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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]. BM]J 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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Medicine is a science of uncertainty and an art of probability.

I. 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
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Issues

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 (P<)

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”
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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) Percentage of GDP in

Male Female
United States 753 803
United Kingdom 774 814
Australia 795 845

Per capita health
health care (2003) (%) expenditure (2007)
15.2 $6,096
7.8 $2,560
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/.



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-
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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 Randomization

follow-up of subjects Controls
Case report No No No
or series
Cross- No No Yes
sectional
study
Case—control No No Yes
study
Cohort study Yes/no No Yes
Randomized Yes Yes Yes
controlled
trial

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-



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
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Table 1.3. Two-way table of diagnostic testing

gold standard)
Present
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 x 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
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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).)



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-
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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



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
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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.

FE. Applying the Evidence

The final step in the EBI process is to apply
the summary results of the medical literature to



12 L.S. Medina et al.

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



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-
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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 EBIL 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.



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 @+ad/a+b+c+d)
d. Accuracy @+d/@+b+c+d
e. Positive a/(a+b)
predictive
value?
f. Negative d/(c+d)
predictive
value?
g. 95% p+1.96,/ A =9
confidence 1D

p = proportion
n = number of
subjects

Sensitivity _ a(b+d)
T—Specificity — b(atc)

interval (CI)

h. Likelihood
ratio

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

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

B. Pretest Probability (Prevalence) Sensitivity/
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

No disease (no carotid

disease) artery disease) Total
Test positive (positive 20 10 30
CTA)
Test negative (negative 4 120 124
CTA)
Total 24 130 154
Example 2: High prevalence of carotid artery disease.
Disease (carotid artery No disease(no carotid
disease) artery disease) Total
Test positive (positive 500 10 510
CTA)
Test negative (negative 100 120 220
CTA)
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

C. Craig Blackmore, L. Santiago Medina, James G. Ravenel, Gerard A. Silvestri,

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 (D<)

and Kimberly E. Applegate

Issues

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 11, 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



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% Cls 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 Cls 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%
ClIs are wider than 95%, and 90% ClIs are nar-
rower than 95%. Wider Cls 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
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indicate the value of the larger sample size. For
a smaller sample

0

O
200 £ 14 = 186 — 214

95% CI=200+£1 ( >
95% CI =

For a larger sample

50
95% CI =200 £1.96 [ ——
A/ 500)
95% CI =200 +4 =196 — 204
In the smaller series, the 95% CI was

186214 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-B), where B 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 B 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
B at 0. In addition, ideally « 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 (8) and false positives («)
to a minimum (3, 9). Achieving an acceptable
reduction of false negatives and false positives
requires a large subject sample size. Optimal
power, « and B, settings are based on a balance
between scientific rigorousness and the issues
of feasibility and cost. For example, assuming
an « 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.

II1. 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
onnormal 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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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 ]G, 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
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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 ]G, 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



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).
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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 Il 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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Radiation Risk from Medical
Imaging in Children

Donald P. Frush and Kimberly E. Applegate

I. Is there a cancer risk from low-level radiation used in medical Issues

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

Medical radiation currently accounts for an increasing percentage Key Points
(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).

D.P. Frush (PX)
Professor of Radiology and Pediatrics, Division of Pediatric Radiology, Department of Radiology, Duke Medical
Center, Durham, NC 27710, USA
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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).

Itis 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.ncbinlm.
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 mSy,
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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



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

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 1in 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
1cGy =1rad

1 mGy= 100 mrad
Equivalent dose—Sievert (Sv)—rem (rem) is prior

unit
Sv = Gy x 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).
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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
Expected Fitted Expected

Dose (Sv) People Deaths background excess background

<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
RR?: 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

42-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
@1).
OR: odds ratio; CI: confidence interval.
Table 3.8. Relative radiation doses for children
Estimated effective
Source 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
Benign condition, No. of irradiated Mean age = Mean dose
cohort subjects (years) (Gy) ERR/Gy (95% CI)
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,? 11,914 <1.5 0.1 7.5 (0.4-18)
Gotenburg
Hemangioma,? 14,435 <15 0.3 4.9 (1.3-10)
Stockholm
Enlarged tonsils, 2,634 4 0.6 2.5 (0.6-26)
Chicago
Thymus, Rochester, NY 2,650 <1 14 9.1 (3.6-29)
Hemangioma (pooled)® 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)
Tinea capitis, Israel 10,834 7.1 0.3 Not available
Hemangioma (pooled)* 28,008 0.5 0.1 1.6 (0.6 to 5.5)
Tinea capitis, Israel 10,834 7.1 1.5 4.6 (2.4-9.1)°
1.5 2.0 (0.7-4.7)¢
Hemangioma (pooled)* 28,008 0.5 0.1 2.7 (1.0-5.6)4
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)

4Radium-226 treatment.

bBenign tumor only.

“Malignant 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).



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

400%

300%

200%

% increase

100%

0%

-100%

1 2 3 4
year, 2000—2006

—&— head

—e— cervical spine
—am— chest

—a— abdomen
—— miscellaneous

- —- pediatric ED
volume

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

I. What is the role of imaging in the diagnosis of craniosynostosis? Issues

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?

Plain skull radiography demonstrates moderate to high sensitivity and Key Points
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.

D.N. Vinocur (<)
Department of Radiology, Children’s Hospital Boston. Harvard Medical School. Boston, Massachusetts
e-mail: daniel.vinocur@childrens.harvard.edu

L.S. Medina et al. (eds.), Evidence-Based Imaging in Pediatrics, 43
DOI 10.1007 /978-1-4419-0922-0_4, © Springer Science+Business Media, LLC 2010



44 D.N. Vinocur and L.S. Medina

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



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
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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).

Bomne 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).



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
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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.

IIL. 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



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-

Non-syndromic

Plain radiographs

Figure 4.1. Suggested diagnostic approach
algorithm. Summary of the best imaging
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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 |

3-DCT

O

or equivocal

©

approach according to suspected syndromic

| Clinical Follow-up !

| Surgical Consultation |

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)
CT?P (experienced reviewer)
Sensitivity (%) 96 93-96 (26)
Specificity (%) 100 95-100 (26)
CT?P (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)
2CT with 3D reconstructions.
PGood 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 ($) Total cost® ($) Medicaid® ($)
Skull radiography 44 76 38
3D-CT 80 191 261
Sedation 70 121 0¢
CT plus sedation 150 312 261

@Medical center cost estimates include direct (fixed and variable) and indirect (overhead) costs.
bMedicaid reimbursement (Ohio). This cost was used for the case-based study.

“Sedation 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 (") 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.

e 120kVp

e 200 mA

e Thickness 2.5 mm

e 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

e 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.

e 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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Sickle Cell Disease and Stroke

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

I. 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?

Implementation of the Stroke Prevention Trial in Sickle Cell Anemia Key Points
(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 (SB+ or SBP). 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 HbSB? 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



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-

Chapter 5 Sickle Cell Disease and Stroke 55

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 SBO thalassemia (SCD-
Sp%), 1.29% for SCD-SB*, 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
anormal 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 T,-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



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
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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® (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

CcT

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



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-['®F]fluoro-p-
glucose (FDG) and evaluate microvascular per-
fusion (['°0O]H,0) (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
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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).

ITII. 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



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).
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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 x 10 /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). MRl 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.
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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-p*  Hb S-p°

Overall incidence 0.61 0.17
Age-adjusted incidence 0.61 0.15
Overall prevalence 4.07 0.80
Age-adjusted prevalence 4.01 0.84

0.11 0.10
0.09 0.08
1.48 1.56
1.29 243

Total
0.46

3.75

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

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

Initial event

Symptomatic stroke
— Before age 20
— After age 20
Silent infarct

Events per 100
patient-years

6.4
1.6
0.54

Data from Ohene-Frempong et al.
et al. (40).

(12) and from Balkaran

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

TCD velocity (cm/s)

>200
>170
<170

Stroke risk (%)

40
7
2

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

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

0
B5bpm

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
B-thalassemia?

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

¢ Isadvanced 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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Imaging of Hypoxic-Ischemic
Encephalopathy in the Full-Term
Neonate

Amit M. Mathur and Robert C. McKinstry

I. What are the clinical features of neonatal hypoxic ischemic Issues

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?

Clinical neurological evaluation of the neonate with depression and/or Key Points
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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and MRS (moderate evidence).

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

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.

e 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
MR, 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).

IT. 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 Tl-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 e Hyperalertness, decreased

sleep

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

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

e Duration less than 24 h

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

e Cortical thumbs, suppressed
primitive reflexes

e Seizures, hypotonia, lethargy

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

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

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

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

e Suppression of brainstem
reflexes (corneal or gag)

e Clinical seizures less frequent
than Stage 2

Moderate or
Stage 2

Severe or
Stage 3

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 Day1 Days3-4 Day?7 Year2

T1 - + + +
T2 - - + +
FLAIR - - - +
DWI/ADC e + - -
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.
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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

. Tl-weighted images;

. T2-weighted images;

. T2*-weighted images;

. diffusion-weighted images with computa-
tion of the apparent diffusion coefficient
(ADC); and

5. proton MR spectroscopy.

B W N R
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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

I. Which pediatric patients with head injury should undergo imaging Issues

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)?

Head injury is not a homogeneous phenomenon and has a com- Key Points
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



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 TBl-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
TBl-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
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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



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
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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)



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-
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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 T2x-
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).



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 (4.154-0.69; P=0.05) (mod-
erate evidence) (83), indicating that myoinositol
elevation after pediatric TBI is associated with

Chapter 7 Traumatic Brain Injury in Children 93

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 (1=>52) (84). In a sub-
group of these patients (n1=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 H, 'O-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 TBL. 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

A 4

CHALICE RULE

Negative Positive

Negative Positive
Clinical \
Follow-up Neurosurgical
Consultation

Figure 7.1. Recommended decision tree for children
with acute head injury.



Table 7.1 reviews current imaging methods
for TBI. Table 7.2 lists types of head injuries.
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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; Detects hemorrhage and “surgical
rapid, inexpensive, widely available lesions”
24/7, ionizing radiation
Xenon CT Inhalation of stable xenon gas which acts Detects disturbances in CBF due to
perfusion as a freely diffusible tracer; requires injury, edema, or infarction
additional equipment and software that
is available only in a few centers
MRI Uses RF pulses in magnetic field to Detection of various injuries, subtle
distinguish tissues, employs many injuries, sensitivity varies with
different techniques; currently has different techniques
highest spatial resolution; complex and
expensive
MRI—FLAIR Suppresses CSF signal Detection of edematous lesions,
particularly near ventricles and
cortex; as well as extra-axial blood
MRI—T2? Accentuates blooming effect,® such as Detection of small parenchymal
GRE blood products 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  Detects impaired connectivity of white
of water diffusion along major fiber matter tracts, even in
bundles; requires special software normal-appearing tissue
MRI—MT Suppression of “background” brain tissue =~ May detect microscopic neuronal
containing protein-bound H,O, dysfunction, even in
enhances contrast between water and normal-appearing tissue
lipid-containing tissue
MRI—MRS Analyzes chemical composition of brain Metabolite patterns indicate neuronal
tissue; requires special software dysfunction or axonal injury, even in
normal-appearing tissue
MR volumetry Measures volumes of various brain Detects atrophy of injured tissue, can
structures or regions; time consuming, quantitate progression over time
requires special software
fMRI Measures small changes in blood flow Detects impairment or redistribution
related to brain activation; requires of areas of brain activation
cooperative patients
MR perfusion = Measures tissue perfusion using contrast Detects disturbances in CBF due to
(global, or non-contrast methods; better temporal injury, edema, or infarction
non-fMRI) resolution than PET, SPECT; not as well
studied
SPECT Photon-emitting radioisotopes used to Detects disturbances in CBF due to
measure CBE. Low ionizing radiation injury, edema, or infarction
PET Positron emitting radioisotopes act as Detects disturbances in CBF due to

freely diffusible tracers, used to measure
CBE metabolic rate (glucose metabolism
or oxygen consumption) or response to
cognitive tasks; available only in a few
centers. Low ionizing radiation

injury, edema, or infarction

4Blooming effect is usually caused by hemosiderin from a prior hemorrhagic lesion.
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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; CBE, 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
o Scalp or soft tissue injury
o Facial or calvarial fractures

2. Extra-axial

Extradural or epidural hemorrhage
Subdural hemorrhage

Traumatic subdural effusion or “hygroma”
Subarachnoid hemorrhage
Intraventricular hemorrhage

o

o
o
o
(o]

3. Parenchymal

o Contusion
0 Hemorrhagic
O Non-hemorrhagic
O Both

o Shearing injury or “diffuse axonal injury”
0 Hemorrhagic
O Non-hemorrhagic
O Both

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

Secondary injuries

Cerebral edema

Focal infarction

Diffuse hypoxic-ischemic injury
Hydrocephalus

Infection

O RN m

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 ca