of the US followed by
CT protocol was below $10,000 in both male and
female pediatric patients (15). This falls well
below the threshold of societal willingness to
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pay $50,000. Thus, the protocol of US followed
by CT was found to be a cost-effective imaging
strategy (moderate evidence).

II. In Which Cases of Suspected
Pediatric Appendicitis Is Imaging
Indicated?

Summary of Evidence: A clinical prediction rule
that relies on signs and symptoms in conjunc-
tion with basic laboratory values may be use-
ful in identifying subjects who do not need
imaging (Table 32.2). This prediction rule has
been validated at a single institution (moderate
evidence).

The high sensitivity (96–98%) of the clinical
prediction rule indicates that a negative result
effectively excludes appendicitis. The low speci-
ficity (32–36%) of the clinical prediction rule
indicates that imaging should be performed in
patients suspected of having appendicitis as a
confirmatory exam prior to treatment.

Supporting Evidence: Clinical exam and serum
laboratory testing remain the standard initial
method of determining which subjects may
have appendicitis. However, given the histori-
cal rates of both missed diagnosis and unnec-
essary laparotomy, a number of investigators
have attempted to formalize the clinical exam
into a valid scoring tool or decision rule for
deciding which subjects are at risk of appen-
dicitis. In 1986, Alvarado introduced a tool
termed the MANTRELS criteria for the scor-
ing of appendicitis risk in adults (1). However,
diagnostic accuracy in children was only <80%,
with significant inter-provider variability in the
successful use of these criteria (1). Thus, efforts
toward developing a useful pediatric decision
rule remain ongoing.

More recent efforts have focused on using
clinical and laboratory examination as a triage
tool to determine which subjects should
undergo imaging. Kharbanda and colleagues
developed a clinical decision rule to identify
children at low risk for appendicitis so that
ideally these patients could avoid imaging
(16). They performed a prospective cohort
study of 601 pediatric patients with suspected
appendicitis presenting to the ED. Pediatric
emergency medicine attendings completed

standardized data collection forms for each
patient prior to imaging, and using these data
two clinical decision rules (CDR) were created
with logistic regression and recursive partition-
ing. These decision rules were subsequently
validated in a consecutive group of 176 patients
(Table 32.2). Developed with logistic regression,
the first CDR identified the following clinical
factors as helpful in determining pretest proba-
bility of appendicitis: nausea (two points), right
lower quadrant pain (two points), migration of
pain (one point), difficulty walking (one point),
rebound tenderness/pain on percussion (two
points), and absolute neutrophil count (ANC)
>6.75 × 103/μL (six points). A score of greater
than six points was found to have a sensitivity
of 96% and a specificity of 36% in identifying
patients with acute appendicitis. The second
CDR, developed using recursive partitioning,
identified the presence of ANC>6.75 × 103/μL,
nausea, or maximal tenderness in the right
lower quadrant to have a sensitivity of 98%
and specificity of 32% in identifying patients
with appendicitis. It was determined that appli-
cation of these rules could have allowed for
clinical management without need for diagnos-
tic imaging in groups that did not fall into these
categories given the low risk of appendicitis,
reducing use of CT by 20%. Limitations in this
study include the potential for inter-observer
variability and lack of validation in other
locations.

Garcia Pena et al. also performed recursive
partitioning analysis of a retrospective cohort of
958 children with equivocal acute appendicitis,
who were risk stratified into three groups based
on clinical signs and symptoms and laboratory
values (17). Three different management guide-
lines with subsequent modeling of outcomes
were developed. Outcomes included the num-
ber of negative appendectomies and missed or
delayed diagnoses of appendicitis. The authors
showed that management guidelines with more
selective use of imaging could reduce the num-
ber of imaging exams ordered with minimal
increase in the negative appendectomy rate and
the number of missed diagnoses of appendici-
tis. However, these guidelines were not vali-
dated, so the effectiveness in clinical practice is
uncertain.

Thus, these clinical decision rules show
promise, particularly those developed by
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Kharbanda et al., given that they have been
validated in a pediatric population. However,
the reliability and validity in other settings
have yet to be demonstrated, an area for future
research.

III. What Is the Effect of Imaging on
the Rate of Negative Appendectomy
in Pediatric Patients with Suspected
Appendicitis?

Summary of Evidence: There is conflicting evi-
dence regarding the effect of imaging on the rate
of negative appendectomy, but the more valid
studies suggest there is a decrease in the rate
with use of preoperative imaging, in particular
CT (moderate evidence).

Supporting Evidence: While preoperative diag-
nostic imaging has the potential to increase
diagnostic accuracy and reduce the rate of nega-
tive appendectomy, there have been conflicting
data regarding the effect of imaging on the rate
of finding a normal appendix by pathology fol-
lowing appendectomy. Historically, before the
advent of routine CT and US use, history and
physical exam were the key to the diagno-
sis of appendicitis and were associated with
an approximately 20% negative appendectomy
rate (18).

In our literature search evaluating the rates
of negative appendectomy following the use
of imaging, no prospective studies were identi-
fied. Of the retrospective studies, we excluded
those with no control group and those with
nonconsecutive enrollment. In addition, stud-
ies that used a concurrent nonimaged con-
trol group were excluded, as nonimaged sub-
jects were likely substantially different clinically
from the imaged group, making the compar-
ison of limited value. Thus, as no valid con-
current controlled studies exist, our evaluation
was limited to those studies which compared
negative appendectomy rates (NAR) before the
widespread use of imaging to those after the
routine implementation of imaging, as this
seemed to be the most valid comparison.

Three studies met these criteria. In the ret-
rospective study by Rao et al., a consecutive
group of 129 pediatric patients from 1992 to
1995, before introduction of appendiceal CT,

were compared to a group of 59 patients in 1997,
after establishment of a standard appendiceal
CT protocol (19). All of the patients in both
groups underwent appendectomy. The NAR
dropped with the advent of appendiceal CT
availability, from 10 to 5% in boys and from
18 to 12% in girls. The second study, from
Boston Children’s Hospital by Garcia Pena et
al., compared a retrospective cohort of consec-
utive patients admitted for suspected appen-
dicitis before the use of a US–CT protocol to
a prospective cohort who were evaluated dur-
ing the time when the US–CT protocol was
in use (20). The protocol involved obtaining
US on all patients with equivocal appendici-
tis, followed by CT for equivocal or inconclu-
sive US cases. The NAR dropped from 14.7%
in the first group to 4.1% in the second group
(p<0.001). A third study, also from Children’s
Hospital Boston, found a decrease in the NAR
from 11 to 5.5% (p=0.03) with the use of selec-
tive CT or US imaging in the context of a clin-
ical practice guideline compared to a control
group of patients before the frequent utiliza-
tion of imaging at their institution (21). How-
ever, this study evaluated the entire protocol
and not the effects of imaging alone, and thus
other factors could have contributed to this
result. One potential limitation of these three
studies is the possible lack of generalizabil-
ity as they were performed at urban academic
institutions.

Although these three studies all noted a
decrease in the NAR with preoperative imag-
ing, data from other studies are not consistent
with this. Perhaps the most persuasive is from
a retrospective population-based analysis by
Flum and colleagues of data from the Washing-
ton State hospital discharge database from 1987
to 1998 (22). They found that the population-
based incidence of unnecessary noninciden-
tal appendectomy did not change significantly
over time for the 85,790 adult and pediatric
patients who underwent appendectomy over
that 12-year time period, in spite of increas-
ing availability of CT, US, and laparoscopy for
presurgical evaluation. Mean patient age was
32.1 years (standard deviation of 18.6 years). A
subgroup analysis of children under the age of
5 years showed no significant change in mis-
diagnosis rates over time as well. Thus, their
data did not support their initial supposition
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that increased use of imaging would lead to
a decrease in the NAR over time. However, it
is noted that the investigators were unable to
determine the rates of US and CT use with the
information available from the database, so the
actual patterns of imaging use are uncertain.
In addition, the study data are from the time
period prior to the use of modern multi-detector
CT scanners.

Thus, data on the effect of imaging on nega-
tive appendectomy rates are inconsistent at this
point. No multi-center or prospective data are
available. Also, changes in technology over time
may confound results, particularly with regard
to CT, which has evolved from single to multi-
detector technique with reformations in multi-
ple planes. Though clearly imperfect, the three
studies we identified in which nonconcurrent
control groups were used are the most valid
available reports in terms of study design, and
these do indicate a modest decrease in the NAR
with imaging. Still, the effect of imaging on the
NAR is still somewhat unclear, and a prospec-
tive randomized trial has yet to be performed
assessing this.

IV. What Is the Role of Imaging in
Managing Pediatric Perforated
Appendicitis?

Summary of Evidence: Preliminary data suggest
that preoperative imaging may be able to dif-
ferentiate between cases of perforated and non-
perforated appendicitis. Additionally, imaging
may lead to a decrease in the perforation rate
and may be useful in predicting clinical out-
comes in patients who present with perforation
(limited evidence).

Supporting Evidence: The identification of perfo-
ration in patients with appendicitis is an impor-
tant part of clinical management as this subset
has a significantly higher rate of complications,
including peritonitis, abscess formation, sepsis,
and even death, not to mention increased asso-
ciated costs of care associated with increased
observation time and use of hospital resources.
Pediatric patients have a higher incidence of
perforated appendicitis than adults, as they
tend to pose more of a diagnostic dilemma due
to nonspecific signs and symptoms and, in the

very young, limited communication skills (9).
A wide range of pediatric appendiceal perfo-
ration rates have been reported in the litera-
ture, from 14 to 88% (1, 7, 8, 13, 23–26). Younger
children are significantly more likely to present
with perforated appendicitis compared to older
children, such that one retrospective review of
769 pediatric patients found a 72% rate of per-
foration in children under the age of 5 years
compared to 22% in those 5 years or older (7).
Cases of perforation are also significantly more
costly than nonperforated appendicitis cases.
One study found an average cost of $16,882 (in
1997 U.S. dollars) per case of perforated appen-
dicitis compared to $5,202 per case of nonper-
forated appendicitis at their institution (8). Nat-
urally, a purported goal of preoperative imag-
ing is therefore to lead to an earlier diagnosis of
appendicitis, thereby allowing for earlier surgi-
cal management before perforation is allowed
to occur, given that most cases of appendici-
tis progress to perforation if untreated. Addi-
tionally, preoperative imaging could also aid
in identifying those patients who already have
perforated and thus more accurately direct non-
surgical management if that is deemed most
appropriate.

To date there have been limited studies
assessing the diagnostic capability of preoper-
ative imaging in determining the presence of
perforated appendicitis versus nonperforated
appendicitis. In terms of the use of US, a 1992
retrospective review of 71 pediatric appendici-
tis cases with an incidence of 37% perfora-
tion found that the best predictors of perfora-
tion were the absence of visualization of the
normally echogenic submucosal layer (p<0.05)
and the presence of a loculated, periappen-
diceal, or pelvic fluid collection (p<0.05) (27).
Additionally, a prospective study of 70 pedi-
atric patients with suspected appendicitis who
underwent preoperative US found that of those
patients with a uniformly hypoechoic appear-
ance of the appendix, 75% had perforation at
surgery. As for the utility of CT in this matter,
a 2005 retrospective review of 86 consecutive
pediatric and adult patients who underwent
preoperative CT found that extraluminal air
and moderate or severe periappendiceal inflam-
matory stranding were both statistically sig-
nificant predictors for perforation and associ-
ated with increased length of hospitalization
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(p<0.001) (28). The results of this particular
study may not necessarily be applicable to
children.

Some authors have postulated that US diag-
nosis of appendicitis may be more difficult
in cases of perforation. For example, a 2001
retrospective review found that of 14 cases
in their series with a false-negative US, 9 of
these patients turned out to have perforated
appendicitis (26). However, the Doria et al.
meta-analysis reported that the sensitivity of
US for the diagnosis of appendicitis is actu-
ally improved in cases of perforated appen-
dicitis compared to nonperforated cases (9).
Although these results are in conflict, the statis-
tical strength of the meta-analysis would sug-
gest that this result is more reliable.

Regarding the potential ability of preopera-
tive imaging to affect perforation rates, there
have been discrepancies in reported rates of
perforation in those patients who undergo pre-
operative imaging compared to those who do
not have preoperative imaging. A 2002 study
at Boston Children’s Hospital of 854 pediatric
patients examined perforation rates before and
after the implementation of a preoperative US
and CT protocol (in which CT was performed
in indeterminate US cases) and reported a sta-
tistically significant drop in the perforation rate
from 35 to 15.5% following the introduction
of the preoperative imaging protocol (p<0.001)
(20). Similarly, a retrospective review compar-
ing a group of 112 patients who presented with
appendicitis before the introduction of routine
appendiceal CT use to a group of 55 patients
after routine CT use was implemented found
a trend toward decrease in the perforation rate
after the introduction of preoperative CT from
23 to 15%, although this was not statistically
significant (19). In contrast, a 2001 retrospec-
tive study of 299 patients and a 2002 retro-
spective review of 118 patients who under-
went appendectomy found no statistically sig-
nificant difference in perforation rates between
those patients who had preoperative imaging
and those who did not (18, 25). However, it
is possible that there was significant selection
bias, with those patients who underwent imag-
ing possibly being more ill or having atypi-
cal presentations leading to a delay in diag-
nosis, which could have substantially affected
these results, as could the small sample sizes.

Again, in the absence of a randomized clini-
cal trial, the use of the historical control group
may be the more accurate method of assessing
this issue, suggesting that preoperative imaging
may indeed lead to a decrease in the perforation
rate.

Imaging may be useful in predicting clinical
outcomes in patients who present with perfora-
tion. A 2007 retrospective review of 34 pediatric
patients with perforated appendicitis treated
nonoperatively with IV antibiotics and in some
cases with CT-guided percutaneous drainage
correlated clinical outcomes with admission CT
findings. These investigators found that the
presence of fluid collections in three or more
sectors (a sector being defined as one of the four
abdominal quadrants or the pelvis) correlated
significantly with clinical failure of nonopera-
tive management (p<0.05), with such collections
being present in 50% of patients with failure
and in only 10% with a successful recovery (29).
As of note, no correlation with outcomes was
documented between the presence of an appen-
dicolith, extraluminal air, collection size, or col-
lection complexity and outcome. Of course, this
study is limited given the small sample size,
nonconsecutive patient selection, selection bias,
and non-generalizability, and further investiga-
tion in this area is needed.

In summary, there have been no large-scale
trials to fully assess the role of imaging in
the management of perforated appendicitis, but
findings to date hold promise for the future.
Multi-center trials are needed to address the
existing discrepancies. Additionally, imaging
criteria to predict outcomes in patients with per-
forated appendicitis need to be developed to
help direct management in terms of surgical
versus nonsurgical management.

V. What Is the Effect of Imaging
Pediatric Patients with Suspected
Appendicitis on Health-Care Costs?

Summary of Evidence: The data examining the
economic impact of imaging pediatric patients
with suspected appendicitis suggest that imag-
ing may decrease health-care costs, but the data
are not conclusive (limited evidence).
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Supporting Evidence: The data examining the
cost impact of imaging in pediatric patients
with suspected appendicitis are limited. Since
patients with equivocal appendicitis have tra-
ditionally been admitted for observation, it
has been postulated that use of imaging could
decrease costs by allowing for more patients
to be definitely diagnosed as negative in
terms of appendicitis and sent home. How-
ever, no formal cost-effectiveness analyses are
available.

A prospective cohort study of 94 pediatric
patients to be admitted for observation for
possible appendicitis found that if all of the
patients who had a normal appendix clearly
visualized on CT had been discharged to home,
the admission rate would have decreased by
41.8% with no missed diagnoses given the
high accuracy of CT (10). This could have
theoretically resulted in considerable savings,
as the mean length of hospital stay was
2.0 days.

In contrast, a retrospective review of 197
consecutive children who underwent appen-
dectomy found no significant improvement in
diagnostic accuracy or outcome in imaged com-
pared to nonimaged groups, with a delay in
surgical treatment (12.1 hours in imaged group
versus 5.4 hours in nonimaged group, p<0.0001)
and a 26% increase in hospital charges, from
$11,791 (imaged) compared to $9360 (nonim-
aged, p=0.001) (30). However, significant selec-
tion bias between the nonimaged and the
imaged groups is likely, with the nonimaged
group representing more typical cases that
could be taken directly to the operating room. In
addition, this study did not include the poten-
tial cost impact from avoiding surgery or obser-
vation on subjects without appendicitis who
had negative imaging.

A paper by Garcia Pena et al. used a deci-
sion analytic model to examine a retrospective
consecutive cohort of children admitted to the
hospital for observation for suspected appen-
dicitis (8). Three proposed strategies for patient
management were evaluated using empirical
data from this cohort, which demonstrated sen-
sitivity and specificity of CT for appendicitis
of 97 and 97% in imaged patients. All three
of the protocols involved getting CT scans of
children who, under the practice of the time,
would have simply been admitted for obser-

vation without CT imaging. Costs for aver-
age charges from 1997 were applied to each
situation and were calculated using the aver-
age hospital charge data. The total cost per
patient using the traditional practice strategy
was $5,831, compared to $3,813 if CTs were
obtained in all patients and those with neg-
ative exams sent home. This second strategy
would have resulted in the same number of pro-
jected missed appendicitis cases and a decrease
in the NAR. Two additional strategies involved
admitting and getting CTs in all and getting
CTs only in patients with elevated WBC count.
These strategies resulted in projected costs per
patient of $5,277 and $5,140, respectively. It
was found that all three proposed CT strategies
would have reduced the number of observa-
tion days, surgeries, negative laparotomies, and
cost per patient compared to traditional prac-
tice. The analysis was also repeated for a range
of sensitivities from 80 to 100%, with no change
in the relative ordering of the strategies. These
modeling data have not been validated in actual
practice.

Garcia Pena et al. also completed a prospec-
tive cohort study of 139 children with equivocal
clinical findings of acute appendicitis (31). Sub-
jects were evaluated with US, and those with
negative or unequivocal US findings then had
CT with rectal contrast. Surgical management
plans were recorded before imaging, follow-
ing US, and following CT, and total hospital
direct and indirect costs incurred or saved were
determined at each point. The imaging protocol
resulted in total cost savings of $565 per patient,
in this cohort with a 36% prevalence of appen-
dicitis.

These limited data suggest that there could be
cost savings associated with imaging pediatric
patients with suspected appendicitis, but the
exact effects are unclear, particularly given our
present inconclusive knowledge of the effects
of imaging on the negative appendectomy rate
and clinical decision making.

Take Home Tables

Table 32.1 discusses the sensitivity and speci-
ficity of imaging in pediatric patients with sus-
pected acute appendicitis. Table 32.2 discusses



484 E.A. Cooke and C.C. Blackmore

the clinical decision rule for prediction of
pediatric patients at elevated risk for acute
appendicitis.

Table 32.1. Sensitivity and specificity of imag-
ing in pediatric patients with suspected acute
appendicitis

Sensitivity
(%)

Specificity
(%)

PPV
(%)4

NPV
(%)4

Ultrasound1 88 94 87 95
CT1 94 95 89 97
Ultrasound

followed
by CT2

95 93 86 98

Clinical
data3

98 32 39 97

1 Data from reference (9).
2 Data derived from references (11–13). If the appendix is not
visualized by ultrasound or if the ultrasound is inconclusive
for the diagnosis of appendicitis, then CT is obtained.
3 Calculated using data from reference (17). These results
may not be achievable in routine clinical practice as they
have only been validated in a single pediatric population.
4 Calculated using a prevalence of appendicitis of 31%, the
mean sample prevalence of appendicitis from the reference
(9) meta-analysis as well as the prevalence of appendicitis in
the reference (16) validation set.

Table 32.2. Clinical decision rule for predic-
tion of pediatric patients at elevated risk for
acute appendicitis

Presence of any of the following three factors has
a sensitivity of 98% and specificity of 32% in
identifying pediatric patients with appendicitis:
- Absolute neutrophil count

(ANC)>6.75 × 103/μL
- Nausea
- Maximal tenderness in the right lower quadrant

Data from Kharbanda et al. (16).

Imaging Case Studies
Case 1

Figure 32.1 presents the case of a 10-year-old
girl in the emergency department complaining
of less than 24 hours of periumbilical abdominal
pain as well as nausea and emesis.

Figure 32.1. A 10-year-old female presented to the
emergency department complaining of less than 24
hours of periumbilical abdominal pain as well as nau-
sea and emesis. On physical exam, she was afebrile
and demonstrated right lower quadrant tenderness
with guarding. Laboratory evaluation revealed an
elevated white blood cell count of 16,700 cells/mm3.
This ultrasound was obtained, demonstrating a
blind-ending, noncompressible tubular structure in
the right lower quadrant compatible with a dilated
appendix measuring 13 mm in diameter and contain-
ing an echogenic, shadowing fecalith. On appendec-
tomy, gross and histological findings established the
presence of a nonperforated but friable, suppurative
appendix.
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Case 2

Figure 32.2 presents the case of a 17-year-old
male in the emergency department complained
of abdominal pain, initially periumbilical and
subsequently right lower quadrant, and nausea
for several hours.

Figure 32.2. A 17-year-old male presenting to the
emergency department complained of abdominal
pain, initially periumbilical and subsequently right
lower quadrant, and nausea for several hours. On
physical exam, he was afebrile and demonstrated
right lower quadrant tenderness with voluntary
guarding. White blood cell count was mildly ele-
vated at 11,200 cells/mm3. This CT demonstrated a
dilated, 12 mm appendix with mild wall thickening
and inflammatory changes in the periappendiceal fat.
Gross examination of the appendix at appendectomy
several hours later revealed a nonperforated, dilated
appendix with a fecalith obstructing its tip.

Suggested Imaging Protocols for
Suspected Appendicitis

There is no consensus in the literature as to the
ideal CT protocol with respect to the use of
intravenous contrast, oral contrast, rectal con-
trast, or non-contrast technique, with varying
reports of the efficacy of these protocols (3,
23, 24, 32–36). There is also significant vari-
ability in terms of recommendations regarding
focused imaging of the appendiceal region ver-
sus complete scan of the abdomen and pelvis,
with tradeoffs between radiation dose and more
complete exam (35, 37). In general, CT pro-
tocols are very institutional dependent, and
the best technique for a given patient may
vary depending on his/her ability to tolerate
administration of oral or rectal contrast and if

there are any contraindications to intravenous
contrast. However, the most commonly used
protocol is a complete scan of the abdomen
and pelvis with both oral and intravenous
contrasts.

Future Research

• Multi-center validation of proposed clin-
ical decision rules aimed at determin-
ing when imaging indicated in pediatric
patients with suspected appendicitis is still
needed.

• The data regarding the effect of imaging on
the negative appendectomy rate in pediatric
patients are in conflict. Resolution of this
question is critical to determining the effect
of imaging on patient outcome.

• Additional studies are needed to confirm
the role of imaging in managing pediatric
patients with perforated appendicitis.

• The ability of imaging to influence medical
decision making is not well established.

• Relatively little is known regarding the
overall cost and cost-effectiveness of imag-
ing pediatric patients with suspected acute
appendicitis.
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33
Imaging of Inflammatory Bowel

Disease in Children
Sudha Anupindi, Rama Ayyala, Judith Kelsen, Petar Mamula, and Kimberly E. Applegate

IssuesI. What are the important clinical predictors of IBD?
II. What is the diagnostic performance of current endoscopic tech-

niques in the evaluation of patients with IBD: Lower, upper endo-
scopies and wireless capsule endoscopy (WCE)?

III. What is the diagnostic performance of current imaging modalities
in evaluating IBD of the small bowel (barium small bowel follow–
through, CT, MR, US, enteroclysis)?

IV. Complications of IBD (intra-abdominal abscess, intestinal fistulae,
strictures and small bowel obstruction, primary sclerosing cholan-
gitis [PSC]): Which imaging should be performed and what is its
diagnostic performance?

V. What are the most important imaging features that lead to surgery
in a child with Crohn′s disease (CD) or ulcerative colitis (UC)?

VI. What are the role and risk of repeat imaging in monitoring IBD sta-
tus and response to treatment?

VII. Special situation: Which imaging modality provides the best perfor-
mance for the evaluation of perianal/perirectal disease in Crohn′s
disease?

Key Points� Children with clinically suspected IBD should have both upper and
lower endoscopies as part of the initial workup (strong evidence). Flu-
oroscopic small bowel follow-through studies are typically performed
as part of the initial diagnosis (limited evidence).

� Wireless capsule endoscopy (WCE) is a safe, moderately sensitive test
for the detection of small bowel inflammatory changes and should be
utilized in patients without small bowel obstruction and when other
diagnostic small bowel exams are negative. However, the specificity

S. Anupindi (�)
Department of Radiology at the Children’s Hospital of Philadelphia, University of Pennsylvania School of
Medicine, Philadelphia, PA 19104, USA
e-mail: anupindi@email.chop.edu

487L.S. Medina et al. (eds.), Evidence-Based Imaging in Pediatrics,
DOI 10.1007/978-1-4419-0922-0_33, © Springer Science+Business Media, LLC 2010



488 S. Anupindi et al.

and positive predictive value need to be further established (limited
evidence).

� MRI is superior to CT and is the preferred initial diagnostic and follow-
up imaging exam of perirectal and perianal disease in Crohn’s disease
(CD) patients (moderate–strong evidence).

� About 70–80% of CD patients and 30–40% of UC patients will require
surgery for disease refractory to medical therapy, or severe disease
with complications, or risk of malignancy (UC) (moderate evidence).

� Repeat imaging with SBFT and CT results in significant ionizing radi-
ation exposure and risk of later cancer induction so that alternative
imaging methods, MRI and US, should be used (limited evidence).

Definition and Pathophysiology

Inflammatory bowel disease (IBD), comprised
of the well-recognized Crohn’s disease (CD)
and ulcerative colitis (UC), is one of the most
serious, chronic gastrointestinal (GI) conditions
affecting the growth, social well-being, and
education in children worldwide. The patho-
genesis is not completely understood; however,
the general accepted hypothesis is that IBD
occurs as the result of an inappropriate and
exaggerated mucosal immune response to com-
mon environmental antigens including com-
mensal microflora in a genetically susceptible
host. Up to 25% of children with IBD will have
a primary degree relative with this diagnosis.
Generally both conditions result in suppura-
tive inflammation of the bowel that results in
abdominal pain, diarrhea (sometimes bloody),
weight loss, and growth disturbance.

UC is a diffuse chronic mucosal inflamma-
tion of the mucosa that is limited to the colon
and invariably affects the rectum in an unin-
terrupted fashion, although 5% of UC patients
have backwash ileitis. In contrast, CD features
segmental transmural inflammation and fibro-
sis involving the entire GI tract. In 10% of cases
a third entity termed “indeterminate colitis”
(IC) is used when a firm diagnosis of CD or
UC cannot be made. Although the etiology for
IBD is not clear, some risk factors include first-
degree relatives, smoking, NSAIDs, oral con-
traceptives. Several infectious agents that have
been proposed as causative agents although
with great controversy include Listeria mono-
cytogenes, Chlamydia trachomatis, Escherichia coli,
Cytomegalovirus, Saccharomyces cerevisiae, and
Mycobacterium avium paratuberculosis (1, 2).

Epidemiology and Diagnosis

In the pediatric population, defined as ages
1–17, the incidence of IBD in North Amer-
ica is approximately 2/100,000 for UC and
4.5/100,000 for CD (1). The U.S. prevalence of
CD and UC combined is estimated to be 400
cases per 100,000 persons and these numbers
are on the rise (2). Twenty-five percent of all
IBD presents in the pediatric age group. The
peak age of onset is in the adolescent years,
with 4% of pediatric IBD cases occurring before
the age of 5 years and 20% before the age of
10 years (3). While IBD incidence is equal in
males and females, it occurs more commonly in
the developed world and, in urban compared to
rural areas, is higher in Caucasians, followed by
African Americans and occurs less commonly
in Asians and Hispanics.

One million Americans have IBD. There is a
higher predisposition of IBD in northern lati-
tudes than southern latitudes. Worldwide the
incidence of IBD is increasing. There is minimal
emerging data from Asia, Pacific regions, and
South America; however, the incidence in these
regions is not as great as that in North Amer-
ica or Europe. The current descriptive data are
derived from European (Scotland and Sweden)
and North American cohorts (4).

No single test can diagnose IBD. Patients
presenting with signs and symptoms that sug-
gest IBD, such as bloody or non-bloody diar-
rhea, or weight loss need to be evaluated
with supportive laboratory testing, such as
hemoglobin, albumin, inflammatory markers
such as erythrocyte sedimentation rate (ESR)
and C-reactive protein (CRP), stool cultures,
radiographic studies, and endoscopy. Patients
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may appear ill on physical exam with some
findings including pallor secondary to anemia,
and pharyngeal aphthous lesions. The abdomi-
nal exam may be normal, non-specific, or have
“fullness” in right lower quadrant, indicating
inflamed terminal ileum or thickened bowel.
On perianal and rectal exam, the frequency of
the findings of perianal/perirectal skin tags, fis-
sures, and fistulae is 2–4.5% in newly diagnosed
CD patients (1). Upper endoscopy, colonoscopy
with biopsies, and radiologic studies are per-
formed for confirmation of diagnosis. The dif-
ferentiating features at biopsy are listed in Table
33.1.

Overall Cost to Society

A review of the current literature reveals that
the overall cost burden of CD to society is quite
high and a substantial portion of the direct
costs is attributed to hospitalizations. There are
several cost-effective analyses evaluating the
overall cost to society regarding hospitalization
and treatment (i.e., surgery), as well as loss
of time from school and work. However, no
cost-effectiveness data were found in the liter-
ature specifically incorporating imaging strate-
gies in the evaluation and management of IBD.
The total economic burden of CD in the United
States is estimated to be between $10.9 and
$15.5 billion (5). The estimated cost per patient
with CD in the United States is close to $18–
19,000 annually (5). The severity of the disease
is directly proportional to the cost by as much
as three- to ninefold, higher in children with
severe disease than those with mild disease.
Data from 1990 reported a total annual med-
ical cost for patients with UC in the United
States as approximately $0.4–0.6 billion (6). In
keeping with annual inflation and rising med-
ical costs this estimate is much higher today.
Only a single study assessed the economic costs
of different diagnostic exams including imaging
studies but the focus was primarily on capsule
endoscopy (7). Imaging costs are barely men-
tioned separately in the reviewed citations but it
is presumed that it is a significant portion of the
costs, as imaging is widely used to help deter-
mine medical versus surgical treatment (2, 8, 9)
(limited evidence).

Goals

The diagnosis of IBD encompasses use of clini-
cal, tissue diagnosis, and imaging. The goals of
imaging in IBD are to primarily determine the
extent of small bowel involvement, assess com-
plications, and help determine patients who
are candidates for surgery. Using conventional
endoscopic techniques (with the exception of
emerging capsule endoscopy), the small bowel
is difficult to assess and therefore imaging
is relied upon. Imaging plays a key role in
assessing complications such as abscesses, fis-
tulae, strictures, and obstruction, which would
require intervention. Patients with CD who
present with acute exacerbations resulting in
hospitalizations often require CT and MR imag-
ing to evaluate the current status of disease and
possible complications. These imaging tech-
niques are used to help determine who might
benefit from surgery.

Methodology

The authors performed a MEDLINE search
using PubMed (National Library of Medicine,
Bethesda, MD) for data relevant to the diag-
nostic performance and accuracy of both clini-
cal and imaging examinations of patients with
inflammatory bowel disease (IBD). The cost
analysis of diagnosis, treatment, and imag-
ing strategies of IBD was searched on MED-
LINE (National Library of Medicine, Bethesda,
MD) using the following search criteria for the
period 1990–2008: (1) Inflammatory bowel dis-
ease; (2) diagnosis; (3) treatment; (4) health eco-
nomics; (5) hospital costs; (6) imaging costs. The
diagnostic performance of the clinical examina-
tion (history and physical exam) and the surgi-
cal outcome were based on a systematic litera-
ture review performed in MEDLINE (National
Library of Medicine, Bethesda, MD) during
the years 1990–2008. The clinical examination
search strategy used the following statements:
(1) Inflammatory bowel disease; (2) Crohn’s disease;
(3) ulcerative colitis; (4) pediatric; (5) children; (6)
epidemiology or physical examination or endoscopy
or colonoscopy or capsule endoscopy; (7) treatment
or surgery. The review of the current diagnos-
tic imaging literature was done with MEDLINE
covering the years 1990–September 2008. The
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search strategy used the following key state-
ments and words: (1) Inflammatory bowel dis-
ease, (2) Crohn’s disease, (3) ulcerative colitis, (4)
MRI or magnetic resonance imaging, (5) computed
tomography or CT, (5) ultrasound, (6) PET imag-
ing, (7) imaging, as well as combinations of these
searches. We excluded animal studies and non-
English articles.

Discussion of Issues

I. What Are the Important Clinical
Predictors of IBD?

Summary of Evidence: The clinical signs and
symptoms of IBD, although variable between
UC and CD, most commonly include abdom-
inal pain, diarrhea, weight loss, fever, hema-
tochezia (in UC), and growth failure [10]. These
are the most common predictive signs and
symptoms occurring in more than 90% of the
cases (moderate evidence).

Routine blood and inflammatory markers
including, but not limited to, cell blood count
(CBC), erythrocyte sedimentation rate (ESR),
and C-reactive protein (CRP) are sensitive but
not specific for IBD; however, serologic anti-
body studies such as perinuclear antineutrophil
cytoplasm antibodies (pANCA) and anti-S. cere-
visiae antibodies (ASCA-IgA and IgG) have a
high degree of specificity (10, 11).The sensitiv-
ity and specificity of ASCA has been estimated
as 37 and 97%, respectively, for the diagno-
sis of CD, whereas for the diagnosis of UC,
the sensitivity and specificity of pANCA has
been reported as 55 and 89% (10) (moderate
evidence). When history, physical, and labo-
ratory studies suggest ongoing symptoms not
explained by infection, endoscopy is needed to
diagnose (11) (strong evidence).

Supportive Evidence: IBD peak incidence is
between 15 and 35 years. A delay in diagnosis
is common and can be between 5 months and
2 years. Growth failure in children is identified
in 10–40% of patients with IBD at presentation
and is more common in CD. Atypical presen-
tations occur in 10–20% of patients. Approxi-
mately 4% of IBD patients present with arthritis,
usually pauciarticular and involving the large
joints. Younger children are more likely to have

atypical clinical presentations. In addition, 10%
of patients with CD may initially present with
perianal abscesses or fistulae or unusual der-
matological manifestations such as erythema
nodosum or pyoderma gangrenosum (12).

Laboratory Markers

There is also variability in the biological labo-
ratory markers in children with IBD. There is
usually an increased concentration of CRP, ESR,
fecal calprotectin (FC) and a low albumin, ane-
mia, and neutrophil leukocytosis (13). Certain
autoantibodies such as pANCA and ASCA are
abnormal in IBD, but the utility of these mark-
ers to diagnose IBD is limited by low sensitiv-
ity (10). The pANCA is detected in 50–80% of
UC patients and 10–40% of CD patients while
ASCA is detected in 46–70% of CD patients
and only 6–12% of UC patients (11) (moder-
ate evidence). These markers are useful to pre-
dict the risk of stricture or perforation and to
distinguish Crohn’s from UC patients since UC
patients more often will have elevated levels
of pANCA whereas Crohn’s patients are more
likely to have ASCA elevated (14). Canani and
colleagues showed that if the values of FC,
ANCA/pANCA, and bowel US were all nega-
tive, the probability of having IBD was 0.69%. If
the laboratory exams described above were nor-
mal, this was a good negative predictive value
for IBD (10, 11, 15, 16) (moderate evidence).

Children Under Age 5 Years

In a large analysis by Heyman et al. IBD specific
symptoms were seen in 3% (37/1370 patients)
of children less than 1 year of age (17). The
serologic markers were poor indicators of dis-
ease in younger children than in older children
(18). Growth failure, as a presenting symptom,
is more common in children with CD than UC
or IC (P=0.004). It has been estimated that 5%
of fever of unknown origin (FUO) in children is
due to IBD (18). Chronic fever is associated with
CD but not with UC and vomiting has been
associated with CD but not with UC in children
less than 5 years old (18) (strong evidence).
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II. What Is the Diagnostic
Performance of Current Endoscopic
Techniques in the Evaluation of
Patients with IBD: Lower, Upper
Endoscopies and Wireless Capsule
Endoscopy (WCE)?

Summary of Evidence: Lower and upper endo-
scopic techniques are the primary tests used to
diagnose or exclude IBD (moderate to strong
evidence). Wireless capsule endoscopy (WCE),
a newer technique, used to evaluate small
bowel disease, has a high diagnostic yield com-
pared to other modalities (limited evidence).

Colonoscopy with ileoscopy, defined as ter-
minal ileum (TI) intubation, should be per-
formed in the initial workup of IBD (strong evi-
dence). This technique is the preferred way to
both visualize mucosa and biopsy the colon and
TI for diagnosis. Between 60 and 80% of the
colonoscopies will have successful ileal intu-
bation in children (19). Colonoscopy assesses
disease severity, extent, evidence of disease
complications (fistulae, ulceration) and allows
surveillance of cancer, more common in UC. CT
colonography (CTC) is not used for the evalua-
tion of IBD; it is used to detect polyps (20).

Esophagogastroduodenoscopy (EGD) has an
important place in the initial workup of IBD
(21). Previously, EGD was not routinely per-
formed unless a patient exhibited symptoms
suggesting upper gastrointestinal disease such
as dysphagia, nausea, vomiting, or oral apht-
hous ulcers. It has become widely accepted only
within the last decade with increasing recog-
nition that UC, CD, and indeterminate coli-
tis patients have upper GI tract inflammation
(21, 22).

Supporting Evidence

Lower Endoscopy

Endoscopic biopsy data show up to 85% of
patients with CD have terminal ileal disease.
In a minority of adult patients (15–25%), CD is
confined to the colon (23).

Ileal intubation (ileoscopy) is a vital part of
the colonoscopy as the TI may be the only area
of CD in up to 23% of pediatric Crohn’s patients
(24). Two or three biopsies are taken from each
region of the bowel. Biopsy needs to be per-

formed even if the colon and TI macroscopi-
cally appear normal. Histologic diagnosis of CD
is made when there is segmental involvement
characterized by transmural inflammation, con-
gested serosa, aphthous ulcers, granulomas and
ulceration leading to nodularity. In distinction,
UC does not show granulomas but has continu-
ous bowel changes (Table 33.1) (25).

Colonoscopy with ileoscopy has been shown
to be a safe, feasible, and accurate procedure. In
a retrospective review of all colonoscopies per-
formed in 164 children referred for suspicion
of IBD, the percentage of successful ileoscopies
increased from 20% in 1994 to 66% in 2000 (19).
The rate of bowel perforation is estimated at
0.2%.

Upper Endoscopy

Overall upper gastrointestinal tract inflamma-
tion is most common in the stomach, followed
by esophagus and duodenum in children with
IBD (22). Both CD and UC may have upper GI
tract inflammation.

The incidence of an abnormal upper
endoscopy in children with IBD is signifi-
cant. A retrospective study of 115 patients with
IBD (CD and UC) over a 7-year period revealed
abnormal upper endoscopic findings in 64%
of 82 subjects with CD and in 50% of the 34
subjects with UC. Findings included ulcers
(20%), erythema (25%), and erosions (42%) in
the esophagus, gastric mucosa, and duodenum.
The most common finding, erosions, was more
often seen in the stomach (22%) and duodenum
(14%) (21). In a control blinded study evaluat-
ing endoscopic biopsies in IBD patients, Tobin
et al. showed that esophagitis, gastritis, and
duodenitis occurred more commonly in CD
patients. Esophagitis occurred in 72% of CD,
50% of UC; gastritis in 92% of CD, 69% of UC;
and duodenitis in 33% CD, 23% UC patients.

The histologic identification of granulomas
is pathopneumonic for CD and can help dis-
tinguish it from UC. In a large series of 376
CD patients at a Children’s Hospital, granulo-
mas were found on endoscopic biopsies in 48%
of all patients, the majority (61%) untreated.
De Matos et al. found the presence of granulo-
mas correlated with anti-S. cerevisiae antibodies,
hypoalbuminemia, perianal disease, and gastri-
tis at presentation (p = 0.03, p = 0.008, p = 0.03,
and p = 0.001) (24).
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As seen in the terminal ileum, microscopic
mucosal disease can be present in the absence
of symptoms. In a prospective study of 54 chil-
dren with IBD upper gastrointestinal inflamma-
tion was seen in 29/54 (22 CD, 7 UC) (22). How-
ever, nine (31%) of these patients were asymp-
tomatic. Thus in all patients strongly suspected
to have either CD or UC, EGD in conjunction
with lower endoscopy is recommended at ini-
tial diagnosis (strong evidence).

Wireless Capsule Endoscopy (WCE)

Summary of Evidence

Wireless capsule endoscopy employs a small,
ingestible capsule containing a videochip,
transmitter, and battery. The capsule will pass
through bowel and appear in the stool within
24–48 hours. An average of 55,000 video images
are transmitted to a portable device and down-
loaded to a computer for interpretation. WCE
is used in patients with suspected small bowel
pathology (Crohn’s, polyps, unexplained hem-
orrhage) not seen in conventional studies. WCE
is a safe and well-tolerated exam in adoles-
cents and adults (26, 27) (limited evidence). In
recent studies, WCE was also safe in infants
and small children but the 25-mm-sized cap-
sule must be placed in the stomach under endo-
scopic guidance (26, 28). The biggest risk with
capsule endoscopy is capsule impaction above
a small bowel stricture. To minimize this risk,
small bowel lumen patency is initially evalu-
ated by SBFT, patency capsule, or enterography
(CT or MR).

While WCE is equivalent or superior to
other modalities in the evaluation of known
ileal Crohn’s disease, it is expensive and typi-
cally reserved for patients with unexplained GI
bleeding or a hereditary polyposis syndrome
(limited evidence).

Supporting Evidence: WCE has higher sensitiv-
ity than conventional small bowel exams (SBFT)
or MDCT for the diagnosis of CD of the small
bowel and for diagnosis of a cause of bowel
hemorrhage when endoscopy is negative. Based
on recent adult literature, capsule endoscopy
has the highest diagnostic yield for identifying
small bowel disease from any cause (including
Crohn’s) with a sensitivity of 87% versus only
13% for all other imaging modalities (29). The

capsule appears to have greater sensitivity in
identifying small bowel ulceration or stricture
than conventional fluoroscopic barium studies
and enteroclysis. In an adult study of 17 patients
suspected or known to have non-obstructive
CD at the Mayo Clinic in Scottsdale, CD was
detected by WCE in (12/17) 71%, by ileoscopy
in (11/17) 65%, by CT enterography in (9/11)
53%, and by SBFT in only (4/17) 24% (27).
It is advocated that WCE may be helpful in
identifying non-obstructive CD when SBFT and
ileoscopy are negative or inconclusive (27).

Currently WCE is not routinely used in the
identification of CD in children. However, it
has a role beyond IBD in diagnosing obscure
small bowel lesions accurately in children over
the age of 10 years. In a prospective study by
Guilhon de Araujo et al., WCE correctly diag-
nosed or excluded a bleeding source, small-
bowel polyps, or Crohn’s disease of the small
bowel in 29 of 30 children (30).

There are limitations and pitfalls with WCE
which can lead to false positives or false nega-
tives. Small children need the capsule placed by
endoscopy and extra-intestinal abnormalities
cannot be assessed. Limitations include sub-
mucosal lesions mimicking normal folds, poor
localization of the pathology, capsule retention
in patients with asymptomatic strictures, rapid
transit resulting in decreased sensitivity, or slow
transit which outlasts the capsule battery life (7–
8 hours). Also mucosal erosions can be seen in
14% of normal patients and in 28% of NSAID
users (31, 32).

III. What Is the Diagnostic
Performance of Current Imaging
Modalities in Evaluating IBD of the
Small Bowel (Small Bowel
Follow-Through, CT, MR, US,
Enteroclysis)?

Summary of Evidence: There are multidimen-
sional considerations for which imaging test
is the best to evaluate a child that include
the patient’s age and comfort, availability of
the exam, radiation dose, and cost. Imaging
studies are categorized as follows: conventional
includes radiographs, small bowel follow-
through (SBFT), multidetector CT (MDCT);
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newer imaging comprised of enterography
using CT/MR, and enteroclysis CT (CTE), or
MR (MRE); and finally ultrasound. Despite the
many new imaging tests, SBFT remains the
most common initial exam performed (limited
evidence).

Children with abdominal pain from IBD or
its complications (particularly, abscess or bowel
obstruction) may have conventional MDCT per-
formed. However, it does not have a strong role
in the diagnosis of IBD as it has a low sensitivity
and specificity because of collapsed, underfilled
bowel. CT enterography has improved sensitiv-
ity and specificity when compared with CT with
positive enteral contrast. MR enterography has
become increasingly desirable because of the
lack of ionizing radiation and its high diagnos-
tic accuracy.

The role of enteroclysis (CT or MRI) is to
detect partial small bowel obstruction from
either adhesions or stricture. CTE is more sensi-
tive than fluoroscopic enteroclysis (FE) and has
largely replaced it where CT is readily available.
CT enteroclysis (CTE) should be reserved for
complex cases of CD when a partial obstruction
(from adhesion or stricture) is highly suspected
but other imaging has been negative. MR ente-
roclysis has been shown to have high diagnostic
performance in children but is not widely avail-
able and requires experienced personnel, nasal
intubation, and sedation making it less prac-
tical. Like MRE, US may be used in the first
assessment of a child with IBD and in monitor-
ing disease but requires experienced and dedi-
cated personnel.

Supporting Evidence

Abdominal Radiographs

Radiographs are used to evaluate for any
patient with acute abdominal pain or in
those with known IBD where complications
are suspected such as bowel obstruction, free
intraperitoneal air, and overall stool burden.
Radiographs have no role in diagnosing IBD.
The findings of “thumb-printing” (suggesting
bowel wall edema or inflammation) and dilated
bowel loops are non-specific (33).

Small Bowel Follow-Through (SBFT)

The SBFT exam involves giving the patient
oral barium taking immediate and delayed

images of the upper gastrointestinal tract and
entire small bowel until the contrast reaches the
cecum. Relative to ileoscopy, SBFT is not only
less sensitive but also inexpensive, widely avail-
able, easy to perform, and requires no seda-
tion in diagnosing CD (19, 27) (moderate evi-
dence). The diagnostic capability of SBFT in
detecting CD in the small bowel has been con-
flicting in the literature. In a pediatric study
of 84 subjects, the SBFT had a low sensitiv-
ity in detecting TI involvement, sensitivity of
45%, specificity of 96% (19). In an adult study
by Hara et al. small bowel CD was detected in
4/17 patients (24%) (27). In an older pediatric
study (n=46) a sensitivity of 90% and specificity
96% in detection of CD in the small bowel was
reported (34). The former two studies appear
to reveal more realistic data as poor bowel
opacification leads to equivocal exams, and sub-
stantial intra- and interobserver variations in
interpretation are present (35). In a prospec-
tive blinded study of 30 adults with CD the
extent of CD and the presence of complications
were imaged and compared by both SBFT and
MR barium enterography (36). MRI has pro-
vided additional information in eight patients.
SBFT revealed superficial mucosal lesions seen
on MRI, but extra-intestinal pathology, colorec-
tal disease, and potential to distinguish active
from chronic disease were far better on MRI
(36).

Multidetector CT (MDCT)

MDCT is performed using a low-dose tech-
nique with weight-based parameters, after the
ingestion of a positive oral contrast agent and
administration of IV contrast. CT adds infor-
mation on extra-intestinal findings of UC and
CD; from the earliest publications by Jabra et
al. MDCT has had a high sensitivity but low
specificity for bowel wall thickness (37, 38).
Jabra et al. defined the role of CT as aiding in
the management of children with known CD
with changing clinical symptoms (limited evi-
dence). CT is the most common examination
used for assessing complications of CD such
as abscesses, peritonitis, post-operative leaks,
and anastomotic issues and has demonstrated
a high sensitivity and specificity. These points
and the diagnostic performance of CT are dis-
cussed in detail under Issue 4, a focus on com-
plications of IBD.
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Enterography

Enterography (CT or MR) differs from the
conventional CT and MR studies in that a
large volume (1,000 ml) of neutral oral con-
trast agent is given over 1 hour followed by
acquisition of a routine intravenously enhanced
abdominopelvic CT or MR. The main advan-
tage is that the particular enteric contrast agents
used not only result in more bowel distension
compared to the conventional enteric agents but
also provide low density on CT and low sig-
nal on MR imaging of the bowel lumen to allow
improved depiction of the bowel wall.

A few CT enterography studies have
included a small number of adolescents
and the focus of these studies has been to
describe data or correlate CT findings with
biological markers of inflammation (limited
evidence). In one retrospective adult study
by Bodily et al. 96 patients underwent CT
enterography with enteric water contrast and
IV contrast and ileoscopy with or without
biopsy. CT results were compared to endo-
scopic and histological data. CT enterography
had a sensitivity of 90% for the detection of CD
based on the quantitative mural enhancement
which correlated with active CD on endoscopy
and biopsy (39). In a large retrospective review
of adult CT enterography studies by Paulsen
and colleagues (n=700), the sensitivity of CT
enterography to detect IBD was >85% when
the reference standard was fluoroscopic ente-
roclysis or SBFT. However, when compared to
endoscopy or surgery results, the sensitivity
was between 77 and 92% (40).

The data on MR enterography versus the
gold standard ileocolonoscopy are promising
but limited in children. The key advantage of
MRE is its lack of radiation exposure. In a
prospective study by Laghi et al. 75 children
with IBD underwent ileocolonoscopy and MR
enterography with a PEG solution. MRI had a
sensitivity of 84% and specificity of 100% in
detecting ileitis and differentiating it from other
inflammatory conditions (41). Pilleul and col-
leagues examined 62 patients (median age 14
years) who had suspected or known CD and
all underwent MR enterography with an oral
preparation of mannitol solution. Imaging was
compared to endoscopy and biopsy data. MRI
had a sensitivity of 83% and a specificity of

100% in the diagnosis of CD and also identified
complications in eight patients (42). There was
also a positive correlation between bowel wall
thickening and the Pediatric Crohn’s Disease
Activity Index (PCDAI), (P = 0.003). Borthne et
al. performed MR in 43 patients suspected of
having CD using oral mannitol. MR compared
with endoscopy had a sensitivity of 81%, speci-
ficity of 100%, and diagnostic accuracy of 90%
(43). MR enterography is equally comparable
to higher sensitivity compared to CT and US
in detection of small bowel CD. Current limi-
tations of MR are the artifacts from respiratory
motion and bowel peristalsis and lack of patient
cooperation leading to poor bowel distension
(limited–moderate evidence).

Enteroclysis (MR or CT)

Enteroclysis is distinct from enterography in
that it achieves maximal luminal distention by
placement of a duodenal or jejunal tube for
high volume, controlled contrast administra-
tion. This critical difference improves the detec-
tion of partial small bowel obstruction and
polyps compared to routine CT or MR and
enterography. CT enteroclysis (CTE) combines
the advantages of MDCT and enteroclysis. CT
enteroclysis has replaced the conventional flu-
oroscopic technique in many centers and con-
sists of sedation and placement of a feeding
tube into the duodenum. A variety of contrast
media can be used (water, iodinated contrast,
methylcelluose). Once the contrast reaches the
cecum the patient is transferred from the flu-
oroscopic room to CT to undergo a routine
abdominopelvic CT (35). CTE is more sensi-
tive and superior to fluoroscopic enteroclysis
(FE) and may have a lower radiation dose as
reported in an early study by Bender et al. (44,
45). In this adult study CTE was performed to
evaluate partial SBO and the sensitivity and
specificity for localizing the site of obstruction
were 82% and 88%, respectively (45). Brown et
al. have recently published data evaluating the
safety, feasibility, and outcomes of CTE in 175
children and comparing it with FE. CTE added
additional diagnostic information over CT and
FE and altered surgical management in 28% of
the patients (44). The importance of a normal
enteroclysis study in excluding an abnormal-
ity is an important clinical consideration. Bar-
loon and colleagues followed 83 adults who had
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a normal enteroclysis for 3 years to assess its
negative predictive value. Only six were found
to have small bowel pathology, meaning that
the enteroclysis had a 93% negative predictive
value for ruling out any disease (46).

For many children and adults with IBD,
repeat imaging is the norm rather than the
exception. The main advantage of MR entero-
clysis over CTE is the lack of ionizing radi-
ation. The main disadvantage is the motion
artifacts, as well as higher cost and possible
delay in imaging patients that must be moved
from fluoroscopy rooms to the MRI room. A
recent evidence-based review of MR entero-
clysis shows that this procedure has high diag-
nostic accuracy in children. Darbari et al. looked
at 58 pediatric patients and found a positive
predictive value of 96%, negative predictive
value of 92%, and overall sensitivity and speci-
ficity of 96 and 92%, respectively, for the eval-
uation of IBD (47). However, MR enteroclysis
is not universally available or practical. Cur-
rently there are no strong evidence-based stud-
ies comparing MR enteroclysis with capsule
endoscopy or CT enteroclysis in children (lim-
ited evidence).

Ultrasound

Ultrasound (US) of the bowel is performed
using a high-frequency transducer with gray
scale and color-Doppler compression tech-
nique. US oral contrast agents as well as intra-
venous contrast agents (SICUS) to evaluate the
small bowel are not available in the United
States but are widely used in Europe. Their use
increases the sensitivity and specificity of diag-
nosing CD over the conventional US techniques
(48). Several studies using duplex and color
Doppler show improved detection of inflamma-
tion of the bowel wall in IBD patients.

Alison and colleagues tabulated the diagnos-
tic effectiveness of US for the few existing stud-
ies in children, which have small sample sizes
(n=21, n=26). The overall sensitivity of US in
detecting bowel IBD is 74–93%, specificity 78–
93%; for terminal ileal bowel wall thickening
and for stenosis the sensitivity is 85% (48). The
variability of these numbers results from both
the operator’s experience and different cut-off
values for abnormal bowel wall thickness.

Absence of bowel wall thickening, particu-
larly when imaging the terminal ileum, has

a good negative predictive value for CD.
Increased bowel wall thickness in the colon
proximal to the rectum and in the terminal
ileum has a good positive predictive value for
IBD, although it is not specific. In a double-
blinded prospective study in 44 children who
had endoscopy (n=33) or SBFT (n=25), US of
ileal and colonic bowel wall was performed and
compared to results of colonoscopy, biopsy, and
barium studies (49). US showed significant dif-
ference in bowel wall thickness which corre-
lated with active disease on endoscopy. Bowel
wall thickness measurements >2.9 mm in the
colon or >2.5 mm in the terminal ileum reli-
ably indicated moderate or severe inflammation
in children with IBD (49) (limited evidence). In
experienced hands, US is an inexpensive imag-
ing tool that avoids ionizing radiation exposure
to both diagnose and assess treatment response
of the terminal ileum.

IV. Complications of IBD
(Intra-abdominal Abscess, Intestinal
Fistulae, Strictures and Small Bowel
Obstruction, Primary Sclerosing
Cholangitis [PSC]): Which Imaging
Should Be Performed and What Is Its
Diagnostic Performance?

Summary of Evidence: The most common com-
plications of Crohn’s disease include abscesses,
strictures, fistulae, growth failure, decreased
bone mineral density, and delayed puberty. On
the other hand, patients with ulcerative coli-
tis are at increased risk for toxic megacolon,
peritonitis, and primary sclerosing cholangitis
(PSC). Approximately 15–20% of adult patients
with ulcerative colitis develop a fulminant coli-
tis and 5% develop toxic megacolon (50). Toxic
megacolon, perforation with peritonitis, and
mucosal dysplasia are overall rare in children.
Because the complications of CD are more fre-
quent than those seen in UC, our discussion will
focus primarily on the CD complications with a
brief note on the importance of PSC in children.

When imaging complications, CT is preferred
in emergent settings specifically for detect-
ing small bowel obstruction, abscesses, peri-
tonitis, post-operative leaks, anastomotic stric-
tures, and perforation (37, 44). To minimize
ionizing radiation exposure, US and MRI are
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recommended for repeat imaging at follow-up
(limited to moderate evidence).

Supporting Evidence

Intra-abdominal Abscess

Intra-abdominal abscesses occur in approxi-
mately 10% of children with CD (51). It is rare
in children with UC unless it is after colectomy.
The most common location of an abscess is the
right lower quadrant. However, they can also
occur anywhere in the peritoneal cavity, abdom-
inal wall, retroperitoneum, iliopsoas, and sub-
phrenic regions. In nearly 50% of patients, the
abscesses occur near an anastomosis following
surgical resection. MDCT is the imaging test
of choice for the detection of these abscesses
unless they are limited to the abdominal wall
when US may be sufficient.

Sensitivity and specificity of contrast-
enhanced CT in detecting intra-abdominal
abscesses in patients with severe CD was 87
and 95%, respectively (52). In experienced
hands and using meticulous technique, the
sensitivity and specificity of US in detecting
abscesses in these same patients was 91 and
85%, respectively (52). CT showed higher speci-
ficity and positive predictive value [37]. There
are both more false negatives (due to overlying
bowel gas) and more false positives (fluid-filled
bowel loops) with US and it requires more time
and experience than CT.

In a small study, MR enterography had
a sensitivity of 100%, in detecting abscesses
compared to US (89%) (53). MR enteroclysis,
although not performed in children for abscess
evaluation, is also sensitive for the detection
of abscesses, 100% sensitivity (54) (moderate
evidence).

Intestinal Fistulae

The incidence of fistula is also approximately
10% in children, less than that of adults (30%).
The gold standard for detection of fistulae is
surgery. Using imaging, the gold standard to
detect them is CT or MR (limited evidence).

Both CT and MR can detect small bowel fistu-
lae in approximately 70% of patients although
reports vary based on experience, technique,
and patient populations. The sensitivity of US
in the detection of fistulae varies from 31 to 87%.
In a prospective study of 213 patients with CD,

the US findings of fistulae were compared to
surgical data and US showed a sensitivity of
87% and specificity of 90% (55). In patients with
internal fistulae, CT showed a sensitivity and
specificity of 68 and 91%, respectively, whereas
MRI has an overall sensitivity of 87%. MDCT
is more accurate for detecting enterovesical and
enterocutaneous fistulae and sinus tracts from
the bowel to the psoas muscle (50). For fistu-
lae and abscesses extending into the perirectal
and perianal regions, MRI is the test of choice
with the highest sensitivity and specificity (56,
57) (limited evidence).

Strictures and Small Bowel Obstruction

Development of strictures is a big concern in
children, primarily with Crohn’s disease. Symp-
tomatic strictures can lead to partial or complete
small bowel obstruction and often surgery. In
the emergent setting, conventional CT is recom-
mended for assessment of bowel obstruction.
In children with subacute or chronic symptoms,
CT or MR enteroclysis best detect partial small
bowel obstructions. This topic is addressed in
more detail in the issue of imaging features
leading to surgery (see Issue V).

Primary Sclerosing Cholangitis (PSC)

Any child who presents with PSC should have
an evaluation for IBD. PSC is more commonly
seen in patients with UC rather than CD.
Equally, a child with IBD and elevated liver
enzymes may need sonography to evaluate for
dilated biliary ducts and if needed MRCP for
the diagnosis. PSC is more prevalent in CD
than originally thought. According to one adult
series the incidence of PSC is 2–7% in UC rather
than 0.7–3.4% in CD (58). Approximately 5% of
patients with ulcerative colitis are found to have
primary sclerosing cholangitis, whereas 75% of
patients with primary sclerosing cholangitis are
found to have UC. Although these numbers are
primarily from data in adults, they are compa-
rable to the limited reports in children. Feldstein
and colleagues reported that in 52 children with
PSC, 81% had IBD, and in 20% of these chil-
dren PSC was diagnosed before IBD, thereby
setting the impetus for an IBD workup in any
child with PSC (58) (moderate evidence). MRCP
is the diagnostic study of choice for the evalua-
tion of PSC; when positive, a liver biopsy is not
required (limited evidence).
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V. What Are the Most Important
Imaging Features That Lead to
Surgery in a Child with Crohn’s
Disease and Ulcerative Colitis?

Summary of Evidence: Despite improvements in
medical therapies, 70–80% of patients with CD
will require an operation, whereas only 30–40%
of UC patients will ultimately need surgery (59,
60). The main indications for surgery in a child
with CD are (1) small bowel obstruction, SBO
(complete or partial) that does not respond to
medical therapy; (2) small bowel strictures with
associated obstruction; and rarely (3) bowel
perforation, appendicitis, or abscess formation
(59). When these issues particularly impact
the child’s growth and development, surgery
is warranted. In UC patients, surgery is war-
ranted for the following reasons in the order
of most common to least common: (1) disease
refractory to medical management, (2) severe
disease with complications, (3) risk of malig-
nancy (60). Malignancy requires a colectomy
and is a strong concern in adults but rare in
children.

Supporting Evidence: The evidence in the pedi-
atric surgical literature determining who needs
surgery is limited to a few studies with small
sample sizes. The existing large cohort studies
evaluate only adults. In a large study by Hurst
and colleagues including 513 adult patients, the
indications for surgery were the following: fail-
ure of medical management in 220, obstruction
in 94, intestinal fistula in 68, mass in 56, abscess
in 33, peritonitis in 9, and bleeding in 7 (61).
Unlike in adults, the impact on a child’s growth
and development is a vital part of surgical deci-
sion making. In one pediatric study, the deci-
sion for surgery in up to 50% of the patients
was based on the presence of failure of med-
ical therapy with significant growth retarda-
tion rather than a mechanical obstruction (62).
In a small study of 26 patients, Dokucu et
al. described chronic intestinal dysmotility and
poor absorption with growth failure as an indi-
cation for surgery in 13 children, whereas the
remaining 13 had surgery secondary to chronic
mechanical intestinal obstruction (63) (limited
evidence).

Role of Conventional Barium Fluoroscopy
and Multidetector CT

Summary of Evidence: The imaging features of
small bowel obstruction include dilated small
bowel loops, a decompressed colon, and small
bowel air–fluid levels. A symptomatic stricture
requires surgery. The presence of a persistently
narrowed, smooth walled, and non-thickened
segment of bowel with proximal bowel dilata-
tion represents a stricture. The imaging studies
most commonly utilized until recently for eval-
uation of strictures and obstruction have been
SBFT and MDCT. MDCT is the imaging test
of choice for SBO with high sensitivity for a
complete SBO in children but is less likely to
detect a partial SBO (Table 33.2) (64) (limited
evidence).

Supporting Evidence: Overall conventional flu-
oroscopic barium imaging is the least accu-
rate in identifying strictures compared with
surgical results. Otterson et al. retrospectively
reviewed barium studies and surgical records of
118 patients having a total of 230 strictures. The
data show that fluoroscopic exams incorrectly
estimated the number of small bowel strictures
in 43/118 (36%) patients (65). The original work
by Jabra et al. has shown that MDCT is both
sensitive and specific in diagnosing SBO in chil-
dren, sensitivity 87%, specificity 86% (66). In
this retrospective review MDCT correctly iden-
tified the level of obstruction in 12/14 scans,
86% of the cases, and etiology of obstruction
in 14/30 scans, 47% of the cases (moderate
evidence).

Role of Enteroclysis (CT/MR) and
Enterography (CT/MR)

Summary of Evidence: In adults, enteroclysis has
been shown to be the most accurate in diag-
nosing small bowel obstructions in CD (67–
69). More recent publications in the pediatric
imaging literature report that fluoroscopic ente-
roclysis (FE) and CT enteroclysis (CTE) are
more sensitive and specific in detecting small
bowel strictures, partial bowel obstruction, and
adhesions compared to conventional SBFT and
MDCT, especially in children with IBD (44).
MR enteroclysis (MREC) and MR enterography
(MRE) have comparable high sensitivity for the
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detection of stenoses/strictures (54, 69). In com-
parison, US has a moderate but lower sensitiv-
ity for the detection of ileal stenoses/strictures
and post-operative reoccurrences (48). Both
accessibility and experience often limit these
specialized exams to tertiary care centers.

Supporting Evidence: In adults the sensitivity and
specificity of CT enteroclysis (CTE) in accu-
rately diagnosing a small bowel obstruction
approaches 100% (Table 33.3) (67, 68). In a recent
study by Brown et al. comparing FE and CTE
with conventional imaging, FE and CTE added
diagnostic information (identification of partial
SBO and for CT, extra-intestinal abnormalities)
over conventional exams such as SBFT. In par-
ticular, CTE definitively identified the etiology
of small bowel obstruction, secondary to adhe-
sion, internal hernia, or stricture and changed
the surgical management in 28% of patients
(44).

MR enteroclysis (MREC) has been shown to
be equally sensitive to CTE. Masseli and col-
leagues found no difference in diagnostic abil-
ity of MR enteroclysis and MR enterography
to detect stenoses (69). MREC like other ente-
roclysis procedures requires sedation, nasal–
duodenal/jejunal tube placement, and contrast
administration. MR enterography is a practical
alternative to CT enterography with equal over-
all sensitivity (limited evidence).

VI. What Are the Role and Risk of
Repeat Imaging in Monitoring IBD
Response to Treatment?

Summary of Evidence: Imaging is very impor-
tant for assessing Crohn’s disease activity and
complications, particularly to investigate the
cause of abdominal pain, vomiting, weight loss,
or fever; to select or change therapy; and to plan
surgery. The imaging modalities most com-
monly used for follow-up include SBFT and
CT because they are non-invasive, widely avail-
able, and reproducible. However, in experi-
enced hands, US and MRI have comparable
diagnostic accuracy and should be considered
to avoid repeated exposure to ionizing radia-
tion. Some children with UC or indeterminant
IBD will also need repeat imaging to assess their

disease complications but to a lesser frequency
than children with CD.

Supporting Evidence: The exact frequency of
repeat imaging is not known, but based on cur-
rent CT literature it is not insignificant. Repeat
imaging is primarily performed in children
with CD rather than UC and the radiation risk
in this population is a big concern. A recent
study by Gaca et al. (70) demonstrated that
the effective dose (ED) from an abdominopelvic
CT was approximately twice that of an aver-
age SBFT exam. One important point in this
study is that the ED of SBFT studies was calcu-
lated based on institutional protocol and equip-
ment, but with varying practices and varying
number of images acquired elsewhere, this may
potentially lead to ED values larger or equal to
that of a CT. In this study of 176 children with
CD, 78% of the patients had 0–1 SBFT and 74%
patients had over 1.1 CT scans over a follow-
up time frame of 3 years and 11 months. Only
one patient had an excessive number of SBFT
and CTs. The advantages of CT in monitoring
these children are clear. CT is a fast, readily
available, well-tolerated exam with high sen-
sitivity for evaluation of complications in the
emergency setting. Jabra et al. reported that CT
should be the first line of imaging in a child with
changing clinical symptoms (37). In a separate
report of 18 patients with a diagnosis of IBD
(including CD, UC, and IC), Jamien and col-
leagues reported that the sensitivity of MDCT
for identifying disease in the small bowel was
equal to or greater than that of barium stud-
ies (71). When isolated TI or colonic disease is
present or if CT has demonstrated an abscess,
US with color Doppler can be used to follow
these patients (48, 72). In the follow-up evalu-
ation of the extent of bowel involvement or for
abscesses and strictures, MRI can be very help-
ful. A prospective meta-analysis by Horsthuis
et al. (73) comparing performance of US, MR,
leukocyte-tagged scintigraphy, CT, and PET in
the diagnosis of IBD revealed no significant dif-
ferences in diagnostic accuracy among these
techniques [19]. A total of 33 studies out of
a search of 1,406 articles, in both the pedi-
atric and adult literature, were evaluated in this
meta-analysis and reviewed by two indepen-
dent reviewers. A minimum of 15 patients were
included in the reviewed studies and there were



Chapter 33 Imaging of Inflammatory Bowel Disease in Children 499

no age limits on the search. In this study sensi-
tivity for the diagnosis of IBD by each modal-
ity per segment of diseased bowel was 73.5%
(US), 70.4% (MR), 67.4% (CT), with specificity of
92.7% (US), 94% (MR), 90.2% (CT). CT proved
to be significantly less sensitive and specific
for intestinal and extra-intestinal pathologies. A
limitation of these European studies included
in this meta-analysis is that overall CT is much
less frequently used in Europe and their expe-
rience is superior to North America in US and
MRI imaging of bowel. The benefits of CT need
to be carefully weighed against the potential
long-term risks of radiation dose (74). When
possible, based on indication, availability, expe-
rience, and cost, an alternative equally diag-
nostic test, US and MRI, should be obtained
in patients requiring repeat imaging (limited–
moderate evidence).

VII. Special Situation: Which
Imaging Modality Provides the Best
Performance for the Evaluation of
Perianal/Perirectal Disease in Crohn’s
Disease?

Summary of Evidence: Pelvic MRI with gadolin-
ium contrast enhancement is the imaging
modality of choice for the evaluation of peri-
anal disease, fistula, and adjacent abscesses
(limited evidence). It is non-invasive and there
is no concern for motion in the pelvis; there-
fore, high-resolution, high-contrast multipla-
nar images are feasible without sedation and
little patient preparation. Exact differentiation
of the sphincter muscles with high-resolution,
contrast-enhanced sequences is a requirement
for the detection of disorders of the anal canal
and the perianal tissues (75). Perianal inflam-
mation occurs overall in about 50% patients
with CD. Lifetime risk of a patient with CD to
develop a perianal fistula is approximately 20–
40% (76) and the rate of recurrence is high. A
recurrence rate of up to 48% has been reported
in adults with tracts and abscesses inactive and
healed after 1 year and up to 60% at 2 years
of treatment (77, 78). Although fistulae are less
common in children as compared to adults,
the lack of ionizing radiation makes MRI ideal,
especially when re-imaging children.

Supporting Evidence: A pelvic MRI for perianal
disease is performed without any endorectal
instrumentation or enteric contrast, only intra-
venous contrast. Perianal inflammation has sev-
eral manifestations including (1) perirectal wall
thickening and inflammation, (2) external cuta-
neous fistulae and tracts, (3) complex internal
fistulae from the bowel to bowel, to bladder, or
vagina with frank abscess formation.

Based on the current imaging literature, MR
imaging is superior to anal endosonography
(EUS/AES), CT, or surgical evaluation in show-
ing disease extent but the optimal approach
may be to combine two studies (57, 76). A
prospective blinded study in 34 adult patients
with CD compared the diagnostic accuracy of
EUS, MRI, and rectal exam under anesthe-
sia to identify and classify fistulae (76). The
authors reported that the accuracy of identify-
ing a fistula was the greatest, 100%, with any
two tests combined rather than one exam alone.
MR imaging is also superior to surgical eval-
uation for predicting clinical outcome (57, 77).
In an evidence-based review in adult popula-
tions, Sahni et al. described the performance of
MRI for the evaluation of perianal disease in CD
patients. They concluded that MRI was able to
distinguish between simple disease, limited to
the perirectal region without fistula, and com-
plex disease, defined as the presence of fistulae
and abscesses. MRI overall has a 97% sensitiv-
ity and 96% specificity for detection of perianal
fistulae (Table 33.4) (57). Essary and colleagues
have shown that MRI in children can help dif-
ferentiate perianal fistulae from other inflam-
matory conditions such as pilonidal sinus (56)
(moderate evidence).

Take Home Tables and Figures

Table 33.1 shows endoscopic, histological, and
bio-marker differences between CD and UC.
Table 33.2 shows diagnostic performance of
imaging in small bowel obstruction (adults).
Table 33.3 shows MDCT small bowel obstruc-
tion diagnostic accuracy in children. Table 33.4
shows diagnostic performance of MRI for eval-
uation of perianal disease. Figures 33.1 and 33.2
are algorithms of imaging protocols for CD and
US, respectively.
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Table 33.1. Endoscopic, histological, and bio-
marker differences between CD and UC
Modality CD UC

Endoscopy and
visualization
of oral and/or
perianal
regions

Ulcers
(aphthous,
linear, or
stellate

Cobblestoning
Skip lesions
Strictures
Fistula
Abnormalities

in oral and/or
perianal
regions

Segmental
distribution

Ulcers
Erythema
Loss of

vascular
pattern

Granularity
Friability
Spontaneous

bleeding
Pseudopolyps
Continuous

with
variable
proximal
extension
from rectum

Histology Submucosal
(biopsy with
sufficient
submucosal
tissue) or
transmural
involvement
(surgical
specimen)

Crypt distortion
Ulcers, crypt

distortion
Crypt abscess
Granulomas

(non-
caseating,
non-mucin)

Focal changes
(within
biopsy)

Patchy
distribution
(biopsies)

Mucosal
involvement

Crypt abscess
Gobler cell

depletion
Mucin

granulomas
(rare)

Continuous
distribution

Bio-markers
pANCA

detection in
IBD

10–40% of CD
patients

50–80% of UC
patients

ASCA
detection in
IBD

46–70% of CD
patients

6–12% of UC
patients

Table 33.2. Diagnostic performance of imag-
ing in small bowel obstruction (adults)

Modality
Sensitivity
(%)

Specificity
(%) References

Radiographs
(n=78)

46–69 57 (79)

CT abdomen
(n=78;55)

57–64 63–79 (79, 80, 81)

High grade 81 (80)
Low grade 48 (80)

CT entero-
clysis
CTE versus
CT (n=15)

100 100 (79)

Table 33.3. MDCT small bowel obstruction
diagnostic accuracy in children

Modality
Sensitivity
(%)

Specificity
(%) References

MDCT
abdomen
(n=81)

87 86 (64)

Table 33.4. Diagnostic performance of MRI for evaluation of perianal disease ( N = 34)

Modality Sensitivity (%) Specificity (%)

Positive
predictive value
(%)

Negative
predictive value
(%)

MRI 97 96 97 96
AES (anal

endosonography)
92 85 89 89

Clinical exam
(under anesthesia)

75 64 73 67

Data from Schwartz et al. (76).
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Patient diagnosed with CD by endoscopic biopsy

Initial SB Evaluation

Conventional
SBFT

Newer Imaging
MR enterography of 

small bowel

CD Flare or possible complications

Abscesses Strictures SBO Extraintestinal
manifestations

MDCT 
MDCT
and/or
capsule

Sonography

MRCP for
PSC

Surgery

Follow-up
US or MRI

Perianal disease? fistula
or abscess

Pelvic MRI
and/or EUS

Enteroclysis

Figure 33.1. Clinical imaging pathways for CD.
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Patient diagnosed with UC via endoscopic biopsy

Small Bowel Evaluation

Conventional SBFT

SB Disease
Yes No

Re-evaluate
possible CD

No further
imaging
needed

UC Complications

Toxic
Megacolon

Perforation/
Peritonitis

Abscess

Plain Abdominal
Films and/or CT

Treatment

Abnormal Liver
Function Tests-

PSC?

Mucosal Dysplasia on
Endoscopic Biopsy

Abdominal
Sonography

MRCP

Annual Survelliance
by Colonscopy 

Figure 33.2. Clinical imaging pathways for UC.

Imaging Case Studies

Case 1

Figure 33.3 presents a CT scan of Crohn’s dis-
ease in a 14-year-old boy complicated by large
fistula entering into an even larger abscess in
the anterior abdominal wall.

Figure 33.3. CT scan of Crohn’s disease in a 14-year-
old boy complicated by large fistula entering into an
even larger abscess in the anterior abdominal wall.
Axial contrast-enhanced CT image of the abdomen
demonstrates an enterocutaneous fistula (F) arising
from an abnormal loop of ileum (B) leading to a large
abscess (A) in the anterior abdominal wall.
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Case 2

Figure 33.4 presents CT and MRI of large peri-
anal fistula with abscess in a 10-year-old girl
who presented with acute abdominal pain and
a new diagnosis of Crohn’s disease.

A

B

D E

C

Figure 33.4. MRI of large perianal fis-
tula with abscess in a 10-year-old girl
who presented with acute abdominal
pain and a new diagnosis of Crohn’s
disease. A is the initial axial MDCT
image of the perianal inflammation
and small abscesses around her anus.
B and C demonstrate the superior
image contrast of the findings on axial
MRI with gadolinium and fat satura-
tion technique. There are both exuber-
ant inflammation (enhancement) and
small abscesses that nearly circum-
scribe the anus. D demonstrates the
perianal abscesses on sagittal view
MRI (black arrow). E shows the super-
ficial position of the drain (black arrow)
relative to the more deep position
of the perianal abscess. She had a
large amount of stool in her colon
and rectum. She required diverting
colostomy to successfully treat her
perianal disease.
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Case 3

Figure 33.5 presents a case of Crohn’s disease
in a 12-year-old girl with worsening abdominal
pain.

Figure 33.5. Crohn’s disease in a 12-year-old girl
with worsening abdominal pain. She underwent
enteroclysis to evaluate for partial small bowel
obstruction. The fluoroscopic enteroclysis image
shows that the terminal ileum is strictured (black
arrow). It produced dilation of the ileum proximal to
it and required surgical resection.

Suggested Imaging Protocols for
Inflammatory Bowel Disease in
Children

Definition of Imaging Techniques

Upper gastrointestinal study with SBFT

UGI/SBFT
A patient is given barium orally and immediate
images of the esophagus, stomach, and prox-
imal small bowel are acquired. Then delayed
images every 30–45 minutes are obtained of the
small bowel until the endpoint when the con-
trast reaches the cecum. The radiologist will
compress the bowel intermittently to evalu-
ate for abnormalities and to assess function
of the small bowel loops. The most impor-
tant anatomy to document on compression spot

imaging is the terminal ileum, the most likely
area of Crohn’s disease.

Enterography (MDCT, MR)

The patient is given oral contrast (20 cc/kg)
such as polyethylene glycol, or VoLumen, neu-
tral contrast agents that provide more sustained
bowel distention. The patient is given a large
volume of contrast to drink over 1 hour. A CT or
MRI study is performed after the 1-hour period
using a standard institutional CT low-dose pro-
tocol with IV contrast.

Enteroclysis (CT, MR)

Three types of enteroclysis exist. All require
nasal intubation with sedation for placement of
a feeding tube into the duodenum or jejunum
for high-volume contrast delivery. Unlike other
imaging exams, enteroclysis can achieve the
maximum luminal distension of the small
bowel. Conventional fluoroscopic enteroclysis
(FE) requires contrast administration with a
controlled flow rate and careful spot images
taken under direct fluoroscopy. MR entero-
clysis requires routine MR imaging of the entire
abdomen and pelvis in the coronal and axial
planes after contrast delivery, whereas CT ente-
roclysis requires a combination of fluoroscopy
and CT. The enteric contrast is instilled under
brief fluoroscopic guidance and then the patient
undergoes a routine abdominopelvic CT.

Wireless Capsule Endoscopy (WCE)

This procedure is comprised of a 2.5 cm,
ingestible capsule containing a videochip,
transmitter, and battery. The capsule will pass
through the bowel and will evacuate through
the stool within 24–48 hours. An average
of 55,000 video images are transmitted to a
portable device and downloaded to a computer
where images are reviewed.

General IBD Algorithm

In a patient suspected to have IBD, the ini-
tial workup includes a physical examination,
laboratory testing, followed by upper and
lower endoscopies for pathological diagnosis
and imaging of the small bowel. There is no
set rule that endoscopy precedes or follows
imaging studies. Endoscopy with biopsy can
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determine if the patient has IBD and further
classify the patient as CD, UC, or indeterminate.
If the endoscopy results are normal, but there is
continued concern for IBD, small bowel evalu-
ation should be performed to exclude disease
limited to the small bowel, including further
laboratory tests or newer techniques such as
capsule endoscopy. In some situations imaging
of the small bowel by either SBFT or MDCT is
performed before endoscopy and may yield
information to direct the gastroenterologist
especially if the disease process is some-
thing other than IBD, i.e., malrotation or
malabsorption.

Clinical and Imaging Pathways for CD
and UC

See algorithms presented in Figs. 33.1 and 33.2.

Future Research

• Determine the value of both current and as-
yet unidentified serologies in the diagnosis
and follow-up of IBD.

• Further understanding regarding the role of
genetics in IBD.

• Cost-effective analyses on imaging strategies
in the evaluation of inflammatory bowel dis-
ease activity both at diagnosis and in symp-
tomatic children.

• Large pediatric cohort studies to optimize
the techniques of MRI and US to avoid ioniz-
ing radiation.

• The role of double-balloon enteroscopy in
children with IBD.

• The role of PET and PET–CT in the eval-
uation of IBD needs to be defined as it
can provide both functional and anatomical
information.
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34
Pediatric Abdominal Tumors:

Neuroblastoma
Marilyn J. Siegel

Issues
I. What are the clinical findings that raise the suspicion for neuroblas-

toma?
II. What is the diagnostic performance of the different imaging studies

in the assessment of the primary tumor mass in patients with neu-
roblastoma?

III. What are the essential features that need to be assessed by imag-
ing studies in patients with neuroblastoma for surgical planning and
staging?

IV. What is the diagnostic performance of the different imaging studies
in the detection of regional disease in patients with neuroblastoma?

V. What is the diagnostic performance of the different imaging stud-
ies in the detection of distant metastases in patients with neuroblas-
toma?

VI. Special situations: the child who presents with opsoclonus-
myoclonus syndrome or intractable watery diarrhea

Key Points� The clinical presentation of neuroblastoma can be nonspecific and
sometimes confusing (strong evidence).

� The features that need to be evaluated on imaging studies for surgi-
cal planning or staging in neuroblastoma are tumor location, regional
tumor extent (including vascular encasement, midline extension,
regional lymph node involvement), and skeletal or liver metastases
(strong evidence).

� Ultrasonography, computed tomography (CT), and magnetic reso-
nance imaging (MRI) have high sensitivity for tumor detection and
moderate specificity (strong evidence).
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� CT and MRI have moderate sensitivity for detection of regional tumor
extent and are superior to sonography for this determination (limited
to moderate evidence).

� MRI, bone scintigraphy, metaiodobenzylguanidine (MIBG) scintigra-
phy and fluoro-2-deoxy-d-glucose positron emission (FDG-PET) imag-
ing have high sensitivity for detecting bone/bone marrow metastases
(moderate to strong evidence).

� MRI, MIBG scintigraphy, and FDG-PET imaging have high sensitivity
for detecting non-skeletal metastases (moderate to strong evidence).

� No data were found in the medical literature that evaluate the cost-
effectiveness of the different imaging modalities in the evaluation of
these tumors.

Definition and Pathophysiology

Neuroblastoma is a small, blue, round cell
tumor derived from the primordial neural crest
cells that give rise to the sympathetic nervous
system of childhood (1, 2). The most com-
mon sites of origin are the adrenal medulla
(35%), extra-adrenal paraspinal ganglia in the
abdomen and pelvis (30–35%), and posterior
mediastinum (20%) (1, 2). Less common sites
are the pelvis (2–3%) and neck (1–5%). In
approximately 1% of patients, a primary tumor
is not found. Histologically, neuroblastoma con-
sists of neuroblasts, which are small round
sympathetic cells that contain dark and indis-
tinct nucleoli. Characteristically, the tumor cell
nuclei are arranged in rosettes. An unequivo-
cal diagnosis of neuroblastoma is made from
tissue sampling and light microscopy, elec-
tron microscopy, or immunohistology or by
the combination of a bone marrow aspirate or
biopsy that shows unequivocal tumor cells and
increased serum or urinary catecholamines or
metabolites. The vast majority of these tumors
secrete catecholamines, vanillylmandelic acid
(VMA), and homovanillic acid (HVA). There
is extensive variability in the clinical behav-
ior of neuroblastoma, ranging from sponta-
neous regression, differentiation into benign
ganglioneuroma, to fatal disease (1, 2). Sev-
eral histologic, biologic (genetic), and biochemi-
cal hallmarks of neuroblastoma have important
prognostic features. Histologic features asso-
ciated with an unfavorable outcome are cel-
lular or stromal immaturity and an elevated
mitosis-karyorrhexis index (3). Biologic mark-
ers associated with aggressive tumor behavior

and a worse outcome are amplification of the
N-myc oncogene (4–6), diploid changes (nor-
mal or near-normal DNA content) (6, 7), partial
deletions of chromosome 1 and 11, and gains
of chromosome 17 (8–10). Biochemical mark-
ers associated with worse prognosis include ele-
vated serum levels of lactate dehydrogenase,
ferritin, and neuron-specific enolase (1, 11, 12).
Approximately 50–69% of patients will have
metastases at presentation, most commonly to
cortical bone, bone marrow, liver, or lymph
nodes (1, 2) (strong evidence).

Epidemiology

Neuroblastoma is the most common extracra-
nial solid tumor of childhood, accounting for
8–10% of all childhood cancers (1, 13). The
prevalence is about one case per 7,000 live
births, and there are approximately 800 new
cases of neuroblastoma annually in the United
States (1, 13). Neuroblastoma is slightly more
common in boys than girls, with a male to
female ratio of 1.1:1 (1). The median age at diag-
nosis is about 19 months. Approximately 40%
of patients are infants; 90% are under 5 years
of age; and 98% are under 10 years of age (1,
2). The incidence rate of the disease in chil-
dren under 1 year of age is about 35 per mil-
lion but declines rapidly with age to about 1
per million between ages 10 and 14. The eti-
ology of neuroblastoma is unknown. In rare
cases, neuroblastoma may be familial, exhibit-
ing an autosomal dominant pattern of inheri-
tance, possibly related to an abnormality in the
short arm of chromosome 16 (16p12-13) (14,
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15). In this subset of patients, the median age
of diagnosis is 9 months. Although rare, neu-
roblastoma may occur in patients with other
disorders, including Hirschsprung disease and
neurofibromatosis type 1 (NF1). The natural
history of neuroblastoma varies most closely
with histologic, biologic, and biochemical fac-
tors, tumor stage, and patient age. Patients
younger than 12 months of age have a better
prognosis, even with metastatic disease, than
those older than 12 months of age (16, 17). The
prognosis for neuroblastoma is based on low-,
intermediate-, or high-risk disease (1.2) (strong
evidence).

Overall Cost to Society

Although there are several analyses evalu-
ating the cost-effectiveness of chemotherapy
in the treatment of neuroblastoma, no cost-
effectiveness data were found in the literature
specifically incorporating imaging strategies in
the management of this tumor.

Goals

In neuroblastoma, the goal of imaging is deter-
mination of the site of tumor origin, local dis-
ease extent, and distant tumor spread. The cur-
rent imaging evaluation of patients with neu-
roblastoma consists of abdominal sonography,
chest radiography, computed tomography (CT),
and/or magnetic resonance imaging (MRI) for
detection and local staging of the primary
tumor and bone scintigraphy or metaiodoben-
zylguanidine scintigraphy (MIBG) for detection
of skeletal or marrow metastases. The most
common staging system for neuroblastoma is
the International Neuroblastoma Staging Sys-
tem (INSS) (Table 34.1) (18, 19). This classifi-
cation takes into account radiological findings,
clinical findings, and bone marrow examina-
tion.

Methodology

The author performed a MEDLINE search
using PubMed (National Library of Medicine,

Bethesda, MD) for data relevant to the diagnos-
tic performance and accuracy of both clinical
and imaging examination of patients with neu-
roblastoma. The diagnostic performance of the
clinical and imaging examinations was based
on a systematic literature review performed
in MEDLINE (National Library of Medicine,
Bethesda, MD) during the years 1975–2007. The
clinical examination search strategy used the
following key words: (1) neuroblastoma; (2) clini-
cal physical examination; (3) epidemiology; (4) treat-
ment or chemotherapy or surgery. The review of
the current diagnostic imaging literature was
performed using the following words: (1) neu-
roblastoma; (2) ultrasound; (3) computed tomogra-
phy or CT; (4) magnetic resonance imaging or MRI;
(5) metaiodobenzylguanidine or MIBG scintigra-
phy; (6) indium-111 pentetreotide or octreotide or
somatostatin receptors; (7) fluoro-2-deoxy-d-glucose
positron emission tomography or FDG scanning,
as well as combinations of these search strings.
Animal studies and non-English articles were
excluded.

Discussion of Issues

I. What Are the Clinical Findings that
Raise the Suspicion for
Neuroblastoma?

Summary of Evidence: Clinical finding leads
of neuroblastoma are generally nonspecific.
Patients can be asymptomatic or symptomatic
with clinical complaints related to the primary
tumor, local or metastatic disease, or a paraneo-
plastic syndrome. In asymptomatic patients, the
tumor can be detected incidentally on antena-
tal ultrasonography (20–22), post-natal screen-
ing of urinary catecholamine metabolites (1,
23–25), physical examination, or imaging stud-
ies obtained for other indications (strong evi-
dence).

Supporting Evidence: The most common clini-
cal presentation of abdominal neuroblastoma is
an abdominal mass (1, 2). Abdominal disten-
tion, anorexia, and vomiting are also frequent
features of abdominal involvement. Other com-
plaints include paraplegia and urinary or
fecal retention or incontinence from neural
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foraminal invasion and nerve compression and
hypertension due to catecholamine production
or encasement or stretching of the renal artery
leading to activation of the renin–angiotensin
system. Patients with primary thoracic and cer-
vical neuroblastoma can present with dyspha-
gia, stridor, or Horner syndrome (ipsilateral
ptosis, pupillary constriction, and anhydrosis)
(26) (strong evidence).

Signs and symptoms related to metastatic
disease include proptosis and periorbital
ecchymosis; bone pain, limp, or arthritis-type
complaints; hepatomegaly; and nontender,
bluish subcutaneous nodules (1) (strong evi-
dence). Paraneoplastic syndromes include
opsoclonus-myoclonus syndrome and watery
diarrhea. Opsoclonus-myoclonus is character-
ized by jerking movements of the eyes and
extremities and ataxia and may represent an
immune-mediated antitumor host response,
which leads to production of antineural anti-
bodies that cross-react with cerebellar tissue
(27–29). It is seen in approximately 2% of
patients and is associated with a thoracic
primary tumor and a better prognosis. Watery
diarrhea results from tumor production of
vasointestinal peptides (strong evidence).

Approximately 90% of patients with neu-
roblastoma have increased serum or urinary
levels of catecholamines or their metabolites,
particularly vanillylmandelic acid (VMA) and
homovanillic acid (HVA).

II. What Is the Diagnostic
Performance of the Different Imaging
Studies in the Assessment of the
Primary Tumor Mass in Patients with
Neuroblastoma?

Summary of Evidence: Imaging is performed to
confirm the presence of a mass and its site
or origin and to identify local and metastatic
disease for treatment planning. Ultrasonogra-
phy, CT, and MRI have equal sensitivity for
the detection of the primary abdominal mass
in patients with neuroblastoma and its organ of
origin (strong evidence).

Supporting Evidence: The sensitivity of ultra-
sonography, CT, and MRI for detection of the

primary mass in patients with neuroblastoma
is nearly 100%, which is not surprising given
the large mean diameter of the tumor (6–8 cm
mean diameter) (30–33) (strong evidence). In a
prospective study by Siegel et al. of 129 patients
suspected of having neuroblastoma, the sensi-
tivity and specificity of both CT and MRI were
100 and 85%, respectively (33). For detection of
very small thoracic or retroperitoneal tumors,
CT and MRI have theoretical advantages by
comparison with chest radiography and ultra-
sonography, respectively, because of their supe-
rior resolution (insufficient evidence).

III. What Are the Essential Features
that Need to Be Assessed by Imaging
Studies in Patients with
Neuroblastoma for Surgical Planning
and Staging?

Summary of Evidence: An understanding of the
clinical findings that are important for treat-
ment planning and staging is essential to under-
stand the role of imaging. Key factors in
planning surgical resection are tumor location
and relationship to major vessels, nerves, and
organs. Key factors in the INSS classification for
neuroblastoma staging are the regional extent
of tumor spread, particularly unilateral or bilat-
eral involvement and nodal involvement, and
the presence or absence of distant metastases
(18, 19) (strong evidence).

Supporting Evidence: Knowledge of vascular
encasement and intraspinal extension are crit-
ical factors in planning gross tumor resec-
tion. Vascular encasement can be a contraindi-
cation to total surgical resection because of
the risk of loss of vital structures or signifi-
cant postoperative morbidity. Surgical compli-
cations have been reported in 5–25% of patients
with neuroblastoma related to surgical resec-
tion of the primary abdominal tumor at diag-
nosis (34). Commonly encountered complica-
tions related to vascular encasement include
nephrectomy, operative hemorrhage, and injury
to renal or mesenteric vessels. Intraspinal exten-
sion of neuroblastoma associated with spinal
symptoms requires either urgent treatment



Chapter 34 Pediatric Abdominal Tumors: Neuroblastoma 513

with chemotherapy and steroids or a laminec-
tomy alone or in combination with radiation
therapy to reduce cord compression prior to
tumor resection of debulking (1, 2) (strong
evidence).

Knowledge of the presence of regional and
distant disease is pivotal for tumor staging.
Locally, the status of regional lymph nodes and
midline extension needs to be assessed. Ipsi-
lateral nodes correspond to INSS stage 2 dis-
ease. Unilateral tumor with contralateral lymph
nodes or midline extension indicates INSS stage
3 disease. Assessment of distant metastases
to liver and skeleton is critical because these
upgrade the tumor to INSS stage 4 or 4S (18, 19)
(strong evidence).

IV. What Is the Diagnostic
Performance of the Different Imaging
Studies in the Detection of Regional
Disease in Patients with
Neuroblastoma?

Summary of Evidence: Ultrasonography is sensi-
tive for detecting neuroblastoma, but it cannot
reliably identify local extension (30–32) (limited
evidence). CT and MRI have moderate sensitiv-
ity for assessing local tumor extent (33, 35–37)
(limited to moderate evidence).

Supporting Evidence: Ultrasonography has lim-
ited value in demonstrating the extent of vessel
encasement, involvement of retroperitoneal and
retrocrural nodes, and intraspinal tumor exten-
sion compared with CT and MRI (2, 32). In one
retrospective series of 42 neonates, infants, and
children with abdominal masses, including 19
neuroblastomas, by Pfluger et al., MR angiog-
raphy and color Doppler sonography showed
the entire course of unaffected vessels in 88 and
58% of patients, respectively. MRA showed 79%
and color Doppler ultrasonography 66% of dis-
placed vessels (32) (limited evidence).

Due to their superior contrast and spa-
tial resolution, CT and MRI have advantages
compared with ultrasonography in evaluating
the local extent of a primary neuroblastoma
(limited to moderate evidence) (33–37). In a
prospective multi-institutional study of 45 of
88 patients with proven neuroblastomas who

qualified for analysis of extent of local disease,
Siegel et al. reported positive predictive values
(PPV) (sensitivity) and negative predictive val-
ues (NPV) for CT in detection of midline exten-
sion of 73 and 83%, respectively. For MRI, corre-
sponding PPV and NPV were 81 and 79%. PPV
and NPV for CT in detection of local nodes were
20 and 95%, respectively. For MRI, correspond-
ing PPV and NPV were 19 and 99%, respec-
tively (33) (moderate evidence). The limitation
of this study was that it was designed to eval-
uate distant disease, not local disease, and the
prevalence of local disease was relatively low.

MRI appears to be superior to CT for iden-
tifying intraspinal extension (35–37). In a small
series of four children with neural foraminal
invasion, MRI and CT had sensitivities of 100
and 25%, respectively (37) (limited evidence).

V. What Is the Diagnostic
Performance of the Different Imaging
Studies in the Detection of Distant
Metastases in Patients with
Neuroblastoma?

Summary of Evidence: About 50–60% of patients
with neuroblastoma have distant metastases,
most often to cortical bone, bone marrow, liver,
and lymph nodes (1, 2, 38). Plain radiographs
are not sensitive or specific for detection of
skeletal metastases (moderate evidence). Bone
scintigraphy is sensitive for detecting skeletal
metastases, but it has low specificity and, more-
over, it cannot detect nonosseous lesions (mod-
erate evidence). MRI, MIBG scintigraphy, and
FDG-PET imaging are superior to conventional
radiographic imaging and bone scintigraphy
for assessing skeletal and non-skeletal involve-
ment (moderate to strong evidence). CT and
MRI are sensitive for detection of liver metas-
tases, but their relative merits have not been
established.

Supportive Evidence: CT is generally recog-
nized as a sensitive study for detection of
hepatic lesions. However, the sensitivity for
detection of neuroblastoma metastases specif-
ically has not been established. The sensitiv-
ity of MRI for detecting hepatic involvement
is reported to be 100% (35, 39), although these



514 M.J. Siegel

results are limited by small sample size (limited
evidence).

Technetium (Tc)-99m-labeled dimercap-
tophosphonate (MDP) scintigraphy has been
a commonly performed study for detection of
skeletal metastases since the 1970s. 99mTc-MDP
scans are more sensitive than conventional
skeletal radiography for detection of skeletal
metastases. The sensitivity of radionuclide
imaging is reported to be about 90%, compared
with a sensitivity of 35–70% for radiographic
skeletal survey (40–42). Primary tumor can also
concentrate tracer (90% sensitivity), but this has
no clinical significance (40).

MRI can be performed as a dedicated study
for evaluation of localized bone pain or as
whole-body imaging for detection of distant
metastases and stage 4 disease, including skele-
tal and nonskeletal involvement. The perfor-
mance characteristics of MRI are good for
detecting metastases with sensitivity of approx-
imately 85–100% (33, 43–45) (strong evidence).
In a prospective multi-institutional study of
88 children with newly diagnosed neuroblas-
toma, Siegel et al. reported areas under the ROC
curves for MRI, scintigraphy, and CT for diag-
nosis of bone and bone marrow metastases of
0.86, 0.85, and 0.59, respectively (33) (strong
evidence). For diagnosis of all stage 4 disease
(skeletal and nonskeletal), the areas under the
ROC curves for MRI, CT, and scintigraphy were
0.85, 0.81, and 0.83, respectively (33). The true-
positive values (sensitivity) for MRI and CT in
the detection of all stage 4 disease were 83 and
43%, respectively, and the true-negative values
for MRI and CT were 88 and 97%, respectively.
Other studies with smaller sample size have
shown similar results. In a study of 36 children
with a variety of malignant tumors, including
neuroblastoma, by Goo et al. (43), the sensi-
tivity and positive predictive values for skele-
tal metastasis were 99 and 94%, respectively,
for whole-body MRI, 26 and 94%, respectively,
for bone scintigraphy, 25 and 100%, respec-
tively, for 123I-MIBG scintigraphy, and 10 and
43%, respectively, for CT (43). Sensitivity for
extraskeletal soft tissue metastases was 60%
for whole-body MRI. In a prospective study of
seven children with small cell tumors, including
neuroblastoma, by Mazumdar et al., the sensi-
tivity of MRI for identifying skeletal and soft
tissue metastases was 100% (44). In addition,

MRI detected more marrow metastases than did
scintigraphy (44).

MIBG is an analog of catecholamine pre-
cursors that is taken up by catecholamine-
producing tumors (46–51). 123I-MIBG is
preferable to 131I-MIBG because of lower
radiation dose to the patient, better image reso-
lution, and superior sensitivity. 123I-MIBG will
localize to sites of neuroblastoma in 90–95%
of patients, including the primary tumor and
metastases in bone, bone marrow, and lymph
nodes (46, 49, 51). Causes of false-negative
studies are intense physiologic activity in
salivary glands, liver, myocardium, bowel,
normal adrenal medulla, and neck muscles
causing non-visualization of pathologic lesions
(49, 51, 52). False-positive results have been
associated with hepatic hemangiomas, focal
nodular hyperplasia, and physiologic uptake in
normal liver and intestine (49, 51, 52) (limited to
moderate evidence). Several studies with small
number of patients (n<30) have suggested that
MIBG scintigraphy demonstrates more lesions
than bone scintigraphy (48, 50) (limited to
moderate evidence). The specificity of MIBG
for neuroblastoma in the appropriate clinical
context is greater than 95% (moderate evidence)
(53). In a study of 100 children with suspected
neural crest tumors, only 4% (4/100) of non-
sympathomedullary tumors showed MIBG
uptake, of which only 2% were of non-neural
crest origin (53).

111Indium pentetreotide (octreotide), a radi-
olabeled somatostatin analog, has an affin-
ity for binding to the somatostatin receptors
in neuroblastomas (54). Scans are more fre-
quently positive in undifferentiated tumors and
in tumors associated with elevated urinary cat-
echolamines. Imaging with 111In-pentetreotide
is less sensitive than imaging with MIBG
(55–57). The sensitivity of pentetreotide for
detection of the primary tumor is approx-
imately 55–70% (55–57) (limited to moder-
ate evidence). In a study of seven patients
with neuroblastoma or ganglioneuroblastoma
by Shalaby-Rana et al., the overall sensitivity for
detection of primary or metastatic disease was
57% (four of seven) for 111In-pentetreotide and
86% (six of seven) for MIBG scintigraphy (56).
In another study of 88 children with histologi-
cally proven neuroblastoma or ganglioneurob-
lstoma, 111In-pentetreotide was less sensitive in
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detecting tumor tissue that was 123I-MIBG (64
vs. 94%) (57). The relatively poor sensitivity of
111In-pentetreotide and its variable uptake lim-
its its usefulness in the evaluation of patients
with neuroblastoma.

Fluoro-2-deoxy-d-glucose positron emission
tomography (FDG-PET) reflects the increased
glycolytic rate of tumor cells and uptake is
proportional to tumor cell burden and tumor
cell proliferation (58–60). Based on limited data,
FDG-PET imaging appears to be as sensitive
as MIBG in detection of the primary tumor
and metastases in patients with neuroblastoma
(58–60) (limited to moderate evidence). In a
series of 17 patients reported by Shulkin et
al., 16 of 17 (95%) patients exhibited tumor
uptake of FDG (60). In a study of 51 patients
with high-risk disease (n-MYC amplified unre-
sectable disease in all age groups or stage 4
disease regardless of biology in patients >18
months old) reported by Kushner et al., PET
scan findings correlated well with disease status
as determined by standard imaging tests, bone
marrow testes, urine VMA and HVA levels,
and clinical history (58). In that study, PET was
superior to MIBG imaging for identifying small
lesions (e.g., foci in ribs or vertebral bodies),
matched or surpassed the sensitivity of MIBG
scans for detecting extracranial skeletal lesions,
and showed more osteomedullary (bone and
bone marrow) abnormalities than 99mTc-MDP
bone scans. A limitation of PET scanning is
the poor visualization of lesions in the cranial
vault, because of the normally high physiologic
activity in brain. Causes of false-positive scans
include physiologic uptake in bowel, thymus,
urinary tract, normal adrenal gland, hyperac-
tive bone marrow, and sites of inflammation
(58). The role of FDG-PET in staging neurob-
lastoma is still uncertain, but preliminary data
suggest that it is an attractive staging modality
in patients with neuroblastoma.

VI. Special Situations: The Child
Who Presents with Opsoclonus-
Myoclonus Syndrome or Intractable
Watery Diarrhea

Summary of Evidence: Several paraneoplastic
syndromes have been associated with localized
and disseminated neuroblastoma, including

opsoclonus-myoclonus syndrome, intractable
diarrhea, and flushing associated with hyper-
tension. These findings have been attributed
to metabolic and immunological disturbances
associated with the tumor.

Supporting Evidence: The opsoclonus-myoclonus
syndrome, also referred to as myoclonic
encephalopathy of infants, is characterized
by acute cerebellar and truncal ataxia and
random eye movements (dancing eyes) (61, 62).
It occurs in up to 4% of patients with newly
diagnosed neuroblastoma. Conversely, up to
50% of children with this syndrome may have
neuroblastoma (1). The primary tumor is most
commonly found in the posterior mediastinum
(50% of cases), but it may be found anywhere
along the sympathetic chain. The majority of
patients with opsoclonus-myoclonus syndrome
have favorable outcomes with respect to their
tumor. However, most have long-term neu-
rologic deficits that can progress even after
removal of the tumor (61, 62) (moderate to
strong evidence).

Intractable watery diarrhea associated with
hypokalemia and dehydration is a result of
tumor secretion of vasoactive intestinal pep-
tide (VIP). Most patients with tumor-related
diarrhea and hypertension have histologically
mature tumors (either ganglioneuroma or gan-
glioneuroblastoma) and favorable outcomes
(63, 64). Surgical resection of the tumor leads
to resolution of symptoms (moderate to strong
evidence).

Take Home Figures and Tables

What Are the Roles of the Imaging
Modalities in the Evaluation of
Wilms Tumor?

The decision tree in Figure 34.1 outlines the role
of each imaging modality in the evaluation of
suspected neuroblastoma. Ultrasonography is
the initial imaging study to confirm the pres-
ence of an abdominal or pelvic mass due to its
relative low cost, rapid acquisition, and ready
availability (Figure 34.2). Chest radiography is
often the initial imaging study for detection of
thoracic neuroblastoma (Figure 34.3).



516 M.J. Siegel

Suspected Abdominal mass

Sonography

Mass

CT or MRI

Plain radigraphs

Suspected Chest Mass

Adrenal, paravertebral, pelvic mass

Tc-MDP MIBG

Figure 34.1. Decision tree outlin-
ing the role of the different imag-
ing studies in the evaluation of
neuroblastoma.

If there is a frank mass on sonography or
chest radiography, CT or MRI is the next imag-
ing study, based on their higher resolution and
better specificity, to further evaluate the nature
and assess the local extent of the mass for oper-
ative planning and staging (Figs. 34.4, 34.5, and
34.6)

MIBG scintigraphy, with or without bone
scintigraphy, should be performed to evaluate

the presence of skeletal and soft tissue metas-
tases (i.e., identify stage 4 disease) (Figs. 34.7
and 34.8).

Table 34.1 presents a stage system for
neuroblastoma, and Table 34.2 summarizes
the performance characteristics of imag-
ing studies for detection of distant tumor
spread.

Table 34.1. INSS staging system for neuroblastoma
Stage Definition

1 Localized tumor with complete resection, with or without microscopic residual disease;
representative ipsilateral lymph nodes negative for tumor microscopically

2A Localized tumor with incomplete gross excision; representative ipsilateral nonadherent
lymph nodes negative for tumor microscopically

2B Localized tumor with or without complete gross excision, with representative ipsilateral
nonadherent lymph nodes positive for tumor. Enlarged contralateral lymph nodes must be
negative microscopically

3 Unresectable unilateral tumor infiltrating across the midline, with or without regional lymph
node involvement; or localized unilateral tumor with contralateral regional lymph node
involvement; or midline tumor with bilateral extension by infiltration (unresectable) or by
lymph node involvement

4 Any primary tumor with dissemination to distant lymph nodes, bone, bone marrow, liver,
skin, and/or other organs (except as defined for stage 4S)

4S Localized primary tumor (as defined for stages 1, 2A, or 2B), with dissemination limited to
skin, liver, and/or bone marrow. Bone marrow involvement should be minimal (<10% of
total nucleated cells identified as malignant on bone marrow biopsy or on marrow
aspirate). Limited to infants <1 year of age

Reprinted with permission from Brodeur and Maris (1).
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Table 34.2. Performance characteristics of imaging
studies for detection of distant tumor spread

Modality Sensitivity (%)

CT Not known
Bone scintigraphy(40–42) 90
MRI(32) 85–100
MIBG(48, 49, 51) 90–95
Pentetreotide(57) 57
FDG-PET Not known

References are in parentheses

Imaging Case Studies

Case 1

Figure 34.2 presents a case of neuroblastoma
using sonography.

Figure 34.2. Neuroblastoma, sonography. Longitudinal sonogram in a 15-month-old girl shows a right
suprarenal mass (calipers). RK = right kidney.
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Case 2

Figure 34.3 presents a case of thoracic neurob-
lastoma using chest radiography.

Figure 34.3. Thoracic neuroblastoma, chest radiography. Posteroanterior (A) and lateral (B) radiographs in a
5- year-old boy with Horner syndrome show a right paravertebral mass.
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Case 3

Figure 34.4 presents a case of adrenal neuroblas-
toma using CT.

Figure 34.4. Adrenal neuroblastoma, CT. Coronal CT scan (same patient as in Fig. 34.2) shows a large, partially
calcified soft tissue mass in the right suprarenal just crossing the midline (arrow).
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Case 4

Figure 34.5 presents a case of thoracic neurob-
lastoma using CT and MRI.

Figure 34.5. Thoracic neuroblastoma, CT and MRI. A: Coronal CT reconstruction shows a right paraverte-
bral mass with intraspinal extension (same patient as in Fig. 34.3). B: Sagittal T1-weighted image confirms
intraspinal extension. Arrow=tumor in the spinal canal.
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Case 5

Figure 34.6 presents a case of pelvic neuroblas-
toma using MRI.

Figure 34.6. Pelvic neuroblastoma, MRI. Sonogra-
phy had shown a pelvic mass in this 2-year-old
boy with constipation. Sagittal T2-weighted fat-
suppressed MRI shows a large prevertebral mass (M)
with intraspinal extension (arrow).

Case 6

Figure 34.7 presents a case of metastatic neurob-
lastoma using bone scintigraphy.

Figure 34.7. Metastatic neuroblastoma, bone scintig-
raphy. Anterior bone scintigram in a 3-year-old boy
shows abnormal areas of increased osseous uptake
throughout the skeleton, including the spine, flat
bones, and metadiaphyseal parts of long bones,
resulting from metastases from neuroblastoma.
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Case 7

Figure 34.8 presents a case of metastatic neurob-
lastoma using MIBG.

Figure 34.8. Metastatic neuroblastoma, MIBG. A: Coronal CT reconstruction shows a large left neuroblastoma
(black arrows) encasing the left renal vein. Note also enlarged ipsilateral lymph node (white arrows). B: Ante-
rior and posterior scintigrams obtained 24 hours after injection of 123I-MIBG demonstrate large primary left
adrenal neuroblastoma (arrows) as well as increased diffuse skeletal activity consistent with bone and bone
marrow metastases. Bone scintigraphy was normal.

Suggested Imaging Protocols for
Pediatric Neuroblastoma

Ultrasound

Use a linear or curvilinear transducer
(5–7.5 MHz). Acquire gray scale images of
the adrenal gland, inferior vena cava, paraaor-
tic and paracaval areas, ipsilateral kidney and
liver, and color Doppler images of the inferior
vena cava and renal artery and veins.

Sonography should be used both to docu-
ment the presence of an abdominal or pelvic
mass that is suspected or evident clinically and
to assess vascular involvement.

Chest Radiography

Acquire at least two orthogonal views.
Chest radiographs should be used to con-

firm the presence of a thoracic mass that is sus-
pected based on clinical findings or physical
examination.

CT

Use the lowest milliamperage and kilovolt-
age settings. For a 16-row detector, uses
1.25–1.5 mm collimation with a pitch of 1.0–
1.5. For a 64-row detector, use 0.6–1.25 mm
collimation and a pitch of 1.0–1.5. Begin scan-
ning within 5–10 s after the end of the contrast
administration.

CT should be performed to assess the local
extent of the primary tumor, including midline
extension, vascular encasement, nodal enlarge-
ment, and metastases to liver.

MRI

Acquire axial and coronal T1 spin-echo, axial
and sagittal T2 fast spin-echo with fat satu-
ration, coronal short tau inversions recovery
(STIR), and axial and coronal fat-suppressed T1-
weighted images before and after administra-
tion of intravenous gadolinium chelate agents.

MRI should be performed to assess local
tumor extent, including midline extension,



Chapter 34 Pediatric Abdominal Tumors: Neuroblastoma 523

vascular encasement, nodal enlargement, and
metastases to liver.

99mTc Bone Scintigraphy

Inject, wait for 2 hours, and acquire multiple
whole-body images.

Bone scintigraphy should be performed to
assess skeletal metastases.

123I-MIBG Scintigraphy

Acquire anterior and posterior planar images
with a large field of view gamma camera and
medium energy collimation from the skull ver-
tex to the proximal lower extremities 24 hours
and occasionally 48 hours following injection.
Anterior views of the lower extremities usu-
ally suffice. SPECT imaging is occasionally per-
formed at 24 hours.

MRI should be performed to assess distant
metastases to liver, lymph nodes, and skele-
ton. Because of its high specificity and abil-
ity to detect extraosseous as well as skeletal
lesions, MIBG scintigraphy is preferred over
bone scintigraphy by the Children’s Oncology
Group for staging patients with newly diag-
nosed neuroblastoma.

Future Research

• Comparison study of whole-body MRI
and PET/CT imaging to assess total tumor
burden. If either whole-body MRI or
FDG-PET/CT imaging can accurately detect
distant metastases, these techniques may
substitute for the combination of CT or
conventional MRI and MIBG and may
provide a “one-stop shop” for the staging of
neuroblastoma.

• Comparison study of whole-body diffusion-
weighted MRI and PET-CT imaging to
predict likelihood of tumor response to
treatment. If biomarkers that are significant
early predictors of treatment response can
be identified, then unsuccessful treatment
approaches can be identified early and alter-
native regimens employed in the manage-
ment of individual patients.
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35
Pediatric Abdominal Tumors:

Wilms Tumor
Marilyn J. Siegel

IssuesI. What are the clinical findings that raise the suspicion for Wilms
tumor?

II. What is the diagnostic performance of the different imaging studies
in the detection of the primary tumor mass in patients with Wilms
tumor?

III. What are the essential features that need to be assessed on imag-
ing studies in patients with Wilms tumor for surgical planning or
staging?

IV. What is the diagnostic performance of the different imaging studies
in the detection of regional disease in patients with Wilms tumor?

V. What is the diagnostic performance of the different imaging studies
in the detection of distant disease in patients with Wilms tumor?

VI. Is screening indicated in children at higher risk of Wilms tumor?
VII. What is the role of imaging for follow-up of Wilms tumor at the end

of treatment?

Key Points� The clinical presentation of Wilms tumor is usually by palpation of
a non-tender abdominal mass but can be nonspecific and sometimes
confusing (strong evidence).

� Features that need to be evaluated on imaging studies for surgical
planning or staging in patients with Wilms tumor are the presence
of vascular invasion, regional lymph node enlargement, contralateral
tumors, and lung or liver metastases (strong evidence).

� Ultrasonography, computed tomography (CT), and magnetic reso-
nance imaging (MRI) have high sensitivity for tumor detection and
moderate specificity (limited evidence).
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� CT and MRI are superior to ultrasonography for detection of regional
lymph node involvement and bilateral tumors (limited to moderate
evidence).

� CT is superior to chest radiography for detecting pulmonary metas-
tases (moderate evidence).

� Screening children with risk factors for development of Wilms tumor
results in detection of early-stage tumors and is cost-effective (moder-
ate to strong evidence).

Definition and Pathophysiology

Wilms tumor, or nephroblastoma, is the most
common primary malignant renal tumor in chil-
dren (1–3). Wilms tumors are derived from
primitive metanephric blastema (4). The clas-
sic Wilms tumor has “favorable” triphasic his-
tology containing blastemal, stromal tissue, and
epithelial elements and is associated with a
good clinical outcome (1–4). Rarely (10%), the
tumor has “unfavorable” histology character-
ized by anaplastic nuclear change. Anaplasia
is primarily a marker of resistance to adjuvant
therapy, and when diffuse it confers a poorer
survival rate (4). Wilms tumors are typically
large masses (mean diameter 12 cm) that often
contain areas of hemorrhage, necrosis, and cyst
formation. Most tumors are solitary. The tumor
is multicentric in 12–15% of cases and bilateral
in 4–7% of cases (3). The tumor can extend into
blood vessels or through the renal capsule into
the perirenal fat and other surrounding tissues.
From the renal vein, Wilms tumor may propa-
gate into the inferior vena cava with occasional
extension into the right atrium. Metastases are
seen in about 15–20% of children at diagno-
sis and most often involve the lungs, liver, and
regional lymph nodes and less commonly bone
and brain (1–4). Precursors of Wilms tumor,
known as nephrogenic rests, are found in 25–
40% of patients with sporadic Wilms tumor (5–
8). Nephrogenic rests are small foci of persis-
tent primitive blastemic cells that can be found
in fetal kidneys. They may occur within a renal
lobe (intralobar rest) or at the periphery of a
renal lobe (perilobar rest) (8). There is a 1–2%
risk of Wilms tumor associated with perilobar
rests and a 4–5% risk associated with intralobar
rests (9). The 2-year relapse-free survival rate
for all stages of Wilms tumor combined is 90%
(strong evidence).

Epidemiology

Wilms tumor accounts for 7% of all childhood
cancers (1–3, 10, 11). The annual incidence is
1 in 10,000 children younger than 15 years of
age worldwide (1–3). About 450–500 new cases
are diagnosed each year (1, 2, 10). Wilms tumor
is more common in African Americans than in
Caucasians and is rare in Asians (3, 4, 10, 11).
The tumor is equally common in girls and boys
(11). The mean age at diagnosis is 3.5 years (2,
3). Most children present with early-stage dis-
ease (stage I, 43%; stage II, 23%; stage III, 23%;
stage IV, 10%; and stage V, 5%).

Bilateral Wilms tumors (stage V) represent
only 5% of cases and are more common
in children with predisposing syndromes or
family history of Wilms. A positive family
history is found in approximately 1.5% of
patients with Wilms tumor (12). In a study of
6,209 patients with Wilms tumor entered on
the National Wilms Tumor Study, 93 patients
(1.5%) from 63 families had a positive fam-
ily history (12). Certain congenital defects
and genetic conditions increase the likelihood
for Wilms tumor. These congenital defects
include congenital abnormalities (hemihyper-
trophy and sporadic aniridia) and syndromes,
including Beckwith–Wiedemann (hemihyper-
trophy, omphalocele, macroglossia, and vis-
ceromegaly), WAGR (Wilms tumor, aniridia,
genitourinary malformation, mental retarda-
tion), and Denys–Drash (aniridia and ambigu-
ous genitalia) (13). Several genetic loci are
implicated in the pathogenesis of this tumor.
One Wilms tumor gene (WT1) located at chro-
mosome 11p13 has been identified in patients
with WAGR syndrome. A second genetic locus
(WT2), located at chromosome 11p15, has been
linked to the Beckwith–Wiedemann syndrome
(14). There is also evidence suggesting the
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existence of a tumor-suppressor gene located in
the short arm of chromosome 7 (4, 14) (strong
evidence).

Overall Cost to Society

Although there are several analyses evaluating
the cost-effectiveness of chemotherapy in the
treatment of Wilms tumor, no cost-effectiveness
data were found in the literature specifically
incorporating imaging strategies in the manage-
ment of Wilms tumor.

There is, however, a study evaluating the
role of sonography screening for Wilms tumor
in high-risk children (15). Using data on stage
II–IV cases from the National Wilms Tumor
Study (NWTS), a group at the National Can-
cer Institute performed cost-effectiveness anal-
ysis of periodic screening ultrasound in high-
risk children (those with Beckwith–Wiedemann
syndrome). They modeled a theoretical pro-
gram of abdominal ultrasound screening of
three times per year from birth to age 4, or alter-
natively to 7 years of age, to detect both Wilms
tumor and hepatoblastoma. The costs were less
than $15,000 per life year saved for the longer
screening length, well below the $50,000 con-
sidered cost-effective for other cancer-screening
programs (15).

Goals

The goals of imaging in a patient with suspected
Wilms tumor are determination of the site of
origin of the primary tumor and the extent of
regional and distant tumor spread. The cur-
rent imaging evaluation of patients with Wilms
tumor includes abdominal sonography, com-
puted tomography (CT), and/or magnetic res-
onance imaging (MRI) for detection and local
staging of the primary tumor and chest CT
with or without chest radiography for detec-
tion of pulmonary metastases. The criteria of
The National Wilms Tumor Society (NWTS) are
used for staging (Table 35.1). Staging of Wilms
tumor is primarily based on findings at the
time of surgical exploration and tumor histol-
ogy. Preoperative imaging has a role in iden-

tifying distant disease (16, 17). In the National
Wilms Tumor Study-4, the 2-year relapse-free
survival rates for favorable histology tumors
were approximately 93% for stage I, 90% for
stage II, 95% for stage III, and 81% for stage
IV (18). The 2-year relapse-free survival for
all stages combined was 90%, and the over-
all survival was 96% (3, 18). In another study
of patients with anaplastic or unfavorable his-
tology, the 4-year relapse survival rates were
approximately 71% for stage II, 59% for stage
III, and 17% for stage IV (3, 19).

The second goal of imaging is early identifi-
cation of tumors in patients who have anoma-
lies known to be associated with Wilms tumor.
Finally, the third goal of imaging is to monitor
cases for tumor recurrence.

Methodology

The author performed a MEDLINE search
using PubMed (National Library of Medicine,
Bethesda, MD) for data relevant to the diag-
nostic performance and accuracy of both clin-
ical and imaging examination of patients with
Wilms tumor. The diagnostic performance of
the clinical and imaging examinations was
based on a systematic literature review per-
formed in MEDLINE (National Library of
Medicine, Bethesda, MD) during the years
1975–2007. The clinical examination search
strategy used the following key words: (1)
Wilms tumor; (2) clinical physical examination; (3)
epidemiology; (4) treatment or chemotherapy or
surgery. The review of the current diagnostic
imaging literature was performed using the fol-
lowing words: (1) Wilms tumor; (2) ultrasound;
(3) computed tomography or CT; (4) MRI Magnetic
Resonance Imaging or MRI, as well as combina-
tions of these search strings. Animal studies and
non-English articles were excluded.

Discussion of Issues

I. What Are the Clinical Findings
That Raise the Suspicion for Wilms
Tumor?

Summary of Evidence: No single clinical find-
ing leads to the diagnosis of a Wilms tumor
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in the pediatric population. Children usu-
ally present with an abdominal mass but
occasionally have symptoms related to the
primary tumor (20, 21). Imaging and surgical
biopsy are needed for diagnosis (strong
evidence).

All patients with a suspected abdominal mass
should undergo imaging to confirm the pres-
ence of a mass and its location and extent. In
most children, sonography is the initial imag-
ing test of choice for identification of a pedi-
atric abdominal mass. If the sonogram is nor-
mal, additional imaging evaluation generally
is not required. If sonography cannot provide
adequate information or if more information is
needed about the character or extent of a neo-
plasm, CT or MRI can be performed. In gen-
eral, CT, because of its ready availability, lack
of sedation, and established accuracy, is more
widely used than MRI. However, MRI is a reli-
able alternative to CT. MRI can provide impor-
tant diagnostic information about location and
tumor extent.

Supporting Evidence: The most common mani-
festation of Wilms tumor is an asymptomatic
abdominal mass discovered by a parent or
physician especially in children aged 2–5 years
(peak incidence) (2–4). These tumors grow
rapidly, explaining why 70–95% of Wilms
tumors in children present as an asymptomatic
mass. Abdominal pain, fever, and hematuria
(microscopic hematuria seen in up to 25%
cases) are less frequent findings at diagnosis
(2, 3, 21). Hypertension occurs in 25% of cases
and is attributed to an increase in renin pro-
duction. Rare patients with advanced disease
may present with respiratory symptoms related
to lung metastases. Physical examination usu-
ally reveals a palpable abdominal mass (strong
evidence).

The clinical presentation is nonspecific. The
differential diagnosis for renal masses includes
both benign and malignant renal lesions as well
as adrenal and hepatic tumors. In one interna-
tional study of Wilms tumor, 28 of 511 patients
in whom preoperative chemotherapy for Wilms
tumor was started prior to diagnosis were
found to have either malignant tumors other
than Wilms tumor (n=20) or benign condi-
tions (n=8) at time of nephrectomy (22) (strong
evidence).

II. What Is the Diagnostic
Performance of the Different Imaging
Studies in the Detection of the
Primary Tumor Mass in Patients with
Wilms Tumor?

Summary of Evidence: Imaging is performed to
confirm the presence of a mass and its location
in the kidney and to identify local invasion, vas-
cular extension, and bilateral or metastatic dis-
ease for treatment planning. Ultrasonography,
computed tomography (CT), and magnetic res-
onance imaging (MRI) have equal sensitivity
for the detection of the primary tumor (23, 24)
(limited to moderate evidence). Specificity of
imaging renal masses in children is only moder-
ate. Cross-sectional imaging characteristics do
not definitively identify a renal tumor as Wilms
tumor and rely on the child’s age, clinical pre-
sentation, and the pathologic confirmation of
the imaging findings.

Supporting Evidence: While variable, the appear-
ance of Wilms tumor on cross-sectional imag-
ing is typically heterogenous, containing both
solid and cystic components. Only 15% of cases
have calcification. The sensitivity of sonogra-
phy is estimated at 95% and specificity at 97%,
whereas sensitivity of CT and MRI for detec-
tion of Wilms tumor is 100%, which is not sur-
prising given the large mean diameter of the
tumor (5–10 cm) (23–25) (limited evidence). In
a retrospective study of 13 children with patho-
logically proven Wilms tumor by Reiman et al.,
the sensitivity of sonography and CT was 100%
(23). In another prospective study of 14 patients
with Wilms tumors by Belt et al., MRI correctly
identified the primary tumor and its site of ori-
gin from the kidney (24) (limited to moderate
evidence).

III. What Are the Essential Features
That Need to be Assessed on Imaging
Studies in Patients with Wilms Tumor
for Surgical Planning or Staging?

Summary of Evidence: Surgery plays a crucial
role in the management of Wilms. The goals
of surgical intervention in initial patient man-
agement are to establish the diagnosis and the
extent of regional tumor. Imaging alone is not
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used for tumor staging. The role of preop-
erative imaging is to serve as a “roadmap”
for the surgeon and to identify stage IV dis-
ease (e.g., lung metastases) (26–28) (strong
evidence).

Supporting Evidence: For planning surgical resec-
tion, imaging should evaluate both renal vein
and inferior vena caval patency, regional lymph
node involvement, and bilateral renal disease.
For staging, the role of imaging is identification
of pulmonary metastases and bilateral Wilms
tumors.

Knowledge of vascular invasion is critical
in planning total tumor resection. Renal vein
extension occurs in approximately 15–20% of
patients, vena caval involvement in 5–10% of
patients, and intracardiac extension in 0.5–1%
of patients (28). Involvement of the renal vein
or inferior vena cava does not adversely affect
stage or prognosis if appropriate treatment is
given (27, 29) (strong evidence). However, accu-
rate preoperative assessment of renal vein, vena
caval, or intracardiac thrombus is important for
preoperative planning and the need for intra-
operative cardiac bypass or venous reconstruc-
tion as well as to allow assessment of benefits
of preoperative chemotherapy. Tumor throm-
bus extending to or above the confluence of the
hepatic veins may require a thoracoabdominal
approach to prevent tumor embolization to the
pulmonary arteries (3). An abdominal approach
alone is satisfactory for intravascular thrombus
below the hepatic veins.

Spread to regional lymph nodes occurs in
about 20% of patients (3). Regional lymph node
involvement is associated with a poorer prog-
nosis. In the second and third National Wilms
Tumor Study, regional lymph node involve-
ment was associated closely with increased fre-
quency of pulmonary metastasis and mortality
(27, 29) (strong evidence).

The incidence of bilateral synchronous
tumors ranges from 4.4 to 7.0% (3). The impetus
for recognizing contralateral tumors is that this
alters patient management. The treatment for
patients with bilateral tumors is open biopsy
followed by chemotherapy for reducing the
tumor burden. The goal of chemotherapy is
to facilitate parenchymal-sparing surgery and
to avoid nephrectomy. Another reason for
recognizing synchronous bilateral tumors at

diagnosis is that it indicates stage V disease and
a poorer outcome (strong evidence).

The incidence of pulmonary metastases is
approximately 15–20% (30, 31). The liver is
involved in 15% of cases and bone and brain
in the remaining cases (15). Distant metas-
tases indicate stage IV disease and, if favor-
able histology has a survival of 81%, but if
unfavorable histology has a survival of only
17%. In a retrospective study of 31 patients by
Owens et al., pulmonary nodules were iden-
tified in 31 patients (22%). Those patients in
whom nodules were detected only on chest CT
were at increased risk of pulmonary relapse
(30) (moderate evidence). However, contro-
versy exists about CT-detected pulmonary nod-
ules. A report from the National Wilms Tumor
Study Group (NWTSG) reveals that children
with Wilms tumor and CT-only pulmonary
nodules who receive whole lung irradiation
have fewer pulmonary relapses, but a greater
number of deaths due to treatment toxicity
(32). Further studies are needed to evaluate this
issue.

IV. What Is the Diagnostic
Performance of the Different Imaging
Studies in the Detection of Regional
Disease in Patients with Wilms
Tumor?

Summary of Evidence: Ultrasonography and
MRI can accurately detect gross tumor exten-
sion into the renal vein, inferior vena cava, and
right atrium (23, 28, 33, 34) (limited to moderate
evidence). CT and MRI are superior to sonog-
raphy for assessment of nephrogenic rests,
regional adenopathy, and bilateral tumors,
although their relative merits have not been
analyzed (23, 33, 34) (limited to moderate
evidence). MRI may be better than CT for iden-
tification of vascular involvement, although
there are no large studies comparing CT with
MRI (28) (limited evidence).

Supporting Evidence: Ultrasonography and MRI
are sensitive for detecting vascular extension of
tumor (23, 28) (limited evidence). In one small
series of four patients by Weese et al., ultra-
sonography and MRI had 100% sensitivity for
detecting both renal vein and inferior venal
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caval thrombus (28). The sensitivity of CT was
50% (2 of 4 patients) for renal vein thrombus
and 30% (1 of 3) for caval thrombus (28) (lim-
ited evidence).

Owing to their superior resolution, CT and
MRI have advantages compared with ultra-
sonography in evaluating lymph node involve-
ment (23, 33–35). In a retrospective study by
Reiman et al. of 13 patients with Wilms tumors,
the total tumor extent was determined cor-
rectly by CT scanning in 77% of patients and
by sonography in 23% of patients (23) (limited
evidence). Specifically, the sensitivity of sonog-
raphy and CT was 20% (1 of 5 patients) and
40% (2 of 5), respectively, for lymph node detec-
tion. In another series by Hugosson et al., CT
and MR had equal sensitivity (67%) and speci-
ficity (100%) for determination of lymph node
involvement when the nodes were larger than
1 cm in diameter (35) (limited evidence). PET
has been reported to identify metastatic Wilms
tumor in case reports but no large prospective
study has been done with FDG-PET to deter-
mine the diagnostic performance of this test in
Wilm’s tumor staging.

CT and MRI are superior to ultrasonography
for detection of bilateral tumors. In a retrospec-
tive review by Ritchey et al. of 122 children with
synchronous bilateral Wilms tumor in NWTS-4,
sonography detected 23 of 44 (52%) lesions 3 cm
or less in size and CT detected 41 of 49 lesions
3 cm or less in size (87%) (36). None of the
bilateral tumors 3 cm were missed with MRI,
although the small numbers of subjects imaged
with MRI (5 of 122) precluded rigorous compar-
ison of accuracy (36) (moderate evidence). The
sensitivity of US to detect renal lesions may also
be estimated by extrapolation of adult studies of
lesions between 3 and 140 mm in size. For cur-
rent US technology (phase inversion harmonic
US), the estimated sensitivity is 82–95% and the
specificity is 82–97% (26).

V. What Is the Diagnostic
Performance of the Different Imaging
Studies in the Detection of Distant
Disease in Patients with Wilms
Tumor?

Summary of Evidence: About 15–20% of patients
with Wilms tumor have distant metastases, usu-

ally to lung, at diagnosis (30, 31). CT is superior
to plain chest radiography for detection of pul-
monary metastases (moderate evidence).

Supporting Evidence: Chest CT is the study
of choice to detect pulmonary metastases in
patients with Wilms tumor. In one study by
Owens et al., of 141 patients with normal chest
radiographs, one or more pulmonary nodules
were detected in 31 (22%) of the patients on
chest CT (30). In another study by Wilimas et al.,
of 202 children with normal chest radiographs,
preoperative chest CT scans were reviewed
blindly by three observers for pulmonary nod-
ules (37). Of these 202 CT scans, the proportions
of patients rated as having pulmonary nodules
on CT were 12.9, 18, 35.8% for the three review-
ers (37). The variability in interpretation of the
CT scans limited the value of this study. In
both studies, confirmation of the findings was
based on clinical follow-up, not biopsy, limit-
ing the utility of the data (30, 37) (moderate
evidence). Although chest CT scans are more
sensitive than chest radiographs in detecting
pulmonary nodules, they are not specific for
tumor (38) (strong evidence).

VI. Is Screening Indicated in
Children at Higher Risk of Wilms
Tumor?

Summary of Evidence: Children with risk factors
for Wilms tumor should undergo serial imag-
ing (usually by sonography) to detect tumors
while they are small and localized. Screen-
ing with ultrasonography in intervals of 3–4
months results in detecting earlier stage Wilms
tumors and is cost-effective (15, 35–39) (moder-
ate to strong evidence).

Supportive Evidence: It is recognized that chil-
dren with family history or anomalies, such
as hemihypertrophy, aniridia, and Beckwith–
Wiedemann syndrome, have an increased risk
of developing Wilms tumor (2–4, 39–43). It is
therefore recommended that they be screened
(i.e., examined frequently) so that Wilms
tumor can be detected at an early stage. In
2001, McNeil and colleagues performed cost-
effectiveness analysis of ultrasound screening
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every 4 months until 7 years of age in
high-risk children that showed a cost of $14,740
per life year saved (15). This is well below
the suggested funding level of other cancer-
screening programs set at $50,000 per life year
saved.

In a review of screened (n=15) and
unscreened (n=59) children with Beckwith–
Wiedemann syndrome or idiopathic hemi-
hypertrophy who developed Wilms tumors,
Choyke et al. found that all children who were
screened for tumor had stage I or II disease,
while 42% of the unscreened children had stage
III or IV disease (41) (moderate evidence). The
authors suggested that screening children at
intervals of 4 months or less results in earlier
diagnosis of Wilms tumor. Based on the finding
that 90% of Wilms tumors present by 7 years
of age in children with Beckwith–Wiedemann
or hemihypertrophy, serial ultrasonography
has been recommended every 3 months until
age 6, then every 6 months until 8 years
of age. In another retrospective review of
4,669 patients treated on two consecutive
NWTSG protocols (NWTS 3 and NWTS 4), 53
patients with Wilms tumors and Beckwith–
Wiedemann syndrome were compared with
patients with patients who had Wilms tumor
without Beckwith–Wiedemann syndrome (43).
Beckwith–Wiedemann syndrome patients were
more likely to present with lower stage tumors
(p=0.0001), with more than half (27 of 53) pre-
senting with stage I disease (strong evidence).
Another series of 24 patients with aniridia
and Wilms tumor has shown that screening
increased the detection of low-stage tumors
(42) (moderate evidence).

VII. What Is the Role of Imaging for
Follow-Up of Wilms Tumor at the
End of Treatment?

Wilms tumor recurrence risk is mostly due to
unfavorable histology. Recurrences most likely
will occur within 4 years from diagnosis and
usually occur in the lung or abdomen. The
Children’s Oncology Group (COG) has recom-
mended chest and abdominal imaging based on
the risk of recurrence (Table 35.2) (44).

Take Home Figures and Tables

What Are the Roles of the Imaging Modalities
in the Evaluation of Wilms Tumor?

The decision tree in Fig. 35.1 outlines the role
of each imaging modality in the evaluation of
suspected Wilms tumor. Ultrasonography is the
initial imaging study to confirm the presence
of a renal mass and evaluate vessel patency
(Figs. 35.2 and 35.3) due to its relative low cost,
lack of ionizing radiation, and ready availabil-
ity. Doppler US is used to confirm presence or
absence of tumor spread into the renal vein,
inferior vena cava, and heart.

Figure 35.1. Decision tree outlining role of various
imaging studies in the evaluation of Wilms tumor.

If sonography confirms a mass, CT is the next
imaging study of choice based on its superior
ability to examine the whole abdomen as well
as the chest. CT is better than sonography for
identifying lymph node involvement (Fig. 35.4),
although it will miss tumor burden in normal-
sized lymph nodes. CT can also demonstrate
small lesions in the opposite kidney (Fig. 35.5)
and liver metastases that may be missed by
sonography as well as pulmonary metastases
(Fig. 35.6)

MRI can play a role in evaluating problem-
atic cases. MR is particularly useful for eval-
uating children with allergy to iodinated con-
trast material and for confirming presence or
absence of vascular extension when sonogra-
phy or CT is equivocal (Fig. 35.7). In actual
practice, most centers in North America use
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MDCT scans, rather than MRI, to stage patients
with Wilms tumor, because they are more
readily available, faster than MRI (no seda-
tion needed), and they evaluate the lungs for
metastases.

Imaging of the brain and skeleton do not need
to be routinely performed, since metastases to
these areas are rare.

Table 35.1 presents the staging criteria for
Wilms tumor. Table 35.2 summarizes the
imaging recommendations for Wilms tumor
reoccurrence.

Table 35.3 summarizes the sensitivity of
imaging studies for Wilms tumor.

Table 35.1. National Wilms tumor study group
staging system

I. Tumor limited to kidney and completely
excised

II. Tumor extends beyond the kidney but is
completely removed

III. Residual nonhematogenous tumor confined
to abdomen, including:

A. Lymph nodes in the hilus, the
periaortic chains, or beyond

B. Implants on the peritoneal surfaces
C. Tumor beyond the surgical margins either

microscopically or grossly
IV. Hematogenous metastases to lung, liver,

bone, and brain
V. Bilateral renal involvement at diagnosis

Adapted with permission from Dome et al. (3).

Table 35.2. Imaging recommendations for Wilms tumor reoccurrence based on risk stage
Disease group Region Imaging modality Frequency

Very low risk
stage I

Chest End of therapy and then every 2 months
×3, then every 3 months ×4.

Chest CXR Beginning at 21 months from
completion of therapy: every 3
months ×4, then every 6 months ×5

Abdomen/
pelvis

CT or MRI (use same
modality each
time)

End of therapy then every 2 months ×3,
then every 3 months ×4; then change
to abdominal US

Abdomen US Beginning at 18 months from
completion of therapy: every 3
months ×5, then every 6 months ×5

Low and standard
risk stages I–III

Chest CT End of therapy and then every 6 months
to 3 years (alternating with CXR)

Chest CXR Beginning at 3 months from completion
of therapy: every 6 months to 3 years
(alternating with CT), then every 6
months to 5 years off therapy

Abdomen/
pelvis

CT or MRI (use same
modality each
time)

End of therapy and then every 6 months
for 3 years

Abdomen US Beginning 3 months from completion of
therapy: every 6 months ×6
(alternating with CT or MRI), then
every 6 months to 3 years off therapy,
then every 6 months to 5 years off
therapy

Higher risk
favorable
histology

Chest CT End of therapy and then every
3 months ×8

Chest CXR Beginning at 24 months from
completion of therapy: every 6
months ×4, then every 12 months ×1,
then as indicated

Abdomen/
pelvis

CT or MRI (use same
modality each
time)

End of therapy and every 3 months ×8;
then change to US

Abdomen US Beginning at 24 months from
completion of therapy: every 6
months ×4, then every 12 months ×1,
then as indicated

With the kind permission of Springer Science+Business Media from Brisse et al. (44).
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Table 35.3. Performance characteristics (sensitivity) of imaging studies for Wilms tumor
Primary tumor
(detection)
(22)

Vascular
invasion
(26)

Nodal
involvement
(22, 33)

Bilateral
tumors
(34)

Pulmonary
nodules
(28, 35)

Ultrasound 95%; specificity
97% (26)

100% 20% 52% N/A

CT 100% 50% 67% 87% 100%
MRI 100% 100% 67% 100% N/A

Imaging Case Studies

Case 1

Figure 35.2 presents Wilms tumor using a sono-
gram.

Figure 35.2. Wilms tumor, sonogram. Coronal image of the right flank shows a large, heterogenous echogenic
mass (arrows) arising from the upper pole (UP) of the right kidney.
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Case 2

Figure 35.3 presents Wilms tumor, sonogram,
vena caval thrombus.

Figure 35.3. Wilms tumor, sonogram, vena caval thrombus. Longitudinal scan of the inferior vena cava in a
patient with a right Wilms tumor shows intraluminal thrombus (arrow).
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Case 3

Figure 35.4 presents Wilms tumor with CT.

B

Figure 35.4. Wilms tumor. Axial (A) and coronal
(B) volume rendered contrast-enhanced CT scans
demonstrate a large, partially necrotic soft tissue
mass (M) distorting and displacing the enhancing
parenchyma (arrow) in the upper pole of the right
kidney (same patient as in Fig. 35.2). Note also hilar
lymph node enlargement (arrow), which was not
identified on sonography.

Case 4

Figure 35.5 presents bilateral Wilms tumor with
CT.

Figure 35.5. Bilateral Wilms tumors. Coronal CT
multiplanar reformation shows a large Wilms tumor
in the lower pole of the right kidney. A smaller tumor
(arrow) is present in the lower pole of the left kidney.

Case 5

Figure 35.6 presents metatasis of Wilms tumor.

Figure 35.6. Wilms tumor, pulmonary metastasis.
A 5 mm nodule (arrow), due to metastatic Wilms
tumor, is seen in the periphery of the right upper lobe.
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Case 6

Figure 35.7 presents Wilms tumor with MRI.

Figure 35.7. Wilms tumor, MRI. Axial gradient echo
image shows a large mass (M) in the right kidney and
patent renal vein (white arrow) and inferior vena cava
(black arrow).

Suggested Imaging Protocols for
Wilms Tumor

Ultrasound

Use a linear or curvilinear transducer (5–
7.5 MHz). Acquire gray scale images of the
affected kidney, ipsilateral renal vein and infe-
rior vena cava, paraaortic and paracaval areas,
liver, and opposite kidney. Doppler imaging
should be performed in all patients to assess
vascular integrity.

Sonography should be used both to docu-
ment the presence of a renal mass and to assess
the renal vessels and inferior vena cava.

CT

Use the lowest milliamperage and kilovoltage
settings. For a 16-row detector, use 1.25–1.5 mm
collimation with a pitch of 1.0–1.5. For a 64-
row detector, use 0.6–1.25 mm collimation and
a pitch of 1.0–1.5. Begin scanning within 5–10
s after the end of the contrast administration.
Axial images usually suffice for tumor detec-
tion and regional spread. Coronal and sagittal
reformations are used to assess total craniocau-
dal tumor extent.

CT should be performed to assess the local
extent of tumor and distant metastases to lung
and liver.

MRI

Acquire axial and coronal T1 spin-echo, axial
and sagittal T2 fast spin-echo with fat satu-
ration, coronal STIR, and axial and coronal
fat-suppressed T1-weighted images before and
after administration of intravenous gadolinium
chelate agents.

MRI should be performed to assess local
tumor extent if there is a contraindication to the
use of iodinated contrast material or equivocal
CT findings.

Future Research

Future research is limited since Wilms tumor
has a generally good prognosis and the role of
imaging is primarily to act as a guide for the
surgeon, rather than to stage the tumor. One
potential research area is the length and inter-
val follow-up of imaging in children undergo-
ing treatment for Wilms tumor. How frequently
and for how long should these children have
follow-up imaging after treatment is complete?
These efforts might decrease the cost in money,
radiation exposure, and anxiety to the family of
these children.

References

1. Bernstein L, Linet M, Smith MA, Olshan AF. In
Ries LAG, Smith MA, Gurney JG (eds.). Can-
cer Incidence and Survival among Children and
Adolescents: United States SEER Program, 1975–
1995, National Cancer Institute, SEER Program.
Bethesda, MD: NIH Publ. No. 99–4649, 1999;
99:79–90.

2. 2.Brodeur AE, Brodeur GM. Pediatr Rev 1991;
12:196–206.

3. Dome JS, Perlman EJ, Ritchey ML et al. In Pizzo
PA, Poplack DG (eds.). Principles and Practice of
Pediatric Oncology, 5th ed. Philadelphia: Lippin-
cott Williams & Wilkins, 2006; 905–932.

4. Husain AN, Pysher TJ, Dehner LP. In Stocker
JT, Dehner LP (eds.). Pediatric Pathology, 2nd
ed. Philadelphia: Lippincott Williams & Wilkins,
2001; 835–903.

5. Bove K, McAdams A. Prespect Pediatr Pathol
1976; 3:185–223.

6. Beckwith JB. Med Pediatr Oncol 1993; 21:
158–168.

7. Beckwith JB, Kiviat NB, Bonadio JF. Pediatr
Pathol 1990; 10:1–36.



Chapter 35 Pediatric Abdominal Tumors: Wilms Tumor 537

8. Beckwith JB. Am J Med Genet 1998; 79:268–273.
9. Gylys-Morin V, Hoffer FA, Kozakewich H et al.:

Radiology 1993; 188:517–521.
10. Breslow N, Olshan A, Beckwith JB, Green DM.

Med Pediatr Oncol 1993; 21:172–181.
11. Stiller CA, Parkin DM. Br J Cancer 1990; 62:

1026–1030.
12. Breslow NE, Olson J, Moksness J, Beckwith JB,

Grundy P. Med Pediatr Oncol 1996; 27:398–403.
13. Wiener JS, Coppes MJ, Ritchey ML. J Urol 1988;

159:1316–1325.
14. Coppes MJ, Haber DA, Grundy PE. N Engl J Med

1994; 331:586–590.
15. McNeil DE, Brown M, Ching A, DeBaun MR.

Med Pediatr Oncol 2001 Oct; 37(4):349–356
16. Beckwith JB. Pediatr Dev Pathol 1998; 1:79–84.
17. Green DM. Eur J Cancer 1997; 33(3): 409–418.
18. Green DM, Breslow NE, Beckwith JB et al. J Clin

Oncol 1998; 16:237–245.
19. Green DM, Beckwith JB, Breslow NE et al. J Clin

Oncol 1994; 12:2126–2131.
20. Navoy JE, Royal SA, Vaid YN, Mroczek-

Musulman EC. Pediatr Radiol 1995; 25:
S76–S86.

21. Andresen J, Steenskov V. Acta Radiol Diag 1981;
22:353–358

22. Tournade MF, Com-Nougue C, de Kraker J et al.
J Clin Oncol 2001; 19:488–500.

23. Reiman TA, Siegel MJ, Shackelford GD. Radiol-
ogy 1986; 160:501–505.

24. Belt TG, Cohen BD, Smith JA, Cory DA,
McKenna S et al. 1986; 146:955–961.

25. Breslow NE, Palmer NF, Hill LR, Buring J,
D‘Angio GJ. Cancer 1978; 41:1577–1589.

26. Schmidt TY, Hohl C, Haage P et al. AJR 2003;
180:1639–1647

27. Breslow N, Churchill G, Beckwith JB et al. J Clin
Oncol 1985; 3:521–531.

28. Weese DL, Applebaum H, Taber P. J Pediatr Surg
1991; 26:64–67.

29. Breslow N, Sharples K, Beckwith JB et al. Cancer
1991; 68:2345–2353.

30. Owens CM, Veys PA, Pritchard J, Levitt G et al.
J Clin Oncol 2002; 20:2768–2773.

31. Wootton-Gorges AL, Albano EA, Riggs JM et al.
Pediatr Radiol 2000; 30:533–539.

32. Meisel JA, Guthrie KA, Breslow NE, Donaldson
SS, Green DM. Int J Radiat Oncol Biol Phys 1999
Jun 1; 44(3):579–585.

33. Cohen MD. Clin Radiol 1993; 47:77–81.
34. Ditchfield MR, DeCampo JF, Waters KD,

Nolan TM. Med Pediatr Oncol 1995; 24:
93–96.

35. Hugosson C, Nyman R, Jacobsson B et al. Acta
Radiol 36: Fasc 3, 1995; 254–260.

36. Ritchey ML, Green DM, Breslow NB, Moksness
J, Norkool P. Cancer 1995; 75:600–604.

37. Wilimas JA, Kaste SC, Kauffman WM et al. J Clin
Oncol 1997; 15:2631–2635.

38. McCarville MB, Lederman HM, Santana VM
et al. Radiology 2006; 239:514–520.

39. Beckwith JB. AJR 1995; 164: 1294–1295.
40. Weng EY, Moeschler JB, Graham JM. AM J Med

Genet 1995; 56:366–373.
41. Choyke PL, Siegel MJ, Craft AW et al. Med Ped

Oncol 1999;32: 196–200.
42. Green D, Breslow N, Beckwith J et al. Med Pedi-

atr Oncol 1993; 21:188–192.
43. Porteus MH, Narkool P, Neuberg D et al. J Clin

Oncol 2000; 18: 2026–2031.
44. Brisse HJ, Smets AM, Kaste SC, Owens CM.

Pediatr Radiol 2008; 38:18–29.



36
Imaging of Blunt Trauma

to the Pediatric Torso
F.A. Mann, Joel A. Gross, and C. Craig Blackmore

IssuesI. What are the priorities in caring for pediatric victims of trauma?
What are the goals for diagnostic testing relative to these priorities?

II. Among pediatric victims of trauma, who needs to be imaged? What
are the clinical indications warranting diagnostic imaging?

III. Which pediatric victims of trauma should undergo multiphase CT
and follow-up imaging?

IV. How should children with trauma be imaged? What are the perfor-
mance characteristics of available imaging modalities?

V. Special situation: What are the “blind spots” in imaging? How can
these “blind spots” be addressed?

Key Points� Normal CT of head, chest, abdomen, and pelvis effectively excludes
need for emergent or urgent “surgical” intervention (limited to mod-
erate evidence).

� Emergent MR is usually reserved for patients with evolving or unex-
plained neurological deficits (moderate evidence).

� The diagnostic imaging test of choice for blunt trauma to the abdomen
and pelvis is CT (moderate evidence). Sonography should be reserved
for subjects too hemodynamically unstable to tolerate CT.

� The chest radiograph is an excellent screening test for mediastinal vas-
cular injury that may require CT angiography or urgent surgery (lim-
ited to moderate evidence).

� CT represents a significant radiation burden to young patients. All
practitioners should adhere to ALARA (as low as reasonably achiev-
able) principles in minimizing radiation dose to patients. However,
when appropriately indicated, CT should be performed because short-
term benefits in the acute trauma setting far outweigh long-term risk
of radiation.
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Definition and Pathophysiology

Blunt trauma represents the consequences of
the disruption of structural or physiologic
integrity of one or more body parts due to
external agents (1). Primary injurious events
impart disruptive energy through mechanical
effects (e.g., pedestrian–vehicle accidents, falls
from heights, crush injuries, assaults) and lead
to loss of structural and/or functional integrity
when deposited energy exceeds viscoelastic
limits of the specific tissues absorbing the trau-
matic energies (e.g., lower deposited energies
are required to disrupt the brain than the liver
or mature skeleton). Allowing for differences
in organ-specific viscoelastic properties, disrup-
tion of normal structure and function is typ-
ically proportionate to the amount of energy
deposited within tissues.

Secondary injuries are due to the host
response to primary injuries (e.g., hypotension
due to ongoing hemorrhage, ischemia due to
compression of attenuated blood vessels by
edema) and may lead to further tissue damage
and worsening of physiologic function. Most
emergent interventions are directed at avoiding
or minimizing the cascade of deleterious events
due to these secondary injuries.

Epidemiology

Trauma is the leading cause of morbidity and
mortality in children (2) in the USA, with a
peak mortality rate of 52/100,000 in the 15–19-
year-old age groups. Overall, injury accounts
for 40–50% of deaths in all pediatric age groups
[CDC]. The causes of blunt trauma in pediatric
patients are diverse and vary with the source
of cases (e.g., single institution trauma reg-
istry versus national database [National Pedi-
atric Trauma Registry]), type of institution (e.g.,
level 1 trauma hospital versus community hos-
pital), major anatomic focus (e.g., chest ver-
sus abdomen and pelvis), population and/or
nationality studied, ages and sexes included
in reports (3–5): motorized vehicles in 30–85%
(pedestrians 75–85%, the balance as passen-
gers); falls from height greater than 3 m (10
feet) in 8–35%, bicycle crashes (including han-
dlebar goring) in 5–15%, non-motorized sports

in 5–10%, and assaults (including nonaccidental
trauma) in 5–10%.

Overall Cost to Society

Trauma to children 0–14 years old accounted for
about 15% of total trauma-related costs in 2002
or about US $51 billions (6).

Goals

Facilitate appropriate and timely interventions
through the detection and/or characterization
of traumatic injuries.

Methodology

MEDLINE searches were performed using
PubMed (National Library of Medicine;
Bethesda, MD) for the years 1985–2008 using
MeSH keywords: wounds, children, radiology,
English, January 1, 1985 to June 30, 2008. Of the
3,832 references recovered, we excluded animal
studies, small case series and case reports, and
studies focusing on treatment in which too
few imaging details were provided to assess
examination performance and findings.

Discussion of Issues

I. What Are the Priorities in Caring
for Pediatric Victims of Trauma?
What Are the Goals for Diagnostic
Testing Relative to These Priorities?

Summary of Evidence: Early diagnosis and
definitive treatment of life- and limb-
threatening injuries improve outcomes for
pediatric victims of blunt trauma (strong evi-
dence) (7–12). Appropriate use of imaging
supports non-operative management of most
victims of blunt torso trauma and is an adjunct
to the recognition of and surgical planning for
patients that will not be successfully managed
non-operatively.
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Supporting Evidence: Coordinated and inte-
grated trauma systems that rapidly provide
field response, transport, resuscitation, com-
prehensive diagnosis, and definitive treatment
reduce trauma-related individual morbidity
and mortality and societal costs (7–12). For
many victims of severe trauma, time to defini-
tive treatment matters critically, which is cap-
tured in the intuitive concept of a so-called
golden hour (1). During the moments to hours
following major injuries, cardiopulmonary sta-
bilization and avoidance of further injuries
are done simultaneously with assessments of
nature and severity of injuries (primary, sec-
ondary, tertiary surveys).

The “ABCDEs” of resuscitation constitute
the core priorities performed during the pri-
mary survey. The secondary survey, per-
formed after correction of life-threatening
injuries identified during the primary survey,
is more detailed and seeks to better charac-
terize abnormalities detected during the pri-
mary survey and to uncover surgically impor-
tant injuries whose delayed treatments may
be associated with avoidable morbidity and
mortality.

Hemodynamic status is the strongest pre-
dictor of need for emergent or urgent surgi-
cal or endovascular interventions (9, 13–16).
Imaging typically occurs as part of the sec-
ondary and subsequent patient surveys in vic-
tims of blunt-force trauma. Contrast-enhanced
CT of the thorax, abdomen, and pelvis helps
predict failure of non-operative management
by depicting vascular injuries (e.g., aorta, vena
cava, mesenteric, and retroperitoneal arteries),
solid organ injuries with active extravasation
(13–20), hollow viscus injuries (e.g., stomach,
duodenum, small and large bowel, gallblad-
der) (21–28), and patterns of injuries associ-
ated with complicated clinical courses, such as
injuries to multiple organs or the pancreas (5, 9,
29–37).

As noted above, pediatric patients receive
great benefits from imaging. However, cur-
rently CT represents the greatest source of ion-
izing radiation in children despite modality-
dependent radiation dose-management tools.
Nonetheless, children are far more radiosen-
sitive than adults, and avoidance of unnec-
essary imaging is the most effective strategy
to reduce possible untoward consequences of

medical radiation (e.g., solid and hematoge-
nous cancers). (See Chapter 3 on radiation
risk.)

Cost-Effectiveness Analysis

Few studies address cost-effectiveness of
imaging in pediatric trauma; however, lim-
ited evidence exists for the role of CT in
managing high-energy blunt torso trauma
(38–40).

II. Among Pediatric Victims of
Trauma, Who Needs to Be Imaged?
What Are the Clinical Indications
Warranting Diagnostic Imaging?

Summary of Evidence: Historical (high-energy
mechanisms) and initial physical examina-
tion findings (abnormal inspections of the
head, neck, chest, abdomen, pelvis, and
extremities) inform treatment providers of
likelihood that blunt trauma victims har-
bor surgically important injuries (moderate
evidence). Among patients with multi-
ple injuries, imaging shortens the time to
definitive diagnoses, guides therapy, and
reduces the number of non-therapeutic surgical
interventions.

Supporting Evidence: Victims of high-energy
injury mechanisms are more likely to have sus-
tained multiple significant torso injuries and
warrant a high index of suspicion for internal
injuries as well as a low threshold for imag-
ing. High-energy mechanisms in which chil-
dren are commonly injured include pedestrian–
vehicle accidents and as passengers in high-
speed motor vehicle crashes (41–48); falls from
heights greater than 3 m (39, 49–57), and bicycle
handle “goring” (49, 58–64).

Some clinical findings associated with torso
injuries also warrant imaging or other evalua-
tion incompletely compensated hemodynamic
status (hypovolemic shock) (65, 66); closed
head injury (e.g., sustained loss of conscious-
ness, depressed Glasgow coma score) (23, 44,
50, 67–69); asymmetric extremity pulses or
blood pressures (70); elevated respiratory rate
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or abnormal auscultatory examination of the
chest (71); abdominal tenderness or pain, or
abrasions in patients who cannot be clinically
evaluated (40, 72, 73); vertebral pain or tender-
ness (27); distracting extremity injuries (espe-
cially of the upper extremities) (Table 36.1).
Comprehensive clinical evaluation is limited
in children emergently undergoing endotra-
cheal intubation. Nonetheless, the combination
of abnormal findings at abdominal examination
(ecchymosis, rigidity, organomegaly, apparent
tenderness, etc.) and abnormal liver function
(serum transaminases) tests in such pediatric
patients predict intra-abdominal injury depic-
tion by contrast-enhanced CT (sensitivity 70–
100%, specificity ˜90%) (8, 74). Finally, neither
trauma scores nor initial clinical evaluation
detect clinically important injuries in up to 15%
of blunt trauma victims, especially solid organ
injuries among pediatric victims of trauma (16).

Few validated clinical prediction rules to
guide use of imaging have been published (38,
40, 71, 75, 76). In the detection of clinically
important blunt thoracic injuries, any of the fol-
lowing justifies use of advanced imaging: low
systolic blood pressure, elevated age-adjusted
respiratory rate, abnormal results on inspection
of the thorax, abnormal findings at chest auscul-
tation, femur fracture, or Glasgow Coma Scale
(GCS) score of less than 15 (71). In the detection
of surgically important intra-abdominal injuries
in alert (even if intoxicated) patients, sponta-
neous complaints of abdominal pain or abdom-
inal tenderness at physical examination (72, 77),
and in the obtunded patient any of the fol-
lowing justifies adjunctive imaging: antecedent
hypotension (78), abdominal wall ecchymosis
(e.g., lap belt sign), abnormal liver function tests
(8, 79) or serum amylase (75), pelvic ring frac-
tures (80, 81), or hematuria (although isolated
microscopic hematuria without other clinical
or laboratory findings suggesting thoracic or
abdominal injuries does not require adjunctive
imaging) (82, 83) (Table 36.2). Macroscopic or
microscopic hematuria, as described above, is
essentially always present when clinically rel-
evant renal parenchymal disruptions (cortex,
cortex and medulla with or without collect-
ing system involvement) are present; however,
hematuria may be absent in ureteropelvic junc-
tion avulsions and disruptions of the main renal
artery or vein (40, 84–86).

Cost-Effectiveness Analysis

Although limited literature directly addresses
impact of imaging on costs associated with
blunt trauma to the pediatric torso, variation
in utilization of adjunctive imaging within and
across practices is recognized in assessment of
thoracic and abdominal injuries (38, 71, 87).
Nonetheless, clinical prediction rules have been
available for some time, if not routinely used, to
manage imaging costs in blunt torso trauma.

III. Which Pediatric Victims of
Trauma Should Undergo Multiphase
CT and Follow-Up Imaging?

Summary of Evidence: No evidence supports
routine use of multiphase CT examinations
for evaluation of pediatric victims of blunt-
force trauma. Limited evidence supports the
use of additional CT sequences delayed by
a few (5–15) minutes to better character-
ize active parenchymal hemorrhage, parenchy-
mal “blushes,” and renal lacerations that may
involve the collecting systems or ureters.
Limited data also support repeated imaging
for ongoing or worsening clinical signs or
symptoms (including ongoing fluid require-
ments, sepsis, and persistently abnormal lab-
oratory tests such as elevated serum amylase
and abdominal pain) and to document early
response to non-operative/medical manage-
ment of renal injuries involving the collecting
systems or ureters and intimal injuries of the
descending aorta or peripheral arteries.

Supporting Evidence: Current generation multi-
detector CT (MDCT) scanners allow depiction
of the hemokinetic course (e.g., arterial, cap-
illary/parenchymal, venous, washout phases)
of intravenous contrast by rapidly repeating
scanning through the same anatomic region
over time, and thereby can provide temporal
physiologic data—albeit at a cost of increased
radiation (17, 20, 88–93). However, although
arterial injuries are particularly well shown on
arterial phase images, such injuries are gener-
ally also well demonstrated at portal venous
and parenchymal phase scanning (38, 94–97).
Thus, routine use of arterial phase imaging is
not an established practice for pediatric victims
of blunt trauma.
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Nonetheless, delayed imaging may be war-
ranted when initial imaging is abnormal: vas-
cular “blush” within a parenchyma of a
solid organ (90, 98); retroperitoneal hematoma
(96); renal lacerations (99); bowel wall thick-
ening (100). Differentiation of intraparenchy-
mal hematomas from arteriovenous fistulae or
pseudoaneurysms may require repeated scan-
ning after a short delay (e.g., 5–10 minutes:
hemorrhage/hematoma shows persistence or
accumulation of extravasated contrast; AV fis-
tulae and pseudoaneurysms show contrast den-
sity dilution or washout) (90). Characterization
of renal parenchymal (e.g., does laceration
extend into collecting system) or ureteral
injuries (e.g., are both ureters visible distally)
warrants delayed sequences to detect extrava-
sation of urine and should be performed with
substantial dose reduction techniques (99, 101).

In contrast to an additional sequence delayed
by a few minutes, a very finite set of indica-
tions justify repeat CT examinations: (1) within
4–24 hours for persistent or increasing abdom-
inal pain, especially with abnormal clinical
examination or laboratory tests (21, 102–105);
(2) within 24 hours for medical management
of intimal injuries to peripheral great vessels
(e.g., descending aorta, iliac and femoral arter-
ies) (69); (3) within 24–48 hours for renal lacera-
tions involving collecting system (106–110); and
(4) at anytime for ongoing fluid/blood replace-
ment requirements or sepsis (111). In general,
the risk of ionizing radiation and nephrotoxic-
ity from multiple CT scans with contrast is con-
sidered to be overbalanced by the benefit from
imaging information in these selected patients
(insufficient evidence).

Post-discharge imaging of uncomplicated
and clinically stable patients that have sus-
tained spleen and/or liver injuries is not nec-
essary (112). If documentation is required to
return to specific activity (e.g., sports), US is
adequate to demonstrate healing (113, 114).

Cost-Effectiveness Analysis

Almost no data address the cost-effectiveness
of differing imaging protocols; however, some
reports suggest that clinical decision rules and
modality substitution can minimize costs asso-
ciated with blunt-force pediatric trauma (87,
113, 115, 116).

IV. How Should Children with
Trauma Be Imaged? What Are the
Performance Characteristics of
Available Imaging Modalities?

Summary of Evidence: Moderate evidence sup-
ports use of radiography as the most appropri-
ate initial imaging evaluation for blunt trauma
to the chest in pediatric patients. Radiography
has high sensitivity (92%) for clinically impor-
tant disease. CECT is most commonly used
when further imaging is required.

Moderate evidence also supports use of CT
as useful survey adjuncts to clinical exami-
nations in blunt injuries of the abdomen and
pelvis. CECT is the imaging modality of choice
for characterization of the abdomen in trauma
patients. However, clinical status is a more
reliable predictor of requirement for opera-
tive intervention than imaging (moderate evi-
dence). Ultrasonography is of insufficient sen-
sitivity to allow exclusion of intra-abdominal
and retroperitoneal organ injuries (moderate
evidence).

Supporting Evidence: In pediatric trauma popu-
lations, conventional radiography remains the
primary survey for mediastinal, pleural, and
lung abnormalities in blunt polytrauma of the
chest. Contrast-enhanced CT is the imaging
modality of choice when conventional radiog-
raphy or other imaging increases suspicion for
thoracic injury.

Thorax

Aorta and Great Vessels
Where the cardiomediastinal silhouette is nor-
mal for a patient′s age and sex, acute trau-
matic aortic injuries can be reasonably excluded
by conventional chest radiography (sensitivity
∼94%). However, a large minority of patients
who are subsequently shown to have normal
aortic and great vessels have abnormal cardio-
thymic silhouettes by chest radiography. In this
setting, clinical judgment regarding magnitude
of force involved in trauma, direct evidence
of other thoracic injuries (such as multiple rib
or spine fractures), or a mediastinal hematoma
shown on CECT of the abdomen will necessar-
ily guide further imaging evaluations (117–121)
(moderate evidence).
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Contrast-enhanced CT has a diagnostic
accuracy in detecting any acute traumatic
cardiovascular abnormality approaching or
exceeding that of catheter angiography (sen-
sitivity 95%, specificity 40%) (38). Although
the role of CECT in diagnosis of thoracic aortic
injuries is evolving in children, especially
toddlers and infants, catheter angiography
remains the reference standard for diagnosis
and guiding therapy in the younger pediatric
populations (119).

Chest Wall
With the exception of medicolegal documen-
tation purposes necessary for non-accidental
trauma (122), information necessary for recog-
nition and treatment planning for important
chest wall injuries may be achieved with con-
ventional radiography (123).

Pleura and Lung
Conventional radiography generally provides
sufficient information for the diagnosis of pul-
monary contusions and lacerations and their
therapy (124). CT is more sensitive in the
detection of pneumothoraces than conventional
radiography (125, 126). However, the conse-
quences of pneumothoraces that are occult to
conventional radiography are generally benign,
except when positive pressure ventilation is
part of the management of the patient′s pul-
monary injury (including patients going emer-
gently to the operating theater) (127). As seen in
adult trauma populations, CT is more sensitive
at the detection of lung hernias through mus-
cular or osseous chest wall disruptions (partic-
ularly anteriorly) and better characterizes their
need for surgical treatment (lung hernias with
narrow necks are more likely to experience
pulmonary infarctions than those with broad-
based necks) (128). Among pediatric patients,
CT is also far more sensitive to the detection of
pulmonary lacerations (129). However, there is
no current evidence that earlier or more thor-
ough detection of pulmonary laceration effects
patient outcome. Certain CT findings, such as
sub-pleural lucencies associated with periph-
eral pulmonary opacity, allow confident diag-
nosis of contusion, versus the more common
causes of pulmonary opacity in trauma (includ-
ing aspiration and passive atelectasis) (130).

Aerodigestive Tract
Disruption of the aerodigestive tract in children
is very rare (131), often leads to pneumomedi-
astinum and may be associated with mediasti-
nal hematoma. Tracheal bronchial injuries may
be suggested by massive pneumomediastinum
and persistent air leak associated with pneu-
mothorax and may be directly imaged by CT
(71, 129). However, bronchoscopy remains the
principal diagnostic tool in the acute and emer-
gent setting.

Diaphragm
Children sustain diaphragmatic injuries at a
frequency comparable to adult blunt trauma
victims (∼0.5%), and a high index of suspi-
cion for diaphragmatic ruptures is warranted
in appropriate clinical circumstances (lateral
impact crashes, especially when left sided);
Conventional radiography (chest radiographs
with enteral tube placement; fluoroscopy) is
abnormal in 60–90% of individuals with acute
traumatic diaphragmatic rupture, but most
findings are non-specific (hemothorax, atelecta-
sis, etc.) (132). At CECT, the so-called dependent
viscera sign (intra-abdominal contents abutting
the posterior thoracic wall where the scan level
is in the upper-third of the liver or spleen)
and collar sign (narrowed waist of an herniated
intra-abdominal organ at the site of diaphragm
rupture) are nearly 100% specific (133, 134).
Other findings, such as the “discontinuous” and
thickened diaphragm signs show intermediate
sensitivity and specificity (40–75%) (133, 134).
MRI has diagnostic performance equivalent to
that of CT, albeit difficult to perform in the seri-
ously injured pediatric patient (135). Further,
among reported series in which MRI depicted
no diaphragmatic disruptions, no delayed diag-
noses have been reported (136).

Abdomen and Pelvis (Table 36.3)

Imaging Modalities
• CT: Contrast-enhanced CT is the appropri-

ate initial imaging for pediatric blunt trauma
victims who are at risk of abdominopelvic
injury. However, there are no large pediatric
trials to reliably document the overall sen-
sitivity and specificity of CT for signif-
icant intra-abdominal injury (insufficient
evidence). Available evidence on individual
organs listed below is limited.
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• Focused Abdominal Ultrasound in Trauma
(FAST): Despite its very high specificity
(approaching 100%), low sensitivity (∼30–
78%) for detection of surgically important
internal organ injuries limits the utility of
FAST in evaluation of blunt-force torso
trauma to detection of large hemoperi-
toneum in hemodynamically unstable
patients (31, 137, 138). A meta-analysis by
the Cochrane Collaboration demonstrated
the superiority of CT in blunt trauma in
both adults and children (138). Children
imaged with ultrasound require either
serial clinical exams or follow-up imaging
to exclude intra-abdominal injury (112).
Although not widely available or clinically
used, contrast-enhanced ultrasound (CT as
reference standard) had sensitivity of 92%,
specificity of 100% (139) for liver and spleen
injury and 80–90% for renal injury in small
experimental studies and may prove useful
in the future (limited evidence) (139).

• Radiography: Supine radiography has no
role in the evaluation of pediatric blunt
trauma victims.

Liver
CT remains the standard approach to imag-
ing children at risk for liver injury. However,
supporting pediatric data are limited. Although
descriptively useful and commonly expected in
radiology reports, CT estimates of the AAST
grade of liver injuries is not reliable in guiding
therapy on a per patient basis (140) (limited evi-
dence).

Spleen
CT remains the standard approach to imaging
children in whom splenic injury is suspected.
However, supporting pediatric data are lim-
ited. Compared to contrast-enhanced CT,
ultrasound has relatively low sensitivity (∼60–
80%) to depict blunt spleen injuries. Contrast-
enhanced CT can be used to reliably classify
the AAST injury grade and increasing grades
predict longer time to healing (114); however,
injury grade does not correlate well with
the need for subsequent surgery (114). Intra-
parenchymal “blush” (arteriovenous fistula or
pseudoaneurysm) may be shown at CECT in
10–15% of patients sustaining blunt-force
spleen lacerations (15). Different from adult

trauma victims in whom detecting an intra-
parenchymal “blush” predicts subsequent
surgical or endovascular intervention, the large
majority (∼80 versus 96% of spleen injuries
without a “blush”) of pediatric victims of
blunt trauma shown to have intraparenchymal
“blush” at contrast-enhanced CT are success-
fully treated with non-operative management
(15, 141) (limited evidence).

Pancreas
The sensitivity of CECT in detection of find-
ings characteristic or strongly suggestive of
pancreatic injuries (e.g., linear lucency travers-
ing pancreas, typically in neck or body; peri-
pancreatic hemorrhage; pancreatic “swelling”
depicted as loss of lobulated contours and/or
decreased density) is relatively low in the first
few hours after injury (60–85%) (34, 36, 37, 142)
and increases with time elapsed from injury
up to approximately 72 hours. CECT, however,
is almost 100% sensitive in recognizing, just
not classifying, pancreatic injury when major
duct injury is subsequently proven to be present
(102) (limited evidence).

Kidneys and Ureters
CECT supplemented when abnormal by
delayed pyelographic phase acquisitions
approach sensitivity and specificity of 100%
in detection of clinically important blunt-force
renal injuries (143). Complete or high-grade
renal artery occlusions may be suggested by
retrograde filling of the renal veins from con-
trast in the inferior vena cava (144). CECT may
be less sensitive (90%) at detection of grade I
injuries (145). Short-term renal function appears
well served by non-operative management,
which is supported and guided by dynamic
CECT, and open surgical interventions war-
ranted in <15% of all renal injuries. However,
based on technetium dimercaptosuccinic acid
(Tc99m-DMSA) scintigraphy studies showing
potentially clinically important decreases in
renal function of injured kidneys’ long-term
renal function may be compromised among
young children and follow-up of renal function
warranted (146, 147) (limited evidence).

Hollow Viscus

Stomach
As most gastric perforations present with an
acute chemical peritonitis, it is not surprising
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that the literature presenting imaging findings
related to blunt gastric injuries is relatively
silent (except for pneumoperitoneum classically
seen with gastric rupture) (26) (limited evi-
dence).

Duodenum
No large or recent studies exist. However, in
the limited evidence available, CECT shows
an approximate 80% sensitivity in diagnosis of
duodenal hematoma (asymmetric wall thicken-
ing), a 60–100% sensitivity at depicting rupture
(discontinuity of the duodenal wall or extra-
alimentary gas or oral contrast; with or with-
out asymmetric wall thickening), and a nearly
100% sensitivity at detecting clinically signifi-
cant injury (hemorrhage or edema in the right
anterior pararenal space; although not necessar-
ily correctly grading—especially those includ-
ing complex pancreatic head injuries) (24, 26,
148) (limited evidence).

Small Bowel, Colon, and Mesentery
Among more than 5,000 consecutive pediatric
victims of blunt-force abdominal trauma, no
patient required therapeutic laparotomy when
contrast-enhanced CT of the abdomen was
normal (149). Observing pneumoperitoneum
(absent prior diagnostic peritoneal lavage),
retroperitoneal air adjacent to retroperitoneal
segments of colon, bowel wall defects, thick-
ened bowel walls, mesenteric vessel beading,
abrupt termination of mesenteric vessels, or
mesenteric vessel extravasation on contrast-
enhanced CT depicted surgically important
bowel or mesentery injuries with sensitivities
of 87–95% and specificities of 48–96% (surgery
and clinical outcome as reference standard) (26,
149–152). Interloop fluid, especially adjacent
to abnormal appearing bowel (thickened wall,
excessive or asymmetric mural enhancement)
or mesenteric active extravasation or “blush”
correlate well with both mesenteric and surgi-
cally important bowel injuries (98). As a note
of caution, isolated bowel injuries are uncom-
mon (˜1% of therapeutic laparotomies), small
bowel injuries are seen approximately twice as
frequently as colonic injuries, and only 20% of
colon injuries are isolated (23, 26, 153) (limited
evidence).

Urinary Bladder and Urethra
CECT has relatively poor sensitivities (<50%)
for detection of bladder and urethral lacera-
tions (154). When correctly performed, positive-
contrast cystography (either CT cystography
or conventional cystography) has sensitivity to
detect and correctly classify (intra- or extraperi-
toneal or combined) native bladder lacerations
approaching 100% (155). In depiction of ure-
thral lacerations in boys, urethrography shows
sensitivities 85–80% (156), with posterior ure-
thra contributing the vast majority of missed
injuries. In girls, physical inspection, especially
under general anesthesia, may be necessary to
correctly assess perineal and urethral injuries
(157, 158). Compared to adults, bladder and
urethral injuries are less common in pediatric
patients sustaining blunt-force pelvic ring frac-
tures (159, 160); however, anterior ring disrup-
tion were more likely to be associated with
injuries to the posterior urethra (161) (limited
evidence).

Vascular
Contrast-enhanced CT performed during
parenchymal or venous phase (i.e., not dedi-
cated CT arteriography) showed a sensitivity
of 94.1% to detect active extravasation and
a negative-predictive value for the need
to intervene of 91.2% (reference standard:
catheter angiography or surgery) (95). Catheter
angiography is still indicated for endovascu-
lar intervention and in selected cases where
diagnosis is in doubt (limited evidence).

Cost-Effectiveness Analysis

Cost-effectiveness studies addressing use of
adjunctive tests, including imaging, in evalu-
ation of victims of blunt-force torso trauma
are lacking (75). However, cost-reduction strate-
gies have been advocated through use of clini-
cal prediction rules (injury severity assessment
(87), image only those with abdominal signs or
symptoms plus hematuria (40, 83)), image only
at site of definitive care to reduce or eliminate
redundant imaging studies from which patients
have very little chance of benefit (39), and
technology substitution for abdominal surveys
in hemodynamically stable victims of blunt-
force trauma (CECT chest in lieu of catheter
aortography (38), abdominal ultrasound in
lieu of CECT abdomen and pelvis for initial
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diagnosis (112), and follow-up of solid organ
injuries (116, 162)).

V. Special Issue: What Are the “Blind
Spots” in Imaging? How Can These
“Blind Spots” Be Addressed?

Summary of Evidence: The role of adjunctive
tests in the evaluation of blunt trauma patients
has traditionally been to “stay the surgeon’s
hands.” Appropriately used, survey imaging
should distinguish those patients requiring
laparotomy from those that do not, and guide
non-operative or minimally invasive treat-
ments. In adults, poorer outcomes have been
attributed to delays in diagnosis (especially of
bowel injuries). Although delays in diagnosis of
bowel injuries may not be as catastrophic as in
adults, the risk of “missed” bowel injuries can
be mitigated by use of excellent imaging perfor-
mance and interpretation. Finally, radiologists
must also be vigilant of masquerading clinical
entities such as abdominal compartment syn-
drome, as failure to diagnose in a timely man-
ner is associated with poor outcomes (limited
evidence).

Supporting Evidence

Isolated Free Intraperitoneal Fluid (e.g., Missed
Hollow Viscus Injury)

When faced with the finding of isolated free
intra-abdominal fluid at CT without an obvious
source during the first few hours after injury it
is appropriate to worry about “missed” injuries,
especially to a hollow viscus (bowel, bladder)
(163, 164). A few practical approaches can guide
judicious use of non-operative management:

(1) Re-survey the CT and re-inspect the
bowel, with particular attention for interloop
fluid or abnormal appearing bowel walls. Inter-
loop fluid, especially when adjacent bowel wall
shows thickening or abnormal enhancement,
strongly suggests bowel injury (149).

(2) Estimate the volume of free fluid.
Although not invariate, the larger the volume

of free fluid, the more likely the presence of a
surgically important injury (165, 166).

(3) Measure the density of the free fluid. Den-
sity <20 HU is suggestive of hollow viscus
(bowel, bladder, gallbladder) injury (167).

(4) Serial physical examinations or sonogra-
phy that find increasing abdominal symptoms
or free fluid volumes are indicators of clini-
cally active and, therefore, probable surgically
important injuries (149, 163, 166, 168).

Abdominal Compartment Syndrome (ACS)

ACS presents, by definition, an end organ
dysfunction due to increased intra-abdominal
pressure, in which the degree of end organ
failure initially parallels the magnitude of
intra-abdominal pressure; treatment is emer-
gent decompressive laparotomy (169). Diagnos-
tic difficulties may arise due to the similari-
ties shared with blunt-force bowel injuries: peri-
toneal fluid, bowel wall hyper-enhancement,
bowel wall thickening, and bowel dilatation
may be seen with both conditions (152). Find-
ings more specific to ACS at CECT include
elevated diaphragm, collapsed/narrowed “slit-
like” infrahepatic inferior vena cava, rounded
appearance of the abdomen (AP diameter
nearly equal to transverse diameter), and direct
renal compression or displacement (170–172).

Take Home Tables

Table 36.1 covers predictors of clinically
important blunt thoracic injuries. Table 36.2
covers predictors of clinically important
intra-abdominal injuries. Table 36.3 covers
estimated sensitivities and specificities for CT
in abdominal trauma.

Table 36.1. Predictors∗ of clinically impor-
tant blunt thoracic injuries

Low systolic blood pressure
Elevated respiratory rate
Abnormal findings on chest inspection
Abnormal chest auscultation
Femur fracture
Glascow Coma Score less than 15

∗ These predictors have not been validated as a clinical
decision rule.
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Table 36.2. Predictors∗ of clinically impor-
tant intra-abdominal injuries

Abdominal pain or tenderness
Hypotension
Abdominal wall ecchymosis
Abnormal liver function tests
Abnormal serum amylase
Pelvic ring fracture
Hematuria

∗These predictors have not been validated as a clinical
decision rule.

Table 36.3. Estimated sensitivities and specificities for CT in abdominal trauma
Region Sensitivity (%) Specificity (%) Strength of evidence∗ References

Diaphragm >75 >95 Limited (133, 134)
Spleen >95 >95 Limited (114)
Liver >95 >95 Limited (140)
Pancreas 60–85 Unknown Limited (34, 36, 37, 142)
Duodenum 60–100 Unknown Limited (24, 26, 148)
Bowel 87–95 48–96 Limited (26, 150–152)
Kidney >95 >95 Limited (143)
Bladder# >95 >95 Limited (155)

∗ Limited evidence: none of these values are supported by recent, large pediatric study data.
# Numbers are for CT cystography.
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Imaging Case Studies
Case 1

Figure 36.1 is a case of polytrauma in which
a 12-year-old male skateboarder is hit

Figure 36.1. Polytrauma: A 12-year-old male skateboarder hit by an automobile at highway speed presented
with hemodynamic instability and many obvious skeletal and visceral injuries. Despite very aggressive vol-
ume resuscitation and transient hemodynamic improvement, patient expired shortly after imaging. A: Axial
CECT at level of adrenal glands shows small aorta (arrowhead), small IVC (small arrow), and hypo-enhancing
contracted spleen with laceration of anterior pole (large arrow). Shallow (Grade I) laceration of liver is shown
adjacent to the right kidney. Retrocrural hematoma (asterix) is worrisome for intrathoracic great vessel injury
and warrants further evaluation. B: Axial CT at level of left renal vein shows small aorta (arrowhead), “slit-like
IVC” (small arrow), and water-density retroperitoneal suffusion consistent with incompletely compensated
hemorrhagic shock and retroperitoneal capillary leak due to large volume crystalloid resuscitation (asterix).
Perisplenic hematoma and laceration of anterior pole of spleen shown (large arrow). C: Axial CECT through
the interpole regions of the kidneys shows active intraperitoneal extravasation of contrast adjacent to lateral
aspects of right ninth and tenth ribs, and left tenth rib (large arrows); “slit-like” IVC (small arrow), and small
aorta (arrowhead). Water-density retroperitoneal suffusion is present (asterix). D: Axial CECT at the level of L5
shows 3-column burst fracture with surrounding hemorrhage (asterix). Note “slit-like” common iliac veins
(small arrows) and hyper-enhancing ileum, consistent with hypoperfusion syndrome. E: Axial CT slightly
cephalad to D obtained 5 minutes later shows active venous extravasation (small arrows) in the perispinal
muscles and adjacent to anterior margin of comminuted L5 vertebra 3-column burst fracture.

by an automobile at highway speed and
presented with hemodynamic instability
and many obvious skeletal and visceral
injuries.
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Case 2

Figure 36.2 is a case of duodenal laceration
in which a 7-year-old male bicyclist without
helmet sustained handlebar injury in downhill
crash striking some rocks.

A

B

Figure 36.2. Duodenal laceration: A 7-year-old male
bicyclist without helmet sustained handlebar injury
in downhill crash striking some rocks. At surgery,
large volume of bilious fluid was present through-
out abdomen. The duodenum showed approximately
50% circumferential laceration at junction of third and
fourth portions of duodenum (“blow-out” injury).
Contusion with very superficial laceration to pan-
creatic head was present without other pancreatic
parenchyma or duct damage. A: Axial CECT at level
of horizontal segment of the duodenum shows fluid
within the anterior pararenal space (specifically sur-
rounding the duodenum) with mural irregularity and
indistinctness strongly suggestive of duodenal wall
injury. B: Axial CECT just caudal to A and por-
trayed using lung windows shows extra-alimentary
gas in the anterior pararenal space (arrow) diagnostic
of duodenal perforation.

Case 3

Figure 36.3 is a case of pancreatic laceration in
which a 9-year-old boy presented with abdomi-
nal pain 16 hours after his brother jumped from
a bunk bed onto his abdomen.

Figure 36.3. Pancreatic laceration: A 9-year-old male
presenting with abdominal pain 16 hours after
brother jumped from bunk bed onto abdomen.
Surgery found near-complete transection through the
pancreatic body with only the inferiormost portion of
the pancreas intact. Patient was treated with spleen
preserving distal pancreatectomy and discharged 10
days later following an uneventful recovery. Axial
CECT at level of left renal vein shows transection
of pancreas (arrow) to left of SMA with thin strand
of parenchyma intact. Large amount of surrounding
fluid and hematoma.

Suggested Imaging Protocols
for Blunt Trauma to the Pediatric
Torso

Abdominal and Pelvic CT

IV contrast is required. Oral contrast is gener-
ally not used in the acute initial evaluation, but
may be useful for problem solving in selected
cases (i.e., duodenal hematoma versus perfora-
tion). CT should be performed as a single phase
with contrast in the late portal venous phase.
The kVp and mA should be weight dependent
and the lowest allowable. Coronal reformations
should be performed.

FAST

The highest possible transducer frequency
should be used (5.0–7.5 MHz). Adequate visu-
alization must be made of the right and left
upper quadrants, the right and left paracolic
gutters, and the low pelvis (through the bladder
acoustic window if possible). Additional subx-
iphoid scanning of the pericardium may also be
useful.
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Future Research

• Use the existing national and regional child-
hood trauma databases, describe the role of
CT in pediatric trauma.

• Development and validation of cost-effective
clinical prediction rules to guide the use of
imaging in pediatric victims of blunt trauma.

• Develop and validate imaging-based criteria
in children that enable identification of sub-
jects who require surgical rather than non-
surgical treatment for their injuries.

• Incorporation of imaging, particularly ultra-
sound, into first responders triage to enable
appropriate direction of patients within the
trauma system.
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Imaging of Nephrolithiasis

and Urinary Tract Calculi in Children
Lynn Ansley Fordham, Richard W. Sutherland, and Debbie S. Gipson

IssuesI. What are the clinical findings that raise the suspicion for urolithia-
sis?

II. What is the diagnostic performance of the different imaging studies
in nephrolithiasis and urinary tract calculi in the pediatric popula-
tion?

III. What is the natural history of nephrolithiasis and urinary tract cal-
culi and what are the roles of medical therapy versus extracorporeal
shock–wave lithotripsy (ESWL) or surgical management?

IV. Special Case: Will the stone pass on its own?
V. What is the role of repeat imaging in children with known stone

and in children with recurrent symptoms (suggesting obstructing
stone)?

Key Points� The clinical presentation of pediatric nephrolithiasis and urinary tract
calculi can be non-specific (moderate evidence).

� A single abdominal radiograph (“KUB”) is recommended as the initial
screening test (moderate evidence).

� The Intravenous Pyelogram (IVP) is no longer used for evaluating chil-
dren for renal stones but has a limited role after ureteral surgery (mod-
erate evidence).

� Ultrasound is the most frequently used imaging test for young chil-
dren with suspected stones but has a wide range of sensitivity and
specificity because of limitations inherent in the modality and because
it is user dependent (moderate evidence).
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� CT is highly sensitive for the detection of nephrolithiasis and urinary
tract calculi but incurs added cost and ionizing radiation (moderate
evidence).

� In older and/or larger children, CT is the imaging modality of choice
to evaluate for nephrolithiasis and urinary tract calculi. The ability to
localize renal, ureteral, and bladder calculi and the inherent high spa-
tial resolution allows exact anatomic detail that may be helpful for sur-
gical planning (moderate evidence).

� MR is not currently recommended for evaluation of renal stones but
shows promise for imaging in obstruction (limited evidence).

Definition, Pathophysiology,
and Epidemiology

Urolithiasis is the presence of stones anywhere
in the collecting system within the urinary tract.
Nephrolithiasis is defined as calculi within the
collecting system in the kidney. Nephrocal-
cinosis is defined as calcification within the
renal parenchyma. Nephrocalcinosis can be fur-
ther subdivided into cortical and medullary.
Patients with nephrocalcinosis can also have
nephrolithiasis or urolithiasis (1). Urolithiasis is
an increasingly common problem in the pedi-
atric population (2). The increasing incidence
of urinary system calculi in American children
may be due to higher salt intake and inadequate
oral hydration in children today. It can be an
incidental finding in children imaged for other
reasons or can present with acute symptoms. It
accounts for between 1 in 1,000 and 1 in 7,600
pediatric inpatient admissions in North Amer-
ica (3).

The most common stones in the United States
are calcium based (3, 4). They form at the tip
of the renal papilla when excess calcium is
excreted into the urine (5). Calculi with calcium
are radiopaque. Uric acid stones are the most
common cause of radiolucent kidney stones in
children.

Medical therapy can be effective and includes
encouraging the child in adequate oral hydra-
tion as well as therapy targeted to the type
of stones formed (3, 6). Surgical intervention
is utilized for large or symptomatic stones.
With advances in miniaturization of instru-
ment technology in the last two decades, pedi-
atric stone management has changed from an
open surgical approach to less invasive surgi-
cal procedures such as extracorporeal shock-

wave lithotripsy and endoscopic techniques
(6–10).

Overall Cost to Society

The economic impact on urolithiasis is diffi-
cult to assess. Cost analyses generally evalu-
ate one modality versus another (11–15) rather
than overall costs. One recent meta-analysis in
adults compared costs in medical management
of stone disease (16). No data were found in the
medical literature on the overall cost to soci-
ety from the diagnosis, treatment, and compli-
cations of nephrolithiasis and urinary tract cal-
culi in children.

Goals

The goals of imaging are to identify and local-
ize urinary tract calcification and to differentiate
obstructing from non-obstructing stones. Non-
obstructive stones which are asymptomatic can
in some situations be monitored and treated
medically to attempt chemolysis. Stones associ-
ated with obstruction can result in renal damage
(17, 18). Stones associated with obstruction and
infection or pyonephrosis require urgent inter-
vention to prevent bacteremia, sepsis, and renal
damage.

Methodology

The authors performed a MEDLINE search
using PubMed (National Library of Medicine,
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Bethesda, MD) for data relevant to the diagnos-
tic performance and accuracy of both clinical
and radiographic examination of patients with
nephrolithiasis and urinary tract calculi. The
diagnostic performance of the clinical exami-
nation (history and physical exam) and surgi-
cal outcome was based on a systematic litera-
ture review performed in MEDLINE (National
Library of Medicine, Bethesda, MD) during the
years 1966–November 2008. The clinical exami-
nation search strategy used the following state-
ments (1): nephrolithiasis (2); urolithiasis (3); renal
or kidney (4); ureter or bladder (5); calcul(us)(i)
or stone (6); pediatric or child (7); clinical exam-
ination (8); epidemiology or physical examination
or surgery (7); treatment or surgery. The review
of the current diagnostic imaging literature
was done with MEDLINE covering the years
1966–2008. The search strategy used the follow-
ing key statements and words (1): MESH head-
ing kidney calculi (2); nephrolithiasis (3); urolithia-
sis (4); urinary calculi or stone (5); radiography (6);
ultrasound (7); CT (8); MRI or Magnetic Resonance
Imaging; as well as combinations of these search
strings. Related articles were searched from the
initial results. We excluded animal studies and
non-English articles.

Discussion of Issues

I. What Are the Clinical Findings
That Raise the Suspicion
for Urolithiasis?

Summary of Evidence: Children with urolithia-
sis can present with a wide range of signs and
symptoms. Presentations vary depending on
whether there is a urinary tract infection or uri-
nary tract obstruction. Children with urolithi-
asis can present with specific signs and symp-
toms of flank pain and hematuria or non-
specific symptoms such as irritability and nau-
sea. Many children have an identifiable etiol-
ogy to their stone disease. Therefore, every child
with a urinary stone should have a metabolic
evaluation (2, 4, 6, 19, 20). The younger child
may present with non-specific symptoms such
as irritability, vomiting, fever, and hematuria.
In the older, verbal child symptoms include
flank or abdominal pain and dysuria. Nephro-
calcinosis is generally asymptomatic and iden-

tified incidentally on evaluation for some other
abnormality or identified in the investigation of
persistent microhematuria.

Supporting Evidence: VanDervort et al. (2) retro-
spectively identified 61 patients from 2003 to
2005 with urolithiasis as their primary diagno-
sis for their hospital/clinic visit. Patients pre-
sented with one or more of the following symp-
toms: abdominal pain (75%), dysuria (13%),
gross hematuria (32%), and urinary tract infec-
tion (15%). In a recent study of 123 children
who presented between 1991 and 2003, 76%
presented with pain, 15% hematuria, and 10%
urinary tract infection (21). Nephrolithiasis can
also be asymptomatic in both pediatric and
adult populations (22).

Urolithiasis can be related to underlying
structural urological abnormalities (11%) and
neurogenic bladder (6%). Most commonly, they
are related to metabolic abnormalities which
include hypercalciuria in 12–50%, hyperox-
aluria in 2–20%, hyperuricosuria in 2–10%, and
cystinuria in 2–6% (3, 21, 23, 24). Metabolic
causes are increasingly common etiologies of
stone disease in children with neurogenic blad-
der due to improvements in management of
urinary tract infection (25). Nephrolithiasis is
relatively common in preterm infants, affect-
ing 30% of children with chronic lung disease
(26–29). Nephrolithiasis has been associated
with short-term furosemide administration
(30). Nephrolithiasis is seen in approximately
1–8% of children on ceftriaxone, and nearly
all of these will resolve spontaneously (31,
32). Urolithiasis developed in approximately
5% of the pediatric renal transplant recipi-
ents at a single center (33). Additives in infant
formula such as silicate mild thickeners (34)
and melamine (35, 36) have also been linked
to the formation of renal calculi and renal
failure.

II. What Is the Diagnostic
Performance of the Different Imaging
Studies in Nephrolithiasis
and Urinary Tract Calculi in the
Pediatric Population?

Summary of Evidence: Non-contrast spiral CT
is the gold standard for imaging the urinary
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tract for the presence of calculi (37, 38) (mod-
erate evidence). CT allows precise measure-
ments, localization of stone(s), characterization
of stone density, stone morphology, and body
habitus that can predict the likelihood of suc-
cessful stone passage or fragmentation with
treatment (39–44) (moderate evidence). How-
ever, CT utilizes moderately high doses of ion-
izing radiation and can be expensive. A variety
of approaches have been utilized to decrease the
dose in CT. In addition, protocols using US (45)
or a combination of US with CT in selected cases
may yield relatively high sensitivity and speci-
ficity at lower radiation doses (moderate evi-
dence) (46, 47). Plain films can have an impor-
tant role as well.

Supporting Evidence

Abdominal Radiographs

Plain films (KUB) are somewhat useful for
the detection, localization, and measurement of
radiopaque calculi (48–54) performing best for
calcium-containing stones greater than 3 mm
located over the kidneys or bladder. Scout
images from the CT, also known as CT KUB or
Scout KUB exams, are less sensitive and spe-
cific for stone detection than conventional KUB
(37, 50, 55) (moderate evidence). In a study with
stones ranging from 1 to 10 mm on CT, CT scout
radiography detected 40% of the renal calculi
compared with 52% seen on KUB (56).

CT

CT has very high sensitivity and specificity for
detection of nephrolithiasis and urinary tract
calculi. It is estimated to be 91–98% sensitive
and 91–100% specific in children (15, 52, 57–63)
(moderate evidence). Limitations of CT include
the cost, the occasional need for sedation, and
the radiation dose.

CT can identify the stone directly, identify
secondary findings of obstruction, or identify
signs of renal stone passage including peri-
ureteral inflammatory changes, ureteral dilata-
tion, and decreased renal attenuation (38, 64).
Stone measurements are approximately 12%
smaller by CT compared to measurements on
KUB. Objects are magnified on plain films and
so CT measurements are more accurate (65). CT
can evaluate stone density to predict the stone
composition (38, 40, 42, 66–75) (moderate evi-

dence) and treatment response including stone
passage and fragmentation with lithotripsy (76,
77) (moderate evidence). In one recent study,
CT was effective in identifying both dense and
lucent residual stone, with 65% more stones
detected at CT than antegrade pyelogram (78)
(moderate evidence). CT can also be used to
differentiate an obstructive stone from a non-
obstructive stone (38). It correctly identifies
obstructed from non-obstructed systems com-
pared with diuretic renography (79) (moderate
evidence). CT can also identify other causes of
abdominal pain (80, 81) (moderate evidence).

Radiation dose is a significant issue particu-
larly in the pediatric population, and decreas-
ing the dose is a priority. CT dose is typically
tenfold or more higher than a KUB though they
can be equivalent (82) if using very low-dose CT
techniques (82–90).

Different approaches to dose reduction have
been studied (82–84, 86). Reduction in mAs
reduces radiation dose with an effective dose
calculated at 1.40 mSv for males and 1.97 mSv
for females in an adult group scanned at a pitch
of 1.5 and 50 mA (86). In a recent study on
adults using simulated added noise, 35 mAs
was effective at detecting renal calculi but less
so with ureteral calculi (89). Tube current modu-
lation has also been effective in detecting stones
while decreasing dose in the adult population
(88). In an adult population, increasing the pitch
to 2.5 or 3 decreases the dose with little diminu-
tion in image quality or accuracy (90, 91) (mod-
erate evidence). CT in adults utilizing low-dose
techinique of 120 kV, 6.9 effective mAs with a
mean effective whole-body dose was 0.5 mSv
in men and 0.7 mSv in women, and a sensitiv-
ity and specificity in detecting patients with cal-
culi was 97 and 95% for CT compared with 67
and 90% for ultrasound in the same group (82)
(moderate evidence).

Intravenous Pyelogram (IVP)

IVP is rarely utilized in the evaluation of the
child with urolithiasis. It is occasionally used
to evaluate the position of the ureters prior to
surgery. CT is more effective than IVU both
in stone detection (59, 92) and in identifying
obstruction (93, 94). CT and IVP are equivalent
in detecting obstruction (92). There is a mod-
erate radiation dose with IVP calculated to be
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approximately 2.97–3.63 mSv in adults (92, 95,
96). In a recent prospective randomized study of
200 patients presenting to the emergency room,
CT was more sensitive and specific, but there
was no difference in outcomes between the IVP
and the CT groups (96) (moderate evidence).

Ultrasound

Ultrasound has many advantages including
low cost, lack of ionizing radiation, and porta-
bility. Limitations of ultrasound include poten-
tial incomplete visualization of the entire uri-
nary tract due to body habitus or overlying
bowel gas (53, 63, 93, 97–99) and variable skill
levels among imagers as ultrasound is opera-
tor dependent. The range of reported sensitiv-
ities and specificities is broad. Improvements in
technique, transducer design, and image pro-
cessing continue to lead to improved image
quality. Fluid ingestion has been shown to
decrease visualization of the ureter in adults
(100). In a prospective study of fasting adult
patients with a full urinary bladder, urolithiasis
was identified by US in 291 of 296 patients with
urolithiasis. The five cases not identified by US
were seen by CT (3), IVP (1), or by passing a
stone(1, 45) (moderate evidence). US detection
of hydronephrosis in the ER setting in adults
with flank pain and hematuria is 83% sensitive
and 92% specific for the diagnosis of renal colic
(101).

In one small retrospective study in children,
all renal tract calculi seen on plain film were also
identified on sonography (47) (moderate evi-
dence). In a prospective study in 62 adults with
proven ureterolithiasis, US was 93% sensitive
and 95% specific compared with CT, which was
91 and 95%, respectively (99). In adults, ultra-
sound demonstrates 67–77% of renal calculi in
the right kidney and 53–54% of the calculi in
the left kidney compared with CT (62). CT and
US yield similar results in the detection of non-
urinary tract etiology of symptoms (102).

The renal artery resistive index has been
shown to be useful in some studies for acute
obstruction (103–106) but less so in others (107).
The difference may be due to the timing or
whether there is complete obstruction (108).
Asymmetric ureteral jets can also help to iden-
tify obstruction (104, 106, 109–111) (moderate
evidence). Three-dimensional reconstruction is

another US technique which may prove helpful
though the data are limited to date (112).

KUB Plus US

A combination of US and plain film can
improve the diagnostic performance of US
while keeping the radiation dose relatively low
(46, 53, 98, 113, 114) (53). In a prospective study
of 66 adults, CT had a higher sensitivity and
negative predictive value than the combination
of KUB and ultrasound for the detection of
urolithiasis. When stone visualization and signs
of obstruction were combined the sensitivity
and specificity of CT was 100% compared with
100% sensitivity and 90% specificity for KUB
with US. All stones missed by the combination
of KUB with US passed spontaneously (113)
(moderate evidence). KUB with US using tis-
sue harmonic imaging had a sensitivity of 96%
and specificity of 91% compared with CT (114)
(moderate evidence).

Ultrasound Followed by CT for Equivocal
Cases

In a small retrospective study in 20 children,
US was an effective screening tool with CT
helpful in equivocal cases (115) (limited evi-
dence). In a prospective study of 560 patients
with unilateral flank pain, urolithiasis was iden-
tified by KUB and US in approximately 60% of
the patients. CT was obtained in the remain-
ing 40%; 60% of that group were found to have
urolithiasis, 6% other diagnoses, and no etiol-
ogy was identified for flank pain in the remain-
der (53) (moderate evidence).

Magnetic Resonance Imaging

MR has also been studied in adults. In a study
of 51 adults, an MR urogram was used to select
a level for targeted CT which led to a fivefold
decrease in radiation dose and was 98% specific
compared with CT of the entire urinary tract
(116) (moderate evidence). In another study
in 64 adults, the combination of MR (HASTE
sequence) and KUB was compared with non-
contrasted CT. CT revealed more ureteral cal-
culi than the combination of plain film and MR
while ureteral dilatation of perinephric strand-
ing were more reliably detected with MR (117)
(moderate evidence). MR urography compares
favorably with conventional urography and
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non-contrast CT (118). MR is less sensitive than
CT in the detection on obstructing renal cal-
culi, but it is better than CT in identifying the
non-calculus etiologies of urinary obstruction in
patients with diminished renal function (119)
(moderate evidence).

Special Case: Bladder Calculi

Bladder calculi are seen in children with dys-
functional bladder, prior bladder surgery such
as bladder augmentation (120–123), and from
other infectious and metabolic causes (124, 125).
These stones may be much larger and therefore
easier to detect with a simple radiograph. Imag-
ing strategies are similar to stone disease in the
upper urinary tract (60).

III. What Is the Natural History
of Nephrolithiasis and Urinary Tract
Calculi and What Are the Roles
of Medical Therapy Versus
Extracorporeal Shock Wave
Lithotripsy (ESWL) or Surgical
Management?

Summary of Evidence: The prevalence and inci-
dence of urolithiasis in children is unknown.
The natural history of urolithiasis is dependent
on the chemical composition of the stone and on
the size. Many stones of size <2–4 mm will pass
on their own. Larger stones generally require
either medical chemolysis or surgical interven-
tion. Recurrent stones are common.

Supporting Evidence: In the United States,
nephrolithiasis is identified in 1 in 1,000 to 1
in 7,600 hospital admissions. Stones are found
most commonly in Caucasian children and
rarely in African-American children. The preva-
lence of urinary stones varies by region, being
more common in the southeastern United States
(126). Most children with urolithiasis (75-85%)
will be found to have an underlying cause
for stone formation, including metabolic abnor-
malities (52%), urinary tract infection (19%),
and structural abnormality in the remainder
(23, 126–132). The recurrence risk for stones
is estimated to be approximately 5% per year
in adults or 50% over a 10-year period (133).
For children, conservative estimates are similar
with an approximate 6% annual recurrence risk

(134). Given this recurrence risk, targeted inter-
vention to reduce or eliminate the underlying
stone risk is coupled with routine monitoring
for stone recurrence and adjustment of thera-
peutic interventions (135).

Asymptomatic nephrolithiasis can be due to
uric acid or, much less commonly, ephedrine.
Medical chemolysis with oral potassium citrate
is possible, particularly for uric acid stones. It
may take several weeks and only 50% of the
stones resolve completely (135–137). Medical
chemolysis is possible, particularly for uric acid
stones, but will take several weeks with a 50%
complete resolution rate. Medical therapy can
also be utilized to facilitate stone passage (138).
The other types of stones pass spontaneously if
size permits. If they do not, they will require
ESWL or surgical management. All symp-
tomatic stones will require intervention for
early resolution of symptoms. The initial treat-
ment of the stones is dependent on the sever-
ity of the signs and symptoms. Infected stones
associated with obstruction require immediate
treatment with decompression of the infected
system. Percutaneous nephrostomy tube place-
ment or ureteral stenting is performed until the
infection is cleared. Subsequent treatment can
be accomplished electively.

Non-urgent treatment of symptomatic stones
in the pediatric population can be performed
utilizing extracorporeal shock wave lithotripsy
(ESWL), percutaneous nephrolithotripsy
(PCNL), ureteroscopy with laser lithotripsy,
or open surgical removal. ESWL has become
the primary treatment for almost all renal
stones in the pediatric population regardless
of size (7–9, 139–141). ESWL is less morbid
than other surgical techniques with almost the
same success rate. ESWL is less successful in
mid-ureteral stones and distal ureteral stones
secondary to bowel interference, cystine stones
secondary to poor fragmentation, lower pole
stones that are dependent in the kidney and do
not fall down the ureter once fragmented, and
staghorn calculus with a large stone burden
(142). Treatment options for these include either
PCNL, particularly for lower pole stones, or
ureteroscopy with laser lithotripsy for ureteral
stones (143, 144). Treatment with ESWL or
PCNL has been shown to lead to an improve-
ment in glomerular filtration rate (GFR) in
children treated for stone disease (145).
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IV. Special Case: Will the Stone Pass
on Its Own?

Summary of Evidence: Stone passage is difficult
to predict accurately. Smaller stones are more
likely to pass than larger stones as are more
distal compared with more proximal ureteral
stones (41, 146).

Supporting Evidence: The spontaneous passage
rate for stones 1 mm in diameter was 87%;
for stones 2–4 mm, 76%; for stones 5–7 mm,
60%; for stones 7–9 mm, 48%; and for stones
larger than 9 mm, 25%. Spontaneous passage
rate as a function of stone location was 48%
for stones in the proximal ureter, 60% for mid-
ureteral stones, 75% for distal stones, and 79%
for ureterovesical junction stones (41). CT can
be used in computer models which predict
stone passage better than size criteria alone
(147). The majority of stones 5 mm or less are
likely to pass on their own (148).

V. What Is the Role of Repeat Imaging
in Children with Known Stone? In
Children with Recurrent Symptoms
(Suggesting Obstructing Stone)?

Summary of Evidence: After initial treatment,
small residual stones may be asymptomatic and
either remain in the kidney or pass on their
own. Unfortunately, initial “clinically insignif-
icant residual fragments” (CIRF) can become
clinically symptomatic (149–151). Residual frag-
ments can act as a nidus for new stone growth
and subsequent symptoms (151). Secondary
surgical procedures or medical treatment for
residual stones requires accurate location of the
remaining stones and the stone size and vol-
ume. Non-contrasted helical CT scan is the most
sensitive radiologic procedure to identify resid-
ual stones. Repeat imaging is also utilized as a
monitoring tool to assess the adequacy of pre-
ventative measures. Asymptomatic patients are
monitored using ultrasound to avoid additional
radiation exposure.

Supporting Evidence: During the era of open
surgery for urolithiasis, the goal of treatment
was to render the patient completely free of
stones. With less morbid procedures that can be
easily repeated, such as ESWL and endoscopy,
success has been redefined as rendering the
patient free of symptomatic stones but with
small clinically insignificant residual stones
(CIRF) (152). Future less invasive procedures
can be performed if the fragments become
symptomatic. Patients with small (<4 mm)
residual stone fragments that are asymptomatic
have a higher rate of future symptomatic stones
presenting with fever, pain, obstruction, and
infection as well as renal damage compared to
patients that are rendered completely stone free:
6–15% versus 17–80% (149, 150, 153, 154). Stone
position and the amount of residual stones will
determine which technique will be most effec-
tive. Lower pole stones are poorly treated with
ESWL and are best treated with ureteroscopy or
PCNL (155). Upper pole, middle portion, and
renal pelvis stones can be treated with subse-
quent ESWL, endoscopy, or PCNL. Abdominal
radiography is effective in detecting dense cal-
culi larger than 5 mm in size (50) (moderate evi-
dence). CT is more sensitive for small fragments
(156). Follow-up imaging is helpful as silent
obstruction can occur in up to 23% of patients
in the first 5 months after their procedure (17).
Follow-up may not be required in patients who
do not have residual fragments (157) (moderate
evidence).

Take Home Tables and Figures

What Are the Roles of the Imaging Modalities
in the Evaluation of Urolithiasis?

The decision tree in Fig. 37.1 outlines the role of
each imaging modality in the evaluation of sus-
pected urolithiasis. In the acutely symptomatic
child, the plain radiograph is the initial imag-
ing evaluation due to its relative low cost, rapid
acquisition, and ready availability. When the
clinical suspicion remains high, further imaging
with US and/or CT is warranted.

Table 37.1 discusses the performance imaging
studies of urolithiasis in children and adults.
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Figure 37.1. Algorithm for imaging suspected urolithiasis in the pediatric population. The algorithm will be
affected by the pretest probability and level of clinical suspicion.

Table 37.1. Performance characteristics of
imaging studies of urolithiasis in children
and adults

Sensitivity
(%)

Specificity
(%)

Plain radiograph
(49, 50, 52, 56,
114)

52–69 82

IVU (59, 92, 158,
159) (93)

52–87 92–100

US (45, 47, 63, 98,
99, 101, 104, 106,
114, 160) (61)

24–100 82–100

US with KUB (11,
46, 98, 113)

77–100 90–100

CT (15, 52, 57–59) 91–98 91–100
CT low dose∗

(161) (82–90)
93–99 86–97

MRI (116–119) 69–93 95–100
∗Low-dose MDCT defined as =50 mAs technique.
References in parentheses

Imaging Case Studies

Case 1

Figure 37.2 shows nephrocalcinosis in a 45-day-
old preterm infant treated with repeated doses
of Lasix.

Figure 37.2. Nephrocalcinosis in a 45-day-old
preterm infant treated with repeated doses of Lasix.
The US image of the right kidney shows echogenic
renal pyramids indicating nephrocalcinosis.
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Case 2

Figure 37.3 shows staghorn calculus identified
by plain film and ultrasound.

Figure 37.3. A: Right-sided staghorn calculus iden-
tified on an abdominal plain film. B: Ultrasound
demonstrated the lower pole staghorn calculus with
upper pole hydronephrosis.

Case 3

Figure 37.4 shows ureteral stones with ureteral
dilatation identified by ultrasound.

Figure 37.4. Two ureteral stones with ureteral dilata-
tion visualized by sonography through a moderately
full urinary bladder which were not identified on
plain film.
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Case 4

Figure 37.5 presents a patient with myelomeni-
ngocele and a negative renal ultrasound exam.

Figure 37.5. Patient with myelomeningocele and a
negative renal ultrasound exam. CT clearly demon-
strates (A) two left renal and (B) one bladder stone
not seen on US.

Suggested Imaging Protocols
Nephrolithiasis and Urinary Tract
Calculi in Children

Plain Radiograph

Collimated abdominal radiograph to include
the kidneys and the symphysis pubis.

Ultrasound

High-frequency probe (in younger children)
7–12 MHz with evaluation to include the kid-
neys, proximal and distal ureters, and urinary
bladder. Color Doppler to assess for calcifica-
tions.

MDCT

Thin section (=3 mm) non-contrast CT. Low-
dose technique. Recommend low-dose tech-
nique of = 50 mAs.

MRI

Axial and coronal T1 spin echo, axial and sagit-
tal T2 FSE with fat saturation, coronal STIR or
HASTE, axial and coronal T1 2D SPGR with fat
saturation before and after intravenous gadolin-
ium (in patients with acceptable renal function).
Alternative to imaging with CT. Not as sensi-
tive for calcification but can provide functional
data.

Future Research

• Can MRI replace MDCT in the evaluation
of urolithiasis in children (to avoid ionizing
radiation)?

• Can findings on imaging (KUB, CT, MR, and
ultrasound) predict the likelihood of success
of medical therapy alone and provide early
triage to surgical therapy?
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Urinary Tract Infection in Infants

and Children
Carol E. Barnewolt, Leonard P. Connolly, Carlos R. Estrada, and Kimberly E. Applegate

IssuesI. What is known about the natural history of urinary tract infections
in infants and children?

II. What can imaging reveal in the setting of UTI?
III. What are reasonable imaging strategies when caring for a male

infant or child with a history of a febrile urinary tract infection?
IV. What are reasonable imaging strategies when caring for a female

infant or child with a history of a febrile urinary tract infection?
V. Special case: postnatal management of fetal hydronephrosis

Key Points� The presence of fever, in the setting of an appropriately collected urine
specimen and positive urine culture, reasonably distinguishes between
cystitis (lower tract) and pyelonephritis (upper tract) infections
(moderate evidence).

� Pyelonephritis, and hence renal scarring, can occur with or without the
existence of vesicoureteric reflux (VUR) (strong evidence).

� Infants and children with their first febrile UTI should undergo imag-
ing workup to detect congenital anomalies or high-grade VUR (with
US and VCUG) that increase the risk of renal scar and later dysfunc-
tion (limited evidence).

� Higher grades of upper urinary tract obstruction alone, without com-
plicating factors such as stones or infection, may lead to progressive,
focal renal damage and progressive loss of renal function (moderate
evidence).

� Unrelieved bladder outlet obstruction, caused by posterior urethral
valves or neurogenic bladder, predisposes to infection and may result
in progressive voiding dysfunction, vesicoureteric reflux, renal scar-
ring, and dysplasia (strong evidence).
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� Low-grade VUR (grades I–III), in the absence of infection, is unlikely
to result in progression of renal scarring (moderate evidence).

� High-grade VUR (grades IV–V) is more likely than low-grade VUR
to be associated with renal cortical scarring and with recurrent UTI
(moderate evidence).

� There is insufficient evidence that early detection of urinary tract
obstruction, vesicoureteric reflux (VUR), and/or renal scarring after
urinary tract infection (UTI) in infants and children and instigation of
therapy, either medical or surgical, minimizes or prevents further scar-
ring (insufficient evidence).

� There is insufficient evidence that instigation of low-dose prophylac-
tic antibiotic therapy, after identification of urinary tract obstruction,
lower grades of vesicoureteric reflux (VUR), and/or renal scarring pre-
vents development of recurrent infection and further scars (insufficient
evidence). In addition, antibiotic prophylaxis leads to higher rates of
resistant infections (limited to moderate evidence).

� There is insufficient evidence that elimination of vesicoureteric reflux
with surgical reimplantation or endoscopic introduction of antireflux
agents prevents development of recurrent infection and further scars
(insufficient evidence).

Definitions and Pathophysiology

Cystitis is defined as inflammation or infection
of the bladder and most commonly occurs from
retrograde ascent of perineal bacteria up the
urethra into the bladder. After infancy, girls,
with much shorter urethras than boys, have an
eightfold higher incidence.

The diagnosis of a febrile urinary tract infec-
tion is made when a urine culture produces
growth of greater than 100,000 colony form-
ing units per cubic centimeter of a single
pathogen, from an adequately obtained urine
specimen (a catheterized or suprapubic spec-
imen in infants), in the setting of a fever of
≥38◦C. Fever is evidence for the presence of
pyelonephritis (an upper tract infection), with-
out the need for direct imaging evidence. The
vast majority of infections in infants and chil-
dren are caused by Escherichia coli. Non-E. coli
infections tend to occur with greater frequency
in boys and in association with underlying gen-
itourinary abnormalities such as urinary tract
obstruction or vesicoureteric reflux. Infections
with Enterobacteria and Enterococci also occur
in young girls, Staphylococcus aureus in adoles-
cent girls, and Proteus in young boys (1–3).

Pyelonephritis can result from blood-borne
infection, particularly in the newborn period.

However, some infants and children with
pyelonephritis acquire the renal infection by
ascent of bacteria from the bladder (4–6), per-
haps as a result of reflux of infected urine from
the bladder. Some data indicate that higher
grades of VUR, in combination with high fever
and elevated C-reactive protein, have a tenfold
increase in risk of persistent scars (7). Animal
studies suggest that certain bacterial proper-
ties, such as those of the P-fimbriated E. coli,
allow bacterial ascent without the presence of
VUR (8, 9).

Finally, histologic examination of scarred kid-
neys that were surgically removed, in particular
from young, refluxing males, shows focal renal
dysplasia along side of segmental scarring. This
raises the question that some observed renal
abnormalities may be congenital in nature,
rather than acquired from infection (10).

Vesicoureteral reflux (VUR) is a congeni-
tal condition that most often resolves sponta-
neously in infancy or early childhood. In infants
and children diagnosed with UTI, one-third will
have VUR (11). VUR is more common in girls
and has a peak age of detection before age 2
years. Family history and Caucasian race are
risk factors for VUR. It is graded on a one
to five scale: grade I is reflux from the blad-
der into the distal ureter but not into the renal
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collecting system; grade II reflux extends into
the renal collecting system; grade III reflux
causes distention of the ureter and renal col-
lecting system; grade IV reflux results in tortu-
osity of the dilated ureter; and grade V shows
marked dilation and tortuosity of the ureter and
renal collecting system with marked calyceal
blunting.

Epidemiology

Urinary tract infection is one of the most com-
mon infections in children with approximately
19 episodes per 1,000 children annually. During
the first 6 years of life, 8% of all girls and 2% of
all boys will have a symptomatic urinary tract
infection (12). In febrile infants and children,
somewhere between 1 and 17% will prove to
have a urinary tract infection (1, 12, 13). Results
of DMSA scans performed soon after a first UTI
in children 2 years of age and younger suggest
that 75% of these children with coexisting fever
and bacteriuria will prove to have pyelonephri-
tis (14). Caucasian girls with fever are more
likely to have a UTI than African American girls
or boys of any ethnicity (15, 16). Uncircumcised
male infants also have an increased risk of UTI
in the first few months of life (17–20).

Even in children with no identifiable urinary
tract abnormality, recurrent febrile UTIs cause
significant morbidity. In a study of 850 children,
45% of girls and 14% of boys had recurrent UTI.
In those with a negative imaging workup (renal
US and VCUG) after febrile UTI, 28% of girls
and 4% of boys developed a recurrent febrile
UTI (21). UTI recurrence rates were greater in
young uncircumcised boys than in circumcised
boys and in children older than 5 years with
dysfunctional voiding patterns.

The incidence of vesicoureteric reflux (VUR)
in healthy infants and children is estimated at
17–33% (22–27) and decreases with increasing
age (Table 38.1) (1–6, 16, 28–39). During the first
year of life, boys may have a higher rate and
grade of VUR than girls (40–42). The overall
incidence of VUR in siblings of infants and chil-
dren with VUR was found to be about 37% in
one study of 482 siblings, with decreasing inci-
dence in older siblings as follows: 46% for sib-
lings under 2 years, 33% for 2–6 years, and only
7% when older than 6 years of age (43). There

is no known correlation between index patient
reflux grade, sex, or cortical scars with the like-
lihood of sibling reflux (44).

Overall Cost to Society

In the United States, urinary tract infections
account for more than 1 million outpatient vis-
its among children younger than 18 years, and
about 25,000 visits to urologists for evaluation
and treatment of VUR annually (45). There were
just under 0.1% children hospitalized annually
in Australia for UTI (46).

Monetary costs of hospitalization, antibiotic
therapy, loss of work for caregivers, imaging
evaluation, and complications of infections and
therapy have not been scientifically studied
in the United States, though there has been
some attempt to do so in other countries such
as Britain, Australia, and Israel (46–48). It is
clear that the approach to treatment and sub-
sequent imaging, despite professional society
guidelines, varies greatly from region to region
throughout the United States (49–52). The rea-
son for this discrepancy may reflect a lack of
evidence to support current recommendations
or a lack of awareness or consensus within the
medical community (53–56). In fact, a recent
review of the clinical effectiveness and cost-
effectiveness of tests for the diagnosis and
investigation of UTI in children stated that there
were insufficient data to support an imaging
workup after first UTI in children under 5 years
(57).

Goals

There are two immediate goals of imaging in
the setting of urinary tract infection (1): to
identify urinary tract obstruction and resul-
tant urinary stasis that may warrant surgical
intervention to lessen the risk of sepsis, recur-
rent infection, and preserve renal function; and
(2) to prevent the formation and/or minimize
the progression of renal scars by identifying
patients at increased risk of progressive scar for-
mation. The long-term goal is to prevent the
complications of chronic renal scars, namely
hypertension, chronic renal failure (CRF), and
complications of pregnancy in women. Renal
scars may form as a result of pyelonephritis
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both with and without accompanying vesi-
coureteric reflux (10) (Table 38.1).

Methodology

A Medline search was performed by an experi-
enced, trained medical librarian using PubMed
(National Library of Medicine, Bethesda, Mary-
land) for original research and review articles,
including clinical trials and meta-analyses, tar-
geted at discussing the diagnosis, treatment,
and imaging of urinary tract infection in infants
and children. Both English language and non-
English language searches were performed,
though the non-English literature was only
included if an English translation of the abstract
was available and the content deemed vital and
worthy of further investigation. Animal studies
were included as well. The search covered the
years 1966 through October 2008. After review
of available abstracts, the entire text of relevant
articles were obtained and read in detail by the
first author.

Discussion of Issues

I. What Is Known About the Natural
History of Urinary Tract Infections in
Infants and Children?

Summary of Evidence: It is clear that the
approach to treatment and subsequent imag-
ing, despite professional society guidelines,
varies greatly from region to region through-
out the United States (47–50). The reason
for this discrepancy may reflect a perceived
and real lack of evidence to support current
recommendations (51–54).

Few studies provide us with the long-term
outcomes of children with UTI (58), despite
the large amount of literature since the earli-
est UTI study in children and young adults by
Bright in the early 19th century (59). The mod-
ern study of urinary tract infections began in
earnest in the mid-20th century when children
were evaluated with the evolving radiologic
tools of voiding cystourethrography (VCUG)
and intravenous urography (IVU), a test only
rarely used today (60).

Supporting Evidence: Table 38.1 summarizes the
complex and at times conflicting literature
that addresses the relationship between urinary
tract infection, VUR, and renal cortical scarring
in various cohorts, beginning in 1964. There is
a lack of standardization of diagnostic crite-
ria, imaging techniques, treatment regimes, or
patient follow-up.

By following 389 patients with a first UTI,
Oh et al. showed that higher grades of VUR
(grades IV and V) are associated with the diag-
nosis of pyelonephritis on Tc-99m DMSA scans,
but that later scars are independent of grade
of VUR (61). More recent large studies sug-
gest that prophylactic antibiotic therapy does
not prevent recurrent UTI and therefore may
not prevent progression of renal compromise.
Further, surgical or endoscopic correction of
VUR may not improve long-term outcome in
these children. Wheeler and colleagues per-
formed a meta-analysis of randomized con-
trolled trials to evaluate the benefits and harms
of treatments for vesicoureteric reflux in chil-
dren. They identified eight trials involving 859
evaluable children comparing long-term antibi-
otics with surgical correction of reflux (VUR)
and antibiotics (seven trials), and antibiotics
compared with no treatment (one trial). They
concluded that there is no clear clinical ben-
efit from identification and treatment of chil-
dren with VUR. Further, they state “the addi-
tional benefit of surgery over antibiotics alone
is small at best. Assuming a UTI rate of 20%
for children with VUR on antibiotics for 5 years,
nine reimplantations would be required to pre-
vent one febrile UTI, with no reduction in the
number of children developing any UTI or renal
damage” (62).

The incidence of new cases of end-stage renal
disease (ESRD) in Australia and New Zealand
did not diminish with the use of prophylactic
antibiotics and surgical treatment of VUR (63).
Craig and colleagues concluded that “Treat-
ment of children with vesicoureteric reflux has
not been accompanied by the hoped-for reduc-
tion in the incidence of ESRD attributable to
reflux nephropathy.”

Acute pyelonephritis is not always associ-
ated with VUR (2, 5, 6, 16, 28–35, 37–39); renal
cortical scars occur in children with a his-
tory of UTI but no VUR (5, 6, 34, 35, 37, 38);
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and one can observe cortical defects, perhaps
representing cortical dysplasia, without con-
vincing evidence for antecedent urinary tract
infection (64).

The prevalence of VUR markedly and spon-
taneously diminishes in the first few years
of life. The likelihood of resolution of VUR
increases with decreased grade and with unilat-
eral VUR. Some data suggest that neither gen-
der nor the presence or absence of renal corti-
cal scars effect the rate of VUR resolution (36),
while others suggest that resolution of VUR
occurs more quickly in boys and in the absence
of renal cortical scars (35, 65, 66). For asymp-
tomatic children with low-grade VUR detected
in a sibling-screening program, the likelihood
of resolution did not vary with age at diagno-
sis, gender, and whether VUR was unilateral or
bilateral (67).

An epidemiologic study from Sweden reports
no case of non-obstructive pyelonephritis as
a cause of chronic renal failure in a review
of patients from a period of 1986–1994, per-
haps reflecting the success of a screening pro-
gram (68). On the other hand, a Chilean
review of children with chronic renal fail-
ure reports that 17% of 227 patients resulted
from reflux nephropathy (69). The very differ-
ent economic and medical structures of each
country make it impossible to know whether
this apparent difference reflects a Chilean
weakness in treatment of UTI or screening
after UTI.

In 1812, Bell described the anatomy of the
ureterovesical junction, explaining the configu-
ration that prevents regurgitation of the urine
into the ducts of the kidney, emphasizing
the importance of the ureteral obliquity (70).
Assuming that reflux of infected urine leads to
a high incidence of pyelonephritis and resultant
scars, prevention of such reflux should decrease
the incidence of scarring, thus improving long-
term outcomes. However, studies comparing
outcomes of patients treated with prophylac-
tic antibiotic (medical treatment) and antireflux
procedures (surgical treatment) have not shown
a distinct difference between the two groups
(39, 62, 71–87). One paper suggests that males
with higher grades of reflux have fewer UTIs
with antibiotic prophylaxis therapy than with-
out (88).

II. What Can Imaging Reveal in the
Setting of UTI?

Summary of Evidence: Routine imaging during
an acute episode of UTI is not necessary
to make the diagnosis (moderate evidence).
In non-routine cases that require imaging,
the gold standard imaging test to diagnose
pyelonephritis is technetium-99m dimercapto-
succinic acid (Tc-99m DMSA) (moderate evi-
dence), although ultrasound (particularly with
the use of Doppler) (89), computed tomography
(CT), and magnetic resonance imaging (MRI)
are used with lower sensitivity and specificity.

After the first episode of UTI in infants and
children, most will receive both a renal US and
a VCUG in the United States. However, while
common and recommended practice, a system-
atic review of the literature does not support
imaging children under 5 years (90) (moderate
evidence).

Table 38.2 provides information about
the diagnostic performance of tests for UTI,
pyelonephritis, VUR, and renal scarring. Cur-
rently, only the DMSA test can adequately
predict the later development of renal scar
(moderate evidence).

If the patient is not responding to usual med-
ical therapy, a complication, such as abscess
formation, may be suspected. Renal abscesses
can be detected with cross-sectional imag-
ing; the choice of US versus CT or MR
depends on the size of the child and the
availability and experience of the imager. The
American College of Radiology has developed
appropriateness criteria and provided the esti-
mated radiation exposures for imaging sub-
groups of children after first urinary tract
infection (91).

Supporting Evidence

Abdominal Radiographs
Plain radiographs have essentially no role in
the evaluation of suspected UTI in infants
and children, unless other diagnoses are
under consideration. Radiographs can sug-
gest the alternate diagnoses of the gas-
trointestinal tract, large abdominal masses,
and abnormal abdominal/retroperitoneal
calcifications.



574 C.E. Barnewolt et al.

Sonography
Ultrasound evaluation of the kidneys and
bladder is a readily available, safe modal-
ity, but is insensitive for the diagnosis of
acute pyelonephritis (moderate evidence) and
even for the diagnosis of renal abscess. Acute
pyelonephritis is suspected with focal swelling,
loss of corticomedullary differentiation, and/or
a decrease in relative vascularity. Doppler US
only marginally improves sensitivity and speci-
ficity. It is a useful modality for the qualitative
evaluation of urinary tract obstruction at the
level of the ureteropelvic junction, ureterovesic-
ular junction, and sometimes for bladder out-
let obstruction with the observation of blad-
der wall thickening. Quantitative grading sys-
tems exist for the systematic description of
hydronephrosis, though they are not univer-
sally adopted (92). Ultrasound provides no
direct, quantifiable measure of renal function.

Ultrasound has poor sensitivity and speci-
ficity for the identification of vesicoureteric
reflux (93–101) (moderate evidence). Specifi-
cally, the observation of hydronephrosis does
not indicate the presence of VUR, and the
absence of hydronephrosis does not exclude
the diagnosis of VUR. These limitations may
be improved with documentation of changes in
collecting system caliber (102).

Intravenous Pyelogram (IVP)
Prior to the era of cross-sectional imaging,
IVP was the mainstay of urologic imaging. It
has the advantages of availability and assess-
ment of renal function, obstruction, and overall
anatomy. It has the disadvantages of venipunc-
ture, risk of iodinated contrast reaction, and
exposure to ionizing radiation. It is insensitive,
when compared to Tc-99m DMSA, for detec-
tion of both acute infection and cortical scars.
It has no role in the diagnosis or exclusion of
VUR. Therefore, its role is limited to patients
with complex ureteral anatomy or postopera-
tive ureteral obstructions.

CT and MRI/MR Urography
Contrast-enhanced CT and MR do not play
a role in routine UTI, although they may
detect pyelonephritis during emergent imag-
ing of a child with abdominal pain. CT and
MR have lower sensitivity and specificity, on
average, compared to DMSA for the detec-

tion of pyelonephritis and renal scar. Both pro-
vide moderate sensitivity and specificity for
pyelonephritis, cortical scarring, abscess forma-
tion, urinary tract obstruction, and anatomic
variants such as subtle duplex systems (103–
107). In the case of CT and MR contrast agents,
adverse reactions have been reported. Gadolin-
ium administration with MRU is accompanied
by risk of nephrogenic systemic fibrosis if the
child has renal dysfunction (108).

Nuclear Medicine
Tc-99m DMSA is the gold standard for detection
of both acute pyelonephritis, with the obser-
vation of flare-shaped regions of decreased
radioactivity, and renal scars, as indicated by
focal loss of cortical bulk (109). It is far
more sensitive and specific in general than is
ultrasound and CT/MR. It has the disadvan-
tages of the need for venipuncture to admin-
ister the radiopharmaceutical and exposure to
radiation.

Tc-99m MAG3 and Tc-99m DTPA each pro-
vide quantifiable data to diagnose and exclude
urinary tract obstruction, often using intra-
venous furosemide challenge. Tc-99m MAG3
provides little other anatomic detail. Tc-99m
DTPA can be used to assess physiologic param-
eters such as differential renal function, renal
plasma flow, and glomerular filtration. Both
also require venipuncture to administer the
radiopharmaceutical and exposure to radiation.

Evaluation for Vesicoureteric Reflux
The only reliable way to diagnose or exclude
VUR is with a voiding cystogram, either void-
ing cystourethrography (VCUG) using iod-
inated contrast agents and fluoroscopy or
radionuclide cystogram (RNC) using the radio-
tracer Tc-99m pertechnetate, instilled along
with saline into the urinary bladder, with con-
tinuous observation with a gamma camera dur-
ing the filling and voiding phases. Both require
placement of a urethral catheter, which can
be an uncomfortable procedure, particularly in
inexperienced hands. While briefly uncomfort-
able, the examination is generally not associ-
ated with complications (110). Both tests use
small amounts of ionizing radiation. Though
the development of pulsed fluoroscopy equip-
ment has lessened the discrepancy in dose
between the two studies, RNC continues to
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have lower exposures than does VCUG (103–
105, 111). However, RNC is less available in
general and community hospitals and, there-
fore, fluoroscopic VCUG is more commonly
performed. Contrast-enhanced ultrasound for
VCUG is used in Europe to avoid ionizing radi-
ation, but the contrast agents are not approved
for use in the United States.

III. What Are Reasonable Imaging
Strategies When Caring for a Male
Infant or Child with a History of a
Febrile Urinary Tract Infection?

Summary of Evidence: In boys, the incidence of
infection, beyond the newborn period, is lower
than in girls, and the grade of VUR tends to
be higher in neonatal boys than in girls (42,
112). Some boys that present with first UTI will
have posterior urethral valves, a correctable,
mechanical obstruction to urinary flow. There-
fore, most current guidelines state that renal
US and fluoroscopic VCUG are recommended
to identify upper urinary obstruction and/or
posterior urethral valves (limited evidence).
Renal US alone is inadequate for the evalu-
ation of VUR and renal scar (96) (moderate
evidence). These recommendations are empha-
sized in children under 5 years when detec-
tion of urinary system obstructive lesions, the
presence of VUR, and the risk of renal scar are
higher (limited evidence).

Figures 38.1A and 38.2A provide an imag-
ing strategy for boys, depending on local con-
fidence and use of antibiotic prophylaxis. Evi-
dence is building that the use of antibiotic
prophylaxis is not associated with improved
outcomes, though data are lacking for higher
grades of VUR. Additionally, surgical correction
of higher grades of VUR may provide improved
outcomes. This strategy, therefore, allows iden-
tification of obstruction and VUR, but incorpo-
rates evolving data, supporting a watch and
wait approach to lower grades of VUR (113).

Supporting Evidence: Ultrasound is readily avail-
able, requires no sedation, does not use ioniz-
ing radiation, and can identify higher grades
of obstruction, but does not identify VUR reli-
ably (114). Widespread prenatal ultrasound has
decreased the incidence of obstruction present-

ing as UTI, not all fetuses are screened, the
quality of screening varies widely between geo-
graphic areas, and variation in maternal body
habitus can effect the sensitivity of this tool (115,
116). Therefore, ultrasound is included as a first-
line screen.

VCUG, rather than RNC, is employed to
allow the diagnosis or exclusion of posterior
urethral valves and to identify VUR. The inci-
dence of PUV is 1 in 5,000–8,000 live male
births (117). Modern equipment, and in particu-
lar pulsed fluoroscopic techniques, keeps radia-
tion exposure low (118–120). The goal is to iden-
tify higher grades of VUR that warrant either
antibiotic prophylaxis, periodic reassessment,
or surgical reimplantation, depending on evolv-
ing data, local culture, and family preference.
The goal of these tests and treatment is to pre-
vent cortical scarring (Figs. 38.3 and 38.4). High-
grade VUR, age of diagnosis of VUR greater
than 5 years, and male gender were the most
significant risk factors for renal scarring in a
study of 98 infants and children (121).

Renal cortical scintigraphy with technetium-
99m dimercaptosuccinic acid (Tc-99m DMSA) is
more sensitive for scars than ultrasound, but
is reserved for patients found to have high-
grade reflux (89, 109, 122–125). The intention
is to use the presence of absence of scars, reli-
ably identified, as a guide to clinical man-
agement (126). Magnetic resonance imaging
(MRI) is an appealing alternative because of
its lack of use of ionizing radiation, but it
tends to be less widely available and may
require sedation of the infant or child (106,
107). Since only a minority of infants and chil-
dren with proven pyelonephritis will develop
scars, DMSA is not recommended for all cases
(7, 14, 127, 128).

Finally, a quantitative assessment of obstruc-
tion is introduced if ultrasound reveals the pres-
ence of moderate to severe hydronephrosis. By
definition, this includes kidneys shown to have
gross calyceal dilatation, not just pelviectasis, in
the absence of VUR. This can be performed with
either Tc-99m mercaptoacetyltriglycine (Tc-99m
MAG3), Tc-99m diethylene triamine pentaacetic
acid (Tc-99m DTPA), or magnetic resonance
urography (MRU). MRU has the advantage of
lack of use of ionizing radiation, but tends to be
less widely available and may require sedation
of the infant or child.
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IV. What Are Reasonable Imaging
Strategies When Caring for a Female
Infant or Child with a History of a
Febrile Urinary Tract Infection?

Summary of Evidence: Girls have a much higher
incidence of UTI than boys. Similar to rec-
ommendations for boys, most current guide-
lines state that renal US and VCUG are rec-
ommended to identify upper urinary obstruc-
tion and VUR after first UTI (limited evi-
dence). However, radionuclide cystography
(RNC) may be used instead of fluoroscopic
VCUG since the urethral anatomy is almost
invariably normal. Renal US alone is inade-
quate for the evaluation of VUR and renal scar
(moderate evidence). These recommendations
are emphasized in children under 5 years when
detection of urinary system obstructive lesions,
the presence of VUR, and the risk of renal scar
are higher (limited evidence).

The imaging strategy for female infants and
children with UTI is provided in Figs. 38.1B and
38.2B, depending on local confidence and use of
antibiotic prophylaxis.

Supporting Evidence: Ultrasound evaluation of
both kidneys and the bladder is used to detect
congenital anomalies and obstruction. The rea-
soning is similar to the situation for boys, with
one additional motive: the possible identifica-
tion of an obstructing ureterocele, usually as
part of the upper moiety of a duplex collect-
ing system. While ureteroceles can occur in
boys, the incidence is far less in girls (129, 130)
(Fig. 38.5). The approach in girls is modified to
the use of radionuclide cystography (RNC), a
still lower radiation dose technique, rather than
VCUG to evaluate for the possibility of VUR
(131). If one subscribes to the belief that pro-
phylactic antibiotic use may improve outcomes
in the setting of high-grade VUR, the remain-
der of the scenario is the same for girls as for
boys. The use of RNC may be limited to those
radiology practices that are experienced and
comfortable with children’s imaging. Therefore,
its use is less common than the fluoroscopic
VCUG.

However, should the evidence for the use
of prophylactic antibiotic be considered insuf-
ficient, the use of RNC is replaced with Tc-99m
DMSA. Data suggest that this exam can be used

as a surrogate for RNC as a way to eliminate
the likelihood of lower grades of VUR, thus
eliminating the need for urethral catheteriza-
tion. This avoids the low, but potential risks and
stress that catheterization can cause, even in
expert hands (132). If scars are identified, RNC
is warranted as a higher grade of VUR may be
present, perhaps warranting surgical reimplan-
tation or periodic reassessment for evidence of
progression of renal cortical scarring (Fig. 38.6).

V. Special Case: Postnatal
Management of Fetal Hydronephrosis

Summary of Evidence: Fetal sonography detects
hydronephrosis in 1–5% of all pregnancies
(133). Currently, there has been limited stan-
dardization of fetal genitourinary system ultra-
sound technique and subsequent postnatal
evaluation. The postnatal imaging with (a) res-
olution of hydronephrosis and (b) persistent
hydronephrosis varies widely based on a lack
of consensus. The most common current recom-
mendation is to perform renal and bladder US
in neonates that had moderate to severe pre-
natal hydronephrosis (insufficient evidence).
Some centers also recommend VCUG (or RNC
for girls).

Supporting Evidence: A meta-analysis was
recently performed to determine whether
the degree of antenatal hydronephrosis and
related antenatal ultrasound findings are
associated with postnatal outcome. Although
the risk of VUR was similar for all degrees
of fetal hydronephrosis, the risk of any
postnatal pathology versus the degree of
antenatal hydronephrosis was 12% for mild,
45% for moderate, and 88% for severe fetal
hydronephrosis. Overall, children with any
degree of antenatal hydronephrosis were at
greater risk of postnatal pathology as com-
pared with the normal population. Moderate
and severe antenatal hydronephrosis has a
significant risk of postnatal pathology, indicat-
ing that comprehensive postnatal diagnostic
management should be performed. Mild ante-
natal hydronephrosis may carry a risk for
postnatal pathology, but additional prospective
studies are needed to determine the optimal
management of these children (133).
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Infants with a history of mild hydronephrosis
may not require postnatal evaluation. Distinc-
tion between these two groups assumes that the
fetal ultrasound examination attempts to char-
acterize the degree of dilatation, does so cor-
rectly, and consistently and accurately conveys
this information to the postnatal caregivers.
This may not be the case (116).

A recent systematic study, evaluating a group
of nearly 500 newborns with thorough prena-
tal and postnatal evaluation, found a VUR inci-
dence of 9%. This study reports that approx-
imately 75% of those with VUR have low-
grade reflux that resolves rapidly (grades I–
III), but about one-quarters have a high-grade
reflux. In the group with high-grade VUR,
spontaneous resolution by 2 years of age was
rare. Encouragingly, persistent reflux was rarely
associated with impaired renal function (134–
136). A recent study of over 1,500 infants with
persistent postnatal grade II hydronephrosis
(Society for Fetal Urography grading system)
showed that screening for VUR and treatment
with prophylactic antibiotic decreased the risk
of febrile UTI when compared with the group
who were not screened (137). An increasingly
popular approach to the postnatal evaluation of
infants with fetal hydronephrosis is to use post-

natal ultrasound as a tool to determine whether
or not further imaging is recommended (134).
If hydronephrosis, scarring, or renal dysplasia
is discovered by careful postnatal ultrasound,
further evaluation with a reflux study, either
RNC or VCUG, is suggested. However, some
infants with high-grade vesicoureteric reflux
will not be discovered by this technique. The
challenge is to determine how much pelviec-
tasis/hydronephrosis is required to warrant
VCUG (Figs. 38.7 and 38.8).

It is important to realize that, throughout this
analysis of imaging of UTI, we have been oper-
ating under the assumption that sterile VUR
does not cause impairment in renal function.
Some evidence shows that renal cortical defects
are related to the presence of high-grade, sterile
VUR (138–140).

Take Home Tables and Figures

Table 38.1 summarizes the literature on the role
imaging of UTI in children. Table 38.2 provides
information about the diagnostic performance
of tests for UTI, pyelonephritis, VUR, and renal
scarring.
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Table 38.2. Reference standard test and diagnostic test performance for the detection of UTI,
pyelonephritis, renal scar, and VUR in infants and children

Test Sensitivity (%) Specificity (%) Reference standard References

UTI Urine culture

Cloudy appearing urine 90 72–82
Urine dip stick∗ 96 99
Urine culture (clean catch) 75–100 57–100

Pyelonephritis DMSA

Fever >38.1◦C 47 56
Fever ≥39◦C for 2 days (age <2

years)
95 31

Ultrasound (with Power
Doppler)

57 82 (107)

DMSA 50–91 – (4)
CT or MRI 87–92 88–94 (107)

Renal or bladder congenital anomalies, obstruction US

VUR VCUG

RNC (radionuclide cystogram) 50–87 88 (141)
US 18 88 (142)

50 77 (143)

Renal scarring DMSA

DMSA nuclear scintigraphy 94 100 (144)
Ultrasound (145)

Diffuse scarring 47 92
Focal scarring 5 98

MRIˆ 77 87 (146)
∗Positive for protein, leukocyte esterase, and nitrate
ˆMRI without gadolinium compared to DMSA as the gold standard (146)
Data from Whiting et al. (57) unless otherwise stated.

Figures 38.1 and 38.2 show flowcharts that
provide a strategy for the imaging evaluation of
male and female infants and children; Fig. 38.1

assumes the use of prophylactic antibiotics, and
Fig. 38.2 assumes that prophylactic antibiotics
will not be used.
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Imaging Case Studies

Case 1

Figure 38.3 shows the case of an adolescent boy
who first presented at 14 years of age with a UTI
and hematuria.

Figure 38.3. These series of images were performed over a period of 3 months for evaluation of an adolescent
boy who first presented at 14 years of age with a UTI and hematuria. Evaluation began with ultrasound,
where it was suspected that the right kidney contained a duplex collecting system and there was evidence
for associated right lower pole scarring (A, prone sagittal view of the right kidney, arrow indicates site of
focal cortical thinning; B, prone sagittal view of normal appearing left kidney; C, normal transverse view if
the upper pole of the right kidney; D transverse view of the scarred right lower pole, arrow indicates site
of anterior cortical thinning), raising the question of VUR into the lower moiety, which was subsequently
proved by VCUG (E, LP = lower pole). Tc-99m DMSA confirmed the suspicion of right lower pole scarring on
reconstructed (F) and source SPECT views (G).
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Case 2

Figure 38.4 shows the case of a boy who first
presented at 4 years of age for evaluation after
a sibling was found to have VUR.

Figure 38.4. This example is a lesson in the importance of careful evaluation of urethral anatomy in boys.
Interestingly, this little boy first presented at 4 years of age for evaluation after a sibling was found to have
VUR. Radionuclide cystogram demonstrated left grade 2 VUR on prone views (A), which had become bilateral
and increased in grade 1 year later (B). Subsequent reimplantation was performed and a postoperative ultra-
sound revealed bilateral, distal hydroureter, bladder wall thickening, and persistent hydronephrosis (C) trans-
verse view of the urinary bladder, u = distal hydroureter, arrowheads indicate a thickened bladder wall; D,
prone, sagittal view of the moderately hydronephrotic right kidney, p = dilated renal pelvis. Subsequent
VCUG (E) revealed the presence of previously unrecognized posterior urethral valves (arrow) and a moderate-
sized bladder diverticulum (D = diverticulum). Theoretically, progression of VUR and subsequent ureteral
reimplantation may have been avoided had the presence of posterior urethral valves been recognized and
addressed.
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Case 3

Figure 38.5 shows a case of a 2-month-old
female infant who presented with a febrile UTI.

Figure 38.5. This 2-month-old female infant presented with a febrile UTI, where her initial ultrasound demon-
strated the presence of a duplex left kidney, with upper pole hydroureteronephrosis (A–C, sagittal views of
the left kidney demonstrating a dilated upper pole pelvis (UP) and dilated upper pole ureter (Ur)), associ-
ated with a moderately large ureterocele and bilateral, distal hydroureter (D, transverse view of the bladder
demonstrating dilated distal ureters (u) and a ureterocele (arrows)). VCUG performed on the same day reveals
a filling defect within the urinary bladder on early-fill views of the bladder (E, arrowheads outline left uretero-
cele) and on an oblique view of the right side (F, arrowhead = left ureterocele, arrow = refluxing right ureter),
with the additional observation of high-grade VUR on the right (G, B = bladder, RU = dilated, refluxing right
ureter). With voiding, the ureterocele prolapsed into the urethra (H, arrowheads = ureterocele prolapsing into
the urethra). Subsequent Tc-99m DMSA, both routine (I) and pinhole views (J), revealed a photopenic defect
in the left upper pole. Without the ultrasound and VCUG findings, this may have been difficult to differentiate
from a large focal scar. With the identification of a complex anatomic anomaly by ultrasound, it was important
to redirect from RNC to VCUG to demonstrate the finer points of urinary tract anatomy that could not have
been fully discerned by RNC. This is one of only a few situations where VCUG, rather than RNC, is preferable
in girls and can be determined based on information provided by ultrasound.
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Figure 38.5. Continued
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Case 4

Figure 38.6 shows a case of a 4-year-old little
girl who presented with a febrile UTI and was
found to have VUR.

A

B

C

Figure 38.6. This 4-year-old little girl presented with a febrile UTI and was found to have VUR. Tc-99m DMSA
revealed evidence of scarring of both the upper and lower poles of the right kidney, but no scars on the left
(A). These scars were only faintly discernible on ultrasound, and perhaps only with knowledge of the Tc-99m
DMSA findings (B, sagittal view of the right kidney, arrow = subtle, focal area of cortical thinning; C, sagittal
view of the normal left kidney).
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Case 5

Figure 38.7 shows the case of a male fetus who
was revealed to have bilateral hydronephro-
sis that was followed periodically through-
out pregnancy and was last imaged prior to
delivery at 35 weeks gestation. Figure 38.8
shows postnatal ultrasound views of the kidney
obtained at 2 weeks of age, after the fetal diag-
nosis of hydronephrosis.

A B C

D

G H I

E F

Figure 38.7. Routine prenatal ultrasound screening of this male fetus revealed bilateral hydronephrosis that
was followed periodically throughout pregnancy and was last imaged prior to delivery at 35 weeks gestation
(A, transverse view showing mild right and moderate left hydronephrosis; B, sagittal view of the moderately
hydronephrotic left fetal kidney, S = stomach, LK = left kidney; C, sagittal view of the mildly hydronephrotic
right fetal kidney, RK = right kidney). After delivery, at 3 weeks of life, postnatal renal ultrasound revealed a
normal appearing right kidney and mild to moderate left hydronephrosis (D, supine view of normal right kid-
ney; E, supine view of moderately hydronephrotic left kidney; F, prone view of normal right kidney; G, prone
view of moderately hydronephrotic left kidney). VCUG on the same day as the ultrasound revealed grade
III VUR on the right (the side where the postnatal ultrasound had been normal) (H) and no VUR on the left
(implying the presence of some degree of obstruction at the level of the left ureteropelvic junction). The urethra
was normal (I). This example illustrates the great challenge in predicting or excluding the presence of VUR on
ultrasound alone.
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Figure 38.8. These postnatal ultrasound views of the
kidney were obtained at 2 weeks of age, after the fetal
diagnosis of hydronephrosis. At worst, one might
describe this as mild to moderate hydronephrosis
(A, p = renal pelvis, m = medullary pyramid).
Nonetheless, high detail views reveal several very
tiny cortical cysts along the renal cortical surface
(B, arrow = tiny cyst, arrowheads = cortical surface
of kidney). These subtle findings suggest the possi-
bility of renal dysplasia and probably warrant formal
evaluation for VUR, with VCUG in males, to exclude
the possibility of posterior urethral valves, and RNC
in girls, minimizing radiation exposure.

Suggested Imaging Protocols for
Urinary Tract Infections in Infants
and Children

See Figs. 38.1 and 38.2.

Future Research

• Large, multi-center, prospective, controlled
studies of infants and children with care-

fully diagnosed UTI, assessing the contro-
versies of (a) prophylactic antibiotic use, and
(b) whether surgical or endoscopic manage-
ment of VUR provides improved renal func-
tion and decreased recurrent UTI.

• Development of non-imaging predictors of
risk of UTI and/or progression of renal
impairment after UTI.

• Standardization of prenatal evaluation of
fetal and postnatal hydronephrosis, to pre-
dict outcome.

• Development of a standardized, automated
protocol for MRU in infants and children.
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Pain Caused by Gynecological

Pathologies
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Issues
I. What is the diagnostic performance of the different imaging studies

for the diagnosis or exclusion of ovarian torsion?
II. What is the best imaging technique for the diagnosis of pelvic

inflammatory disease (PID)?
III. What is the best imaging technique for the diagnosis of

endometriosis?
IV. What is the best technique for the diagnosis of an ectopic pregnancy?

Key Points� The clinical presentation of abdominopelvic pain and gonadal patholo-
gies is often nonspecific and therefore difficult to diagnose (limited evi-
dence).

� Surgical emergencies such as ovarian torsion should be considered
when a girl presents with acute abdominopelvic pain (limited to mod-
erate evidence).

� In menstruating girls and adolescents, pregnancy (orthotopic or
ectopic) should be considered as a cause of abdominopelvic discom-
fort/pain (limited evidence).

� The initial imaging modality of choice for evaluating the uterus and
adnexa is ultrasound (US) (limited to moderate evidence). If US is non-
diagnostic and the clinical picture remains uncertain, MRI is the pre-
ferred next imaging test. CT may also be considered in patients with
acute symptoms (limited evidence).
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� Other gynecological causes of abdominopelvic pain such as
endometriosis and pelvic inflammatory disease have a significant
impact on societal health care costs (limited to moderate evidence).

� Various complications associated with tumors may lead to acute
abdominopelvic pain (limited evidence).

Definition

In general, acute pelvic or lower abdominal
pain in girls (as in boys) is mainly associated
with gastrointestinal disorders (1). However, it
may be secondary to a wide range of gyne-
cological disorders in girls and female adoles-
cents (2). Therefore, a gynecological etiology
should always be considered in young female
patients with lower abdominal and/or pelvic
discomfort or pain. In adolescents, a gyneco-
logical process is more commonly the cause for
acute pain than appendicitis. Klein et al. found
in 20% of girls older than 12 years of age a pelvic
inflammation or gynecological process (includ-
ing pregnancy) as a cause for pain, whereas
appendicitis was only found in 4% (3). A gyne-
cological problem (adnexitis or ovarian cysts)
was identified in 12% of the populations stud-
ied by Puig et al., including children, adoles-
cents, and young adults who received preoper-
ative misdiagnosis of appendicitis and under-
went a negative appendectomy (4). Specifically,
in younger patients it is difficult to localize the
pain during physical examination, making it a
diagnostic challenge.

The presentation and types of pain from
gynecologic infectious and inflammatory
conditions are variable. It may be intermit-
tent and localized to one quadrant; severe,
acute, and generalized; crampy; chronic
and cyclical; chronic and non-cyclical; or
present as an acute abdomen. Nausea, vom-
iting, or bleeding may accompany the pain.
In ovarian neoplasms, clinical presentation
includes abdominal distension, a palpable
abdominal mass, genitourinary symptoms, or
constipation.

Gynecological conditions that should be con-
sidered and will be discussed in this chapter
include congenital Müllerian anomalies, pelvic
inflammatory disease, ovarian tumors, ovarian
cysts, ovarian torsion, trauma, and pregnancy
(2, 5).

Pathology and Epidemiology

Congenital Anomalies

Congenital anomalies of the Müllerian system
are estimated to occur in approximately 0.1–
1.5% of women in the general population and
approximately 90% of these anomalies involve
the uterus (6, 7). Girls with uterovaginal anoma-
lies may present with pain and occasionally
with an abdominal/pelvic mass due to vaginal
obstruction. Because of the complexity of the
embryology, obstruction may occur at different
levels and in various degrees, including imper-
forate hymen, complete vaginal membrane, or
atresia of the vagina and/or uterus (2, 5, 6).
These conditions are usually encountered either
in the neonatal period or in adolescence at the
time of menarche (2). Hydrometrocolpos, back-
flow of uterine blood products into the fallopian
tubes and adnexa, is associated with the devel-
opment of endometriosis.

Endometriosis

Endometriosis is defined as the presence of
endometrium-like tissue (endometrial glands)
outside of the normal location in the uterus
(8, 9). It is a relatively common disease affect-
ing 0.5–15% of women, in general, and 25–80%
of all women with pelvic pain and/or infer-
tility (9–15). Endometriosis is the most com-
mon cause of pelvic pain, which may be non-
cyclical (15). The true prevalence of endometrio-
sis remains unclear (16). Estimates of preva-
lence range up to 10% in the general popula-
tion. Large-scale studies suggest a prevalence
of 0.5–5% in fertile and 25–40% in infertile
women (17, 18). For adolescents, a prevalence
of 25–38% of patients with pelvic pain has been
reported. If the pain is persistent, the prevalence
increases to 70–79% (19–23) (limited evidence).
Although endometriosis is generally accepted
to be associated with infertility, its actual impact
on fecundity and the mechanisms underlying
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this effect are less clear. Unfortunately, well-
designed scientific studies are lacking on this
issue (16, 24).

Pelvic Inflammatory Disease

Pelvic inflammatory disease (PID) is associ-
ated with Chlamydia trachomatis and Neisse-
ria gonorrhoeae infections, and therefore the
incidence increases with sexual activity (25–
27). Mycoplasma genitalium and microorgan-
isms of the vaginal flora including anaerobes,
streptococci, staphylococci, Escherichia coli, and
Haemophilus influenzae might also be implicated
in the etiology of the disease. However, the
importance of the different pathogens varies
in different countries and regions (27). The
infection spreads from the vagina to the fal-
lopian tubes and leads to pelvic pain, vaginal
discharge or dyspareunia, endometritis, salp-
ingitis, parametritis, oophoritis, tubo-ovarian
abscess, and/or pelvic peritonitis (27). In a
large British screening study, the prevalence of
Chlamydia was 6.2% (95% CI, 4.9–7.8%) in 16–
24-year-old women and 5.3% (95% CI, 4.4–6.3%)
in men (28). Factors associated with PID are
related to sexual behavior (young age, multi-
ple partners, recent new partners in the previ-
ous 3 months, past history of sexually trans-
mitted disease) and interruption of the cervi-
cal barrier (e.g., termination of pregnancy, inser-
tion of an intrauterine device within the past 6
weeks, hysterosalpingography, in vitro fertiliza-
tion, and intrauterine insemination) (27).

When present, clinical symptoms and signs
in PID lack sensitivity. Compared to laparo-
scopic diagnosis, the positive predictive value
of a clinical diagnosis of PID is 65–90% (27,
29–31). The clinical diagnosis includes a broad
range of differential diagnoses: ectopic preg-
nancy, acute appendicitis, endometriosis, irrita-
ble bowel syndrome, complications of an ovar-
ian cyst (e.g., rupture, torsion), or functional
pain (pain of unknown physical origin) (27).

Adnexal Torsion

Adnexal torsion is defined as a complete or par-
tial rotation of the ovary and/or fallopian tube
including the vascular pedicle (32). While ovar-
ian torsion is the twisting of an ovary on its
ligamentous supports, which might result in a
compromised blood supply, the term adnexal

torsion describes a twisting of either the ovary
or fallopian tube, or both. Concomitant torsion
of an ovary and the ipsilateral fallopian tube
occurs in up to 67% of patients with adnexal tor-
sion (32–34). It is an important cause of abdom-
inal pain, which may lead to initial compromise
of the lymphatic and venous drainage, later
to arterial occlusion and thrombosis, resulting
in a hemorrhagic infarction (2, 25, 35). It may
occur at any age, most commonly in the first
two decades of life (2). Some authors reported
a peak incidence after menarche (25) and oth-
ers reported the highest prevalence in preg-
nant women with a peak of 17–20% (32, 36–
39). Adnexal torsion is supposed to account for
up to 2.7% of all cases with acute abdominal
pain in children, and is the fifth most com-
mon gynecologic emergency with a reported
incidence of 3% in one series of acute gyneco-
logic complaints (34, 40, 41). Despite the rela-
tively uncommon nature of this condition, most
reviews report three to five cases per year at
large institutions (34, 42, 43). In any case, it is a
medical/surgical emergency (25). Ovaries with
any type of mass are predisposed to torsion
(32, 33, 44). Torsion of normal ovaries is more
common in adolescents. Postulated causes of
normal adnexal torsion include mobile fallop-
ian tubes or mesosalpinx, elongated pelvic lig-
aments, fallopian tube spasm, strenuous exer-
cise, or abrupt changes in intra-abdominal pres-
sure (32, 34, 43, 45). A limited number of stud-
ies have shown that the right ovary is more
likely to twist, because the space in the lesser
pelvis occupied by the sigmoid colon may pro-
tect the left ovary (32, 33, 46, 47). Adnexal
torsion is often misdiagnosed as appendicitis.
In a retrospective study, Pomeranz and Sabnis
found 38% of children with adnexal torsion and
abdominal pain, who had the preliminary diag-
nosis of appendicitis (48).

Abdominopelvic Mass

Functional cysts, ovarian torsion, and benign
neoplasms are the most common ovarian
masses among young adolescents. In pubescent
girls and adult women, ovarian follicle size is
up to 2.5 cm; cysts larger than 4 cm generally
require a follow-up sonogram at 2 or 6 weeks
to ensure resolution (during a different point in
the girl’s menstrual cycle).
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In younger children, the ovaries are a solid
and homogenous structure, which may contain
primordial follicles. These follicles measure up
to 9 mm in diameter in most children and usu-
ally regress spontaneously (25). Neonatal ovar-
ian cysts develop under the influence of mater-
nal, placental, and fetal hormones during the
third trimester. The majority resolve sponta-
neously after birth. The prevalence of ovarian
cysts in children is unclear. A small number
of studies reported frequencies between 33 and
84% (49, 50) (limited evidence). Cohen et al.
found macrocysts larger than 9 mm in diame-
ter in 18% of children of up to 2 years of age
(49). Uncomplicated cysts may present as pal-
pable abdominopelvic mass lesions (25). Cysts
may be complicated by torsion, hemorrhage, or
rupture. Torsion is more common in cysts which
have a diameter over 5 cm or a long pedicle.
Differential diagnosis of neonatal ovarian cysts
includes hydronephrosis, hydrocolpos, enteric
duplication cyst, choledochal cyst, urachal cyst,
bowel atresia, or obstruction (25) (limited evi-
dence). Older children and adolescents with
ovarian cysts may present with acute abdom-
inal pain due to hemorrhage or cyst rupture
(25, 51).

Girls with an ovarian neoplasm may present
with abdominal distension and a palpable
abdominal mass. The tumors may be compli-
cated by torsion and/or rupture (25). Ovarian
dermoid/teratoma is the most common tumor
of the ovaries, accounting for 50% of pediatric
and 20% of adult ovarian tumors (52). Ovarian
teratomas may be associated with various com-
plications, leading to acute lower abdominal
pain, such as adnexal torsion (16% of ovarian
teratomas), rupture (1–4%), and infection (1%)
(52–55). Epithelial tumors account for about
17% and sex cord-stromal tumors for about 13%
of pediatric ovarian tumors (25).

Pregnancy

Pregnancy is not uncommon and should always
be considered in adolescents who present with
acute pelvic pain (2). The incidence of ectopic
pregnancies is unclear. Zane et al. estimated
a total number of 10,221–77,129 ectopic preg-
nancy cases per year in the USA (56). In the
UK, nearly 32,000 ectopic pregnancies are diag-
nosed every year, resulting in an incidence

of about 11 per 1,000 pregnancies (57). It is
the second leading cause of maternal mortality
and accounts for 80% of first trimester mater-
nal deaths (25, 57). In younger women ectopic
pregnancy accounts for 0.5% of pregnancies
(25). Menon et al. compared the incidence of
ectopic pregnancies in symptomatic women,
which was significantly lower in women under
20 years of age (9.7%) compared to those of 20
years of age and older (21.7%) (58) (limited evi-
dence).

Overall Cost to Society

Pelvic Inflammatory Disease

There are numerous cost analyses on PID. Yeh
et al. calculated the costs of major complications
of PID based on a cohort of 100,000 women aged
20–24 years, in which 8,550 ectopic pregnancies,
16,800 cases of infertility, and 18,600 cases of
chronic pelvic pain were projected to occur (59).
They found an average per-person lifetime cost
of US $2,150. Average lifetime costs for women
who developed major complications were US
$6,350 for chronic pelvic pain, US $6,840 for
ectopic pregnancy, and US $1,270 for infertility.
The majority of costs (79%) were due to upper
genital tract infection (59) (moderate evidence).

Endometriosis

In 2006, Gao et al. published a systematic review
on economic consequences of endometrioses
and related symptoms (60). They included
13 relevant studies evaluating treatment costs,
time lost from work, employment status, and
other parameters. Only 1 of these 13 stud-
ies presented data of the entire hospitaliza-
tion process (61), being based on data from
the "Healthcare Cost and Utilization Project"
(HCUP). The mean inpatient charges per admis-
sion for endometriosis were US $6,597 in 1991
and US $7,449 in 1992 (61). Based on the publi-
cation of Zhao and colleagues, the HCUP data
were reevaluated by Gao et al. for the year
2002, calculating an increase of 61% or a mean
per-patient charge of US $12,644 (60). Simoens
et al. published a systematic review of esti-
mates and methodology of studies quantifying
the costs of endometriosis (62). They found one
study indicating that annual health care costs
of endometriosis are substantial, amounting to
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direct costs of US $2,801 per patient in 2002 and
annual indirect costs of US $1,023 per patient.
The direct costs were broken down into hospi-
talization costs of US $2,518 (90%) and outpa-
tient costs of US $283 (10%) (63). Delayed cor-
rect diagnosis of endometriosis is a major rea-
son for costs in these patients. About 3–12 years
may pass between symptom onset and defini-
tive diagnosis (62, 64). In this period of time,
unnecessary investigations and treatments are
likely to be initiated.

For other specific diagnoses of pelvic pain,
accurate cost analyses are not available. How-
ever, the economic and psychosocial impacts
are important (65–68) and may be reduced due
to earlier diagnosis (69, 70).

Goals

In cases of abdominopelvic pain, identification
or exclusion of gonadal causes in girls and ado-
lescents is mandatory, since it may be a surgical
emergency. Clinical presentation is often non-
specific and may overlap with clinical presen-
tation of other abdominal pathologies such as
appendicitis.

In patients with chronic pelvic pain, early cor-
rect diagnosis of the underlying cause is desir-
able to avoid unnecessary treatments and costs
as well as compromised quality of life.

Methodology

The diagnostic performance of the clinical
examination (history and physical exam)
and the accuracy of both clinical and radio-
graphic examinations in young patients with
abdominopelvic pain caused by gonadal
pathologies was evaluated based on a system-
atic literature review using PubMed (Medline,
National Library of Medicine, Bethesda, MD),
Cochrane library, and the National Guideline
Clearinghouse. All searches were performed
in July 2008 without any time restrictions.
The clinical examination search strategy used
the following statements: (1) abdominal or
abdominopelvic or pelvic and pain; (2) clinical
examination; (3) epidemiology; (4) physical exami-
nation; (5) imaging (including MRI, ultrasound,
scintigraphy, and acronyms of these terms);
(6) diagnosis; as well as combinations of these

search strings. Animal studies and non-English
and non-German studies were excluded.

Discussion of Issues

I. What Is the Diagnostic Performance
of the Different Imaging Studies for
the Diagnosis or Exclusion of Ovarian
Torsion?

Summary of Evidence: Sonography is the first-
line modality in children and adolescents with
abdominal and/or pelvic pain suspected to be
of gynecological origin (limited evidence).

The most common finding in ovarian torsion
is an enlarged heterogenous ovary (limited evi-
dence).

Presence or absence of arterial or venous flow
is neither sensitive nor specific for the diagnosis
of ovarian/adnexal torsion (limited evidence).
Therefore, close clinical correlation is manda-
tory and if suspected, laparoscopy confirmation
and treatment are required.

Supporting Evidence: Chiou et al. reviewed sur-
gically proven cases of adnexal torsion between
1990 and 2006 (71). A correct preoperative diag-
nosis was made in 15 (71%) of 21 with initial
sonography versus 5 (38%) of 13 cases with
initial CT. A correct imaging diagnosis was
made more frequently in premenopausal than
in menopausal patients (p =0.02) (Table 39.1).
Common imaging findings were an adnexal
mass (65% on sonography, 87% on CT, and 75%
on MRI), a displaced adnexal mass/enlarged
ovary (53% on sonography, 87% on CT, and 75%
on MRI), and ascites (53% on sonography, 73%
on CT, and 50% on MRI) (71).

A retrospective study with surgically and
pathologically proven ovarian torsions found in
100% of the patients an enlarged torsed ovary,
with the median volume 12 times (range 4.4–
27.3) that of the normal contralateral side (72).
In 62%, venous or arterial flow was present in
the torsed ovary (72). A twisted vascular pedi-
cle (whirpool sign) was found in up to 88% of
twisted ovaries (44, 73).

The sensitivity of sonography was 100% and
specificity was 93% in a small study of 28 girls,
using an enlarged ovary as the criterion for
abnormal (limited evidence). The volume of the
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enlarged ovaries ranged from 34 to 365 cm3

(mean 130 ± 99 cm3) (37).
The classical description of a torsed ovary

on sonography is enlargement with peripheral
small cysts (follicles) and a small amount of
pelvic free fluid. However, this finding is not
common.

II. What Is the Best Imaging
Technique for the Diagnosis of PID?

Summary of Evidence: Transvaginal ultrasound
is superior to transabdominal ultrasound in the
diagnosis of PID (limited evidence). For the
depiction and management planning of pelvic
abscesses, cross-sectional imaging with US, CT,
or MRI is often required. Comparisons between
US, CT, and MRI are not available (limited evi-
dence).

Supporting Evidence: Studies evaluating the
value of imaging techniques in young patients
with PID are very limited. Bulas et al. stud-
ied the diagnostic performance of transabdomi-
nal and transvaginal sonography in 84 patients
aged 12–21 years with the clinical diagnosis
of acute PID (74). Transvaginal sonography
demonstrated superior resolution of 25 dilated
fallopian tubes. Heterogeneous pelvic masses,
described as tubo-ovarian abscesses on trans-
abdominal sonograms, could be separated on
transvaginal sonograms into various stages of
PID including pyosalpinx, hydrosalpinx, tubo-
ovarian complex, and tubo-ovarian abscess.
Thirty-one transabdominal and transvaginal
studies were normal despite patients fulfill-
ing strict clinical criteria for PID. The level
of severity of PID, as determined at transab-
dominal sonography, was altered in 28 cases,
with medical therapy changed in 23 cases
because of additional transvaginal sonographic
findings. Transvaginal sonography provided
superior anatomic details in the evaluation of
patients with PID, demonstrating abnormalities
that were not seen at transabdominal sonogra-
phy in 71% of patients.

CT (and MRI) findings in early PID include
obscuration of the normal pelvic floor fascial
planes, thickening of the uterosacral ligaments,
cervicitis, oophoritis, salpingitis, and accumu-
lation of simple fluid in the endometrial canal,

fallopian tubes, and pelvis. As the disease pro-
gresses, the simple fluid may become complex
and the inflammatory changes may progress to
frank tubo-ovarian or pelvic abscesses (75).

III. What Is the Best Imaging
Technique for the Diagnosis of
Endometriosis?

Summary of Evidence: Transvaginal sonography
is the imaging test of choice for the evalua-
tion of endometriosis. MRI is more expensive
but performs similarly to transvaginal sonogra-
phy for the diagnosis of intestinal endometrio-
sis. For some less common imaging findings,
MRI has higher sensitivity and diagnostic like-
lihood ratios for uterosacral ligament and vagi-
nal endometriosis (limited evidence). Transrec-
tal sonography is also a sensitive test but is less
well tolerated by patients and less widely used
for this diagnosis.

Supporting Evidence: Bazot and colleagues
compared physical examination, transvaginal
sonography, rectal endoscopic sonography, and
magnetic resonance imaging for the diagnosis
of endometriosis in 92 adult patients prior
to surgery in a retrospective study (76). MRI
performed similarly to ultrasound for the diag-
nosis of intestinal endometriosis but had higher
sensitivity and likelihood ratios for uterosacral
ligament and vaginal endometriosis. This
study has limited value for the diagnosis of
endometriosis in children, because transvaginal
and rectal endoscopic sonography are not
the imaging techniques of choice in this age
group (Table 39.1). However, since MRI was
the superior technique compared to ultrasound
and physical examination, the results are also
valuable for a younger age group.

IV. What Is the Best Technique for the
Diagnosis of an Ectopic Pregnancy?

Summary of Evidence: Pregnancy and ectopic
pregnancy are both best imaged by sonogra-
phy. Initially, abdominal sonography is per-
formed and when there are unclear findings
that suggest pregnancy or ectopic pregnancy,
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transvaginal sonography improves diagnostic
accuracy (moderate evidence).

Supporting Evidence: Beta-hCG levels assist
in interpreting sonographic findings. Ectopic
pregnancy is suspected if transabdominal
sonography does not show an intrauterine
gestational sac and the patient’s β-hCG level
is greater than 6,500 IU/L or if transvagi-
nal sonography does not show an intrauter-
ine gestational sac and the patient’s β-hCG is

1,500 IU/L or greater. Combined transvaginal
sonography and serial quantitative β-hCG mea-
surements are approximately 96% sensitive and
97% specific for diagnosing ectopic pregnancy
(77–79) (moderate evidence) (Table 39.1).

Take Home Tables

Table 39.1 discusses the diagnostic perfor-
mance of ultrasound in pediatric female pelvic
conditions.

Table 39.1. Diagnostic performance of ultrasound in pediatric female pelvic conditions

Ovarian torsion

Pelvic
inflammatory
disease Endometriosis Ectopic pregnancy

Sensitivity 1.00 0.72 0.75–0.95∗ 0.96∗
Specificity 0.93 N/A 0.83–1.00∗ 0.97∗
Accuracy 0.71 N/A 0.83∗ N/A

N/A: Not available
∗Using endovaginal ultrasound (adolescents and adults).
Data from references (37, 44, 72, 73, 76–79) (limited evidence).
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Imaging Case Studies

Case 1

Figure 39.1 illustrates a very large ovarian cyst
in a 10-year-old girl who presented with acute
abdominal pain and urinary retention.

Figure 39.1. Very large ovarian cyst. A 10-year-old girl presented with acute abdominal pain and urinary rete-
ntion. At sonography, she had a very large simple cyst measuring up to 11 cm (a: in trans, b: in long). Note the
wall of the cyst had a few focal thickened strands (whitearrows). The bladder is visualized inferior to the cyst
in b (labeled B). At surgery, the ovary had torsed and was removed.

Case 2

Figure 39.2 illustrates a hemorrhagic ovar-
ian cyst in an 11-year-old girl who presented
with severe left lower quadrant abdominal
pain.

Figure 39.2. Hemorrhagic ovarian cyst. An 11-year-old girl presented with severe left lower quadrant abdom-
inal pain. Her ultrasound revealed a debris-fluid level (a, arrow) within her left ovary which represents acute
hemorrhage into an ovarian cyst. b shows the left ovary with the echogenic blood and faintly seen in the
periphery are some normal follicles. Both her pain and the fluid resolved without the need for surgery.
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Suggested Imaging Protocols

Plain Radiographs

Plain radiographs are not recommended.

Ultrasound

Ultrasound is the key screening tool and often
the only examination indicated. Ultrasound
with a 7 MHz probe is ideal for children (5 MHz
for older children). For obese children or
adolescents, 3 MHz may be required. To eval-
uate the female reproductive tract, a full uri-
nary bladder is essential. If the bladder is not
adequately full, it might be useful to repeat the
examination every 15 minutes. Further evalua-
tion with CT or MRI may depend on the results
of the sonograms, the clinical examination, and
acuity of the problem.

MDCT

Intravenous contrast is essential to visualize
infection or inflammation and abscess. Oral or
rectal contrast may help to distinguish fluid-
filled bowel loops in the pelvis.

MRI

Axial and coronal T1 spin echo, axial and sagit-
tal T2 FSE with fat saturation, coronal STIR or
HASTE, and axial and coronal T1 2D SPGR
with fat saturation before and after intravenous
gadolinium (in patients with acceptable renal
function). Alternative to imaging with CT. Not
as sensitive for calcification but can provide
functional data.

Future Research

• What are the clinical predictors for ovarian
pathology that leads to appropriate use of
sonography?

• What is the appropriate use of MR imaging
in girls with gynecologic disorders?
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40
Imaging of Boys with an Acute

Scrotum: Differentiation
of Testicular Torsion from Other

Causes
Stefan Puig

IssuesI. What are the clinical findings that raise the suspicion of testicular
torsion in children with acute scrotal pain?

II. What is the diagnostic performance of the different imaging studies
in children with acute scrotal pain?

III. In cases of testicular torsion, is manual reduction required?

Key Points� Testicular torsion is a clinical emergency. Time is the major factor
responsible for salvage of testes (moderate evidence).

� The first-line imaging of patients with suspected testicular torsion is
Doppler sonography, which is highly sensitive and specific (moderate
evidence).

� Scintigraphy using technetium 99m to assess blood flow to the testes
is no longer a common imaging tool due to the more available, less
expensive, and rapid test with Doppler sonography (limited to moder-
ate evidence).

� If imaging cannot exclude testicular torsion, surgical exploration is rec-
ommended (moderate evidence).

� Successful manual detorsion of testicular torsion leads to reperfusion,
which is immediately visible with Doppler sonography. In cases of suc-
cessful manual detorsion, surgical exploration with orchiopexy is still
necessary (limited evidence).

� Absolute dependence on clinical features can lead to a misdiagnosis
of testicular torsion. Therefore, US examination should be part of the
presurgical evaluation, if promptly available (limited evidence).
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Definition and Pathophysiology

A testicular torsion is a clinical emergency
(1, 2). It occurs when the testicle is abnormally
mobile and twists on its vascular pedicle and
may result in testicular infarction (2). Accord-
ing to the mechanism, torsion of a testis can be
divided into extravaginal (prenatal or neona-
tal) and the more common intravaginal tor-
sion (3, 4). The exact cause for extravaginal or
neonatal torsion is unknown and usually no
anatomic defect can be identified to explain
the torsion (5). It is a rare event and accounts
for approximately 10% of all testicular torsions
(6). In patients with an intravaginal torsion, the
most common anatomical anomaly identified
is a narrow attachment of the tunica vaginalis
from the spermatic cord to the testes secondary
to high insertion of the tunica on the sper-
matic cord. This results in the “Bell-Clapper”
deformity characterized by increased testicular
mobility (5). In an autopsy series of 51 males,
the Bell-Clapper deformity was found in 12%.
Since this is a much higher prevalence than the
incidence of testicular torsion, factors other than
this anatomical predisposition may be involved
(7) (limited evidence).

Testicular torsion should be differentiated
from other acute scrotal diseases, such as acute
epididymo-orchitis, torsion of appendage of
testis, or acute idiopathic scrotal edema (8, 9)
(Table 40.1). The cause for the torsion might be
several minor traumas, as they occur during
sport activities (8). Of the etiologies for acute
scrotal pain, testicular torsion is the only real
emergency (10–12). Immediate detorsion within
a very narrow time window is necessary to
provide a high testicle salvage rate, since irre-
versible ischemia may start after 6 hours (3)
(moderate evidence). Dunne and O’Loughlin
reported a series of 56 patients between 13 and
36 years of age, in which the average duration of
pain in patients with viable testes was 9 hours
compared to 56 hours of average duration of
pain in those patients with non-viable testes (1).
Previous reports found 80% infarcted testes 10
hours after pain onset, and after 24 hours all
testes were lost (1, 13). Nearly 75% of patients
need an orchiectomy if detorsion is delayed for
more than 12 hours (14) (limited evidence).

Sessions et al. reported a median duration
of torsion of 5 hours (0.5 hours to 6 days) in

patients (116 testes) undergoing orchiopexy and
2.2 days (2.5 hours to 2 weeks) in those (70
testes) undergoing orchiectomy, which reveals
the weakness of time as an accurate predictor
for salvageable testes. The same group noted a
median of 540◦ (range: 180◦–1,080◦) in patients
with orchiectomy compared to a median of 360◦
(range: 180◦–1,080◦) in those with orchiopexy
(15).

Epidemiology

The incidence of spermatic cord torsion in
patients presenting with an acute scrotum
varies between 18 and 45%, depending on the
age of patients (15–17). The overall incidence
is 1 in 4,000 in young males under the age of
25, with a peak age of 12–18 years. Cummings
et al. reported that nearly 61% of patients were
under 21 years of age (18). In children and ado-
lescents under 17 years of age, the incidence of
spermatic cord torsion in patients with an acute
scrotum is about 26%. There is a peak in the
first year of life with 39% and a second peak
in young adolescents with 30% during puberty
when the testes grow (19, 20).

The most common cause of acute scrotal pain
in patients younger than age 18 is epididymi-
tis (21). In prepubertal boys, acute scrotal pain
occurs most frequently from torsion of the tes-
ticular appendages (21, 22).

Overall Cost to Society

No data were found on the overall cost to soci-
ety from the diagnosis, treatment, and compli-
cations of testicular torsion. However, in cases
of testicular torsion, imaging of the scrotum
will increase the costs, since surgery is required
in those patients anyway. But, this is counter-
balanced by imaging eliminating unnecessary
surgery in subjects found not to have torsion.
Günther et al. calculated in 2006 (according to
the German diagnosis-related group’s catalog)
a cost reduction of €1,000 (€2,300 versus €1,300
) per patient if torsion can be ruled out and
unnecessary surgical exploration is avoided
(8, 9). Furthermore, orchiectomy will result in
the implantation of testicular prostheses which
might reduce the psychological impact of a
testicle loss, but has some complication rates
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and will lead to further costs (23) (limited
evidence).

Goals

In cases of acute scrotal pain, the main goal is
the differentiation of testicular torsion, which
requires emergency surgery, from non-surgical
causes of acute scrotal pain, such as epididymi-
tis (epididymo-orchitis) and torsion of the tes-
ticular appendix, because clinical presentation
may overlap (24–27). In testicular torsion, man-
ual detorsion may reduce time of ischemia
before surgical evaluation is possible (3).

Methodology

The diagnostic performance of the clinical
examination (history and physical exam) and
surgical outcome was based on a systematic lit-
erature review using PubMed (National Library
of Medicine, Bethesda, MD), Cochrane library,
and the National Guideline Clearinghouse for
data relevant to the diagnostic performance
and accuracy of both clinical and radiographic
examinations in patients with testicular tor-
sion performed between January 1967 and July
2008. The clinical examination search strategy
used the following statements: (1) testicular tor-
sion or acute scrotum; (2) clinical examination; (3)
epidemiology; (4) physical examination; (5) imag-
ing (including MRI, ultrasound, scintigraphy, as
well as acronyms of these terms); (6) diagnosis;
(7) detorsion; as well as combinations of these
search strings. Animal studies and non-English
and non-German studies were excluded.

Discussion of Issues

I. What Are the Clinical Findings
That Raise the Suspicion of Testicular
Torsion in Children with Acute
Scrotal Pain?

Summary of Evidence: Clinical presentation
and physical examination are nonspecific and
include previous trauma, pain attacks, nausea,
vomiting, elevation and transverse position of
the testis, anterior rotation of epididymidis,
and absence of the cremaster reflex. These
findings have the highest sensitivity, specificity,

positive and negative predictive values for tes-
ticular torsion, and the lowest for epididymitis
(moderate evidence). Karmazyn et al. scored
the following three key historical elements as
predictors for testicular torsion: onset of pain
less than 6 hours, absence of cremasteric reflex,
and diffuse testicular tenderness (25). Out of
141 subjects, in the absence of any of these
elements, none of the subjects had testicular
torsion. When these three clinical findings were
present, 87% were diagnosed with testicular
torsion.

Supporting Evidence: Clinical presentation and
physical examination do not differ significantly
in children and adolescents with testicular tor-
sion, torsion of testicular appendage, or epi-
didymitis. However, children with testicular
appendage torsion are typically younger with
a peak age of 7–14 years. Previous history of
trauma and pain attacks, presence of nausea
and vomiting, and absence of urinary com-
plaints are the main predictors of testicular tor-
sion (11) (limited evidence). A so-called pathog-
nomonic finding, the blue dot sign (tender nod-
ule with blue discoloration on the upper pole
of the testis), is only infrequently encountered
(11, 21, 28). Physical findings consisting of ele-
vation and transverse location of testis, anterior
rotation of epididymis, and absence of cremas-
ter reflex are highly suggestive for testicular tor-
sion (3, 11, 24, 25, 29) (limited to moderate evi-
dence). A Finnish study published in 2007 ana-
lyzed the clinical findings in 388 boys under 17
years of age with acute scrotum, in which the
“blue dot sign” was only found in 10% (17/174)
with torsion of the testicular appendage (20).
Boys with acute scrotal pain of uncertain eti-
ology based on clinical exam should undergo
sonography to exclude the diagnosis of torsion
as well as identify other reasons for the pain.

II. What Is the Diagnostic
Performance of the Different Imaging
Studies in Children with Acute
Scrotal Pain?

Summary of Evidence: Ultrasound with power
Doppler has become the imaging modality of
choice to diagnose or exclude torsion (moderate
evidence). It is a useful addition to the clinical
examination, specifically to avoid unnecessary
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surgery (moderate evidence). Other imag-
ing tools, such as the near-obsolete nuclear
medicine test, are not superior to ultrasound
(27) (limited evidence). If Doppler sonography
is equivocal, MRI or scintigraphy can add diag-
nostic information but due to both higher costs
and the relative delay to obtain these studies,
particularly after hours, the clinical value is lim-
ited (limited evidence).

Supporting Evidence

Doppler Ultrasound

In clinical practice, ultrasound is preferred over
other imaging tools (30–32). Several cohort
studies reported a sensitivity of at least 90% and
a specificity of more than 95% (33–42) (moder-
ate evidence). In combination with certain clin-
ical conditions such as blunt trauma, specificity
may reach 100% (40). Ideally, both pulsed and
color Doppler ultrasound should be used. The
real-time whirlpool sign on gray scale sonogra-
phy in combination with the absence of flow in
the distal spermatic cord, testis, and epididymi-
tis were found to be the most specific and sen-
sitive signs of torsion. However, published data
on these findings are limited to a few studies
(43–45). In general, the first ultrasound sign in
patients with testicular torsion is hypo- or avas-
cularity of the testicle with preserved homoge-
neous echotexture in the acute phase (Figs. 40.1,
40.2) (27). A false-negative finding might be due
to flow in the capsule that is from a different
arterial supply than the twisted spermatic cord
(46).

Data on contrast-enhanced Doppler ultra-
sound are limited as well, and these contrast
agents are not available for clinical use in the
United States. In 1996, Coley et al. published
their results of an animal study including 40
testes of 20 rabbits (47). They compared unen-
hanced and contrast-enhanced power Doppler
sonography, color Doppler sonography, and
radionuclide scintigraphy. The best results
were achieved with color Doppler sonography
(Figs. 40.1, 40.2). Contrast-enhanced power
Doppler sonography, using Levovist R© (Scher-
ing, Germany), did not improve the diagnostic
accuracy of power Doppler, which was below
color Doppler and equal to scintigraphy. How-
ever, due to several technical developments,
these data from 1996 have limited value today,

and power Doppler has the ability to show
slower flow than color Doppler (47–49). There-
fore, power Doppler can be especially useful in
prepubertal boys who have lower blood flow
(21, 50, 51) (limited to moderate evidence). Gray
scale ultrasound of the scrotum without color
or power Doppler is relatively insensitive and
therefore not recommended in the evaluation of
boys with acute scrotum (21).

MRI

Several experimental studies showed the value
of MRI in detecting hypoperfused testes. After
torsion of testes, the gadolinium enhancement
and apparent diffusion coefficient (ADC) val-
ues in diffusion-weighted images are decreased
(52, 53). In case of inconclusive ultrasound and
physical examination, MRI might be helpful
(54). Watanabe et al. calculated a sensitivity of
93% and a specificity of 100% in 39 patients
with inconclusive previous clinical examina-
tions (55) (limited evidence). MRI can also visu-
alize hemorrhagic necrosis in testicular torsion
using contrast-enhanced and blood-sensitive
sequences (56) (limited evidence).

However, due to the relatively expensive,
less available, and time-consuming examina-
tion, including anesthesia in some children,
MRI has no value in a potential emergency set-
ting (8).

Radionuclide Imaging

Color Doppler sonography and technitium 99
m scintigraphy show similar sensitivities in
the diagnosis of testicular torsion in boys
(57). Nussbaum-Blask and colleagues prospec-
tively compared color Doppler sonography and
scintigraphy in 46 children, age 1 day to 18
years, reported in 2002 (57). Sonography cor-
rectly diagnosed 11 of 14 surgical conditions
and 31 of 32 nonsurgical conditions. There was
one indeterminate sonogram, no false-positive
examinations, and three false-negative exami-
nations (sensitivity = 79% [95% CI, 67–91%],
specificity = 97% [95% CI, 94–99%], accuracy
= 91%). Color flow was demonstrated in the
asymptomatic testis in 34 of 44 boys. Scintigra-
phy correctly diagnosed 11 of 14 surgical condi-
tions and 29 of 32 nonsurgical conditions. There
were two indeterminate scintigrams, two false-
positive and two false-negative examinations
(sensitivity = 79% [95% CI, 67–91%], specificity
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= 91% [95% CI, 82–99%], accuracy = 87%) (57).
However, the reported sensitivity in this study
is lower than in other cohort studies. Techni-
cal advancements in Doppler make these results
lower than current practice.

Scintigraphy has a high potential in differ-
entiating ischemic from infectious disease (36).
The specificity in the diagnosis of ischemia ver-
sus other photon-deficient lesions is slightly
lower (21, 58) (limited to moderate evidence).
Photon-deficient areas secondary to hydrocele,
spermatocele, edematous appendix testis, and
inguinal hernia can be mistaken for an avas-
cular testis and therefore produce false posi-
tives (58). Also, the size of testes in infants and
small children increases the risk of both false
positives and false negatives (21). For these rea-
sons, and because of the longer preparation and
exam performance time, lower availability, and
higher costs relative to Doppler sonography,
scintigraphy is no longer favored. Radionuclide
scintigraphy also uses ionizing radiation and
requires intravenous access while Doppler does
not (3, 57).

III. In Cases of Testicular Torsion,
Is Manual Reduction Required?

Summary of Evidence: Manual detorsion of the
testicle leads to immediate reperfusion of the
affected testis and might be helpful to sal-
vage the organ (limited evidence). If the ultra-
sound examination is performed by a physi-
cian with such experience, this procedure can be
performed during the examination (Figs. 40.1,
40.2). However, it is successful in only 30–70%
of patients. This procedure must be followed
by bilateral orchiopexy to prevent future repeat
testicular torsion (strong evidence).

Supporting Evidence

Detorsion

Successful manual detorsion can lessen the
surgical urgency of a twisted spermatic cord
(3, 15, 59–61). Most testes are torsed in the
medial direction. Therefore, experienced clini-
cians such as the urologist can detorse these
testes from the medial to the lateral side (3).
The subjective endpoint is the dramatic reso-
lution of scrotal pain (3). One has to consider
that the testis can be torsed up to 1,080◦ (15). A
detorsed testis shows blood flow at ultrasound
or scintigraphy immediately after the maneu-
ver (Figs. 40.1, 40.2) (15, 60, 61). Adequate seda-
tion and/or spermatic cord anesthesia should
be administered, since this procedure is painful
(3). Surgical exploration and orchiopexy remain
necessary despite symptomatic improvement
with manual detorsion (3, 15, 60).

The number of reports in the literature is
small, with reported success rates varying from
30 to nearly 100%. Garel et al. reported suc-
cessful six out of seven patients in which man-
ual detorsion led to immediate reperfusion of
the organ at Doppler interrogation. The failed
attempt in the seventh patient was due to a fail-
ure to manipulate beyond an initial 1 1/2 rota-
tions (540◦) (60). Cattolica manually detorsed 34
out of 35 testes successfully in 104 patients dur-
ing a 10-year period (59).

Take Home Figures and Tables

Figure 40.1 is an algorithm showing the workup
for a patient suspected of acute scrotum.
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Figure 40.1. Flowchart for patient workup. Note that if the clinician (i.e., an urologist) is experienced in mak-
ing the diagnosis of acute torsion, they may skip the ultrasound. However, in most situations, the ultrasound
is recommended prior to surgery. The age of the patient is important. Testicular torsion is most common in
neonates and postpubertal boys, although it can occur in males of any age. Schönlein–Henoch purpura and
torsion of a testicular appendage typically occur in prepubertal boys, whereas epididymitis most often devel-
ops in postpubertal boys. (Adapted with permission from Galejs LE, Kass EJ. Diagnosis and Treatment of the
Acute Scrotum. American Family Physician Feb 15, 1999; 817, 59; 4. Copyright © 1999 American Academy of
Family Physicians. All Rights Reserved.).

Tables 40.1 and 40.2 discuss causes of acute
scrotum in a child and a summary of the diag-
nostic performance of clinical examination ver-

sus imaging for the diagnosis of acute testicular
torsion, respectively.

Table 40.1. Causes for an acute scrotum in childhood

Torsion Inflammation Trauma
Generalized
illness Other causes

Torsion of the
testicular
appendages

Epididymitis Hematoma
Hematocele

Schoenlein–
Henoch
purpura

Inguinal hernia
Perforated
appendicitis

Testicular
torsion

Orchitis Testicle rupture Leukemia
Lymphoma

Emphysema,
edema of the
scrotum,
testicular tumor,
meconium
orchitis

Adapted with kind permission of Springer Science+Business Media from Günther and Schenk (8).

Table 40.2 Summary of diagnostic performance of clinical examination versus imag-
ing for the diagnosis of acute testicular torsion

Test for torsion Sensitivity (%) Specificity (%) References

Clinical exam∗ 87 100 (24)
Technitium

scintigraphy
79 >90 (24, 29, 62, 63)

Doppler
sonography

>90 >95 (33–40, 42, 62, 63)

∗Onset of pain less than 6 hours, absence of cremasteric reflex, and diffuse testicular tenderness.
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Imaging Case Studies

Case 1

Figure 40.2 presents color Doppler sonography
of an 18-year-old patient with acute scrotum.

A

B

Figure 40.2. Color Doppler sonography of an 18-year-old patient with acute scrotum. (A) shows the unaf-
fected left side with regular arterial and venous bloodflow. In comparison, there is no blood flow on the right
side (B). The parenchyma of the twisted testis is normal, and symmetric to the unaffected left testes, a small
hydrocele can be seen. After manual detorsion, reperfusion (hyperperfusion) of the right testis is visible (C).
After this maneuver, the patient underwent orchiopexy.



610 S. Puig

C

Figure 40.2. Continued

Suggested Imaging Protocols
for Acute Scrotum

Timely diagnosis and intervention is critical to
decrease the chances of testicular loss (3, 15).

Ultrasound

Linear transducer high-frequency transducer
(7–12 MHz). Compare with opposite testis
for blood flow and parenchymal homogeneity
(Figs. 40.1, 40.2). If possible, try to visualize the
twisted spermatic cord “whirlpool sign.” Spec-
tral, color, and power Doppler should be used
to evaluate the lack of blood flow within the tes-
ticular parenchyma. Doppler frequencies range
from 3.5 to 10 MHz. Standoff pads can be used,
if necessary, to improve imaging (64).

Manual Detorsion

Successful manual detorsion leads to imme-
diate reperfusion of the testis. Since in most
torsions the spermatic cord is twisted from
lateral to medial, detorsion has to be per-
formed from medial to lateral (the right testis
counterclockwise, the left testis clockwise).
Doppler is used both during this procedure
and immediately afterward to assess testicular
blood flow.

Future Research

• Accuracy of second-generation contrast
media (e.g., SonoVue R©, Bracco, Milan, Italy)
that might improve diagnosis, specifically
in combination with modern ultrasound
scanners with harmonic imaging (65, 66).

• Prospective comparison of Doppler sonogra-
phy with near-infrared spectroscopy, which
is capable of noninvasively measuring a
mixed venous and arterial hemoglobin tissue
saturation of hemoglobin, that might allow
noninvasive, bedside emergency diagnosis
of testicular torsion (67).
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41
Imaging of Fetal Anomalies

Dorothy I. Bulas

IssuesI. Does early fetal imaging (before 24 weeks gestation) improve mater-
nal or fetal outcome?

II. Does third trimester fetal imaging improve maternal or fetal
outcome?

III. Is ultrasound (US) safe for imaging the fetus?
IV. Is MRI safe for imaging the fetus?
V. What is the diagnostic performance of US and MRI in the assessment

of fetal anomalies?
VI. What is the role of MR imaging in the evaluation of the fetus?

Key Points� Routine ultrasound in early pregnancy (before 24 weeks gestation) is
useful for gestational age assessment, identification of multiple preg-
nancies, and identification of unsuspected fetal anomalies (strong evi-
dence).

� Routine ultrasound in late pregnancy (after 24 weeks gestation) may
not be associated with improvements in overall perinatal mortality
though there is a lack of data with regard to long-term neurodevel-
opmental outcome (moderate evidence).

� High-risk pregnancies benefit from ultrasound assessment including
Doppler ultrasound of umbilical and fetal vessels in late pregnancy
with a trend in reduction of perinatal deaths (moderate to strong evi-
dence).

� The accuracy of ultrasound in the evaluation of fetal anomalies is influ-
enced by the skill of the sonographer, quality of equipment, prevalence
of a defect, gestational age of the fetus, maternal body habitus, oligo-
hydramnios, and examination protocol (moderate evidence).
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� MRI evaluation of fetal abnormalities is not limited by fetal lie, oligo-
hydramnios, overlying fat, bone, or air (moderate evidence).

� MRI can be a useful adjunct in the evaluation of certain fetal anomalies
particularly within the brain and chest (limited evidence).

� No data were found in the medical literature that evaluated the cost-
effectiveness of US versus MR in the evaluation of fetal anomalies (lim-
ited evidence).

� MRI using higher strength magnets (≥3 T) and Doppler ultrasound
in the first trimester should be minimized due to theoretical risks (US
moderate evidence, MRI limited evidence).

Definition and Pathophysiology

The ability to directly visualize the fetus and
its environment noninvasively has changed the
practice of obstetrics and neonatology. The use-
fulness of ultrasound (US) in the assessment
of gestational age, detection of multiple preg-
nancies, evaluation of fetal growth, and iden-
tification of fetal anomalies has resulted in an
unprecedented expansion in its application in
obstetrics. Nearly every pregnant woman in the
USA today is offered a fetal screening US dur-
ing the second trimester that is used to decide if
further imaging or other testing is needed.

The incidence of major congenital anoma-
lies at birth is 2–3% but is responsible
for up to 25% of perinatal deaths and an
even larger percentage of perinatal morbidity
(1). Detecting anomalies prenatally increases
the option for pregnancy management and
treatment.

As the diagnosis of fetal anomalies becomes a
major goal in the evaluation of the fetus and as
complex perinatal therapies advance, MRI has
become a complementary tool in the assessment
of fetal anomalies.

Epidemiology

Congenital malformations, including chromo-
somal abnormalities, are present in 3–6% of
newborns and account for 20–30% of peri-
natal deaths (1). These conditions are associ-
ated with higher rates of intrauterine death,
preterm birth, and intrauterine growth restric-
tion. Prenatal diagnosis can reduce mortality
from congenital anomalies by guiding interven-
tions during pregnancy and optimizing prepa-

ration for delivery, as well as planning neona-
tal management options. Termination of preg-
nancies affected by anomalies also has impacted
the decrease in the neonatal mortality rate (2).
The impact of prenatal diagnosis on fetal and
infant outcomes is dependent on gestational age
at time of diagnosis, effect on maternal out-
come, and neonatal prognosis with or without
therapy.

Regional differences in the availability of pre-
natal diagnosis can influence mortality rates.
In a birth cohort study of live births, stillbirths,
and infant deaths in Canada for the years
1991–1998, the infant mortality rate was
between 6.1 and 6.4 per 1,000 live births from
1991 to 1995, then dropped to 5.4 and 5.5 per
1,000 in 1996 and 1997, respectively. Infant
deaths from congenital anomalies declined
21% from 1.86 to 1.47 per 1,000 over the same
period while fetal deaths caused by pregnancy
termination increased (2). Prenatal diagnoses
and pregnancy terminations for congenital
anomalies were associated with decreased
overall infant mortality.

In the United States, the infant mortality
rate has consistently declined with an overall
decrease of 10% from 1990 to 2003. In 2003, the
infant mortality rate reached 6.74 deaths per
1,000 live births attributable to a drop in late
fetal deaths (3).

Overall Cost to Society

Serious congenital anomalies account for 25%
of neonatal deaths and can lead to debilitat-
ing long-term disabilities at considerable soci-
etal cost (1). Complicating the issue is the fac-
tor of whether a family will elect to terminate
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if a fetal anomaly is identified with ultrasound
or MR imaging. Societal views with regard to
when and how a termination may proceed also
impacts the cost-effectiveness of fetal imaging
(4–8). Thus, the use of imaging in pregnancy
has important health and economic outcomes
for both families and the health-care system.

In one American study, cost savings from
early detection and therapeutic abortion were
considered for fetal conditions for which life-
time cost estimates were available (such as
spina bifida, major cardiac disease, cleft palate,
and diaphragmatic hernia) (9). Potential cost
savings from averting treatment for preterm
labor and postdate gestations were also con-
sidered. Fetal anomaly detection by US before
24 weeks was calculated using RADIUS trial
data from tertiary and nontertiary centers (10–
12). The ratio of overall savings to cost of the
exam was between 1.35 and 1.70 (savings of
$1.35–$1.70 per $1 spent) if US was performed
in tertiary care centers. However, if a nonter-
tiary care center performed the study (in which
the identification of anomalies was documented
to be much lower), the ratio of savings to cost
was between 0.40 and 0.74 (loss of $0.26–$0.60
per $1 spent). Their conclusion was that routine
second trimester US screening could be asso-
ciated with net benefits with the caveat that
the US was performed by experienced sonog-
raphers (9). In a smaller series of 2,031 patients,
sensitivity in identifying major anomalies was
documented to be 90% in the high-risk group
and 48% in the low-risk screening group. Pro-
jected newborn cost savings offset the cost of
routine midtrimester screening in this cost anal-
ysis (13).

Randomized controlled trials (RCT) and cost-
effectiveness data have been analyzed in the lit-
erature incorporating imaging strategies of the
fetus (14–16). Despite these evidence-based rec-
ommendations, prenatal US has become a social
experience and expectation and has resulted in
discordance of evidence and the clinical use of
US imaging particularly in late pregnancy in
low-risk pregnancies (17).

Goals

In fetal imaging, the goals are early assess-
ment of gestational age, detection of multiple

pregnancies, evaluation of fetal growth, fetal
well-being, and identification of fetal anoma-
lies. There are various imaging techniques and
tools that are available. First trimester scans,
including the use of transvaginal transducers
can supply information on gestation age, mul-
tiplicity, and identification of some anomalies.
Second and third trimester US and MR imag-
ing can identify anomalies that were too subtle
or not yet developed during the first trimester.
Assessment of growth and well-being can be
sequentially followed as needed by US and
Doppler of the umbilical, uterine, and fetal ves-
sels in high-risk cases. MRI can confirm US find-
ings and identify additional anomalies that may
impact counseling, the planning and execution
of perinatal intervention, delivery preparation,
and neonatal therapy.

Methodology

The author performed a MEDLINE search
using PubMed (National Library of Medicine,
Bethesda MD) for data relevant to the diag-
nostic performance and accuracy of both ultra-
sound and MR imaging of fetuses at risk
for anomalies. The Cochrane library was also
searched. The review of current diagnostic fetal
imaging literature was based on a systematic
literature review performed in MEDLINE cov-
ering the years 1980–February 2008. The search
strategy used the following key statements and
words: (1) Fetus, (2) Fetal imaging, (3) Ultra-
sound, (4) Magnetic Resonance Imaging, (5) Pre-
natal Imaging, (6) Fetal anomalies, (7) Doppler; as
well as combinations of these search strings.
Non-English articles were excluded.

Discussion of Issues

I. Does Early Fetal Imaging (Before 24
Weeks Gestation) Improve Maternal
or Fetal Outcome?

Summary of Evidence: Advantages of early
pregnancy US screening include more accurate
calculation of gestational age, earlier identifica-
tion of multiple pregnancies, and the diagnosis
of non viable pregnancies (strong evidence).
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Whether all obstetrical patients should undergo
US screening and whether such screening
improves pregnancy outcome remains con-
troversial. Currently, the American College
of Obstetricians and Gynecologists (ACOG)
supports the use of US when there is a specific
medical indication and advises against casual
use of US during pregnancy (strong evidence)
(18).

The introduction of faster MR sequences with
high contrast, large field of view, and multipla-
nar imaging without limitations from overlying
gas, bone, or fat has led to its increased use as
a complementary tool in the further assessment
of fetal anomalies initially identified by US (lim-
ited evidence).

Supporting Evidence: The question as to whether
prenatal exams should be performed routinely
in the first or second trimester or reserved for
specific indications has been investigated by
numerous large studies as well as the Cochrane
Pregnancy and Childbirth Group trials reg-
ister and Cochrane controlled trials register
(15, 16).

In the early 1980s, four trials showed there
was more accurate pregnancy dating and a
higher rate of detection of twins in US-screened
groups (19–22). However, an improvement in
overall pregnancy outcome was not docu-
mented. Five randomized trials in the 1990s
showed that routine US was associated with a
decrease in labor inductions and earlier twin
detection. No difference in birth weight or
NICU admission rates, however, was noted
(23–25). In the Cochrane review of nine trials
in 2001, routine US was found to be useful
in the calculation of gestational age and was
associated with reduced rates of induction of
labor for post-term pregnancy (odds ratio 0.61,
95% confidence interval 0.52–0.72). Routine US
was also found to be useful in the early iden-
tification of multiple pregnancies, important in
management, and delivery planning (twins
undiagnosed at 26 weeks odds ratio 0.08; 95%
confidence interval 0.04–0.16) (15). However,
in their analysis, routine US in low-risk preg-
nant women did not appear to decrease peri-
natal morbidity and mortality (odds ratio 0.86;
95% CI 0.67–1.12) (strong evidence) unless the
detection of a fetal abnormality was a specific
aim of the exam (moderate to strong evidence).

The 1993 Routine Antenatal Diagnostic Imag-
ing with US (RADIUS) trial was a multicenter
randomized study of 15,000 low-risk women
who were randomized to either routine US
exams in the second and third trimester or only
when specific clinical concern occurred (10).
US was useful in the detection of unsuspected
twins, placenta previa, and assignation of ges-
tational age (strong evidence). The US exam
in this series, however, was not comprehen-
sive with regard to evaluating fetal anomalies
and thus did not take into account pregnancies
that might have been terminated if an anomaly
was detected. Because of this, the RADIUS evi-
dence failed to disclose a benefit in either peri-
natal morbidity or mortality. Detection rate for
anomalies for this series was low (16.6%) as
compared to European studies (51%) during
the same time period. If the detection rate had
been as good as the European studies, a demon-
strable benefit to screening would have been
shown (12).

In a similar randomized trial of 9,310 preg-
nant women in Helsinki by Saari-Kemppainen
et al. a decrease in perinatal mortality was
reported among the US-screened group (9
per 1,000 to 4.6 per 1,000) (7). This was felt
to be due to the high rate of detection of
fetal anomalies in this European series (58%
of major malformations identified before 24
weeks) with subsequent termination of these
fetuses (7).

As the focus of routine US shifts to optimiz-
ing the rate of fetal anomaly detection, routine
sonography is cost-effective and has the poten-
tial to decrease neonatal mortality if rate of
anomaly detection exceeds 35% (provided par-
ents elect pregnancy termination). If the detec-
tion rate of anomalies by US is less than 35%
(due to inexperienced sonographers/ incom-
plete surveys) or the family does not elect to
terminate, the neonatal mortality rate may not
decrease despite routine screening. A meta-
analysis by Bucher et al. based on four random-
ized clinical trials found the perinatal mortal-
ity rate lower in patients with routine scanning
due to early detection of fetal anomalies leading
to terminations (odds ratio 0.64; 95% confidence
interval 0.43–0.97) (26). Some anomalies are best
visualized near the end of 24 weeks while oth-
ers can be identified much earlier (27). Pregnant
women requesting US to assess fetal normalcy
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should have a midtrimester exam by a highly
experience sonographer with a comprehensive
detailed assessment of fetal heart, extremities,
and face.

Numerous reports have described improved
resolution and identification of additional fetal
anomalies by MR. In these small series, the
impact of parental counseling and perinatal
management has been described.

II. Does Third Trimester Fetal
Imaging Improve Maternal or Fetal
Outcome?

Summary of Evidence: Routine third trimester
US and Doppler studies in low-risk popula-
tions have so far not been shown to benefit
the mother or fetus (moderate evidence). Thus,
US and Doppler studies currently are used
selectively when specific clinical indications are
present (moderate to strong evidence) (16). The
lack of data on maternal psychologic effects and
effects on both short and long-term neonatal
childhood outcome, however, limits the current
evidence.

When a fetal anomaly is detected after 24
weeks gestation, MR may provide additional
information as studies are not limited by fetal
position, overlying fat or bone, oligohydram-
nios and provide a large field with multiplanar
images. These additional findings may affect
counseling, direct prenatal intervention, influ-
ence delivery planning, and neonatal manage-
ment (limited evidence).

Supporting Evidence

Ultrasound

In a meta-analysis of seven trials recruiting
25,000 women, no difference in antenatal obstet-
ric and neonatal intervention or morbidity was
identified in those screened routinely in late
pregnancy versus those imaged only for spe-
cific indications (16). There was no associated
improvement in overall perinatal mortality. In
one trial, placental grading as an adjunct to
the third trimester scan was associated with a
reduction in the stillbirth rate. Limitations of
this review include lack of data with regard to
both maternal psychological effects and long-

term pediatric outcomes such as neurodevelop-
ment (16).

Doppler US Velocimetry

Doppler US velocimetry (the blood flow rate)
of the uterine, umbilical, and fetal vessels
has been shown to provide the clinician with
important information on hemodynamics in
the third trimester, particularly those at high
risk (i.e., intrauterine growth retardation, congen-
ital heart disease). Gestational age-related refer-
ence values have been established for mater-
nal uterine artery, arcuate artery, umbilical
artery, as well as fetal cerebral, aortic, renal,
and femoral arteries. Uterine arterial remod-
eling occurs following successful placentation
with decrease in intimal muscle resulting in
increasing diastolic flow and loss of elasticity
(28). Diastolic velocities increase with advanc-
ing gestation. Intrauterine growth retardation
(IUGR) has been reported when pulsitility or
resistance indices increase or notching in the
waveform at end-systole develops at 22–24
weeks gestation (28, 29). Uterine flow veloc-
ity waveforms are useful in predicting the
frequency and severity of preeclampsia and
IUGR (28, 30, 31). Umbilical arterial flow using
the systolic/diastolic (S/D) ratio is also useful
to assess decline in placental resistance with
advancing gestational age. The umbilical artery
peak systolic flow velocity gradually decreases
while diastolic flow velocity increases. In
growth-retarded fetuses and fetuses developing
intrauterine distress, the umbilical artery wave-
form changes as placental vascular resistance
increases.

Applied as a screening test in an unselected
pregnant population, umbilical velocimetry has
not been found to be cost-effective (16, 32) as a
significant change in indices does not develop
until more than 60% of the terminal placental
arteries are obliterated (Strong Evidence) (31).
On the other hand, in preselected populations
of high-risk pregnancies, Doppler of the umbil-
ical artery has a high predictive value with
regard to diagnosing fetal compromise (33).
The fetus with an abnormal umbilical artery
velocimetry will redistribute blood flow to the
heart and brain (34). Fetal brain sparing dur-
ing hypoxia is characterized by an increase in
diastolic and mean blood flow velocity in the
middle cerebral artery and helps identify fetal
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distress in high-risk populations (41, 42).
Abnormal intrauterine umbilical and fetal
blood flow Doppler velocities are associated
with higher mortality and morbidity in the
neonatal period. Long-term follow-up studies
have showed an association between the abnor-
mal intrauterine umbilical and fetal blood flow
and subsequent postnatal neurodevelopmental
impairment including mental retardation and
severe motor impairment (34–36).

MRI

Magnetic Resonance Imaging (MRI) is a more
expensive modality that uses no ionizing radia-
tion, has excellent tissue contrast, and can pro-
vide a large field of view. Limitations of sonog-
raphy resulting from decreased amniotic fluid
volume, fetal positioning, and acoustic shadow-
ing from the ossifying skull, and maternal body
habitus can be overcome by fetal MR imaging.

As the identification of fetal anomalies influ-
ences the perinatal mortality and morbidity
rate, MRI can play a role in perinatal manage-
ment after 24 weeks gestation. Numerous series
have demonstrated improved resolution of fetal
anomalies in cases initially identified by US (37–
49). While these series are small, the confir-
mation of US findings and the demonstration
of additional anomalies have been shown to
affect counseling, delivery planning, and imme-
diate postnatal care. MRI evaluation of spe-
cific anomalies such as airway masses, sacro-
coccygeal teratomas, and meningomyeloceles
have allowed for the planning and execution of
in utero surgery. When fetal surgery is not an
option, the fetal MRI has been used for postna-
tal surgical planning (30, 38). No large random-
ized prospective studies, however, are currently
available concerning the use of fetal MR for a
specific indication.

III. Is US Safe for Imaging the Fetus?

Summary of Evidence: Diagnostic ultrasound is
based on the detection and display of acous-
tic energy that is reflected from various tis-
sue interfaces. Sound frequencies used for diag-
nostic applications typically range from 2 to
15 MHz. After three decades of extensive
human use, there are no known reports of harm
(strong evidence). In vitro and animal exper-

iments, however, have shown that prolonged
insonation can produce bioeffects by thermal,
cavitational, or other mechanisms (50–53). Epi-
demiological data are reassuring, but are based
on early US devices that had substantially lower
energy output than current machines. Thus,
there remains some concern that the potential
for tissue heating could exceed safety limits if
pulsed and color Doppler, particularly in the
first trimester, are used for prolonged periods
of dwell time.

Supporting Evidence: The Food and Drug
Administration (FDA) allows current instru-
ments to have higher acoustic energy output
than in the past as long as they display
energy output as thermal index (TI) and
mechanical index (MI) as guides for heat- and
cavitation-induced bioeffects. No indepen-
dently confirmed experimental evidence has
demonstrated damage in animal models below
a thermal index (TI) of 2 and a mechanical index
(MI) of less than 0.3. The American Institute
of Ultrasound in Medicine (AIUM) Bioeffects
Committee states that “no confirmed biological
effects on patients or instrument operators
caused by exposure at intensities typical of
present diagnostic US instruments have ever
been reported. Although the possibility exists
that such biological effects may be identified
in the future, current data indicate that the
benefits to patients with the prudent use of
diagnostic US outweigh the risks, if any, that
may be present” (54).

Recommendations for obstetric US exposure
suggest that the principles of ALARA (as low
as reasonably achievable) should be followed
because of the potential for tissue heating.
Operators can minimize risk by limiting dwell
time, limiting exposure to critical structures,
and following equipment-generated exposure
information.

A high degree of safety has been established
for exposures to spatial peak temporal aver-
age intensities of <100 mW/cm2. Several epi-
demiologic studies have reported no increase
in the incidence of fetal death, abnormality,
intrauterine growth retardation, or malignancy
with up to 12-year follow-up (50–53) (moder-
ate to strong evidence). One large randomized
control study compared neonatal and pediatric
outcomes in fetuses who underwent repeated
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prenatal US from those given one routine
US and demonstrated smaller average birth
weights in those with repeated exposure to
prenatal US. However, long-term follow-up of
these children showed normal catch-up growth
and normal hehavioral and cognitive func-
tion (55). Another study also demonstrated no
behavioral or neurologic effects on reading,
dyslexia, writing, math, or overall school per-
formances at age 8–9 (56). An association with
non-right handedness and prenatal US expo-
sure has been reported in two randomized stud-
ies (57). Associated left handedness in males
was shown in a cohort study (58). These studies
require further investigation as these were sta-
tistical associations with no definite neurologic
deficits noted.

Higher acoustic output and energy deposi-
tion in tissues is of concern as more imag-
ing is performed in the first trimester with
longer exposure times particularly with the
use of Doppler. Acoustic outputs from modern
devices have increased 10–15 fold and epidemi-
ologic evidence is from B-mode scanners used
20 years ago (59, 60). Potential for tissue heat-
ing when the thermal index exceeds 1 has been
evaluated in fetal sheep (33). Exposure can be
reduced through the use of output control and
by reducing the amount of time the beam is
focused on one place. All diagnostic US devices
should also comply with FDA output display
standards—MI and TI < 1 (53).

IV. Is MRI Safe for Imaging the
Fetus?

Summary of Evidence: Currently, there is no def-
inite evidence that MR imaging using clinical
parameters produces harmful effects on human
embryos or fetuses. However, the long-term
safety of MRI exposure to the fetus has not been
definitively demonstrated.

There are two potential safety issues for fetal
MR imaging—teratogenic effects and acous-
tic damage. Reassuring evidence in both ani-
mals and humans suggests that the acoustic
noise does not damage fetal hearing. There
has been concern that prolonged exposure to
high-field magnetic resonance imaging could
potentially affect embryogenesis, chromoso-
mal structure, or fetal development. Compli-

ance with U.S. Food and Drug Administration
(FDA) and International Commission on Non-
Ionizing Radiation Protection (ICNIRP) guide-
lines requires control of specific absorption rate
(SAR) values. The UK’s Medical Device Agency
(MDA) guidelines require control of the maxi-
mum SAR (10 W/kg) within the fetus. Single-
shot fast spin echo (ssFSE/HASTE) sequences
on 1.5 T magnets often require operation at the
SAR limits imposed by safety guidelines. With
higher field strength magnets (e.g., 3 T), these
limits may be even more significant for fetal
imaging (61, 62).

Because of the potential risk of MR imaging to
the developing fetus and the current limitations
of resolution due to small size and fetal motion
artifact in the first trimester, imaging after 18
weeks gestation is suggested.

Supporting Evidence: Many studies have been
performed to assess the safety of MR imag-
ing in pregnant animals and animal embryos.
However, there is a lack of consensus as to
whether there is an actual risk to the fetus (63–
66). These studies used MR scanners of differ-
ing field strengths and differing scanning con-
ditions, including a range of radio-frequencies,
scan times, and gradient magnetic fields. Thus,
it is difficult to directly extrapolate these ani-
mal studies to clinical human fetal MR exami-
nations.

Studies on the safety of MR imaging in
pregnant women are limited as well. Several
series have shown no adverse long-term effects
of fetal MR in children who were imaged as
fetuses, though sample sizes were small (67–
72). There is concern that with higher strength
units and prolonged times, biological effects
may be noted if applied at sensitive stages of
fetal development. Potential side effects of the
echo planar technique on the fetal ear have been
suggested but have not been documented on
follow-up studies (68). The American College
of Radiology white paper on MR safety pub-
lished in 2002 states that “Pregnant patients
can be accepted to undergo MR images at any
stage of pregnancy if, in the determination of
an attending radiologist, the risk–benefit ratio
to the patient warrants that the study be per-
formed” (73).

Gadolinium contrast material crosses the pla-
centa, fetal urine excretion then occurs with
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a cycle of swallowing and excreting the con-
trast. Elimination time is unknown but pro-
longed. Fetal animal studies have demonstrated
growth retardation, visual problems, and bone
and visceral anomalies after administration of
high doses of the drug (Magnevist R© prod-
uct information, Bayer HealthCare). Thus, the
use of gadolinium is not recommended for
fetal MRI.

V. What Is the Diagnostic
Performance of US and MRI in the
Assessment of Fetal Anomalies?

Summary of Evidence: There is a wide range in
reported sensitivities (14–85%) of US in iden-
tifying specific anomalies that is dependant
on the type of anomaly, gestational age at
time of the study, the skill of the sonogra-
pher, and whether the population is at high
or low risk for anomalies (74–78). The great-
est accuracies are reported in renal and cra-
nial anomalies. Pregnant women requesting
fetal US should have a midtrimester exam
by an experienced sonographer with a com-
prehensive, detailed assessment that includes
the fetal heart, spine, extremities, and face.
Structural abnormalities that can be most reli-
ably diagnosed by US include hydrocephalus,
anencephaly, myelomeningocele, skeletal dys-
plasias, omphalocele, gastroschisis, duodenal
atresia, cleft lip, renal abnormalities, and a vari-
ety of congenital cardiac abnormalities. MRI
detects 5–50% of anomalies missed by US with
the lower number reflecting US performed by
more experienced users.

Supporting Evidence

Ultrasound

US is the initial imaging modality of choice for
the assessment of the fetus. Yet, it is opera-
tor dependent, and factors such as fetal posi-
tion, maternal obesity, overlying bone, gas,
and oligohydramnios can limit the examina-
tion. Factors influencing accuracy include skill
of sonographer, equipment quality, number of
studies done, gestational age at time of exam,
type of defect, maternal body habitus, and exam
protocol. Structural abnormalities such as cere-
bral malformations lesions can be sonographi-
cally occult.

The US accuracy in detecting abnormalities
in the low-risk population has been variable
in numerous series. Sensitivities for identifica-
tion of an anomaly have ranged from as low
as 14% to as high as 85% while specificities
have ranged from 93 to 99% (74–78) One of
the largest studies of fetal anomaly detection
with US screening was the Eurofetus study
which included 200,000 women from 14 Euro-
pean countries. US exams performed between
18 and 22 weeks identified 56% of anomalies
(73% of major anomalies) (79). The anomalies
best detected in this study were renal (89%)
and CNS (88%). Less successful were the iden-
tification of cardiac (major 39%, minor 21%),
and musculoskeletal (73% major, 18% minor)
anomalies. There was an 84% true-positive rate
and 10% false-positive rate (79).

Centers that had the best sensitivities were
using the most recent equipment on popula-
tions at high risk for anomalies. Other studies
have also demonstrated that targeted exams on
high-risk patients have a higher accuracy (sen-
sitivity 86–99%, specificity 91–100%) (80–82).

In the Eurofetus study, Levi and Montenagro
demonstrated that detection rates were higher
when performed in hospitals by certified tech-
nicians (60–80%) versus those performed in a
doctor’s office (25–30%) (79). The RADIUS trial
also showed that operator experience was a crit-
ical factor in assessing efficacy of US screening.
Experience of the sonographers had a measur-
able impact on anomaly detection. Highly expe-
rienced sonographers detected 35% of anoma-
lies compared with only 13% by less experi-
enced sonographers (10).

The number of exams and gestational age at
the time the exam is performed influence detec-
tion rate as well. Thirty-eight percent of anoma-
lies diagnosed in the Eurofetus study were iden-
tified after 29 weeks (83). This may be due to the
fact that some anomalies become apparent or
developed later in pregnancy (84). In a review
of 17 registries, the overall prenatal detection
rate was 64% (25–88% across regions). In this
series gestational age at time of diagnosis was
less than 24 weeks for 68% of cases (p<0.0001)
(82).

When comparing US findings to postnatal
MRI, the MRI demonstrated additional anoma-
lies in 56% of patients (40). Similarly, when
comparing US findings to autopsy results, US
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often does not identify all anomalies. Kaiser et
al. noted additional findings were identified at
autopsy in 51% of fetuses aborted because of
an abnormality noted on prenatal sonography.
There was a 3% false-positive rate (failure to
confirm anomaly for which the termination was
carried out) (85).

MRI

Magnetic Resonance Imaging (MRI) is a more
expensive modality that uses no ionizing radia-
tion, has excellent tissue contrast, and can pro-
vide a large field of view. Limitations of sonog-
raphy resulting from decreased amniotic fluid
volume, fetal positioning, and acoustic shadow-
ing from the ossifying skull, and maternal body
habitus can be overcome by fetal MR imaging.
Fetal MR imaging allows direct visualization
of both sides of the fetal brain in any plane,
detailed evaluation of the developing brain,
including direct visualization and assessment of
the developing cortex, sulci, and olfactory bulbs
which are extremely difficult to visualize with
sonography (40, 44, 86, 87). Structural abnor-
malities such as heterotopias, cerebellar dyspla-
sia, encephalomalacia, and cervical masses can
be sonographically occult yet identified by fetal
MRI (41, 88–92).

Interpreting fetal MRI can be challenging as
structures are small and change with fetal mat-
uration. Fetal motion particularly in early gesta-
tion or in the presence of polyhydramnios limits
resolution. While obesity is not as limiting with
MR compared to US, table limits (usually 350
pounds or less) and type of coil used may limit
image quality.

Limitations in fetal MR accuracy include
short pulse sequence options to decrease fetal
movement artifact, with resultant low signal-
to-noise ratio. Currently no coils are dedi-
cated to in utero imaging. Available phased
array coils and parallel acquisition can help
improve the signal. Fetal motion artifact may
affect image quality particularly in earlier ges-
tation limiting the ability to obtain true sagit-
tal images. Studies performed in the second
trimester may be too early to identify devel-
opmental anomalies yet to occur. No high-
resolution T1w imaging is currently available,
so small foci of cortical malformation may be
missed.

The lack of understanding of normal tem-
poral and structural fetal development may
compromise interpretations. For example, infe-
rior vermian hypoplasia has been overdiag-
nosed by fetal MRI (93, 94). Delay between
known anatomic stages of development and
those detected by fetal MRI has been noted to
lag up to 5 weeks (95).

The rate of detection of fetal-associated
abnormalities missed by US varies from 5 to
50% in large part due to inexperience of the
sonographer. MRI is not as operator depen-
dent and does not face the same limitations as
US with regard to overlying bone, fat, oligo-
hydramnios, and fetal lie. Many studies have
shown that fetal MR imaging can detect sono-
graphically occult abnormalities in up to 50% of
cases studied for a variety of indications (39–43,
48, 95, 96).

Some studies have disputed the superiority
of MR. One study noted that US by experienced
sonographers was as good or even better than
MR in the detection of fetal CNS anomalies (37).
In their series of 42 cases, they concluded the
major role of MRI was reassuring parents con-
cerning the presence or absence of brain anoma-
lies.

Inexperience in fetal MR interpretation with
lack of long-term follow-up data limits the
assessment of current MR sensitivity and speci-
ficity. While MR has added diagnostic speci-
ficity for the diagnosis of posterior fossa anoma-
lies, posterior fossa dysgenesis remains chal-
lenging due to both false-positive and false-
negative diagnosis (83, 97–99).

Comparing US to MR in the assessment of
ventriculomegaly, Benacerraf et al. noted that
MRI provided additional information in only
2/14 cases with isolated ventriculomegaly (46).
However, of 12 cases with ventriculomegaly
and other CNS anomalies, MRI identified addi-
tional anomalies which influenced outcome in
10 cases (migrational abnormalities (n = 4),
porencephaly (n = 4), one diagnosis each of
abnormal myelination, hypoplasia of the cor-
pus callosum, microcephaly, a kinked brain
stem, and cerebellar hypoplasia). They con-
cluded that while US was an accurate diag-
nostic modality for the evaluation of fetuses,
MRI added important additional information in
fetuses with ventriculomegaly.
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The variability of US performance makes
comparison of MR and US accuracy problem-
atic. It is best to view MR as a complemen-
tary tool to problem solve in special cases of
US abnormal findings. The results of fetal MR
imaging, whether verifying absence of abnor-
mality, confirming sonographically detected
abnormalities, or discovering additional abnor-
malities that were not apparent by sonogra-
phy, have been shown to affect clinical decision-
making during pregnancy by both physicians
and parents. Fetal MR results affect patient
counseling and result in changes in pregnancy
management in nearly half of cases (40, 100).

VI. What Is the Role of MR Imaging
in the Evaluation of the Fetus?

Summary of Evidence: Over 1,000 articles have
been published on fetal MRI since 1983. Fetal
MRI has been particularly helpful with the diag-
nosis and management of suspected fetal CNS
abnormalities on US (37–40). Fetal MRI can aid
in the diagnosis of ventriculomegaly, agenesis
of the corpus callosum, posterior fossa abnor-
malities, cortical gyral malformation, hemor-
rhages, holoprosencephaly, and vascular mal-
formations. MRI has changed the diagnosis and
aided in the management of many cases of sus-
pected CNS abnormalities on US (44, 101–104).

Fetal MRI is performed to assess central ner-
vous system abnormalities and cases in which
fetal surgery is being considered (neural tube
defects, congenital diaphragmatic hernia, and
masses that obstruct the airway). Complex
anomalies including sacrococcygeal teratomas
and conjoined twins benefit from the large field
of view (75, 105). When oligohydramnios is
present, MR may better demonstrate anatomy
(48). The American College of Radiology Guide-
lines for MRI of the female pelvis has amended
its indication for pelvic MRI to include the iden-
tification of congenital fetal anomalies (106).

Supporting Evidence: MRI can clarify the diag-
nosis and help patients make decisions such as
whether to continue with the pregnancy (95).
Limitations of MRI include expense, lack of
availability, maternal claustrophobia and anxi-
ety, maternal obesity (table weight limit), fetal
motion particularly in the presence of polyhy-

dramnios, and chemical shift artifacts. Vascular
hemodynamics, cardiac assessment and limb
evaluation are limited. There continues to be
a lack of normal values particularly volumet-
ric data. Limitations in accurate interpretation
of images exist. Greater understanding of tem-
poral and structural variations in fetal develop-
ment is still required. Large prospective studies
using serial and quantitative MR in both normal
and abnormal fetuses with long-term outcome
is critical for true determination of MR accuracy
in counseling

Levine et al. compared 242 US studies and
242 MRI studies in 214 fetuses with suspected
CNS anomalies. At confirmatory level 2 US,
69 fetuses had normal CNS imaging. Eighty
percent of the fetuses had postnatal follow-up.
Fetal MRI provided additional information in
50% of cases, revealing new major CNS findings
in 32%. In patients with previable fetuses, the
information was used to help decide whether to
continue the pregnancy. In patients with viable
fetuses the information was used to help deter-
mine the mode and location of delivery (107).

In monochorionic twin pregnancies compli-
cated by intrauterine fetal demise or twin to
twin transfusion syndrome, fetal MRI has been
useful in the diagnosis of multicystic encephalo-
malacia (108, 109). MRI has also been shown to
be useful in the assessment of conjoined twin
anatomy due to its large field of view (110).

MRI has been useful in the assessment of
fetal airway compression by neck masses so that
in utero surgery and/or ex utero intrapartum
treatment procedure (EXIT) deliveries can be
planned (41, 111). Fetal lung volume measure-
ments may be helpful when assessing outcome
for congenital diaphragmatic hernias and con-
genital lung masses (112, 113).

Numerous series have attempted to compare
MR findings to US results and postnatal find-
ings. These series, however, remain small in
number with long-term outcome data not yet
available on a large scale.

Fetal MR imaging has become an increas-
ingly important tool in evaluating fetuses that
have abnormalities suspected on the basis of
family history or fetal sonography. While fetal
MRI is not recommended as a primary imaging
method, with continuing improvements in tech-
nology, MR will continue to be a rapidly grow-
ing field in future years.
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Take Home Tables

Tables 41.1 and 41.2 discuss the performance
characteristics of imaging studies for detection
of fetal anomalies and present algorithms for
imaging fetal anomalies, respectively.

Table 41.1. Performance characteristics of imaging studies for detection of fetal
anomalies (references in parentheses)

Modality Sensitivity (%) Specificity (%)

US∗ 14–99 (9–13, 74–82) 93–99 (9–13, 74–82)
Low-risk population 14–74 (10, 13, 74–79) 98–99 (74–79)
High-risk population 86–9 (13, 79–82) 95–99 (79–82)
Inexperienced operator 14–35 (9, 10, 12, 13, 79)
Experienced operator 51–99 (7, 12, 13, 79–82) 91–100 (80–82)
Major anomalies (79) 73 (79)
Renal anomalies 89
CNS anomalies 88
Cardiac anomalies – major 39
Cardiac anomalies – minor 21
Musculoskeletal – major 73
Musculoskeletal – minor 18

MRI∗∗ Not available Not available

Inexperienced US operators 50–56% additional detection
rates of fetal anomalies over
US (40)

Experienced US operators 5–50% additional detection
rates of fetal anomalies over
US (37, 40, 46, 107)

∗18–22-week gestation screening US.
∗∗MRI at third trimester or late second trimester.

Table 41.2. Algorithm for fetal imaging
<24 weeks gestation >24 weeks gestation

Routine US if indication is present or if
mother requests it

US if indication is present

Doppler velocimetry screening for high-risk
pregnancy

Doppler velocimetry screening for high-risk
pregnancy

MR after 18 weeks gestation if
US identifies an abnormality that could be
better delineated by MR (i.e., CNS, chest)

MR if US identifies an abnormality that may
be better delineated by MR (i.e., CNS, chest)
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Imaging Case Studies

Case 1

Figure 41.1 presents a case of osteogenesis
imperfecta.

Figure 41.1. A: 13-week gestation transvaginal ultrasound demonstrates edema surrounding the skull
(arrows) consistent with a large cystic hygroma. The skull appears poorly mineralized in this transverse view.
B: Coronal image of the fetal chest at 13 weeks gestation demonstrates a short humerus (cursers) and irregular
ribs. Autopsy confirmed the diagnosis of osteogenesis imperfecta.

Case 2

Figure 41.2 presents a case of agenesis of
the corpus callosum which is associated with
colpocephaly.

Figure 41.2. A: Transverse US image of a 23-week fetal brain. There is mild ventriculomegaly measuring
11 mm with a tear drop configuration of the lateral ventricle suggestive of colpocephaly. B: Coronal MRI
performed on the same day confirmed the presence of agenesis of the corpus callosum which is associated
with colpocephaly.
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Case 3

Figure 41.3 presents a case of mild ventricu-
lomegaly, absent septum pellucidum, suggest-
ing a diagnosis of septo-optic dysplasia. Addi-
tional cranial anomalies including bilateral
open lip schizencephaly are found.

Figure 41.3. A: Transverse sonogram of the fetal brain at 33 weeks gestation demonstrates mild ventricu-
lomegaly and absent septum pellucidum, suggesting a diagnosis of septo-optic dysplasia. B: Fetal MRI per-
formed on the same day confirmed US findings and demonstrates additional cranial anomalies including
bilateral open lip schizencephaly (arrows).
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Case 4

Figure 41.4 presents a case of sacrococcygeal
teratoma

Figure 41.4. Longitudinal MR image of a 20-week fetus demonstrates a large cystic mass in the buttocks region
consistent with a sacrococcygeal teratoma (arrow). There was no intra-abdominal extension.

Suggested Imaging Protocols for Fetal
Anomalies

Ultrasound

Standard fetal anatomic survey:

• transverse and longitudinal scan of uterus, 3
VC, amniotic fluid

• BPD, HC, Skull shape, cavum septum pel-
lucidum, thalami, ventricles, cerebellum,
nuchal skin fold, profile, nose/lips, orbits,
palate, spine – cor, sag, transverse planes

• Cardiac – 4CV, RVOT, LVOT, aortic arch, duc-
tal arch

• AC, kidneys, cord insertion, bladder, FL, four
extremities.

• Curved array C3-9 mHz transducers
• Linear transducer L8–12 mHz for spine and

renal anomalies.
• 3D/4D transducers for facial, extremity, car-

diac anomalies.
• Transvaginal probes for early gestation, cra-

nial anomalies.

MRI

Exams are performed without sedation or
contrast:

• Body coil or body torso phased array surface
coil

• Quiet maternal breathing in supine or decu-
bitus position (for maternal comfort)
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• Coronal or Sagittal Scout with respect to
mother—large field of view T2w Single Shot
FSE-TSE/ SSFSE/HASTE

• Three planes with respect to fetal head—
small field of view 3–5 mm T2w Single Shot
FSE-TSE/SSFSE/HASTE

• Three planes with respect to fetal body—
small field of view 3–5 mm T2w Single Shot
FSE-TSE /SSFSE/HASTE

• Small field of view—3–5 mm balanced
FFE/FIESTA/2DtruFISP/heavy T2w hydro-
graphy through areas of interest

• Coronal and/or Sag T1w GRE/MPGR
T1/FLASH T1

• Coronal/Axial and/or EPI as needed

Future Research

• Should fetal MRI be used routinely as an
adjunct when US identifies a fetal anomaly?

• Which fetal anomalies benefit most from fur-
ther evaluation by MRI?

• Standard fetal MRI measurement methods
and normal measurements (included vol-
umes) need to be established.

• Do higher strength magnets (≥3 T) provide
improved fetal resolution?

• Are these higher strength magnets safe for
fetal use?

• Can diffusion-weighted, diffusion tensor
imaging, proton magnetic resonance spec-
troscopy (H-MRS) and functional MRI con-
tribute to our understanding of normal as
well as abnormal fetal brain development?.

• Can faster fetal MRI techniques be devel-
oped to evaluate the fetal heart?
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