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Foreword

The practice of emergency radiology encompasses the diagnostic imaging
management of acutely ill and injured patients in the emergency setting. It is
one of the newest subspecialties of diagnostic radiology and one of the fastest
growing. Its growth parallels the escalation in emergency medical practice as
emergency departments experience an ever-increasing patient volume each
year. Many institutions have experienced an annual growth rate of emergency
department volume greater than 5%. The sophistication of emergency imag-
ing has also been increasing as trauma surgeons and emergency physicians
expect and require the availability of all imaging modalities including radiog-
raphy, ultrasound, computed tomography, and magnetic resonance imaging at
all hours, every day of the week. Emergency physicians are also requesting
rapid turnaround times with final image interpretations available days, eve-
nings, and nights. Recent investigations have shown that the timely perfor-
mance and interpretation of emergency imaging examinations cannot only
increase emergency department throughput, decompressing busy centers, but
also contribute to improved patient outcomes and decreased healthcare costs.

Emergency radiology as a radiology subspecialty has been experiencing
increasing recognition for its advances in patient care. Both the Radiological
Society of North America and the American Roentgen Ray Society include
educational and scientific programs devoted to emergency imaging at their
annual meetings. The American Society of Emergency Radiology (ASER)
was established 28 years ago and currently has over 1000 members, a vibrant
annual meeting with postgraduate course, and an official journal, Emergency
Radiology, established in 1994. The journal has showcased original research
relevant to emergency and trauma imaging. Emergency radiology fellow-
ships have been established at many academic radiology departments, and an
increasing number of radiology trainees are entering the practice of emer-
gency radiology.

It would appear that the time is most appropriate for a compilation of
scholarly communications on evidence-based emergency radiology available
in textbook format to assist those in emergency practice. The editors have
skillfully accomplished this goal. The text is organized into two main sec-
tions beginning with an introductory segment on the principles of evidence-
based imaging, appraising the literature critically, emergency imaging
information systems, and consequences of inappropriate imaging. The sec-
ond segment is comprised of 36 chapters (in 5 subsections) covering common
emergency conditions requiring high-quality, state-of-the-art imaging man-
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agement. This unique text is not only intended to educate emergency physi-
cians and emergency radiologists but all healthcare workers providing care in
the emergency setting.

I have no doubt that this task will be successfully accomplished with evi-
dence-based emergency radiology.

Department of Radiology Robert A. Novelline
Massachusetts General Hospital
Boston, MA, USA



Foreword

Emergency physicians often depend on sophisticated imaging for many of
the patients evaluated in emergency departments (EDs). In fact, nearly 50%
of the 130,000 million annual ED visits in the USA are accompanied by
radiological imaging of some type, making the field of emergency radiology
one that impacts a large percentage of the US population. While emergency
imaging has become more sophisticated over the past decades, allowing cli-
nicians access to immediate diagnostic tools, this has also come with costs,
both financial and otherwise. As with all tests, sensitivity and specificity are
not perfect, leading to under- and overdiagnosis. Although the risks to patients
of underdiagnosis are more apparent to clinicians and patients alike, overdi-
agnosis has its own insidious and potentially harmful consequences.
Incidental findings on radiological images can lead to unnecessary and poten-
tially harmful testing and treatment, as well as undue patient anxiety.
Concerns regarding radiation exposure from radiography, particularly com-
puter tomography (CT), have also come to the forefront in the past decade,
with many studies raising concerns over radiation-induced malignancies.
Since 1980, the use of CT has increased approximately eightfold. This is of
particular concern in children, given their greater sensitivity to radiation than
adults, their longer life expectancies during which malignancies can be
expressed, and the higher dose of radiation they frequently receive unless the
CT scan radiation doses are appropriately adjusted to meet their body sizes.

Fortunately, CT use has decreased in recent years for a number of reasons,
including the increasing use of ultrasound and other imaging modalities,
quality improvement initiatives (which include monitoring and feedback of
physician radiology use), and shared decision-making between clinicians and
their patients regarding the tradeoffs of performing or avoiding specific imag-
ing. Finally, the past decade has seen a sharp increase in the use of clinical
decision rules and computer-based clinical decision support tools for the use
of emergency imaging. This has led to more rational, evidence-based, and
cost-effective use of diagnostic imaging. In addition, the Choosing Wisely
Campaign of the ABIM (American Board of Internal Medicine) has been
championing evidence-based and cost-effective use of diagnostic testing,
including the use of imaging in the ED.

One specific example of research and efforts dedicated toward evidence-
based imaging comes from the Pediatric Emergency Care Applied Research
Network (PECARN), which has made emergency imaging decision rules one
of its foci in the last decade given the previous lack of evidence around imag-
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ing of injured children. Studies from several countries examining the imple-
mentation of the PECARN cranial CT decision rules for children with minor
head trauma have demonstrated safe decreased use of CT in these children.

In 2015, the Society for Academic Emergency Medicine hosted the
Academic Emergency Medicine consensus conference entitled “Diagnostic
Imaging in the Emergency Department: A Research Agenda to Optimize
Utilization.” Leaders in emergency medicine, radiology, and health services
research and other experts came together to discuss and debate the issues
described previously and to develop a consensus research agenda. After much
preparation and discussion, six content areas emerged as those of greatest
importance and in need of future study. These included the development and
validation of clinical decision rules for emergency diagnostic imaging; the
use of administrative data for emergency imaging research; patient-centered
outcomes research; training, education, and competency; knowledge transla-
tion and barriers to imaging optimization; and comparative effectiveness
research in alternatives to traditional CT use. Many of the issues considered
at that conference are intertwined with the contents of this novel and timely
textbook.

Evidence-Based Emergency Imaging will undoubtedly serve as an out-
standing resource for all clinicians who care for acutely ill and injured adults
and children. Within the pages of this text, the reader will find the principles
of evidence-based imaging and the specific imaging needed for a variety of
emergent conditions. This melding of the principles of radiology, clinical epi-
demiology, and health services research will help clinicians identify who to
image in the emergency setting, what piece of technology to use, and what
issues to consider and anticipate. I greatly welcome and applaud the arrival of
this new textbook.

Departments of Emergency Medicine Nathan Kuppermann
and Pediatrics, University of California, Davis,
School of Medicine

Sacramento, CA, USA

Bo Tomas Brofeldt Endowed Chair,

Department of Emergency Medicine,

University of California,

Davis, School of Medicine,

Sacramento, CA, USA

PRIME Node, Pediatric Emergency

Care Applied Research Network (PECARN),
Sacramento, CA, USA

Pediatric Emergency Research Networks (PERN),
Sacramento, CA, USA



Preface

Demand for emergency healthcare is rising consistently across the developed
world, with the number of presentations to emergency departments (EDs)
increasing by 3—6% per year over the last decade. The role of EDs within the
US healthcare system is also changing with more than half of patients admit-
ted to the hospital in the USA now starting their hospital stay in the ED. The
ED is a location where subspecialty consultation and advanced diagnostic
imaging technology are available at all hours. In the USA, EDs are unique
sources for healthcare because services are provided to all persons regardless
of insurance coverage or ability to pay. In addition, the proportion of elderly
people in developed world populations is growing. This age shift has impor-
tant implications for EDs, with a resultant increase in medical complexity of
patients attending the emergency room.

Medical imaging has grown exponentially in the last three decades with
the development of many promising and often noninvasive diagnostic stud-
ies. Several studies from the developed world have shown a steady increase
in the use of imaging especially cross-sectional imaging such as computed
tomography (CT) in the ED with the need for rapid and accurate diagnosis.
These studies have also shown a trend toward less invasive diagnostic testing.
Over the last decade, there have been profound changes in the diagnostic test-
ing and work-up of patients presenting to their physician/healthcare provider
with emergent symptoms or to the ED. The most profound change has been
the increased availability, speed, and accuracy of imaging. This is in part due
to technical improvements such as the development of multi-detector
CT. This reflects a decade or more of increased utilization of imaging espe-
cially advanced imaging such as CT, magnetic resonance imaging (MRI), and
positron emission tomography (PET) imaging. Although in the last few years
high-end imaging use has plateaued in general, this is not the case in the
ED. The dramatic increase in advanced imaging modalities such as MRI and
PET, previously not commonly employed in the ED setting, continues. This
increase in imaging is understandable since ED patients are more acutely ill,
and there is constant pressure to make an accurate diagnosis as quickly as
possible to facilitate prompt disposition or treatment and to ensure fast
throughput and efficiency in ED services. There is also strong evidence for
the beneficial use of imaging in the emergency setting which correlates with
improved patient outcomes.

Therefore, the purpose of this book is to educate radiologists, physicians,
and all healthcare providers who utilize diagnostic imaging in the ED or other
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acute care settings regarding the best and most up-to-date evidence-based
imaging. This book is also relevant to internal medicine (adult and pediatric)
and family medicine physicians and healthcare providers who care for
patients with emergent symptoms. The scope includes practicing radiolo-
gists, radiologists in training, clinicians in practice or in training, medical
students, and allied personnel such as physician assistants and nurses who
may practice in the acute care setting.

The book is organized into two sections, the first being an introductory
section with chapters on the principles of evidence-based imaging, critical
appraisal of the literature, information systems in emergency imaging, and
consequences of inappropriate emergency imaging in adults and children.
The second section, divided into five parts, includes chapters written by
authors who practice in the fields of emergency care imaging and covers all
aspects, including neuroimaging, head and neck imaging, musculoskeletal
imaging, chest and cardiac imaging, abdominal and pelvic imaging, pediatric
imaging, and women’s imaging. Although other books in the evidence-based
series cover the organ systems listed above, this book specifically deals with
the emergent and acute presentations. The 40 chapters cover the most preva-
lent emergent conditions and diseases that affect those in developed coun-
tries. Additionally, this book contains the most accurate and up-to-date
information with the latest evidence and protocols. Recommendations and
society guidelines are also discussed. Emergency imaging in adults is cov-
ered with a special focus on emergent imaging in specific patient groups
including women of childbearing age, pregnant women, and also adolescent
and pediatric populations. Unique and defining features of this book include
that it is the first book of its kind to focus on emergency imaging in adults,
children, and special populations with chapters by a multidisciplinary team of
experts, all contained in one volume. It also represents the most up-to-date
evidence-based approach to acquiring the most appropriate and comparative
effective imaging in patients who present to the emergency department or in
the acute setting.

To make the book user-friendly and to enable fast access to pertinent infor-
mation, we have organized all of the chapters in the same format. The chap-
ters are framed around important emergent clinical questions relevant to the
physician’s daily practice. A short table of contents at the beginning of each
chapter helps three different tiers of users: (1) the busy physician searching
for quick guidance, (2) the physician seeking deeper understanding, and (3)
the medical-imaging researcher requiring a comprehensive resource. The for-
mat for each chapter starts with the important clinical issues to be discussed.
This is followed with a box of key points in bullet form with the strength of
the supporting evidence in parenthesis. After this, there are sections covering
definitions, etiology, pathophysiology and risk factors, relevant epidemiol-
ogy, and costs to society in economic terms, followed by a section discussing
the goals of imaging and a section detailing the methodology used to obtain
the most up-to-date literature.

Next, the issue being discussed is framed with a summary of evidence
including existing literature and guidelines if any. This is further elaborated
by the supporting evidence with paragraphs discussing the diagnostic modali-
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ties available, the imaging findings/criteria for diagnosis, the impact of imag-
ing on treatment decision-making, and the treatment options if applicable.
Given that all research and evidences are not created equal, we use a four-
level classification detailing the strength of the evidence based on the Oxford
Centre for Evidence-Based Medicine Criteria: 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 parenthe-
sis throughout the chapters so the reader gets immediate feedback on the
weight of the evidence behind each topic. If a cost-effectiveness analysis has
been performed, these data are also presented. In addition, some chapters
contain special cases (e.g., pregnant patients or children), and important
issues which require a separate or additional discussion (such as radiation
concerns) are also presented.

Each chapter text includes tables and figures, imaging case studies, and
protocols. The tables summarize diagnostic test accuracy and summary sta-
tistics such as the sensitivity and specificity of different imaging studies. The
figures show decision trees summarizing the evidence, e.g., risk factors, diag-
nostic performance, and algorithms/flowcharts with suggested protocols/
guidelines. Imaging case studies are cases that highlight the diagnostic per-
formance of the different imaging studies. Examples include important true-
positive, false-positive, true-negative, and false-negative cases and imaging
pitfalls if applicable. Suggested imaging protocols are a brief summary of
imaging steps supported by the evidence. Future research discusses in bullet
points the critical gaps in the evidence. All chapters are extensively refer-
enced with the most up-to-date literature.

Finally, we had the privilege of working with a group of outstanding con-
tributors from major medical centers and universities in North America and
Europe. We believe that the authors’ expertise, breadth of knowledge, and
thoroughness in writing the 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. We hope that this book highlights key
points and generates discussion, promoting new ideas for future research. We
value your suggestions and comments on how to improve this book. Please
email them to us and the authors so that we can bring you the best of the evi-
dence over the years.

Ann Arbor, MI, USA Aine Marie Kelly
Paul Cronin
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What Is Evidence-Based Imaging?

The standard medical education in Western medi-
cine has emphasized skills and knowledge learned
from experts, particularly those encountered in
the course of postgraduate medical education, and
through national publications and meetings. This
reliance on experts, referred to by Dr. Paul Gerber
of Dartmouth Medical School as “eminence-
based medicine” [1], is based on the construct that
the individual practitioner, particularly a special-
ist devoting extensive time to a given discipline,
can arrive at the best approach to a problem
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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 the best
course of action. Assessment of appropriate medi-
cal care should instead be derived through an
evidence-based process. The role of the practitio-
ner, then, is not simply to accept information from
an expert but rather to assimilate and critically
assess the research evidence that exists in the lit-
erature to guide a clinical decision [2—4].
Fundamental to the adoption of the principles
of EBI is the understanding that medical care is
not optimal. The life expectancy at birth in the
United States for males and females in 2005 was
75 and 80 years, respectively (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). In fact, the
World Health Organization ranks the United
States 50th in life expectancy and 72nd in overall
health. The United States spent at least 16.2% of
the gross domestic product (GDP) in order to
achieve this life expectancy. This was signifi-
cantly more than the United Kingdom and
Australia, which spent about half that (Table 1.1).
In addition, the US per capita health expenditure
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Table 1.1 Life expectancy and health-care spending in three developed countries

Life expectancy at birth (year) Percentage of GDP in Per capita health

Male Female health care (year) (%) expenditure (year)
United States 76.3 (2011) 81.1(2011) 16.2 (2012) $8745 (2012)
United Kingdom 79.1 (2012) 82.8 (2012) 8.9 (2012) $3289 (2012)
Australia 79.9 (2012) 84.3 (2012) 8.7 (2011) $3997 (2011)
Data from: Organization for Economic Cooperation and Development: http://stats.oecd.org/Index.

aspx?DataSetCode=HEALTH
GDP gross domestic product

was $8745, which was twice the expenditure in
the United Kingdom or Australia. In short, the
United States spends significantly more money
and resources than other industrialized countries
to achieve a similar or slightly worse outcome in
life expectancy. This implies that a significant
amount of resources is wasted in the US health-
care system. In 2007, the United States spent
$2.3 trillion in health care or 16% of its GDP. By
2016, the US health percent of the GDP is
expected to grow to 20% or $4.2 trillion [5].
Recent estimates prepared by the Commonwealth
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 maintain familiar-
ity with even a minute subset of this literature
without a method of filtering out publications
that lack either relevance or appropriate method-
ological quality. EBI is a promising method of
identifying appropriate information to guide
practice and to improve the efficiency and effec-
tiveness of imaging.

Evidence-based imaging is defined as medical
decision-making based on clinical integration of
the best medical imaging research evidence with
the physician’s expertise and with patient’s
expectations [2—4]. The best medical imaging
research evidence often comes from the basic sci-
ences of medicine. In EBI, however, the basic
science knowledge has been translated into
patient-centered clinical research, which deter-

mines the accuracy and role of diagnostic and
therapeutic imaging in patient care [3]. New
research may make current diagnostic tests obso-
lete and provide evidence that new tests are more
accurate, less invasive, safer, and less costly [3].
The physician’s expertise entails the ability to use
the referring physician’s clinical skills and past
experience to rapidly identify individuals who
will benefit from the diagnostic information of an
imaging test [4]. Patient’s expectations are impor-
tant because each individual has values and pref-
erences that should be integrated into the clinical
decision-making [3]. When these three compo-
nents of medicine come together, clinicians,
imagers, and patients form a diagnostic team,
which will optimize clinical outcomes and qual-
ity of life for our patients.

The Evidence-Based Imaging
Process

The EBI process involves a series of steps: (a) for-
mulation of the clinical question, (b) identifica-
tion of the medical literature, (c) assessment of
the literature, (d) types of economic analyses in
medicine, (e) summary of the evidence, and (f)
application of the evidence to derive an appropri-
ate clinical action. This book is designed to bring
the EBI process to the clinician and imager in a
user-friendly way. This introductory chapter
details each of the steps in the EBI process.
Chapter 2, “Assessing the Imaging Literature:
Understanding Error and Bias,” discusses how to
critically assess the literature. The rest of the book
makes available to practitioners the EBI approach
to important emergency imaging issues. Each
chapter addresses common emergent disorders
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encountered by the emergency care provider and
radiologist evaluating the neurologic, cardiotho-
racic, abdominal, and pelvic and musculoskeletal
systems in adults and children. Relevant clinical
questions are delineated, and then each chapter
discusses the results of the critical analysis of the
identified literature. Finally, we provide simple
recommendations for the various clinical ques-
tions, including the strength of the evidence that
supports these recommendations.

Formulating the Clinical Question

The first step in the EBI process is formulation of
the clinical question. The entire process of EBI
arises from a question that is asked in the context
of clinical practice. However, often formulating a
question for the EBI approach can be more chal-
lenging than one would believe intuitively. To be
approachable by the EBI format, a question must
be specific to a clinical situation, a patient group,
and an outcome or action. For example, it would
not be appropriate to simply ask which imaging
technique is better—computed tomography (CT)
or radiography. The question must be refined to
include the particular patient population and the
action that the imaging will be used to direct. One
can refine the question to include a particular
population (which imaging technique is better in
pediatric victims of high-energy blunt trauma)
and to guide a particular action or decision (to
exclude the presence of unstable cervical spine
fracture). The full EBI question then becomes, in
pediatric victims of high-energy blunt trauma,
which imaging modality is preferred, CT or radi-
ography, to exclude the presence of unstable cer-
vical spine fracture? This book addresses
questions that commonly arise when employing
an EBI approach for conditions encountered by
the emergency care provider and radiologist.
These questions and issues are detailed at the
start of each chapter. One popular method used to
teach how to develop a good clinical question is
called the “PICO” (Patient, Intervention,
Comparison, Outcome) format. This method pro-
vides structure to formulate the necessary ele-

ments for a good clinical question that includes
information about the patient, the problem to be
solved, the intervention (such as a diagnostic
test) and its comparison intervention (perhaps a
newer diagnostic test), and the outcome of inter-
est (e.g., what the patient wants or is concerned
about).

Identifying the Medical Literature

The process of EBI requires timely access to the
relevant medical literature to answer the ques-
tion. Fortunately, massive online bibliographi-
cal references such as PubMed, Embase,
Cochrane, and the Web of Science databases 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 online sources. Also, medical
librarians are a potential resource to aid identifi-
cation of the relevant imaging literature. A limi-
tation of today’s literature data sources is that
often too much information is available and too
many potential resources are identified in a lit-
erature search. There are currently over 50 radi-
ology journals, and imaging research is also
frequently published in journals from other
medical subspecialties. We are often confronted
with more literature and information than we
can process. The greater challenge is to sift
through the literature that is identified to select
that which is appropriate.

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, “Assessing the
Imaging Literature: Understanding Error and
Bias,” is a detailed discussion of the issues in
determining the validity and reliability of the
reported results.
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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 rudimentary, as
they only summarize disease processes as seen
by imaging or discuss how an imaging modality
can be used to create images. Descriptive studies
include case reports and case series. Although
they may provide important information that
leads to further investigation, descriptive studies
are not usually the basis for EBL

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 occa-
sion. The investigator draws a sample from the
population (i.e., headache in 15-45-year-old
females) and determines distribution of variables
within that sample [7]. The structure of a cross-
sectional study is similar to that of a cohort study
except that all pertinent measurements (i.e., num-
ber of head CT and MRI examinations) 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 stroke, brain tumors, and
congenital anomalies [7, 10].

In experimental studies or clinical trials, a
specific intervention is performed and the effect

Table 1.2 Study design

of the intervention is measured by using a control
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 resem-
ble the controlled experiments done by basic sci-
ence investigators [8]. For example, clinical trials
may be used to assess new diagnostic tests (e.g.,
CT perfusion imaging for stroke diagnosis and
management) or new interventional procedures
(e.g., catheter embolization for cerebral
aneurysms).

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. Retrospective
studies are usually done to assess rare disorders,
for pilot studies, and when prospective investiga-
tions are not possible. If the disease process is
considered rare, retrospective studies facilitate
the collection of enough subjects to have mean-
ingful data. For a pilot project, retrospective stud-
ies facilitate the collection of preliminary data
that can be used to improve the study design in
future prospective studies. The major drawback
of a retrospective study is incomplete data acqui-
sition and resultant bias [10]. Case—control stud-
ies are usually retrospective because the outcome
or disease status needs to have occurred in order
to form the comparison groups. For example, in a
case—control study, subjects in the case group
(patients with hemorrhagic stroke) are compared
with subjects in a control group (nonhemorrhagic
stroke) to determine factors associated with

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

Reprinted with the kind permission of Springer Science + Business Media from Medina LS, Blackmore CC. Principles
of Evidence-Based Imaging. Evidence-based imaging: optimizing imaging in patient care. New York: Springer

Science + Business Media; 2006
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hemorrhage (e.g., hypertension, duration of
symptoms, presence of prior neurologic deficit)
[10].

In prospective studies, the event of interest
transpires after study onset. Prospective studies,
therefore, are the preferred mode of study design,
as they facilitate better control of the design
(accounting for potential bias) and the quality of
the data acquired [7]. Prospective studies, even
large studies, can be performed efficiently and in
a timely fashion if done on common diseases at
major institutions, as multicenter trials with ade-
quate study populations [12]. The major draw-
back 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 and dogged
determination are crucial to completing a pro-
spective study. Cohort studies and clinical trials
are usually prospective. For example, a cohort
study could be performed in children with sickle-
cell disease who are poorly compliant with their
transfusion therapy in which the risk factor of
positive transcranial Doppler studies is correlated
with neurocognitive complications, as the
patients are followed prospectively over time
[10].

The strongest study design is the prospective
randomized, blinded clinical trial (Table 1.2) [7].
The randomization process helps to distribute
known and unknown confounding factors, 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 pro-
spectively. This is particularly true in rare condi-
tions and in studies to determine causes or
predictors of a particular condition [9]. Finally,
randomized clinical trials are expensive and may
require many years to conduct. Not surprisingly,
randomized clinical trials are uncommon in radi-
ology. The evidence that supports much of radiol-
ogy 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]. Also, more
“outcomes-based studies” are needed in radiol-
ogy to generate more relevant EBI data.

What Is the Diagnostic Performance

of a Test: Sensitivity, Specificity,

Positive and Negative Predictive

Values, and Receiver Operating
Characteristic 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 standard
can never be obtained, careful attention should be
paid to the selection of the standard that should
be widely believed to offer the best approxima-
tion to the truth [13].

In evaluating diagnostic tests, we rely on the
statistical calculations of sensitivity and specific-
ity (see Appendix 1). Sensitivity and specificity
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 disease who have
a positive test and is referred to as the true posi-
tive rate (Fig. 1.1a and b). 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. 1.1a and b) 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 usually
independent of the prevalence (proportion of
individuals in a population who have disease at a
specific instant) because the sensitivity only deals
with the diseased subjects, whereas the specificity

Table 1.3 Two-way table of diagnostic testing

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

Reprinted with the kind permission of Springer
Science + Business Media from Medina LS, Blackmore
CC. Principles of Evidence-Based Imaging. Evidence-
based imaging: optimizing imaging in patient care.
New York: Springer Science + Business Media; 2006. FN
false negative, FP false positive, TN true negative, TP true
positive
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Test +

Disease

Disease

FPa

Test -

No Disease

Fig. 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
threshold (TPa/diseased patients) is greater than sensitiv-
ity with a higher threshold (TPb/diseased patients).
Specificity with a low threshold (TNa/nondiseased

only deals with the nondiseased subjects.
However, sensitivity and specificity both depend
on a threshold point for considering a test posi-
tive and hence may change according to which
threshold is selected in the study [11, 14, 15]
(Fig. 1.1a). Excellent diagnostic tests have high
values (close to 1.0) for both sensitivity and spec-
ificity. 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. Conversely, the specificity with a
low threshold is less than the specificity with a
high threshold (Fig. 1.1b) [14, 15].

The positive predictive value is defined as the
probability that a patient will have a disease
given that the patient’s test is positive. In other
words, when a group of patients test positive, we
want to know how frequently they will have the
disease. The formula for the positive predictive
value (PPV) is provided in the table in Appendix
1. Similarly, the negative predictive value (NPV)
refers to the probability that a group of patients
that test negative for a disease or condition will
actually not have the disease. It is important to
understand that while sensitivity and specificity
are relatively independent of disease prevalence,
the PPV and NPV are not. Examples 1 and 2
(Appendix 2) provide a demonstration of what
happens to the PPV and NPV with a change in
disease prevalence. When there is concern about
large prevalence effects, the likelihood ratio can

No Disease

patients) is less than specificity with a high threshold
(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 L. AJNR Am J Neuroradiol
1999;20:1584-96)

Example 1 Low prevalence of carotid artery disease

Disease
(carotid No disease (no
artery carotid artery
disease) disease) Total
Test positive 20 10 30
(positive CTA)
Test negative 4 120 124
(negative CTA)
Total 24 130 154

Example 2 High prevalence of carotid artery disease

Disease
(carotid No disease (no
artery carotid artery
disease) disease) Total
Test positive 500 10 510
(positive CTA)
Test negative 100 120 220
(negative CTA)
Total 600 130 730
Results: sensitivity = 500/600 = 0.83; specific-

ity = 120/130 = 0.92; prevalence = 600/730 = 0.82; positive
predictive value = 0.98; negative predictive value = 0.55
Reprinted with the kind permission of Springer
Science + Business Media from Medina LS, Blackmore
CC, Applegate KE. Evidence-based imaging: improving
the quality of imaging in patient care. Revised Edition.
New York: Springer Science + Business Media, 2011

be used to estimate the posttest probability of
disease. This issue is discussed in the next
section.
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Fig. 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 (¢) has an AUC between 0.5 and 1. The greater
the AUC (i.e., excellent > good > poor), the better the

The effect of threshold on the ability of a test
to discriminate between disease and nondisease
can be measured by a receiver operating charac-
teristic (ROC) curve [11, 15]. The ROC curve is
used to indicate the trade-offs between sensitivity
and specificity for a particular diagnostic test and
hence describes the discrimination capacity of
that test. An ROC graph shows the relationship
between sensitivity (y axis) and 1 — specificity (x
axis) plotted for various cutoff points. If the
threshold for sensitivity and specificity is 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 dis-
crimination of the test (Fig. 1.2a—). A test with
perfect discrimination has an area of 1.0, whereas
a test with only random discrimination has an
area of 0.5 (Fig. 1.2a—c). The area under the ROC
curve usually determines the overall diagnostic
performance of the test independent of the thresh-
old selected [11, 15]. The ROC curve is threshold
independent because it is generated by using var-
ied 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].

1 L) 1 1
02 04 06 038 1.0
1 - Specificity

1 T T T T
02 04 06 08 1.0

1 - Specificity

diagnostic performance. (Reprinted with permission of
the American Society of Neuroradiology from Medina
L. AINR Am J Neuroradiol. 1999;20:1584-96)

What Are Cost-Effectiveness and Cost-
Utility Studies?

Cost-effectiveness analysis (CEA) is a scientific
technique used to assess alternative 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 pro-
vides 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
decision-makers must weigh the benefits of a
diagnostic 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]. Health-care deci-
sions are often made from a “societal perspec-
tive,” one that looks at a group benefit but which
may not result in individual benefit.

Unfortunately, the term cost-effectiveness is
often misused in the medical literature [20]. To
say that a diagnostic test is truly cost-effective, a
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comprehensive analysis of the entire short- and
long-term outcomes and costs needs to be con-
sidered. Cost-effectiveness analysis is a tech-
nique used to determine which of the available
tests or treatments are worth the additional costs
[21].

There are established guidelines for conduct-
ing robust CEA. The US Public Health Service
formed a panel of experts on cost-effectiveness in
health and medicine to create detailed standards
for cost-effectiveness analysis. The panel’s rec-
ommendations were published as a book in 1996
[21].

Types of Economic Analyses
in Medicine

There are four well-defined types of economic
evaluations in medicine: cost-minimization stud-
ies, cost-benefit analyses, cost-effectiveness
analyses, and cost—utility analyses. They are all
commonly lumped under the term cost-
effectiveness analysis. However, significant dif-
ferences 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 effectiveness
[16]. In medical practice, few diagnostic tests or
treatments have identical or similar effectiveness.
Therefore, relatively few articles have been pub-
lished in the literature with this type of study
design [22]. For example, a recent study demon-
strated that functional magnetic resonance
imaging (MRI) and the Wada test have similar
effectiveness for language lateralization, but the
latter 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 ben-
efits [16]. It converts all benefits to a cost equiva-
lent and is commonly used in the financial world
where the cost and benefits of multiple industries
can be changed to only monetary values. One
method of converting health outcomes into dol-
lars is through a contingent valuation or
willingness-to-pay approach. Using this tech-

nique, subjects are asked how much money they
would be willing to spend to obtain, or avoid, a
health outcome. For example, a study by Appel
et al. [24] found that individuals would be willing
to pay $50 for low-osmolar contrast agents to
decrease the probability of side effects from
intravenous contrast. However, in general, health
outcomes and benefits 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
analyses that study both the effectiveness and
cost of competing diagnostic or treatment strate-
gies, where effectiveness is an objective measure
(e.g., intermediate outcome: number of strokes
detected; or long-term outcome: life-years
saved). Radiology CEAs often use intermediate
outcomes, such as lesion identified, length of
stay, and number of avoidable surgeries [16, 18].
However, ideally, long-term outcomes such as
life-years saved (LYS) should be used [21]. By
using LYS, different health-care fields or inter-
ventions can be compared. Given how few exist,
there is a need for more “outcome-based studies”
in radiology and the imaging sciences.

Cost—utility analysis is similar to CEA except
that the effectiveness also accounts for quality of
life. Quality of life is measured as utilities that
are based on patient preferences [16]. The most
commonly used utility measurement 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 O to 1, where O 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 specific health state [16, 26]. For
example, assume that a patient with an untreated
Chiari I malformation has a utility of 0.8 and he
spends 1 year in this health state. The patient with
the Chiari I malformation 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
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into the effectiveness measurements of the differ-
ent diagnostic or therapeutic alternatives. Ideally,
all medical decisions should reflect the patient’s
values and priorities [26]. That is the explanation
of why cost—utility analysis is the preferred
method for evaluation of economic issues in
health [19, 21]. For example, in low-risk new-
borns with intergluteal dimple suspected of hav-
ing occult spinal dysraphism, ultrasound was the
most effective strategy with an incremental cost-
effectiveness ratio of $55,100 per QALY. In
intermediate-risk newborns with low anorectal
malformation, 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 quantify
health is descriptive analyses. 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 fac-
ets 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 status instruments exist,
both general instruments, such as the SF-36 [28],
and instruments that are specific to particular dis-
ease states, such as the Roland scale for back
pain. These various scales enable the quantifica-
tion 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.
Assessment of Cost: All forms of economic
analysis require assessment of cost. However,
assessment of cost in medical care can be confus-
ing, 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 meaningful
use. Reimbursements, derived from Medicare
and other fee schedules, are useful as an estima-
tion of the amounts society pays for particular
health-care interventions. For an analysis taken

from the societal perspective, such reimburse-
ments may be most appropriate. For analyses
from the institutional perspective or in situations
where there are no meaningful Medicare reim-
bursements, assessment of actual direct and over-
head costs may be appropriate [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.
Activity-based accounting is a type of accounting
that assigns costs to each resource activity based
on resource consumption, decreasing the amount
of indirect costs with this method. Time and
motion studies are time-intensive observational
methods used to understand and improve work
efficiency in a process. Overhead, 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 sys-
tems may be used to determine both the direct
costs of an imaging study and the amount of
institutional overhead costs that should be appor-
tioned to that particular test. For example, Medina
et al. [23] studied the total direct costs of the
Wada test ($1130.01 + $138.40) and of func-
tional MR imaging ($301.82 + $10.65) that were
significantly different (P < 0.001). The cost of the
Wada test was 3.7 times higher than that of func-
tional MR imaging.

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. Qualitative
analysis requires an understanding of error, bias,
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and the subtleties of experimental design that can
affect the quality of study results. Qualitative
assessment of the literature is covered in detail in
Chap. 2, “Assessing the Imaging Literature:
Understanding Error and Bias”; 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 particular
clinically relevant question. However, the under-
lying investigations on a particular topic may be
too dissimilar in methods or study populations 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 resembles the clin-
ical 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 available
to answer an EBI question. Multiple studies may
be identified that provide methodologically
sound data. Therefore, some method must be
used to combine the results of these studies in a
summary statement. Meta-analysis is the method
of combining results of multiple studies in a sta-
tistically valid manner to determine a summary
measure of accuracy or effectiveness [31, 32].
For diagnostic studies, the summary estimate is
generally a summary sensitivity and specificity
or a summary ROC curve.

The process of performing meta-analysis par-
allels that of performing primary research.
However, instead of individual subjects, the
meta-analysis is based on individual studies of a
particular question. The process of selecting the
studies for a meta-analysis is as important as
unbiased selection of subjects for a primary
investigation. Identification of studies for meta-
analysis employs the same type of process as that
for EBI described above, employing Medline and
other literature search engines. Critical informa-
tion 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 posi-
tives, true negatives, and false negatives would be
determined for each of the eligible research pub-
lications. 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 deter-
mining a summary estimate for accuracy based
on each of these individual investigations. There
are sophisticated statistical methods of combin-
ing such results [33].

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 quality of the
meta-analysis can only be as good as the quality
of the research studies that the meta-analysis
summarizes. In general, a meta-analysis cannot
compensate for selection and other biases in the
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 hetero-
geneous to combine in a single summary mea-
sure. Exploration for such heterogeneity is an
important component of a 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 a formal
meta-analysis. Understanding the hierarchy of
next best available evidence, and how to find it, is
then critical for readers of the literature.

Applying the Evidence

The final step in the EBI process is to apply the
summary results of the medical literature to 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 cer-
vical spine fracture in patients with minor trauma?
Commonly, the answers to EBI questions are
expressed as some measure of accuracy. For exam-
ple, how good is MRI for detecting acute ischemic
infarction (<6 h)? The answer is that MRI has an
approximate sensitivity of 91% and specificity of
95% [34]. However, to guide practice, EBI must
be able to answer questions that go beyond simple
accuracy; for example, should MRI then be used
for the early detection of acute infarct? To answer
this question, it is useful to divide the types of lit-
erature studies into a hierarchical framework [35]
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(Table 1.4). At the foundation of 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 produce an image that contains useful
information. Information for technical efficacy
would include signal-to-noise ratios, image reso-
lution, and freedom from artifacts. The second
step in this hierarchy is to determine if the image
predicts the truth. This is the accuracy of an imag-
ing study and is generally studied by comparing
the test results to a reference standard and 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 physician certainty of a
given diagnosis (physician decision making) and
on the actual management of the patient (thera-
peutic efficacy). Finally, to be of value to the
patient, an imaging procedure must not only affect
management but also improve outcome. Patient

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 of Fryback DG, Thornbury
JR. Med Decis Making. 1991;11:88-94

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
including the concepts of cost and cost-effective-
ness [35].

Some additional research studies in imaging,
such as clinical prediction rules, do not fit readily
into this hierarchy. Clinical prediction rules are
used to define a population in whom imaging is
appropriate or can safely be avoided. Clinical
prediction rules can also be used in combination
with CEA as a way of deciding between compet-
ing imaging strategies [36].

Working Relative Value Unit

The relative value unit (RVU) was developed to
assess productivity. It is the system currently
used to determine Medicare/Medicaid reimburse-
ment for procedures. The aim is to compare and
quantify the effort needed in performing different
specific tasks (e.g., interpreting a study). This
works by assigning a different numerical value to
the different imaging studies, such as a chest
radiograph, an abdomen CT, or a brain MRI. The
effort that a radiologist employs while interpret-
ing each study is quantified with a numerical
variable, which will ultimately correlate with the
amount paid or reimbursed. This tool is not
unique to radiology as it is currently used in dif-
ferent fields of medicine [37].

Each reimbursable procedure is represented
by a Current Procedural Terminology (CPT)
code which has an RVU assigned [38]. Therefore,
it is important to describe the procedure being
performed, the use of contrast, and the post-
processing techniques applied in as much detail
as possible. The total RVU assigned to a specific
CPT code is also known as the global component.
This is divided into a technical component (Part
A in hospital-based billing) and a professional
component (Part B in hospital-based billing). The
professional component, from where the pay to
the radiologist arises, represents on average
15-20% of the global component, with the rest
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going to the technical component. The technical
component goes to the owner of the facility and
equipment where the study is being performed.
The professional component of the RVU is fur-
ther divided into the work fee, practice expenses,
and malpractice insurance. The work fee is
approximately 55-67% of the professional com-
ponent and ultimately represents the amount paid
to the interpreting radiologist [37].

Table 1.5 provides a few examples of how
RVUs vary by imaging study. For example, a radi-
ologist would need to read approximately 10
CXRs to get the same RVUs of a radiologist who
reads one brain MRI, when comparing the profes-
sional component. Similarly, a radiologist would
need to read approximately 6 CXRs to get the
same RV Us of a radiologist who reads one abdo-
men CT, again when comparing the professional
component. If we compare it with a non-contrast
head CT for the professional component, a radi-
ologist would have to read approximately 4 CXRs
to get the same RV Us of a radiologist who reads
one non-contrast head CT. A study by Hsiao and
others concluded that the monetary-conversion
factor yields an unreasonable low-level income
for most specialties, while beneficiating others
[39]. In terms of medical imaging, one of the dis-
advantages of this system based on RVUs for
reimbursement is that the complexity of the
patient disease (e.g., a normal study versus the
presence of a complex congenital malformation)
is not taken into consideration. Therefore, the
value given to a normal study is the same value
given to a complex study, even though the time
and effort for interpretation can be quite different.

Table 1.5 Relative value unit

Imaging study/CPT| Technical RVU | Professional RVU
CXR 0.66 0.3
Head CT NC 4.98 1.17
Abdomen CT 7.22 1.75
Brain MRI 26.3 3.24
Bone Scan 4.5 1.19
ICA 13.3 2.31

CPT Current procedural terminology, C7 Computed
tomography, CXR Chest radiograph, /CA unilateral inter-
nal carotid artery arteriogram, MRI Magnetic resonance
imaging, NC Non-contrast, RVU Relative value uptake

Similarly, there are several imaging studies that
are more time-consuming, such as fluoroscopy,
yet are devalued in terms of the RVU assigned.
Other disadvantages include that the system is not
based in efficacy, cost-effectiveness, or quality
[40]. For these and other reasons, some adjust-
ments are made to the process to provide a fair
end-result. One of these adjustments is the geo-
graphic practice cost indices (GPCI), which takes
into consideration the local market (e.g., energy
costs). Another potential alteration is the “adjusted
RVU” which aims to equate the value of the pro-
cedures assigned higher RVUs (e.g., brain MRI)
with the procedures assigned lower RVUs (e.g.,
upper gastrointestinal series). The “adjusted
RVU” is an option adopted by some practices. On
the other hand, the GPCI is established by the
Center for Medicare & Medicaid Services (CMS)
and applies to all practices [37].

Bayes’' Theorem, Predictive Values,

and the Likelihood Ratio

Ideally, information would be available to address
the effectiveness of a diagnostic test on all levels
of the hierarchy. Commonly in imaging, how-
ever, the only reliable information that is avail-
able is that of diagnostic accuracy. It is incumbent
upon the user of the imaging literature to deter-
mine if a test with a given sensitivity and speci-
ficity is appropriate for use in a given clinical
situation. To address this issue, the concept of
Bayes’ theorem is critical. Bayes’ theorem is
based on the concept that the value of the diag-
nostic tests depends not only on the characteris-
tics of the test (sensitivity and specificity) but
also on the prevalence (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 actu-
ally have the disease and more likely that the
positive test result is a false positive. The rela-
tionship 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 likelihood
ratio. The positive likelihood ratio (PLR) esti-
mates the likelihood that a positive test result will
raise or lower the pretest probability, resulting in
estimation of the posttest probability (where
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PLR = sensitivity/(1 — specificity)). The negative
likelihood ratio (NLR) estimates the likelihood
that a negative test result will raise or lower the
pretest probability, resulting in estimation of the
posttest probability (where NLR = (1 — sensitiv-
ity)/specificity) [41]. The likelihood ratio (LR) is
not a probability but a ratio of probabilities. The
positive predictive value (PPV) refers to the prob-
ability that a person with a positive test result
actually has the disease. The negative predictive
value (NPV) is the probability that a person with
a negative 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 specific-
ity). 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 dis-
ease is increased from (.16 to 0.82. Note that the
sensitivity and specificity of 0.83 and 0.92, respec-
tively, remain unchanged. If the test information is
kept constant (same sensitivity and specificity),
the pretest probability (prevalence) affects the
posttest probability (predictive value) results.

The concept of diagnostic performance dis-
cussed above can be summarized by incorporating
the data from Appendix 2 into a nomogram 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 weakness. Because of the patient’s young
age and chronic history, he was determined clini-
cally to be in a low-risk category for carotid artery
disease-induced stroke and hence with a low pre-
test probability of 0.05 (5%). Conversely, the sec-
ond patient is 65 years old and is complaining of
acute onset of severe left-sided weakness. Because
of the patient’s older age and acute history, he was
determined clinically to be in a high-risk category
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Fig. 1.3 Bayes’ theorem nomogram for determining
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 L, Aguirre E, Zurakowski
D. Neuroimaging Clin N Am. 2003; 13:157-65)

for carotid artery disease-induced stroke and hence
with a high pretest probability of 0.70 (70%). The
available diagnostic imaging test was unenhanced
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head CT followed by CT angiography. According
to the radiologist’s available literature, the sensitiv-
ity and specificity of these tests for carotid artery
disease and stroke were each 0.90. The positive
likelihood ratio (sensitivity/1 — specificity) calcu-
lation 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 pre-
test probability of 0.05 and a likelihood ratio of 9
(Fig. 1.3, dashed line a). Conversely, the posttest
probability for the 65-year-old patient is greater
than 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 studies with different
diagnostic performance.

Jaeschke et al. [41] 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 prob-
abilities and sometimes an important diagnostic
impact; and values less than 2 have a small differ-
ence in test probabilities and seldom have impor-
tant diagnostic impact. For NLR, tests with
values less than 0.1 have a large difference
between pretest and posttest probability with
conclusive diagnostic impact; values of 0.1 and
less than 0.2 have a moderate difference in test
probabilities and moderate diagnostic impact;
values of 0.2 and less than 0.5 have a small differ-
ence in test probabilities and sometimes an
important diagnostic impact; and values of 0.5-1
have small difference in test probabilities and sel-
dom have important diagnostic impact.

The role of the clinical guidelines is to increase
the pretest probability by adequately distinguish-
ing low-risk from high-risk groups. The role of
imaging guidelines is to increase the likelihood
ratio by recommending the diagnostic test with the
highest sensitivity and specificity. Comprehensive

use of clinical and imaging guidelines will improve
the posttest probability, hence increasing the diag-
nostic outcome [10].

How to Use This Book

As these examples illustrate, the EBI process can
be lengthy [42]. The literature is overwhelming
in scope and somewhat frustrating in method-
ological 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 mitigate these chal-
lenges in the use of EBI and make the EBI acces-
sible 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 pro-
vided as clinically relevant questions. Readers
can quickly find the relevant clinical question and
receive guidance as to the appropriate recom-
mendation based on the literature. Where appro-
priate, these questions are further broken down
by age, gender, or other clinically important cir-
cumstances. Following the chapter’s table of con-
tents is a summary of the key points determined
from the critical literature review that forms the
basis of EBI. Sections on pathophysiology, epi-
demiology, and cost are next, followed by the
goals of imaging 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 sup-
porting evidence. At the end of the chapter, the
reader will find the take-home tables and imaging
case studies, which highlight key imaging recom-
mendations and their supporting evidence.
Finally, questions are included where further
research is necessary to understand the role of
imaging for each of the topics discussed.
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Take-Home Appendix 1: Equations

Outcome

Test result Present | Absent
Positive a (TP) | b (FP)
Negative c(FN) |d(TN)
(a) Sensitivity al(a+c)
(b) Specificity di(b + d)
(c) Prevalence (a+c)a+b+c+d)
(d) Accuracy (a+d))(a+b+c+d)
(e) Positive al(a +b)
predictive
value®
(f) Negative di(c +d)
predictive
value®
(2) 95% —
confidence p+1.96,[—
interval (CI) n

p = proportion

n = number of subjects
o) Senstivit a(b+d)
Likelihood Yy _
ratio 1-Senstivity b(a+c)

Reprinted with the kind permission of Springer
Science + Business Media from Medina LS, Blackmore
CC, Applegate KE. Evidence-based imaging: improving
the quality of imaging in patient care. Revised Edition.
New York: Springer Science + Business Media; 2011
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, Bayes’
theorem must be used to calculate positive predictive value
(PPV) and negative predictive value (NPV). TP true posi-
tive, F'P false positive, FN false negative, TN true negative

Take-Home Appendix 2: Summary
of Bayes’' Theorem

1. Information before test x Information from
test = Information after test

2. Pretest probability (prevalence) sensitiv-
ity/1 — specificity = posttest probability (pre-
dictive value)

3. Information from the test also known as the
likelihood ratio, described by the equation:
sensitivity/1 — specificity

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

Equations for calculating the results in the pre-
vious examples are listed in Appendix 1. As the
prevalence of carotid artery disease 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 sen-
sitivity and specificity remain unchanged at 0.83
and 0.92, respectively. These examples also illus-
trate that the diagnostic performance of the test
(i.e., sensitivity and specificity) does not depend
on the prevalence (pretest probability) of the dis-
ease. CTA, CT angiogram.
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Critically Assessing the Literature
for Evidence-Based Imaging:
Understanding Error and Bias

C. Craig Blackmore, L. Santiago Medina,
James G. Ravenel, Gerard A. Silvestri,
and Kimberly E. Applegate

Evidence-based imaging (EBI) requires the criti-
cal assessment and application of the best avail-
able evidence to patient imaging. Unfortunately,
the published studies that comprise the available
evidence 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. Initiatives by journal edi-
tors to improve the reporting of research studies,
including the CONSORT [1], STARD [2],
SQUIRE [3], and others, provide useful guides
but are incompletely implemented.

The objective of this chapter is to summarize
the common sources of error and bias in the
imaging literature to guide the critical assessment
required for EBI.
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What Are Error and Bias?

Errors in the medical literature can be divided
into two main types. The first is random error
that occurs due to chance variation causing a
sample to be different from the underlying popu-
lation. Random error will tend to be more impor-
tant when sample size is small. Systematic error,
or bias, is an incorrect study result due to nonran-
dom distortion of the data. Systematic error is not
affected by sample size but rather is a function of
flaws in the study design, data collection, or anal-
ysis. A second way to think about random and
systematic error is in terms of precision and accu-
racy [4]. Random error affects the precision of a
result. Using the bull’s eye analogy, precision is
how close the measurements are to each other
(Fig. 2.1). Higher precision indicates relatively
less random error and more likelihood that two
samples from truly different populations will be
differentiated from each other. Systematic error
on the other hand is a distortion in the accuracy of
an estimate. Regardless of precision, the underly-
ing estimate is flawed by some aspect of the
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High Random Error
Low Sample Size

Fig.2.1 Random and systemic error. 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 systemic error, regardless of the sample size, the
bias would not allow the researcher to hit the center of the
target. Left: High random error and low sample size leads
to low precision. Middle: Low random error and high
sample size leads to high precision. Right: High precision

research procedure. Using the bull’s eye analogy,
in systematic error regardless of the sample size,
the bias would not allow the researcher to hit the
center of the target (Fig. 2.1).

What Is Random Error?

Random error is divided into two main types:
Type 1, or alpha error, is when the investigator
concludes that an effect or difference is present
when in fact there is no true difference, and Type
II or beta error occurs when an investigator con-
cludes that there is no effect or no difference
when in the underlying population, a true differ-
ence exists [4].

Type | Error

Quantification of the likelihood of alpha error is
provided by the familiar p-value. A p-value of
less than 0.05 indicates that there is a less than
5% chance that the observed difference in a sam-
ple would be seen if there was in fact no true dif-
ference in the population. In fact, the difference

Low Random Error
High Sample Size

Systematic Error

can be accompanied by low accuracy if systematic error
(bias) is present. (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. In Medina
LS, Blackmore DD (eds): Evidence-Based Imaging:
Optimizing Imaging in Patient Care. New York: Springer
Science + Business Media, 2006.)

observed in a sample is due to chance variation
rather than a true underlying difference in the
population. It is important to remember that at a
p-value of 0.05, we will still draw incorrect con-
clusions (make Type I errors) in 5 of 100 cases.

A second limitation of the ubiquitous p-value is
that 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
significantif the sample sizes are small. Conversely,
there could be a very small, clinically unimportant
difference between two groups of subjects or
between two imaging tests, but with a large enough
sample size, even this clinically unimportant result
would be statistically significant. Because of these
limitations, many journals are underemphasizing
use of p-values and encouraging research results to
be reported by way of confidence intervals [5].

Confidence Intervals
Confidence intervals are preferred because they

provide much more information than p-values.
Confidence intervals provide information about
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the precision of an estimate (how wide are the
confidence intervals), the size of any effect (mag-
nitude of the confidence intervals), and the statis-
tical significance of an estimate (whether the
intervals include the null) [6].

In general, you can be 95% certain that the
confidence interval (CI) includes the true popula-
tion mean. More precisely, if you generate many
95% CI 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% [5]. Therefore, if the 95%
CI interval does not include the null, then the
results will be statistically significant at the 0.05
level [7]. Whereas the p-value is only interpreted
as being either statistically significant or not, the
CI has the advantage of providing the range of
probable values and allows the reader to under-
stand not just the statistical significance but also
the magnitude of any effect [7, 8]. CIs shift the
interpretation from a qualitative judgment about
the role of chance to a quantitative estimation of
the biologic measure of effect [5, 7, 8].

Confidence intervals can be constructed for
any desired level of confidence. There is nothing
magical about the 95% that is traditionally used,
except that it is consistent with the traditional
p < 0.05 threshold. If greater confidence is
needed, then the intervals can be wider (i.e.,
99%) or narrower (i.e., 90%) if less confidence
is sufficient. The trade-off is that wider Cls
are associated with greater confidence but less
precision [5].

As an example, two hypothetical transcranial
circle of Willis vascular ultrasound studies in
patients with sickle-cell disease describe mean
peak systolic velocities of 200 cm/s associated
with 70% of vascular diameter stenosis and
higher risk of stroke. Both articles reported the
same standard deviation (SD) of 50 cm/s. At first
glance, both articles appear to provide similar
information. However, the size of the confidence
interval is a function of the sample size, with
narrower confidence intervals for the larger
study reflecting greater precision. In the smaller
series, the 95% CI was 186-214 cm/s, while in
the larger series, the 95% CI was narrower, at
196-204 cm/s [5].

Type Il Error

The familiar p-value does not provide informa-
tion 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 performed in advance of a
research investigation to avoid Type II error.

Power Analysis

Power analysis plays an important role in deter-
mining what an adequate sample size is, so that
meaningful results can be obtained [9]. 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 [4].
Mathematically, power is defined as 1 minus 3
(beta), where f is the probability of having a Type
IT error. Type II errors are commonly referred to
as false negatives in a study population. The other
type of error is Type I or o (alpha), also known as
false positives in a study population [7]. For
example, if f is set at 0.10, then the researchers
acknowledge they are willing to accept a 10%
chance of missing a correlation between abnor-
mal CT angiographic finding and 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
magnitude.

Ideally, the power should be 100% by setting
p at 0. In addition, ideally, o should also be 0. By
accomplishing  this,  false-negative  and
false-positive results are eliminated, respectively.
In practice, however, powers near 100% are
rarely achievable, so, at best, a study should
reduce the false negatives p and false positives o
to a minimum [4, 10]. Achieving an acceptable
reduction of false negatives and false positives
requires a large subject sample size. Optimal
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power, o and B, settings are based on a balance
between scientific rigorousness, and the issues of
feasibility and cost. For example, assuming an o
error of 0.10, your sample size increases from 96
to 118 subjects per study arm (carotid and non-
carotid artery disease arms) if you change your
desired power from 85% to 90%, respectively
[11]. Studies with more complete reporting and
better 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 sensitiv-
ity of 10% between CT angiography and Doppler
ultrasoundin carotid artery disease. Unfortunately,
power calculations are often lacking, and it is left
to the reader to determine if a study has sufficient
power to interpret if a high p-value is actually an
indication that a difference does not exist.

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 confound-
ing variables between the study groups. However,
as described below, even randomized clinical tri-
als are susceptible to some forms of bias. In non-
randomized studies, appropriate study design and
statistical analysis can only control for known or
measurable bias.

Detection of and correction for bias or system-
atic error in research is a vexing challenge for
both researchers and users of the medical litera-
ture alike. Maclure and Schneeweiss have identi-
fied 10 different levels at which biases can distort
the relationship between published study results
and truth [12]. Unfortunately, bias is common in
published reports [13], and reports with identifi-
able biases often overestimate the accuracy of
diagnostic tests [14]. It is not uncommon for the
initial reports on an imaging test to be enthusias-
tic in the results, but biased in the methods.
Subsequent, more rigorous investigation will
often refute, or at least diminish the purported
effectiveness of a procedure. Careful surveillance

for each type of bias is critical but may be a chal-
lenge. Well-reported studies will 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 this. However, the final deter-
mination of whether a research study is suffi-
ciently distorted by bias to be unusable is left to
the discretion of the user of the imaging litera-
ture. 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 [15].

A common type of bias encountered in imag-
ing research is that of selection bias [15]. Because
a research study cannot include all individuals in
the world who have a particular clinical situation,
research is conducted on samples. Selection bias
can arise if the sample is not a true representation
of the relevant underlying clinical 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 per-
forming a study. One particularly severe form of
selection bias occurs if the diagnostic test is
applied to subjects with a spectrum of disease
that differs from the clinically relevant group.
The extreme form of this spectrum bias occurs
when the diagnostic test is evaluated on subjects
with severe disease who are then compared to
normal controls. In an evaluation of the effect of
bias on study results, Lijmer found the greatest
overestimation of test accuracy with this type of
spectrum bias [14]. Selection bias is a particular
challenge in nonrandomized studies.

A second frequently encountered bias in
imaging literature is that of observer bias [16,
17], also called test-review bias and diagnostic-
review bias [18]. Imaging tests are often
subjective. The radiologist interpreting an imag-
ing study forms an impression based on the
appearance of the image, not based on an objec-
tive number or measurement. This subjective
impression can be biased by numerous factors
including the radiologist’s experience; the con-
text of the interpretation (clinical vs. research set-
ting); the information about the patient’s history
that is known by the radiologist; the incentives
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Target Population

Statistics

Fig. 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 sub-
jects with abdominal pain are at risk for appendicitis. The
sample population is the group of eligible subjects avail-
able 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 popu-

that the radiologist may have, both monetary and
otherwise, to produce a particular report; and the
memory of a recent experience. But because of
all these factors, it is critical that the interpreting
physician be blinded to the outcome or gold stan-
dard when a diagnostic test or intervention is
being assessed. Important distortions in research
results have been shown and observers are
blinded vs. not blinded. For example, Schulz
showed a 17% greater risk reduction in studies
with unblinded assessment of outcomes versus
those with blinded assessment [19]. In order to
obtain objective scientific assessment of an imag-
ing test, all readers should be blinded to other
diagnostic tests and final diagnosis, and all
patient-identifying marks on the test should be
masked. Basically, the research setting should
replicate clinical practice as closely as possible.
Since the diagnosis is not known when an imag-
ing test is interpreted in clinical practice, it should
not be known in the research setting. Observer
bias is important for both randomized and non-
randomized studies.

Bias can also be introduced by the reference
standard used to confirm the final diagnosis,
called verification bias. First, the interpretation of

Generalizability

Study
Population

Selection Bias

lation determines the generalizability of the research.
Finally, statistics are used to determine what inference
about the target population can be drawn from the sample
data. (Reprinted with kind permission of Springer
Science + Business Media from Blackmore CC, Medina
LS, Ravenel JG, Silvestri GA. Critically Assessing the
Literature: Understanding Error and Bias. In Medina LS,
Blackmore DD (eds): Evidence-Based Imaging:
Optimizing Imaging in Patient Care. New York: Springer
Science + Business Media, 2006.)

the reference standard must be made without
knowledge of the test results. Reference stan-
dards, like the diagnostic 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 different reference standards (called
differential reference standard bias) for subjects
with different diagnostic test results may falsely
elevate both sensitivity and specificity [14, 17].
Of course, sometimes it is not possible or ethical
to perform the same reference standard proce-
dure on all subjects. For example, in a meta-
analysis of imaging for appendicitis, Terasawa
found that all of the identified studies used a dif-
ferent reference standard for subjects with
positive imaging (appendectomy and pathologi-
cal evaluation) than for those with negative imag-
ing (clinical follow-up). It simply wouldn’t be
ethical to perform appendectomy on all subjects.
Likely, the sensitivity and specificity of imaging
for appendicitis was overestimated as a result
[20]. Verification bias and differential reference
standard bias are important in both randomized
and nonrandomized studies.
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What Are the Inherent Biases
in Screening?

Investigations of screening tests are susceptible to
an additional set of biases. Screening trials are
vulnerable to healthy volunteer bias. For exam-
ple, in the Prostate, Lung, Colorectal, and Ovarian
Screening Trial, the individuals who volunteered
to undergo screening were generally healthier and
had lower mortality than the general population,
even before the screening began. Hence, compar-
ing only those who actually undergo screening to
those randomized not to be invited to be screened
will cause falsely elevated estimates of screening
effectiveness. This bias can be avoided by includ-
ing all of those invited to be screened, not just
those who actually undergo screening [21]. Case-
control studies are particularly problematic for
screening, as screening is a choice in these stud-
ies, and people who present for elective screening

Screen detectable
preclinical phase

tumor
size

tend to have better health habits [22]. In assessing
the exposure history of cases, including 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 [23]. Similarly, excluding the test on
which the diagnosis is made may underestimate
screening effectiveness. The magnitude of bias is
further reflected in the disease preclinical phase;
the longer the preclinical phase, the greater the
magnitude of the bias.

Prospective nonrandomized screening trials
perform an intervention on subjects, such as screen-
ing for lung cancer, and follow them for many
years. These studies can give information of the
stage distribution and survival from diagnosis of a
screened population; however, these measures do
not allow an accurate comparison to an unscreened
group due to lead time, length time, and overdiag-
nosis bias [24] (Fig. 2.3). Lead time bias results
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Fig. 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 screening but not yet evi-
dent clinically. This is the preclinical screen detectable
phase. Screening is potentially helpful if it detects cancer
in this phase. After further growth, the cancer will be clin-
ically evident. Even if the growth and outcome of the can-
cer is unaffected by screening, merely detecting the cancer
earlier will increase apparent survival. This is the screen-
ing lead time. In addition, slower growing cancers (such

as C) will exist in the preclinical screen detectable phase
for longer than faster growing cancers (such as B).
Therefore, screening is more likely to detect more indo-
lent cancers, a phenomenon known as length bias.
(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. In Medina LS,
Blackmore DD (eds): Evidence-Based Imaging:
Optimizing Imaging in Patient Care. New York: Springer
Science + Business Media, 2006.)
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from the earlier detection of the disease which
leads to longer time from diagnosis and an appar-
ent survival advantage but does not truly impact the
date of death. In effect, individuals live longer with
the disease as diagnosis is made earlier, but still die
at the same age. Length time bias relates to the
virulence of tumors. More indolent or slowly grow-
ing tumors will persist longer at a size that can be
detected by screening but is not yet clinically evi-
dent (referred to as the preclinical screen detectable
phase) longer than faster-growing tumors that are
more likely to be detected by symptoms. Thus,
screen-detected tumors will tend to be less aggres-
sive even at the same size, when compared to clini-
cally detected tumors. This disproportionally
assigns more indolent disease to the intervention
group in screening trials and results in the appear-
ance of a benefit. Overdiagnosis is the most extreme
form of length time bias in which a disease is
detected and “cured” but is so indolent it would
never have caused symptoms during life and there-
fore, in the absence of screening, would never have
been diagnosed. Thus, survival from diagnosis
alone is not an appropriate measure of the effec-
tiveness of screening [25].

For this reason, a randomized control trial
(RCT) with disease-specific mortality as an end-
pointis the preferred methodology. Randomization
should even out the selection process in both
arms, eliminating the bias of case-control studies
and allow direct comparison of groups who were
invited to undergo the intervention and those who
were not, to see if the intervention lowers deaths
due to the target disease. The disadvantage of the
RCT is that it takes many years and is expensive
to perform. There are two additional biases that
can occur in RCTs and are important to under-
stand: sticky diagnosis and slippery linkage [26].
Because the target 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, say
a myocardial infarction during 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 appro-

priately assigned to the target disease, the value of
screening may be overestimated. For this reason,
in addition to disease-specific mortality, all-cause
mortality should also be evaluated in the context
of screening trials [26].

Because of these biases in screening trials, it
important not to focus on irrelevant metrics,
including survival, test sensitivity, disease preva-
lence, and detection of early stage disease. All of
these are susceptible to bias that may make an
ineffective screening test appear effective. Only
disease-specific and all-cause mortality reduction
(from invitation to screen or intention to treat
analysis) are valid as measures of the effective-
ness of screening trials [27].

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. However,
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
textbook is derived from that of Kent [28] and is
shown in Table 2.1. Use of such a grading scheme
is by nature an oversimplification. 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 1—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 when assessing
therapeutic impact or patient outcomes. Well-designed
meta-analysis based on level 1 or 2 studies.

Level 2—Moderate evidence:

Prospective or retrospective studies with narrower
spectrum of generalizability, with only a few flaws that
are well described so 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.

(continued)



26

C.C. Blackmore et al.

Table 2.1 (continued)

Level 3—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 4—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. In Medina LS,
Blackmore DD (eds): Evidence-Based Imaging:
Optimizing Imaging in Patient Care. New York: Springer
Science + Business Media, 2006.)

Conclusion

In summary, critical analysis of a research publi-
cation can be a challenging task. The reader must
consider the potential for Type I and Type II ran-
dom error 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 the
healthy volunteer effect, lead time, length bias,
and overdiagnosis.
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Information Systems in Emergency
Department Diagnostic Imaging

Jamlik-Omari Johnson and Nabile M. Safdar

Key Points

e Medical imaging greatly contributes to
overall healthcare spending.

e Imaging in the emergency department
(ED) setting is an area of continued growth.

e Health information technology (HIT)
can help providers use imaging resources
more appropriately and efficiently.

e HIT can help imagers provide services in
an efficient, safe, and effective manner
throughout the imaging value chain
from inquiry to completion.

e HIT has the potential to bring value to
multiple stakeholders in the emergency
department setting.

Definitions, Trends, and Use

Health information technology (HIT) is an
umbrella term applied to information technology
in the healthcare sector. It broadly encompasses

J.-O. Johnson (P<]) - N.M. Safdar

Department of Radiology and Imaging Sciences,
Emory University School of Medicine, Emory
University Hospital, Atlanta, GA, USA
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the management of health information across
computerized systems and provides a secure
exchange between consumers, providers, payers,
governmental, and quality entities. Within the
context of this discussion, HIT includes but is not
limited to:

e FElectronic health record (EHR) or electronic
medical record (EMR): a computerized record
of patient health information intended for
clinical care. While these terms are sometimes
used interchangeably, EHRs are considered
by many to have a greater scope, potentially
encompassing information from multiple
EMRs.

*  Health information exchange (HIE): a commu-
nication network that mobilizes healthcare infor-
mation between separate organizations within a
region, community, or hospital system.

* Picture archiving and communications sys-
tems (PACS): a HIT that provides storage and
access to medical images from multiple
sources. Implementations vary widely.

e Computerized provider order entry (CPOE):
the electronic entry of medical practitioner
instruction for the treatment of patients. The
instructions are communicated over a com-
puter network to the parties (e.g., radiology,
pharmacy, and nursing) responsible for fulfill-
ing the request.

e Clinical decision support (CDS): tools to
enhance decision-making in clinical workflow.
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CDS provides clinicians, staff, and patients
with appropriately filtered, individualized
information and knowledge. The tools enhance
appropriate decision-making and clinical
workflow. CDS can be geared toward radiolo-
gists or their nonimaging colleagues.

e Vendor neutral archives (VNAs): medical
imaging technology in which documents,
images, or other clinical data are stored with
methods that enable flexible query, data
consolidation, and multiple points of integra-
tion with other related systems.

* Natural language processing (NLP): a field
dealing with the automated processing and
meaning of speech and text.

Over the span of this millennium, virtually
every major industry has integrated computeriza-
tion into its workflow to automate and streamline
its processes. The purchase of virtually any prod-
uct or service from the ease of a laptop or smart-
phone without leaving the comfort of home or the
office is commonplace. If one decides to venture
into a traditional brick and mortar store, comput-
ers can assist in price checks and self-checkout.
Online education provides flexible distance
learning opportunities. Despite the strong com-
puterized presence in many sectors, the medical
field largely lacks tightly integrated computeriza-
tion. The American healthcare system is at the
same time massive, fragmented, and potentially
dangerous. New scientific evidence is not easily
integrated into clinical practice [1]. Simple tech-
nologies commonplace in other industries are
novel or largely absent in medicine. As
Menachemi and Collum point out, “despite these
advances in our society, the majority of patients
are given handwritten medication prescriptions,
very few patients are able to email their physician
or even schedule an appointment to see a pro-
vider without speaking to a live receptionist” [2].
These stark differences in the adoption rates of
computerization were not lost on healthcare
advocates and lawmakers. In fact, healthcare
payers, advocates, policymakers, and consumers
identified robust health information systems as a
critical component to modernizing the healthcare
industry. As part of the 2009 American Recovery

and Reinvestment Act (ARRA), the Health
Information Technology for Economic and
Clinical Health (HITECH) Act provided incen-
tives for providers to adopt meaningful electronic
health record systems that could provide func-
tionalities to reduce errors, contain costs, and
improve efficiencies.

Healthcare information technology (HIT) has
the potential to improve quality by increasing
disease surveillance and adherence to guidelines,
decreasing medical and medication errors, and
improving efficiency. Much of HIT has focused
on primary and secondary preventative care with
the major benefit coming in the form of more
appropriate utilization of care. However, addi-
tional benefits may come in the form of decreased
time of care and improved safety (fewer adverse,
sentinel, or preventable malpractice events) [3].
One in 50 hospitalized patients experiences a pre-
ventable adverse event, and an estimated 108,000
patients die annually from iatrogenic injury [4].
Zuccotti and colleagues quantified the impact of
clinical decision support (CDS) systems and
other forms of HIT. They estimated at least a
50% reduction of malpractice events and an
indemnity savings of over $40 million [3].

Overall Cost to Society

US healthcare expenditures grew 3.6% and
exceeded 17% of gross domestic product in 2013.
Spending topped $2.9 trillion or $9255 per per-
son [5]. Imaging was a major contributor to over-
all healthcare costs representing approximately
14% of Medicare Part B expenditures. Imaging
in the emergent setting represents not only a sig-
nificant portion of overall imaging but also an
area of continued growth [6].

During the first decade of this century, poli-
cymakers, advocates, and payers noted that
imaging services were the most rapidly growing
field of all physician services [7]. The escalating
costs associated with increased imaging led to
the adoption of various techniques to quell this
unsustainable growth curve and to contain costs.
Measures included reimbursement cuts, cost
sharing with consumers (higher deductibles and



3 Information Systems in Emergency Department Diagnostic Imaging 29

co-payments), pre-authorizations, code bun-
dling, and HIT (most often in the form of com-
puter decision support). While these aggressive
measures succeeded in curbing the growth of
advance imaging in outpatient and inpatient set-
tings, imaging in the emergency department
(ED) continued its rapid expansion undeterred
by preventative measures [8]. Levin et al.
reported that during a 10-year period (2002-
2012), radiography (XR) utilization increased
29%, computed tomography (CT) increased
159%, ultrasound (US) increased 121%, and
magnetic resonance imaging (MRI) increased
264%. In 2012, ED imaging represented 14% of
all Medicare fee for service imaging; however,
researchers concede this number is an underes-
timate as it does not account for patients who
are imaged in the ER and subsequently admitted
to the hospital inpatient service [9]. In 2008,
upward of 95% of all ED imaging was inter-
preted by radiologists [10].

The volume and continued growth of imaging
in the emergency setting suggest untapped oppor-
tunities for radiologists and ED providers to col-
laborate on imaging utilization. A variety of
mechanisms have been proposed and include the
development of, adoption of, and adherence to
meaningful clinical decision support rules for
imaging in the ED setting; increased awareness,
education, and outreach to providers in the emer-
gent care setting regarding appropriate imaging
criteria and overutilized, low-yield imaging
examinations (e.g., American College of
Radiology (ACR) Appropriateness Criteria and
Choosing Wisely) [11, 12]; and the integration of
informatics, such as computerized CDS, into the
routine ED clinical workflow. Despite its contin-
ued growth, imaging creates value for providers,
patients, and payers when used appropriately.

When properly applied, medical imaging in
the emergent setting facilitates accurate diagnosis
and allows rapid patient triage. HIT can provide
an efficient, effective, and robust healthcare deliv-
ery cornerstone. Within the imaging sphere and
for the radiologist, HIT has the potential to not
only help address issues related to imaging utili-
zation but image planning, acquisition, interpreta-
tion, communication, and follow-up.

Goals of Information Systems
in Emergency Imaging

In emergency settings, reaching the correct diagno-
sis in a timely fashion is critical to maximizing
health outcomes. In its report, Improving Diagnosis
in Health Care, the Institute of Medicine laid out its
recommendations for improving the diagnostic
process, including ensuring that “health informa-
tion technologies support patients and healthcare
professionals in the diagnostic process” [13]. The
diagnostic imaging process involves value-added
technologies at every step, including forming a
diagnostic inquiry, performing a diagnostic pro-
cedure, accurately establishing a diagnostic result,
and completion of that process, including commu-
nication, follow-up, and tracking of outcomes
(Fig. 3.1). With this framework in mind, we will
explore the potential use and state of the art of
health information technologies most often utilized
in emergency settings.

Methodology

A MEDLINE search was performed using
PubMed research publications with the following
keywords: imaging, utilization, emergency, radi-

Fig. 3.1 The diagnostic imaging process. CPOE clinical
provider order entry, PACS picture archiving and com-
munications system, VNA vendor neutral archives
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ology, medicine, department, informatics, health
information, technology, systems, computer, and
clinical decision support. The search covered a
10-year period from May 2005 to May 2015.
Additional articles were identified by reviewing
the reference lists of relevant publications.

Discussion of Issues

Forming a Diagnostic Inquiry: HIEs,
CPOE, and CDS

Summary of Evidence Although impeded by
questions of financial viability, HIEs have the
potential to reduce redundant imaging in emer-
gency settings. When implemented well, the
combination of CPOE and CDS can improve
adherence to guidelines for the utilization of
advanced imaging [6].

Supporting  Evidence Achieving  improved
health outcomes in emergency care requires
effective collaboration between members of the
clinical care team, including emergency provid-
ers and radiologists. However, emergency care
providers face several challenges when accu-
rately diagnosing their patients. Due to the nature
of emergency and urgent care, patients in need of
rapid diagnosis may not have an existing medical
record readily available where they present.
These patients may have received their care—
and previous imaging—elsewhere. The lack of
information about a patient’s longitudinal health
record can lead to redundant or unnecessary
imaging that is requested only due to a paucity of
available information. Well-implemented health
information exchanges (HIEs) can remedy this
conundrum by providing emergency care provid-
ers with a patient’s previous medical notes, labo-
ratory test results, and diagnostic imaging reports
performed at other local or regional facilities. In
some settings, HIEs have been shown to reduce
redundant imaging or unindicated imaging in
such settings as headache or back pain, reducing
healthcare-related costs while maintaining or
improving health outcomes [14—16]. Other inves-
tigations have questioned the utility or long-term

financial viability of HIEs, even with state or fed-
eral support [17, 18]. The success of HIEs in the
United States has been variable, and its ongoing
role in helping to manage emergency imaging
remains uncertain. While it may not be particu-
larly challenging for emergency providers to dif-
ferentiate the strengths and weaknesses of basic
imaging modalities, navigating the complexities
of advanced imaging with a myriad of protocols
in a time-sensitive setting may pose unique chal-
lenges. The increasing utilization of computer-
ized physician order entry (CPOE) and clinical
decision support (CDS) in emergency settings
seems likely, despite some ongoing uncertainty
regarding regulatory oversight of CDS software
[19].

CPOE with CDS has long been available to
optimize the safety and effectiveness of ordering
medication. Depending on the implementation
and setting, this strategy has had mixed results, in
some cases improving medication safety and in
others having deleterious effects [20-22]. Within
the imaging strata, CPOE and CDS could follow
similar patterns. Initial attempts to demonstrate
the utility of imaging CDS in clinical settings
were impeded when a significant fraction of
imaging orders did not successfully map to an
imaging appropriateness guideline, limiting util-
ity and engendering dissatisfaction among users
[23]. However, in other settings, the combination
of CPOE and imaging CDS have been broadly
accepted by users and improved adherence to
guidelines for the use of advanced imaging [24].
With the proper attention to provider workflow
and user interface and adequate integration of
evidence-based guidelines, CDS for advanced
imaging has the potential to reduce unnecessary
imaging and ensure appropriate utilization.

CDS has the potential to improve efficiency
and appropriateness by delivering knowledge at
the point of care to inform clinical decision-
making. Currently, wide practice variations
among providers, practices, health systems, and
geographic regions result in underuse, overuse,
and misuse of imaging technology [25]. Practice
variation increases the likelihood of inefficient
and suboptimal care delivery. Variations in clini-
cal practice may result from a number of sources
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including knowledge gap about the clinical evi-
dence, information gap about prior imaging,
underestimated risks of recurrent radiation, the
practice of defensive medicine, and a disconnect
between provider accountability and the enter-
prise financial model [26].

Opportunities for clinical decision support in
emergency departments are numerous. Focus
areas include appropriate imaging, patient safety,
and reporting quality. CDS must provide evidence-
based clinical information about the appropriate-
ness of the exam to the provider at the time of
ordering. If an examination is inappropriate, rec-
ommendations for appropriate care (alternative
imaging or no imaging) should be provided. When
multiple options for imaging exist, a ranking of the
most appropriate examination given the clinical
scenario should be provided [26-29]. Expanding
beyond the realm of exam appropriateness, CDS
plays a role in patient safety. Well-integrated sys-
tems that interface with the patient’s EMR can
provide clinicians with real-time alerts regarding
patient renal function, allergies, or other pertinent
clinical data. Radiation safety reminders and alerts
can also be embedded in CDS. A CDS system may
be viewed simply as tool to help ordering clini-
cians; however, well-designed and properly inte-
grated systems may also benefit the radiologist at
the time of reporting. Radiologists’ practice pat-
terns also vary particularly when it comes to fol-
low-up imaging recommendations for incidental
findings [30-32]. CDS can help to appropriately
standardize radiologist recommendations reduc-
ing variability and improving care.

Speed and functionality are categorically
important features of an effective CDS [26]:

1. Speed: The relevant information must be
delivered in real time and easily accessible to
the end user.

2. Functionality: The system must be easy to
use, navigate, and comprehend. Duplicate
data entry is eliminated. CDS is embedded in
the workflow and integrated with other infor-
mation systems. The information must be
actionable, evidence based, and up to date.
The system allows for audits, feedback, and
modification.

CDS can be a useful tool in appropriate imaging
utilization and improved care delivery in the
emergent setting.

The Diagnostic Procedure:
Optimization, Protocoling,
and Radiation Management

Summary of Evidence Once imaging is required
for an emergent diagnosis, preparation is required
to ensure modalities are optimized, imaging pro-
tocols efficiently answer clinical questions, and
imaging-associated risk is minimized. Leadership
in emergency imaging must ensure resources are
dedicated to optimizing processes, including the
deployment of appropriate HIT tools to commu-
nicate appropriate modality protocols and to min-
imize radiation exposure.

Supporting Evidence Emergency imaging is
time sensitive. As the integration of imaging into
pathways for acute stroke, pneumonia, and other
conditions deepens, optimization of workflows to
expedite imaging and to deliver results will
involve technologists, nurses, administrators,
radiologists, other physicians, and allied health-
care providers. Efforts to maximize the value-
added portions of this process and to eliminate
waste will require a multifaceted approach, which
may include workflow optimization, maintaining
adequate human resources, and implementing
tools such as digital whiteboards, instant messag-
ing, or web forms [33].

When working together with physicists and
technologists, emergency radiologists can opti-
mize imaging protocols by indication and patient
characteristics to balance speed and image qual-
ity while reducing risks from unnecessary radia-
tion and contrast [34-36]. A number of techniques
to reduce CT dose have been implemented while
maintaining diagnostic accuracy [37-39]. Some
patients may receive a significant portion of their
care from various emergency departments; there-
fore, tracking and reporting radiation doses
across encounters could alert provider teams to
radiation risks that otherwise may not be detected
[40-42].



32

J.-0. Johnson and N.M. Safdar

The Diagnostic Result: PACS, VNAs,
CAD, and CDS for Radiologists

Summary of Evidence PACS continue to evolve
to better support a spectrum of uses, including
advanced processing, remote viewing, and inter-
pretation. While several computer-aided detec-
tion and diagnostic tools have shown promise,
the lack of regulatory approval for diagnosis,
vendor support, and reimbursement models
remains obstacles for widespread adoption.
Clinical decision support for radiologists at the
point of interpretation is becoming more
widespread.

Supporting Evidence Following the acquisition
of imaging data, activities in the imaging value
chain should maximize interpretive accuracy and
efficiency through well-designed interpretive
user interfaces, image processing systems, and
clinical decision support designed for practicing
emergency radiologists and other providers.

Picture archiving and communications systems
(PACS) have long served as the primary systems
used for imaging interpretation. Key functions
typically found in a traditional PACS include
worklist functionality, a diagnostic viewer, and
storage for imaging-related data. Most PACS will
provide integrated post-processing functionality.
As other systems mature in their ability to provide
such utility, we are seeing a shift from the current
model. Increasingly, electronic medical records
(EMRs) are integrating more imaging-centric
modules such as worklist capability, integrated
clinical context, diagnostic viewing, and voice rec-
ognition. The maturing imaging-related capabili-
ties of EMRSs in combination with the advent of
tools such as diagnostic zero footprint viewers
and vendor neutral archives (VNASs) enable more
creative combinations of applied technology for
emergency imagers who wish to add value from
any location or setting, whether in the traditional
reading room for a primary interpretation, at
their home diagnostic workstation, or with a por-
table device for consultation when outside the
hospital [43].

Traditionally, those desiring advanced image
processing such as 3D surface-shaded displays

had to rely on dedicated advanced visualization
workstations. Such functionality has been incor-
porated into PACS or other lightweight viewers,
either through inherent capabilities of the viewer
or a deep integration with an advanced visualiza-
tion platform. While many basic reformats, such
as orthogonal multiplanar reformats (MPRs), are
processed by CT or MR technologists, ED radi-
ologists should expect to be able to perform more
advanced reformats of imaging data at the work-
station on demand [44]. The most current diag-
nostic viewers offer integrated 3D reconstruction
capabilities without the need to install locally any
software, making them available to anyone with
access to a secure connection and a browser [45].
We should anticipate the widespread availability
of systems which allow remote viewing of any
case with full post-processing capabilities
through any device as these technologies obtain
greater market penetration.

While the potential of ubiquitous computer-
aided detection and diagnosis systems has gener-
ated much discussion, the applications which
have achieved widespread adoption have focused
on the detection and characterization of malig-
nant processes such as breast, lung, and colon
cancers. There is an increasing body of work
describing techniques to detect urgent diagnoses
likely to be discovered by an emergency radiolo-
gist. Such image processing algorithms have
shown some promise in the ability to detect
intracranial hemorrhage on CT scans of the head,
detect coronary pathology, or detect ischemia in
the brain or bowel [46-49]. While these tech-
niques show some promise, adoption in clinical
settings is still difficult because the market has
not demanded support for these technologies by
major vendors. The lack of regulatory approval
for diagnosis, vendor support, and reimburse-
ment models remains obstacles for widespread
adoption.

A class of tools apart from computer-aided
detection and diagnosis systems is being devel-
oped to provide decision support to radiologists
at the time of interpretation. These tools focus on
delivery of appropriate knowledge through
textual resources, checklists, and guidelines to
radiologists responsible for a wide range of clinical
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expertise [50]. These resources emphasize a
range of conditions that emergency radiologists
may encounter, from non-emergent conditions
such as the appropriate management of lung nod-
ules to more acute clinical scenarios such as ver-
tebral compression fractures [51]. Delivery of
such decision support tools may be integrated
with existing clinical systems or available on a
mobile device [52-54]. To date, the number of
such solutions catered to emergency imaging has
been limited but is expected to increase as
demand for “just-in-time” decision support for
radiologists grows.

Completing the Diagnostic Process:
Structured Reporting, NLP, and CTRM

Summary of Evidence Critical test result man-
agement systems have had variable success in
helping emergency imagers manage critical and
important incidental findings in diverse practice
settings. The combination of structured reporting
and natural language processing (NLP) shows
some promise for automatically detecting the
presence of critical findings, reporting discrepan-
cies, or identifying outcomes. Increasing utiliza-
tion of structured reporting and NLP may help
emergency imagers participate in large-scale ana-
lytics using “big data” strategies.

Supporting Evidence Once a patient’s emer-
gency imaging is displayed, processed, and inter-
preted, the next steps in the imaging value chain
require a radiologist to effectively communicate
results to the appropriate parties. While voice
recognition software has largely displaced the
role of transcriptionists, the adoption and matu-
rity of associated technologies such as structured
reporting, NLP, critical result management, and
incidental result management systems vary
greatly by location.

Structured reporting and NLP are methods for
augmenting the semantic content of a radiology
report. Advantages of structured reporting may
include improved report completeness for clini-
cal and charge capture purposes, improved stan-
dardization between different authors within the

same ED radiology group, and improved refer-
ring provider satisfaction [55]. While structured
reporting is typically initiated by the reporting
provider at the time of report initiation, NLP is
utilized once a report has been authored. NLP
techniques have been utilized to automatically
classify CT reports in the emergency setting with
some success [56]. NLP has been incorporated
into reporting systems for radiologist decision
support for detecting laterality or gender discrep-
ancies within radiology reports or for identifying
critical results such as pneumothorax, testicular
torsion, or malpositioned lines and tubes within
reports [57-60].

The automated reporting of critical results has
long been sought after by radiologists. Commercial
systems to help with the task of reporting and
managing critical results have been marketed for
several years. Some aim to facilitate the immediate
communication of critical results according to the
preferences of the referring provider [61].
However, if the patient has been admitted or dis-
charged or if the original referring provider is off-
shift, the radiologist and referring providers alike
can quickly become frustrated with such systems.
Other commercially available systems create lists
to help facilitate the work of a dedicated employee
tasked to deliver critical results in a timely fashion,
with or without a computerized workflow manage-
ment system [62, 63]. In some cases, rule-based
NLP algorithms may be used to facilitate the cre-
ation and curation of these communication
worklists. These systems rely on a human to deal
with the “musical chairs” problem that occurs
when numerous providers care for patients during
different portions of their interactions with the
medical system, regardless of the original request-
ing provider. In the emergency setting, delivery of
important incidental findings, such as a worrisome
pulmonary nodule, can be even more challenging.
The referring ED provider may not be the best
provider to manage and follow that result. The
patient’s primary care physician is entirely
removed from the emergency setting [64].
Mechanisms similar to those seen for managing
critical results are now available commercially.

When combined, structured reporting and NLP
techniques can enable the automated classification
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of text reports that otherwise would require a
human to decipher their meaning. The potential
for automated processes to determine the mean-
ing of radiology reports could enable better
approaches to outcomes and correlation with
other sources of data, such as genomics or pathol-
ogy [65]. Furthermore, a failure to leverage struc-
tured reporting and NLP where appropriate may
leave much radiologic report data undecipherable
without human intervention, effectively limiting
its full involvement in the impending “big data”
revolution in healthcare [66].

Improving radiologists’ performance over
time and demonstrating the value of imaging are
dependent on the ability of imaging to be linked
to outcomes. To date, there have been challenges
in categorizing the nature of text-based radiology
reports and linking results to outcomes. However,
there has been progress in the development of
systems which can alert radiologists to patient
outcomes related to studies they have interpreted
[67]. Such advances, along with the promise of
big data in healthcare, suggest that demonstrating
the value of imaging and the performance of indi-
vidual radiologists in a more facile manner may
be something we can look forward to in the future
[68, 69].

Take-Home Figure

Figure 3.1 summarizes the various components
of the imaging process.

Take-Home Points

* Information systems that support diagnostic
imaging in emergency settings have the poten-
tial to improve efficiency, quality, and patient
safety while moderating costs.

* The imaging value chain includes forming a
diagnostic inquiry, performing a diagnostic
procedure, establishing a diagnostic result,
and completing communication and follow-
up tasks. This cycle serves as a useful frame-
work to assess existing information systems
and emerging technologies.

e Information systems will enable health sys-
tems to track, assess, and analyze their impact,
adoption, meaningful use, and barriers.
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The Consequences
of Inappropriate Use of Emergency

Imaging
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Key Points

o Utilization of medical imaging in the

emergency department has increased in
recent decades (moderate evidence).
Medical radiation accounts for the larg-
est percentage of artificial exposure to
ionizing radiation (moderate evidence).
A direct link between low-level radia-
tion from diagnostic imaging and cancer
development has not been proven.
However, there is evidence suggesting
increased risk of leukemia and brain
cancer in children exposed to cumula-
tive CT radiation doses of 50—-60 mGy.
Most estimates of long-term effects of
low-level radiation exposure (100-
150 mSv) come from the longitudinal
survivor study of atomic bomb survivors
(moderate evidence).

Incidental findings are common and
their workup is expensive and may
cause undue anxiety, excess radiation
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exposure, and risk of additional diag-
nostic procedures for mostly benign
conditions (limited evidence).

e Application of the clinical decision sup-
port such as the American College of
Radiology (ACR) appropriateness crite-
ria could decrease overutilization in the
emergency department setting (limited
evidence).

Definitions and Pathophysiology

Overutilization of imaging is defined as applica-
tion of imaging when it is unlikely to improve
outcomes [1]. Over the last two decades, utiliza-
tion of medical imaging in the emergency depart-
ment setting has dramatically increased. While
imaging undoubtedly saves lives, potential over-
utilization is concerning for patients, health care
providers, and health care payers. For patients,
medical imaging is now the largest contributor of
radiation exposure to individuals in the USA, the
majority attributed to CT. For health care provid-
ers, imaging can rapidly aid in diagnosis and
identification of life-threatening conditions, but
incidental findings may add challenge in patient
management. For health care payers, increased
imaging utilization has been a major contributor
to rising health care costs in the USA.
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Epidemiology

According to the National Hospital Ambulatory
Medical Care Survey, CT use during ED visits has
increased 460% between 1995 and 2011, from
2.8% of encounters in 1995 to 15.8% in 2011 [2,
3]. In the same time, MRI utilization in the ED
has increased 500% from 0.1% to 0.6%, and ultra-
sound has increased 210% from 1.2% to 3.8% of
visits [2, 3]. Increased use of CT was seen in all
20 of the most common complaints presenting to
the ED in this time period, with highest growth in
abdominal pain, flank pain, chest pain, and short-
ness of breath [4]. In the pediatric population, CT
use increased 23-435% depending on body part
imaged between 2000 and 2006, far exceeding
growth in patient volume and acuity and mimick-
ing trends in the adult population [5]. In 2012, the
last year for which complete data is available,
256.8 CT scans were performed per 1000 people,
a rate 25% higher than for the next highest
Organization for Economic Cooperation and
Development (OECD) (developed) country. 104.8
MRIs were performed per 1000 people that same
year, almost twice the average rate of OECD
countries [6]. Several factors have likely contrib-
uted to the rise in imaging utilization in the USA,
including advances in medical imaging, increased
accessibility to imaging equipment, 24/7 interpre-
tation by radiologists, fear of litigation, and shift-
ing expectations of patients and emergency
department clinicians [1, 7].

Overall Cost to Society

Inappropriate use of imaging in the emergency
department results in excess radiation exposure,
increased health care costs, and increased time of
ED visits and imparts the additional anxiety, costs,
and risks associated with incidental findings.

Goals of Imaging

The goal of imaging in the ED is to diagnose or
exclude potentially life-threatening medical con-
ditions in symptomatic patients. Screening of

non-symptomatic patients is also performed in
the ED in certain scenarios, for example, in
protocol-driven imaging of trauma patients and
in cases of suspected child abuse.

Methodology

Information from this chapter was obtained pri-
marily through a MEDLINE search using
PubMed (US National Library of Medicine,
Bethesda, Maryland; http://www.ncbi.nlm.nih.
gov/pubmed/) from 1980 to March 2015.
Keywords were “emergency department radiol-
ogy overutilization,” “emergency department
radiology utilization,” “incidental finding radiol-
ogy,” and the resultant related fields from this
original database. The search was limited to
English-language articles. The authors performed
a critical review of the title and abstracts of
indexed articles followed by the full text of arti-
cles that were relevant. Additional relevant arti-
cles were selected from the references of reviewed
articles and published guidelines.

Discussion of Issues

Overutilization of Diagnostic Imaging
in the ED Setting

There has been dramatic growth in imaging utili-
zation in the past two decades. While imaging
can provide a key diagnostic step in diagnosis
and contribute to swift and appropriate patient
care, it is unclear that improvements in outcomes
have been commensurate with increases in imag-
ing utilization. For example, between 2001 and
2010, there has been a 2.5-fold increase in CT
utilization among adult fall patient ED visits,
while the proportion of fall visits with life-
threatening conditions has only increased by
2.5% [8]. In patients presenting to the ED with
flank or kidney pain, prevalence of CT use
increased from 4.0% to 42.5% from 1996 to
2007, while the number of patients ultimately
diagnosed with urolithiasis or other significant
diagnoses or admitted to the hospital did not sub-
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stantially change [9]. In patients presenting to the
ED with injury-related conditions, the prevalence
of CT and MR use increased from 6% in 1998 to
15% in 2007 without corresponding change in
prevalence of visits for which patients were either
admitted to the hospital or to an intensive care
unit [10]. Growth of imaging utilization has been
so dramatic that multiple national campaigns
have been established to evaluate and combat
overutilization, including Image Gently, Image
Wisely, and As Low as Reasonably Achievable
(ALARA), and initiatives by the National Council
on Radiation Protection and Measurements, the
Food and Drug Administration, and the American
Board of Radiology Foundation [1, 11-16].

Studies have shown that ER physicians agree
that overutilization of imaging is a problem, rais-
ing the question of why imaging is so frequently
and at times inappropriately utilized. Fear of liti-
gation has been cited as a factor driving imaging
utilization in surveys of ED physicians, and
imaging ordered for defensive purposes is
thought to account for 5-25% of total imaging
costs [1, 17, 18]. A survey of ED clinicians also
found that concerns about patient satisfaction
affect CT ordering decisions [18]. Lack of infor-
mation about prior imaging studies may be a fac-
tor in overutilization, as studies have shown that
ED physicians factor cumulative CT count into
image ordering decisions only some of the time,
but would take this information into account if
information was more available [18]. Lack of
education about risks of imaging is also a factor
driving overutilization. A study of ED physicians
found that the majority gave incorrect estimates
of cancer risk from a 10 mSv exposure and incor-
rect estimates of effective radiation dose of a
chest X-ray and CT abdomen-pelvis, two com-
monly ordered imaging exams [18]. Another
study found that 75% of physicians underesti-
mated cancer risk from CTs, and >90% of ED
physicians and 50% of radiologists did not
believe that CT scans increased cancer risk [19,
20]. Additionally, only 3% of surveyed patients
believed that CTs increase lifetime cancer risk,
and 7% of patients undergoing abdominal CT in
the ED reported they had been told about the
risks and benefits of their CT scan [20].

The current fee-for-service payment system
for health services has been cited as a culprit for
overutilization, though is probably less of an
issue in the ED setting. Factors within the ED
seem to affect utilization, as one study found that
odds of low-cost imaging utilization are higher
when the ED is slower and high-cost imaging
higher when the ED is busier, possibly due to
facilitated workup with increased cross-sectional
imaging [21].

Risks of Radiation Exposure in Adults
and Children

Radiation Terminology

Radiation is measured in standard international
units (SI = Systeme Internationale). The intensity
of X-ray radiation can be characterized by expo-
sure in coulombs/kilogram or air kerma in Gray
(Gy). The absorbed dose is the energy absorbed
per unit of mass and is also measured in Gy. The
equivalent dose describes the biologic impact to
exposed tissue. The effective dose is the sum of
products of dose equivalent multiplied by weight-
ing factors depending on the radiosensitivity of
exposed organs and is expressed in Sieverts (Sv).
The effective dose is used to describe risks from
medical imaging in which dose distribution is not
homogenous and provides generic estimate of
harm to the patient caused by radiation exposure.
It should be noted that effective dose is only an
estimate of true risk [22, 23]. CT accounts for a
large proportion of diagnostic imaging-related
radiation dose. CT dose index (CTDI) in mGy
and dose length product (DLP), a measure that
reflects the product of CTDI and the length of the
scan in mGy-cm, describe radiation doses in
CT. However, these reported doses represent
dose to a phantom. Conversion factors for DLP
into effective dose in the adult and pediatric
patient have been published for a variety of
examinations [24, 25].

Radiation Mechanisms of Effects

X-rays are a type of electromagnetic radiation
that contains sufficient energy to overcome the
binding energy of orbiting electrons, creating
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ions. Ionization, mostly in the form of hydroxyl
radicals, can result in DNA strand breaks and
base damage. Most DNA damage is repaired, but
some double-stranded breaks are not repaired or
misrepaired, which can lead to point mutations,
chromosomal translocations, and gene fusion.
The resulting cell damage may be teratogenic or
result in long-term carcinogenesis.

Types of Biological Effects

Radiation effects fall into two categories: deter-
ministic or stochastic. Deterministic effects are
only seen above a certain threshold. These effects
include cataracts, skin burns, and epilation
(Table 4.1) [26-28]. Diagnostic imaging does not
typically result in radiation doses high enough to
meet the threshold for deterministic effects.
Stochastic effects do not have a radiation dose
threshold. The risk of a particular effect increases
with increasing radiation dose; however, the
severity of the effect is independent of dose.
Radiation-induced genetic damage and carcino-
genesis are stochastic phenomena.

Radiation Exposure in Medical Imaging

Humans are exposed to background radiation
from the ground (mostly from radon), building
materials, cosmic rays, and food. Average annual
background radiation is estimated at 2.4 mSv
globally and 3.0 mSv in the USA, primarily due
to higher naturally occuring radon levels in the
USA [29-31]. An increasing proportion of total
radiation exposure in the USA is due to radiation
from medical imaging. The average annual dose

Table 4.1 Dose threshold estimates for tissue reactions
from single exposure

Approximate
Injury threshold
Reduction of blood cell 0.5 Gy
production in marrow
Detectable eye lens opacities 0.5-2 Gy
Skin erythema 2-5 Gy
Temporary epilation 2-5 Gy

Based on data from ICRP Publication 103 2007 [26],
ICRP Statement on Tissue Reactions 2011 [27], and
UNSCEAR Report to the General Assembly 2013 [28]

due to medical radiation exposure is 0.2 mSv
globally and 3.0 mSv in the USA.

Approximately 50% of US annual radiation
exposure is due to medical radiation, while in 1980
it contributed less than a quarter of annual radia-
tion dose [1, 32]. Medical radiation is used for
both diagnosis and therapy. Diagnostic imaging
tests including radiography, fluoroscopy, nuclear
imaging, and CT utilize ionizing radiation.
Diagnostic imaging uses low-level radiation,
defined by effective dose <100-150 mSv. CT
accounts for the largest proportion of radiation
dose in diagnostic imaging, with effective dose for
a whole-body CT scan of approximately 12 mSv.
A risk projection model based on Japanese atomic
bomb survivor data estimates that 1.5-2.0% of
cancers in the USA may be attributable to CT
scans [22, 33]. Additional approximate radiation
doses for common exams in adults and children
are described in Tables 4.2 and 4.3 [29, 34, 35].

There is debate regarding potential carcino-
genesis from radiation doses below 100 mSv. The
linear no-threshold model for radiation effects is
the most widely accepted model for quantifying
radiation exposure and is endorsed by the
National Research Council in their BEIR VII
report. In this model, approximately 1 in 1000
persons will develop cancer from an exposure to
10 mSv over a 70-year lifetime, compared to
approximately 420 in 1000 persons who develop
cancer unrelated to radiation exposures [29, 36].
There is increased risk for carcinogenesis with
radiosensitive tissues that are included in the field
(e.g., breast, lung, and thyroid).

Table 4.2 Estimated effective radiation doses for adults

Source Average effective dose (mSv)
Natural background 3 mSv per year

radiation

Chest X-ray (single view) | 0.02 mSv

Head CT 2 mSv

Chest CT 7 mSv

Abdominal CT 8 mSv

Based on US data from the National Research Council
BEIR VII report [29] and Mettler FA, et al. Effective
doses in radiology and diagnostic nuclear medicine: a
catalog. Radiology. 2008:254—-63 [34]
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Table 4.3
children

Estimated effective radiation doses for

Estimated effective dose
Source (mSv)
Natural background 3 mSv per year
radiation
Chest X-ray (2 view) 0.02 mSv
Head CT 4 mSv
Chest CT 3 mSv
Abdominal CT 5 mSv

Based on US data and adapted from the National Research
Council BEIR VII report [29] and Brody AS, et al.
Radiation risk to children from computed tomography.
Pediatrics 2007;120:677-82 [35]

Excess Radiation Due to Overutilization
of Emergency Imaging
Concerns about radiation safety are particularly
pertinent to imaging in the pediatric ED. Children
are 2-5 times more sensitive to the effects of ion-
izing radiation than adults due to increased num-
ber of dividing cells and longer lead time to
develop cancer [5, 22]. Although the exact effects
of imaging-related radiation are not completely
understood, studies have reported a positive asso-
ciation between CT radiation dose and subse-
quent development of leukemia and brain cancer
in children and young adults. A recent retrospec-
tive study of patients in Great Britain estimated
that cumulative CT doses of 50 mGy in patients
less than 22 years of age nearly triples the risk of
leukemia, and doses above 60 mGy may triple
the risk of brain cancer [37]. A 2001 study
estimated that with approximately 600,000
abdominal and head CTs performed per year in
children <15 years old, 500 children will ulti-
mately die from radiation-induced cancer [38].
Radiation sensitivity generally declines with age,
reaching an adult plateau in the fourth decade of
life and then slowly declining, with the exception
of lung cancer (for which radiation-associated
risk may increase into middle age) [38—40].
Many of the patients being imaged in the ED
are men and women of childbearing age (or preg-
nant women). Studies which are occasionally
repeated, such as CT for pulmonary embolism and

renal stone CT, place radiosensitive breast tissue
or gonads in the radiation field. A study estimated
that a single CT for pulmonary embolism may
incur a 1.011 relative risk of breast cancer for
25-year-old females and 1.022 relative risk of lung
cancer [41]. Non-contrast CT for renal stone
detection, which is often performed in young
adults, imparts a mean effective dose of 8.5 mSv
and dose to the uterus of 23 mGy using multide-
tector scanners [42, 43]. These exams are often
repeated, with one study reporting 4% of patients
undergoing CT evaluation for renal colic receiving
three or more scans in a 6-year study period [42].

Monetary Costs Associated
with Overutilization of Emergency
Imaging

The cost of health care in the USA has increased
at a rate greater than twice the general rate of
inflation and accounted for 16.9% of the GDP in
2014 [44]. Comparatively, the USA has the high-
est proportion of health care cost for GDP among
OECD countries, which average 9.3% of GDP
expenditure on health care costs, while life
expectancy in the USA is 1.5 years less than the
OECD average [44]. Imaging contributes to the
high cost of health care in the USA, with a 2005
study estimating inpatient imaging to account for
approximately 10% of total hospital cost [45].
Advanced imaging drives the cost of medical
imaging. Insurance reimbursements for CT range
from $400 for a cervical spine CT to $1400 for an
abdomen and pelvis CT, with expenditures on
CTs equipment estimated at over $5 billion dol-
lars between 2000 and 2005 [36]. Utilization of
imaging in the ED accounts for a large part of
imaging costs. For example, non-contrast head
CTs in the ED in the USA cost an estimated $6.1
billion per year [46]. Head CTs and MRIs ordered
for dizziness in USA EDs cost $470 million per
year [47, 48]. Reduction in imaging overutiliza-
tion will be necessary for any cost containment
effort in US health care.
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Does Imaging Increase Time
in the ED?

Time Cost

The addition of medical imaging to diagnostic
workup in the ED has been reported to increase
patient visit time [49-51]. Imaging has been
described as an independent variable in ED
length of stay, with one study reporting increased
length of stay of 1.0 h for X-ray, 4.7 h for ultra-
sound, and 0.7 h for CT [49]. Another study of
ED visits for injury-related diagnoses found that
visits during which CT or MRI was obtained
lasted 126 min longer than those without CT or
MRI [10]. Eliminating inappropriate imaging uti-
lization may be a key step in reducing ED turn-
around time and improving streamlined, effective
patient care.

Impact of Incidental Findings
in Emergency Imaging

Incidental findings, also known as incidentalo-
mas, are findings identified on imaging that were
not previously detected or clinically suspected. In
the best scenario, these findings lead to expedited
workup and treatment of previously unrecog-
nized medical conditions that improves patient
outcome. However, reporting of incidentalomas
may also cause undue stress, radiation exposure,
and potential morbidity of additional workup for
mostly  benign or indolent conditions.
Additionally, a considerable amount of clinician
time may be required to educate patients about
implications of incidental findings and ensure
appropriate follow-up. When coupled with the
monetary cost of workup of incidental findings,
this may challenge cost containment efforts for
health care provision. Management of incidental
findings is challenging due a paucity of data and
clear guidelines on appropriate follow-up. Some
incidental findings will almost certainly not yield
a serious diagnosis and do not need further
workup; however, the lack of definitive guide-
lines makes it difficult for many patients and phy-
sicians to accept any uncertainty in diagnosis and
results in further testing that is most likely to

reveal a benign diagnosis and could lead to mor-
bidity [52, 53].

Incidental findings are common in ED imag-
ing. Rates of incidental findings in ED patients
vary from 34% to 43% in abdominal trauma
patients and up to 45% in renal colic patients
[54-58]. Rates of incidental findings in all-comers
to the ED with CT have been reported at up to
56% for abdomen-pelvis CTs, 46% for chest CTs,
and 20% for head CTs. The most common inci-
dental findings include sinus disease, hepatic
lesions, pulmonary nodules, adnexal enlargement,
and osseous change [54]. For example, one study
of ED chest CT Angiograms (CTAs) evaluating
for pulmonary embolism (PE) reported 24% of
patients to have had incidental findings that
required diagnostic follow-up, including new pul-
monary nodule in 13% of patients and new lymph
node enlargement in 9% of patients [19].

One challenge of detection of incidental find-
ings is effectively communicating findings to
patients and documenting this communication.
Overall rate of disclosure of incidental findings
documented in discharge paperwork varies from
10 to 27% [54, 58, 59]. A recent study found that
documented reporting of incidental findings in
the ED ranged from 8 to 11% by body area
imaged and 0-33% by incidental finding, with
highest rates of reporting to patients including
aortic dilatations, meningiomas, pulmonary nod-
ules, bone lesions, and enlarged adnexa [54].
While it may be understandable that common
and almost certainly benign incidental findings,
such as simple renal cysts, are not disclosed or
acted upon, follow-up of even moderate and
severe findings in the ED patients may be chal-
lenging. A study of incidental CT findings in
renal colic patients rated findings based on clini-
cal severity and determined that only 18% of
patients with “moderate” or “severe” incidental
findings had follow-up within 2 years; however,
none of these patients had a serious diagnosis on
further workup [58].

One common incidental finding on CT is a
thyroid nodule. Studies have reported incidental
thyroid nodules (ITN) on cross-sectional imaging
including the thyroid in up to 16% of patients
[60, 61]. These pose a management dilemma, as
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their workup is expensive, often invasive, and
often yields a benign diagnosis. ITNs are often
followed with ultrasound and ultimately fine-
needle aspiration (FNA) biopsy, an anxiety-
provoking procedure costing up to $3000 [62].
Of patients undergoing FNA for an ITN, 25-41%
proceed to surgery and 36-75% of these surgi-
cally excised ITNs prove to have benign pathol-
ogy [63-66]. Overall malignancy rates of ITNs
detected on CT and MRI have been reported at
0% to 11%. However, many of these cancers are
small papillary carcinomas, which many experts
believe to be subclinical disease.

Hepatic lesions are another common inciden-
tal finding, with one study reporting incidental
hepatic lesions in 17% of outpatients undergoing
CT of the abdomen and pelvis [67]. Workup for
incidental hepatic lesions exposes patients to
further radiation and at times percutaneous
biopsy, a procedure that has morbidity of 2.0—
4.8% and mortality of 0.05% [53, 68-T71].
Autopsy reports have found as many as 52% of
the general population has benign hepatic lesions
[72]. It is thus critical to question whether an
incidental hepatic lesion places the patient at risk
for adverse outcome and to clearly describe sce-
narios in which imaging characteristics can sat-
isfactorily differentiate benign from malignant
lesions.

Universally accepted guidelines for manage-
ment of most incidental findings in ED patients
have not been established. Comparison with
prior exams to determine stability of a lesion is
critical to radiologists’ role in characterizing and
managing incidentalomas. The American
College of Radiology (ACR) has published a
white paper outlining evidence-based recom-
mendations for management of common inci-
dentalomas detected on CT of the abdomen and
pelvis based on size criteria, imaging character-
istics, and patient comorbidities [53]. Adherence
to these recommendations may reduce the vari-
ability, cost, and anxiety associated with workup
of incidental findings. Further analysis is war-
ranted to establish formal guidelines to establish
the appropriate workup of common incidental
findings.

Reducing Inappropriate Use
of Imaging in the ED

Several methods have been proposed to reduce
imaging overutilization in the emergency depart-
ment. Radiologists may be tasked with an
increased role in reviewing imaging orders for
appropriateness before studies are performed.
Educating clinicians about radiation dose, cost,
and limitations of common imaging studies may
substantially reduce overutilization [1]. This
could be addressed in medical school and
repeated throughout training and at meetings of
referring physicians. Reducing duplicate imaging
studies should be encouraged. Clinical decision
support systems for clinicians requesting imag-
ing is also being more widely implemented to
reduce the inappropriate exam utilization.

Duplicate studies on ED patient transfer are
common, with approximately 60% of patients
transferred to a level 1 trauma center undergoing
repeat CT exams, most of which do not alter out-
comes [73-75]. Some institutions have adopted a
standard CT protocol for all trauma patients
transferred to the ED. A study at one such institu-
tion revealed that patients underwent an average
of 4.5 additional CT exams due to fulfillment of
the standard trauma imaging protocol. These
studies demonstrated unexpected acute findings
in 5.9% of transferred trauma patients; however,
none of these findings changed clinical manage-
ment [73]. Duplicate imaging can be reduced uti-
lizing electronic image-sharing technology,
which enables image sharing across institutions
and should be encouraged to decrease the rate of
unnecessary repeat scans. A study evaluating the
impact of imaging CT import in ED transfer
patients found a 17% reduction in mean rates of
all subsequent diagnostic imaging and 29%
reduction in post-transfer CT [76].

Clinical decision support is thought to be a
key tool in reducing inappropriate radiologic
exams. Clinical decision support (CDS) systems
can be integrated into computerized order entry
(CPOE), providing clinicians real-time evidence-
based guidelines for consideration. CDS-CPOE
integration has been mandated by the Department



44

E.K. Weidman and M.L. Loftus

of Health and Human Services and outlined in its
Health Information Technology for Economic
and Clinical Health Act [77, 78]. CDS has been
shown to decrease utilization and increase docu-
mented adherence to evidence-based guidelines
without delayed reporting of significant findings
[79-81]. The optimal CDS-CPOE system is one
that would provide real-time feedback with clear,
evidence-based guidelines to ordering clinicians
[78]. After implementation of a CDS-CPOE sys-
tem derived from the New Orleans Criteria,
Canadian CT Head Rule, and CT in Head Injury
Patients Prediction Rule, rates of non-contrast
head CT for ED patients with mild traumatic
brain injury decreased by 13% with no change in
rate of delayed diagnosis of radiologically sig-
nificant findings [80]. Similarly, implementation
of an integrated CDS-CPOE system decreased
rates of CT pulmonary angiography in the ED
and increased yield of performed studies [79].
The ACR guidelines recommended application
of National Emergency X-ray Utilization Study
(NEXUS) criteria, which identify patients with
low probability of cervical spine injury who do
not need imaging, has been estimated to decrease
the number of screening cervical spine CTs by
20% in a level 1 trauma center [82, 83]. The ACR
has published appropriateness criteria for the
most commonly encountered clinical scenarios
including radiation risk of commonly ordered
exams [84]. These criteria are readily available
on the ACR website and may be used as a starting
point for imaging-related clinical decision-
making [84].

Take-Home Tables

Tables 4.1, 4.2, and 4.3 serve to highlight key
information and evidence regarding effective
radiation doses for adults and children as well as
tissue reactions to a single dose of radiation.

Future Research

Future research should provide:

e Cost-effective analysis of imaging studies
based on patient presentation

* Comparative effectiveness research for the use
of CT versus laboratory workup or non-
ionizing imaging alternatives (US and MRI)

e Formal guidelines for workup of incidental
findings

e Radiologist-driven educational interventions
for medical students and ED clinicians and
analysis of impact

e Analysis of impact of CDS mandate on imag-
ing utilization in the ED

Summary

e There is growing concern that diagnostic
imaging is overutilized in the ED setting.

» Inappropriate utilization of imaging can result
in excess radiation exposure.

e Inappropriate medical imaging can increase
ED turnaround time.

e Incidental findings are common and may
result in undue anxiety, cost, and risks associ-
ated with additional workup.

e CDS is mandated by the Department of Health
and Human Resources. Adherence to ACR
appropriateness criteria may decrease overuti-
lization of imaging in the ED setting.
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Key Points

e Traumatic brain injury (TBI) is a hetero-

geneous group of disorders that encom-
passes markedly different severities,
etiologies, patient ages, and clinical out-
comes. Classifications of TBI (e.g.,
mild, moderate, and severe) are contro-
versial and not universally applied, lim-
iting cross study comparisons.

No single imaging modality can be uni-
versally applied in the investigation of
TBI. Each technique has advantages and
disadvantages depending upon TBI sever-
ity and chronicity, among other factors.
Non-contrast head CT remains the
modality of choice in the acute setting,
particularly for moderate to severe TBI,
due to rapidity of acquisition, low cost,
and widespread availability (strong evi-
dence). These factors, in addition to its
use for several decades, have helped con-
tribute to a large body of evidence dem-
onstrating the utility of CT in acute care
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prognostication. Sensitivity of detection
also increases with repeat scans in the
acute period (strong evidence).

Brain MRI is likely more sensitive and
specific for the sequelae of TBI in com-
parison to CT, with the notable exception
of fracture detection, despite the paucity
of head-to-head comparison studies (lim-
ited to moderate evidence). In particular,
MRI outperforms CT in the detection of
traumatic axonal injury (TAI) (moderate
evidence). Advanced MRI techniques
such as diffusion tensor imaging (DTI)
allow more exquisite characterization of
structural dysfunction in TBI. However,
the use of MRI is limited by the length of
the exam; lack of availability, particularly
in the emergency department setting; and
technical difficulties in imaging unstable
or uncooperative patients.

Conlflicting demands of patient triage and
prognostication contribute to the lack of a
universal imaging modality for TBI. In the
acute setting, especially for moderate to
severe TBI, CT may be the most useful for
determination of which patients require
immediate surgical or medical interven-
tion (limited evidence). In contrast, MRI
may provide better prognostication, par-
ticularly in the subacute to chronic time
period and for patients with mild TBL
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Definitions and Pathophysiology

Traumatic brain injury (TBI) encompasses a het-
erogeneous group of disorders in which intracra-
nial injury is sustained. Historically, the
modifying terms mild, moderate, and severe
have been applied to TBI based upon the
Glasgow Coma Scale (GCS) [1, 2]. Although
GCS is widely used and is predictive of outcome
in large case series, this scale is controversial
due to the difficulty in evaluating patients in the
setting of sedation and/or intubation, the effect
of age upon GCS score and TBI severity, and the
potential for significant patient impairment
within the mild TBI group, despite the “mild”
nomenclature [3, 4]. Acute TBI can be divided
into two groups based on the GCS score: mild
and moderate/severe [1]. In general, mild TBI is
defined as GCS 13-15, moderate TBI as GCS
9-12, and severe TBI as GCS of 3-8. Moderate
and severe TBI are grouped together when con-
sidering evidence-based imaging recommenda-
tions because they both have a much higher
incidence of intracranial abnormality and have
been studied more uniformly [5]. Studies of mild
TBI have been more complex to review as this
term is less well defined in the literature, with
synonyms such as minor TBI or concussion in
use [6]. Review of mild TBI studies has also
been hindered by the use of different clinical
inclusion and exclusion criteria. The term mild
TBI was first introduced by Rime et al. and
refined by Teasdale [7, 8]. In a review paper of
acute imaging indications in mild TBI, the most
common definition was a loss of consciousness
or amnesia as well as GCS scores of 14-15 [9].
In addition, the Head Injury Severity Scale used
GCS scores of 14-15 to define mild TBI.
Concussion is generally defined as acute, tran-
sient disruption of neural function due to mechan-
ical trauma; however, despite its long-term and
frequent use both clinically and in research, there
is no current consensus on its definition [10]. For
the purposes of this chapter, we have avoided the
use of the term “concussion” and have combined
studies using this term with those investigating
mild TBI.

Epidemiology

The Centers for Disease Control and Prevention
estimates that at least 1.7 million individuals sus-
tain TBI each year in the United States, with
approximately 1.365 million patients treated and
released from the emergency department,
275,000 patients hospitalized, and a mortality
rate of approximately 52,000 [11]. However, the
reported incidence is likely an underestimation as
a number of patients with mild TBI never seek
medical attention [12]. If these individuals are
included in estimates, there may be up to 3.8 mil-
lion cases of TBI each year in the United States
alone, with mild TBI accounting for the majority
of injuries [13]. TBI occurs in both civilian and
military populations. It is estimated that at least
300,000 episodes of mild TBI occur each year in
the United States due to sports or recreation
activities. American football has the highest
reported prevalence, with up to 15% of high
school football players sustaining mild TBI per
season [12]. In the United States Armed Forces,
there have been an excess of 300,000 cases of
TBI from 2000 to 2014, with more than 250,000
classified as mild TBI (mTBI) [13]. For all age
groups, males are twice as likely to sustain TBI
as females, and children aged 0—4 and 15-19 years
old and adults aged 75 years or more are the most
likely to experience TBI [14]. The leading causes
of TBI in civilian populations in the order of fre-
quency include falls, motor vehicle collisions,
struck by/against, and assaults; however, motor
vehicle collisions are the leading cause of mortality
[14, 15].

Overall Cost to Society

The economic burden of TBI includes both the
acute and long-term costs of treatment and lost
productivity. A recent conservative estimate of
the prevalence of the number of people in the
United States living with disability due to TBI-
related hospitalization is 3.2 million [16]. Similar
to incidence rates, this is also likely an underesti-
mation as this only accounts for individuals with
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prior hospitalization and does not include
short-term disability and lost productivity due to
mild TBI. There are little or no data on costs of
TBI related solely to imaging.

Goals of Imaging

The primary goal of acute imaging in TBI is to
identify those patients that require urgent surgical
and/or medical intervention. Secondary goals
include detecting the presence of TBI to verify
the diagnosis in cases in which a history of head
trauma is not well established (e.g., patients who
are “found down,” etc.) and for prognostication
purposes.

Methodology

A search of the PubMed electronic database
(National Library of Medicine, Bethesda, MD)
was performed using combinations of the follow-
ing keywords: traumatic brain injury, brain injury,
TBI, head injury, head trauma, CT, MR, com-
puted tomography, and magnetic resonance
imaging. The search was limited to adult human
studies and English-language articles. Additional
articles were selected from references within the
reviewed articles as well as similar articles sug-
gested by the PubMed search engine.

Discussion of Issues

Which Patients with Traumatic Brain
Injury Need Imaging?

Summary of Evidence All patients with acute
moderate and severe TBI should undergo imaging
to assess for conditions that require immediate
intervention. Given the availability, rapidity, and
evidence supporting its use in the acute setting,
non-contrast head CT (NCCT) is recommended
for initial imaging (strong evidence). MRI may be
indicated in the acute setting if clinical findings are
not explained by CT results. In particular, T2%-
gradient-echo (GRE) and susceptibility-weighted

imaging (SWI) sequences are sensitive to findings
of TAI, although the prognostic value of brain
MRI remains undetermined.

Patients with acute mild TBI should be imaged
by NCCT if they meet clinical triage guidelines as
this modality has a high negative predictive value
for excluding abnormalities requiring immediate
surgical treatment (strong evidence). Although
there is no current consensus on which clinical
guideline is the most useful, the Canadian CT
Head Rule (CCTH) is the most validated with
multiple prospective studies demonstrating 100%
sensitivity for the detection of surgical lesions
(moderate evidence) [17]. Skull radiographs
should not be used as a screening exam in adults
with mild TBI (strong evidence). Nuclear medi-
cine techniques, including single-photon emis-
sion computed tomography (SPECT) and positron
emission tomography (PET), are also not indi-
cated in the acute imaging of TBI (limited evi-
dence). These recommendations are concordant
with those of the ACR Appropriateness Criteria
for acute head trauma [18, 19].

Supporting Evidence As noted in the Definitions
section above, TBI severity is clinically evaluated
by GCS score and generally separated into two
groups: mild TBI (GCS 14-15) and moderate to
severe TBI (GCS <14) [1]. Most evidence-based
imaging recommendations incorporate moderate
and severe TBI into a single group as both of
these have a much higher incidence of intracra-
nial abnormalities than mild TBI and have been
studied with more methodological consistency
[5]. Also noted above, evidence for imaging mild
TBI is more complex to summarize as it is tradi-
tionally less well defined with alternate terms in
use such as minor TBI or concussion [6]. In addi-
tion, studies of mild TBI have used different clin-
ical inclusion and exclusion criteria.

Mild TBI

CcT

Historically, the role of imaging in the triage of
mild TBI has been controversial with some
advocating for routine imaging of all patients and
others supporting more selective criteria [20].
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As CT became widely available and inexpensive,
acute imaging of mild TBI patients became more
common, although objective selection criteria
remained lacking [21]. The prevalence of acute
CT findings in mild TBI patients varies widely
between studies, ranging from 6 to 29% with
neurosurgical intervention required in a small
percentage of cases (0.4—4.2%) [22]. This rela-
tively high likelihood of a negative imaging exam
in mild TBI led to the development of risk strati-
fication criteria. For example, patients aged
65 years or older with mild TBI have a higher
incidence of positive findings and should undergo
NCCT in the acute setting (strong evidence) [23].
By an objective triage process, low-risk mild TBI
patients can be safely observed, sparing radiation
exposure. In addition, for some patient popula-
tions, the cost of acute imaging followed by
potential discharge from the emergency depart-
ment has been shown to be less expensive than
admission and observation (limited evidence)
[24, 25]. However, attempts to create comprehen-
sive predictive rules have achieved high specific-
ity rates to the detriment of sensitivity, resulting
in a large number of false-negative cases [26-28].
Some authors have argued that missing
nonsurgical lesions is acceptable; conversely,
others have urged that a rule must have 100%
sensitivity to any abnormality because of the
potential morbidity incurred from an undiag-
nosed intracranial finding [20, 26, 29-34].
Although at least 25 decision rules have been
developed to triage mild TBI patients into those
that require head CT and those that may be man-
aged without imaging, the CCTH and the New
Orleans Criteria (NOC) are the two most studied
and commonly used prediction rules in North
America (Table 5.1) [17, 35-37]. The NOC was
developed from a prospective study of patients
older than 3 years who suffered a mild TBI with
loss of consciousness but without a focal neuro-
logical deficit. This criteria recommends head CT
in any patient with a GCS of 15 possessing any
one of the following seven findings: headache,
vomiting, seizure, intoxication, short-term mem-
ory loss, age >60 years, or evidence of injury
above the clavicles [35]. The CCTH was pro-
spectively developed from a cohort of patients at

Table 5.1 Canadian CT Head Rule and New Orleans
Criteria

Canadian CT Head Rule New Orleans Criteria

High risk (neurosurgical ° Age>60

intervention likely)

e Age>65 * Headache

e GCSscore15at2h *  Emesis
post-injury

e Signs of skull base fracture |* Anterograde
(CSF otorrhea, Battle’s amnesia
sign, periorbital (short-term

ecchymosis, or memory deficits)

hemotympanum)
* Suspected depressed or e Intoxication
open skull fracture
* Emesis more than once e Seizure
Medium risk (abnormal CT e Visible trauma of
findings likely) the head or neck
¢ Retrograde amnesia of
>30 min

e Dangerous mechanism of
trauma (fall from greater
than 3 feet or five stairs,
pedestrian struck, by or
ejection from a vehicle)

least 16 years of age and with a GCS of 13-15.
This rule risk stratifies patients into high-,
medium-, and low-risk categories, with head CT
mandated in those at high risk (strong evidence)
[17]. High-risk patients demonstrate at least one
of the following: GCS < 15 at 2 h after injury,
signs of calvarial or skull base fracture, at least
two episodes of vomiting, or age >65. Medium-
risk patients have none of the findings found in
high-risk patients, but must have amnesia of
greater than 30 min preceding the trauma or a
dangerous mechanism (pedestrian struck by
motor vehicle, motor vehicle ejection, or fall
from height of >1 m or five stairs). Although
NCCT is recommended in medium-risk patients,
close clinical observation may be used as a safe
alternative (moderate evidence). Imaging is not
indicated for those patients who lack any of these
findings, which are defined as low-risk individu-
als (moderate evidence).

A 2005 multicenter, prospective trial comparing
NOC and CCTH found lower sensitivities than ini-
tial reports for the detection of CT imaging findings
(98% and 87%, respectively), although both rules
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showed 100% sensitivity for detection of injuries
requiring surgical intervention [38]. The CCTH did
outperform the NOC with a higher specificity
(39%, 6%) and CT scan rate reduction (37%, 5%).
A larger prospective trial comparing the NOC,
CCTH, and the National Emergency X-Ray
Utilization Study (NEXUS-II), a third set of pre-
dictive rules, confirmed the finding of significantly
lower sensitivities for clinically important imaging
findings than initial studies (75%, 91%, and 84%,
respectively) [39, 40]. However, sensitivities for
injuries requiring surgical intervention were also
remained high in this study (100%, 100%, and
95%, respectively). Of note, NEXUS-II demon-
strated the highest CT scan rate reduction but was
the only rule in this study that failed to identify
100% of mild TBI patients requiring surgical
intervention [39]. This high sensitivity to surgical
lesions in both the CCTH and NOC has been
reproduced in many studies; however, CCTH
consistently demonstrates better specificity when
compared to other guidelines [37, 41-45]. One of
these prospective studies analyzed independent
risk factors of acute intracranial lesion in mild TBI,
confirming the utility of the clinical findings that
had been previously used in decision rules
(Table 5.2) [43]. Finally, a comprehensive meta-
analysis of clinical decision rules from 2011 dem-
onstrated CCTH to have sensitivities of 99—100%
for surgical lesions and 80—100% for any intracra-
nial injury [46]. Although this meta-analysis
found similar sensitivities for NOC, the specific-
ity was much higher with CCTH.

Table 5.2 Clinical findings predicting CT abnormalities
in mild TBI

Independent risk factors for CT findings in mild TBI

Clinical signs and symptoms | Pre-existing conditions

e GCS<I15 o Age>65

* Loss of consciousness e Coagulopathy

¢ Headache ¢ Hydrocephalus
with a shunt

¢ Emesis

e Signs of skull base
fracture

¢ Neurological deficits

* Significant associated
injuries

New decision rules continue to be introduced
and studied prospectively, despite multiple stud-
ies validating the utility of several of the current
rules [47]. Refinement of the current and more
recent rules will continue as further validation
studies are performed and new data is included in
an effort to reduce false negatives. For example,
none of these rule systems incorporate patient
demographics with the exception of age; how-
ever, a retrospective analysis of more than 80,000
patients found that male gender and African-
American ethnicity were also significantly corre-
lated with positive CT findings in mild TBI [22].
Although there is no evidence-based consensus
on which mild TBI patients should get imaged,
CCTH is the most validated decision rule, identi-
fies virtually all surgical lesions, and significantly
reduces imaging overutilization [46]. Despite the
lack of a universally accepted imaging algorithm
for mild TBI, there is consensus that CT is the
preferred initial imaging exam when an intracra-
nial abnormality is suspected (strong evidence)
[48-50].

MRI

MRI should not be used in the acute setting for
the routine evaluation of mild TBI according to
evidence-based guidelines (moderate evidence)
[48]. Although MRI is not recommended in typi-
cal cases of acute mild TBI, it may be useful
when the clinical findings are not explained by
the CT results, such as in the presence of persis-
tent or progressive neurologic findings (limited
evidence). MRI has consistently been shown to
be more sensitive than CT for the detection of
injury following mild TBI, especially parenchy-
mal injuries such as contusion and traumatic axo-
nal injury (TAI) [51-58]. However, this increased
sensitivity may be of limited utility as the detec-
tion of additional intracranial injuries by MRI
has not been shown to alter clinical management
in the acute setting [59—-61].

Over the past decade, there has been a near
exponential increase in research using MRI to
determine the presence and extent of injury in
mild TBI, in particular the use of diffusion tensor
imaging (DTI) [62]. This technique provides
assessment of structural connectivity dysfunction
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in TBI, which may contribute to post-concussion
symptoms [62]. Although the changes in DTI
metrics may be more uniform and validated fol-
lowing moderate to severe TBI, the changes
observed in mild TBI are time dependent and
may even demonstrate pseudonormalization in
the subacute time period [63]. In addition, the
magnitude and possibly the direction of TBI-
associated changes in DTI metrics are dependent
upon the magnet, sequence parameters, and post-
processing software used. This limits cross com-
parisons between studies and the use of DTI for
individual patient decision-making and prognos-
tication [64]. Finally, the current acquisition
times for DTI and the significant amount of time
required for data post-processing limit the use of
this technique in the acute setting. Therefore,
while future studies and advances in software and
hardware may improve the utility of MRI for
acute mild TBI, currently the use of this modality
remains largely in the research realm.

Moderate/Severe TBI

CcT

There is strong evidence that CT is the preferred
initial diagnostic imaging in acute moderate to
severe TBI [48, 59, 65]. Although CT is less sen-
sitive than MRI to abnormal findings in acute
TBI patients, it is not inferior to MRI for the
detection of clinically significant TBI, defined as
injury requiring neurosurgical intervention or
resulting in death within 7 days [17]. For exam-
ple, an acute TBI study comparing modalities
found that CT was overall less sensitive (63%)
than MRI (96%) in detecting intracranial abnor-
malities, with the exception of fracture (moderate
evidence) [52]. However, the additional findings
detected by MRI did not alter acute surgical man-
agement. Fast, safe, and ubiquitous, CT has many
advantages in the acute setting with the only sig-
nificant disadvantage being radiation exposure
[66]. Even if MRI becomes as fast and widely
available as CT, patients would have to be
screened for MRI contraindications such as fer-
romagnetic foreign bodies or MRI-incompatible
implanted devices prior to imaging, which may
be impossible due to altered patient sensorium in
the setting of acute TBI.

MRI

The increasing availability and reduced cost of
MRI have stimulated interest in its use in the
acute setting. Generally, a TBI protocol includes
T1- and T2-weighted imaging, T2*GRE, fluid
attenuation inversion recovery (FLAIR), and
diffusion-weighted imaging (DWI) with apparent
diffusion coefficient (ADC) maps [66, 67]. More
recently, SWI has been added to TBI imaging
protocols as a more sensitive way to diagnose
microhemorrhages [68]. Currently, MRI is not
indicated for moderate or severe acute TBI unless
there are clinical findings unexplained by the CT
(moderate evidence) [69].

Many studies have directly compared the abil-
ity of MRI and CT to detect acute TBI findings.
Comparisons of these modalities have consis-
tently shown MRI to be more sensitive in detect-
ing extra-axial hematomas, nonhemorrhagic
contusions, and brainstem injuries (moderate evi-
dence) [58, 70-76]. MRI has proven especially
useful in detecting abnormalities in areas tradi-
tionally limited on CT, such as the posterior fossa
and skull base (moderate evidence) [77].
Nonhemorrhagic contusions can be especially
difficult to detect on CT in the acute setting. For
example, studies have reported a sensitivity rate
for MRI of up to 98% compared to 56% for CT
for detection of nonhemorrhagic contusions [77].
MRI has reliably been shown to be more sensi-
tive than CT in the detection of subarachnoid
hemorrhage. Specifically, FLAIR sequences are
more sensitive than CT in the detection of sub-
arachnoid and small subdural blood products
(moderate evidence) [74, 75, 77-81]. A recent
study comparing postmortem MRI and CT to
autopsy findings found almost identical accuracy,
sensitivity, and specificity of the two modalities
to TBI findings, although MRI was more sensi-
tive for subarachnoid hemorrhage [70]. A pro-
spective study comparing MRI and CT in the
detection of intraventricular hemorrhage found
them to be equivalent [32, 82]. However, as intra-
cranial blood products are metabolized, their
density decreases which may make detection on
CT difficult. Comparison studies have also shown
that the GRE sequence is more sensitive for the
detection of subacute or chronic blood [58, 74].
Initial studies demonstrated no significant utility
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to use of contrast-enhanced MRI for acute TBI
[83, 84]. However, contrast may be used to detect
the presence of active extravasation in hemor-
rhagic lesions and thereby predict the need for
surgical intervention [85-87].

Imaging of TAI in acute TBI has been of par-
ticular interest as a means of grading injury and
predicting clinical outcomes. TAI, or diffuse axo-
nal injury, is characterized by injury to axons of
the white matter tracts, and the rate of TAI
increases with the severity of TBI [88, 89].
Microhemorrhages secondary to acute TBI have
been correlated with the presence of TAI in both
animal models and postmortem human studies
[90, 91]. Although these hemorrhagic lesions are
often visible on CT, MRI has demonstrated a
greater sensitivity in TAI evaluation, in part
because of the increased detection of nonhemor-
rhagic lesions. TAI lesions can be grouped into
three types based on their MRI signal characteris-
tics: type 1, hyperintense on both DWI and ADC
likely representing vasogenic edema (T2 shine-
through effect); type 2, hyperintense on DWI

while hypointense on ADC likely representing
cytotoxic edema (diffusion restricting); and type 3,
hemorrhagic [92]. Due to the sensitivity of GRE
sequences to the paramagnetic effects of blood
products of certain chronicities, the use of GRE
results in the detection of more hemorrhagic TAI
lesions than CT (Fig. 5.1a—f) [93]. SWI sequences
are even more sensitive to microhemorrhages than
GRE [68, 94]. A 2011 study comparing interob-
server reliability on each of these sequences found
that both GRE and SWI were more sensitive than
standard T1 and T2 weighting in detecting hemor-
rhagic lesions [95]. However, hemorrhagic TAI
only represents a single type, and relying solely on
the characterization of these lesions will underesti-
mate the extent of injury [96]. TBI imaging has
historically utilized FLAIR sequences to detect the
vasogenic edema associated with axonal injury
[77, 97]. DWI and ADC were then used to detect
more clinically significant cytotoxic injury seen in
acute contusions and TAI [67, 92, 93, 98]. Finally,
studies of other imaging methods such as DTI,
MR spectroscopy, and magnetization transfer

Fig. 5.1 Superiority of MRI over CT in the detection of
TAI Axial images from a NCCT (a—c) obtained at presen-
tation in a 35-year-old man who was involved in a motor
vehicle collision. Neurologic examination was normal.
Follow-up MRI performed in the same patient within 24 h
demonstrates several tiny foci of susceptibility on

susceptibility-weighted imaging (SWI) that are occult on
NCCT (d-f, axial SWI images obtained at the same levels
as NCCT) (Images courtesy of Max Wintermark, MD,
MAS, MBA, Professor of Radiology, Stanford University
and Medical Center.)



56

imaging may allow further delineation of axonal
injury, although these techniques have not been
fully validated and remain limited in the acute
setting [66].

In spite of studies accumulating in favor of its
use in acute TBI, MRI remains of limited practi-
cal application in this setting. Some of the rea-
sons for this include longer imaging times,
sensitivity to patient motion, and incompatibility
with metallic foreign bodies and medical devices
such as mechanical ventilators and pacemakers
[18]. In addition, studies of acute TBI imaging
have found that MRI rarely alters clinical man-
agement, although it may have prognostic value
(moderate evidence) [60, 99-102].

Other Imaging Modalities

Before the advent of cross-sectional imaging,
skull radiographs were used to screen for a frac-
ture in even trivial scalp wounds [103]. More judi-
cious ordering patterns developed after studies
showed that patients could be risk stratified, with
radiographs deferred in low-risk groups [104,
105]. Finally, a meta-analysis of skull radiogra-
phy in mild TBI found that the sensitivity was
only 38%, and the positive predictive value was
41% for detection of intracranial hemorrhage
[106]. Given the much higher sensitivity and posi-
tive predictive value for the detection of intracra-
nial injuries with cross-sectional imaging, skull
radiographs do not play a role in the evaluation of
TBI (strong evidence).

SPECT and PET imaging have also been stud-
ied in the setting of TBI. SPECT has been studied
in TBI for its use in improving lesion detection
over CT and MRI, prognostication, and treatment
interventions. In a 2014 review of SPECT in the
setting of TBI, the authors found strong evidence
for its use in each of these areas [107]. While occa-
sionally a patient with TBI may have acute symp-
toms not be explained by either CT or MRI
findings, and this could potentially be addressed
with SPECT imaging, the value of SPECT is pre-
dominantly in the subacute and chronic settings.
PET has also been studied in TBI, but with more
mixed results. Initially, acute areas of injury will
demonstrate decreased metabolism; however,
these same regions can become hypermetabolic
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soon after injury [66]. The use of SPECT and PET
in the acute setting is hindered by the length and
cost of the examinations and, therefore, is not rec-
ommended. A 2015 review of TBI imaging found
no evidence for PET use in acute TBI, although it
may be used in clinical research to study its patho-
physiology and treatment effects [108].

What Is the Sensitivity of CT

for Detection of TBI Findings
Requiring Surgical Intervention? Is
There Value in Performing Serial CTs
in Acute TBI?

Summary of Evidence CT is the preferred imag-
ing in acute TBI as it has nearly 100% sensitivity
for the detection of findings requiring surgical
intervention (strong evidence) (Fig. 5.2a—d).

Fig. 5.2 Examples of NCCTs in patients with acute TBI
requiring surgical intervention. A 69-year-old man pre-
sented after physical assault with a right parietal epidural
hematoma (a). A 32-year-old man was found to have a
complex left temporoparietal depressed skull fracture after
assault with a blunt object (b). A large left frontal lobe
intraparenchymal hematoma (> 30 cc in estimated volume)
was present in a 66-year-old man after physical assault
(¢). A 39-year-old man suffered a large right cerebral con-
vexity subdural hematoma after motor vehicle collision
with ejection (d)
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Serial CT may also increase sensitivity in the
acute setting and should be performed in moder-
ate and severe TBI patients as well as all TBI
patients with neurological decline after initial
imaging or those on anticoagulation (strong
evidence).

Supporting Evidence The incidence of significant
imaging findings increases with severity of injury;
CT in moderate and severe TBI patients is more
often abnormal than in mild TBI patients. Even in
mild TBI patients, those with GCS less than 15 are
more likely to have imaging abnormalities than
those with GCS of 15 [38, 109]. However, a nor-
mal GCS score of 15 does not guarantee a normal
imaging study; for example, one study reported
that even among TBI patients with a GCS of 15,
18% of them had abnormal findings on CT with
4% requiring surgical intervention [30]. A 2011
systematic review of studies of mild TBI patients
found a median prevalence of acute CT imaging
abnormality in about 7% of patients [46]. In addi-
tion, the median prevalence of an acute lesion
requiring surgical intervention was about 1%. A
prospective study of moderate TBI patients found
that the incidence of significant CT findings was
61% [5]. Abnormal CT findings are highest in
severe TBI. A review article found that the inci-
dence of abnormal CT in these patients ranged
from 68 to as high as 94% [110].

The pathophysiology of TBI is a dynamic pro-
cess. Acute imaging findings are not static and
can evolve over short time intervals, occasionally
requiring repeat head CT. A prospective study of
CT in moderate and severe TBI patients found
that the initial CT underestimated the extent of
hemorrhage in almost 50% of patients and rec-
ommended routine repeat imaging in all patients
with intracranial hemorrhage (strong evidence)
[111]. A systematic review of repeat CT studies
in TBI found that the likelihood of progression
and the need for surgery were correlated with
clinical severity of initial injury and also
recommended repeat CT, but in a select group of
risk-stratified patients [112]. A large prospective
study provided additional evidence that repeat
CT was most likely to show progression of acute
findings in the setting of severe TBI [113].

Finally, a 2014 meta-analysis reported that
approximately 10% of moderate and severe TBI
patients undergo a change in management due to
repeat imaging [114]. Additional factors can
influence the decision to routinely repeat imaging
in acute TBI patients. One retrospective study
demonstrated that all TBI patients receiving anti-
coagulation therapy were also at significantly
increased risk of progressive hemorrhage and
should receive a follow-up CT in 12-18 h [115].
In addition, patients who demonstrate acute neu-
rologic deterioration following their initial imag-
ing should also receive repeat CT, although the
exact time interval has not been studied prospec-
tively (moderate evidence) [111, 113, 116].

The value of repeat imaging in mild TBI is
less certain. A retrospective study of repeat CT in
mild TBI found that although there may be inter-
val progression of the imaging findings, signifi-
cant changes were always predicated by clinical
deterioration and argued against routine follow-
up imaging in these patients [117]. A 2012 retro-
spective study of mild TBI found that subfrontal
and temporal contusions as well as large hemato-
mas (>10 ml) were more likely to worsen after
initial imaging and suggested more selective use
of repeat imaging [118]. However, a meta-
analysis of routine repeat CT studies in mild TBI
found no significant effect on clinical outcomes
with only about 2% of patients having a change
in clinical management [114]. Therefore, at this
time, follow-up imaging in patients with mild
TBI should be dictated by clinical factors, and
routine repeat imaging is likely not warranted.

What Is the Prognostic Value
of Imaging in TBI?

Summary of Evidence Mild TBI outcomes are not
correlated with initial CT findings. When com-
bined with clinical classification systems such as
Corticoid Randomisation After Significant Head
(CRASH) injury or the International Mission on
Prognosis and Analysis of Clinical Trials
(IMPACT), CT findings are correlated with
long-term outcomes in moderate and severe TBI
(moderate evidence). However, these likely cannot
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be applied to individual patients and are best used
in populations or research trials.

Currently, there is no definite evidence that
conventional MRI sequences are correlated with
outcomes in TBI; however, advanced MRI
sequences have been shown to be correlated with
long-term outcomes in TBI patients across the
severity spectrum (moderate evidence).

Supporting Evidence Prognostication in TBI was
initially studied using clinical measures such as
GCS scores or physiologic markers. In fact, age,
motor score, and pupillary reactivity have been
consistently correlated with prognosis since the
earliest models were proposed [119]. As CT and
MR imaging became more prevalent in the setting
of acute TBI, prognostic models were developed
which also incorporated these findings. The out-
comes measured vary between papers, but are
often evaluated at least 6 months after the initial
injury. Although multiple objective measures of
outcomes have been developed, the Glasgow
Outcome Scale Extended is the best studied and is
recommended by multiple reviews [120, 121].

cT

Predictors of outcome in TBI have been most
extensively studied for moderate and severe
TBI. One of the earliest attempts at classifying
CT findings to predict TBI outcomes was in a
large series of severe TBI patients [122]. In this
1983 paper, initial CT findings were correlated
with final outcomes by categorizing them into
one of eight different patterns such as diffuse
axonal injury, single brain contusion, or extra-
axial hematoma. Since that time, several different
classification systems have been proffered for
stratification/prognostication of TBI patients by
CT findings. Developed in 1991 from a larger
study of moderate and severe TBI patients, the
Marshall classification predicted outcomes by
sorting patients into one of six different classes
based on CT findings such as the presence of
mass lesion or signs of elevated intracranial pres-
sure (Table 5.3) [123]. A review of CT imaging in
severe TBI outcomes found that initial CT abnor-
malities, Marshall CT classification, compressed
basal cisterns, and traumatic subarachnoid

Table 5.3 Marshall CT classification system

Marshall CT classification system

Category Definition

Diffuse injury I No abnormal CT findings

Diffuse injury II Cisterns present, midline shift
of <5 mm, and/or lesions
present; no lesion >25 cm?

Diffuse injury IIT Cisterns compressed or absent
and midline shift of <5 mm; no
lesion >25 cm?®

Diffuse injury IV Midline shift >5 mm; no lesion
>25 cm?

Evacuated mass Any surgically evacuated lesion

lesion (V)

Non-evacuated Any lesion >25 cm?® not

mass lesion (VI) surgically evacuated

hemorrhage each demonstrated 70% or greater
positive predictive value (moderate evidence)
[110]. One of the drawbacks to the Marshall clas-
sification is that it requires a priori knowledge of
whether or not a mass lesion was surgically
resected. While this requirement does not hinder
TBI research, it does limit the clinical utility of
the classification system in real time. In addition,
the volume of the largest mass lesion is required
for the Marshall classification, and measurements
may be difficult for nonuniform lesions, such as
subdural hematomas. The Rotterdam score is a
CT-based scoring system more recently devel-
oped in an attempt to improve upon the Marshall
classification, which allows for greater discrimi-
nation by parsing out individual CT findings
(moderate evidence) (Table 5.4) [124]. This score
was developed retrospectively using recursive
partitioning and logistic regression analysis from
a database of more than 2000 patients enrolled in
an international TBI drug therapy trial. Rather
than a classification, a patient’s CT findings are
scored based on independent findings such as
midline shift, subarachnoid hemorrhage, or com-
pression of the basal cisterns. In contradistinction
to the Marshall classification, the Rotterdam
score does not require lesion volumes or knowl-
edge of surgical intervention. In addition, this
scoring system takes into account the more favor-
able outcomes associated with epidural hemato-
mas as compared to other types of intracranial
hemorrhages [110]. Most recently, a third classi-
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Table 5.4 CT scoring systems—Rotterdam and Helsinki

Rotterdam score Helsinki score ‘

Finding Score | Finding Score

Basal cisterns Mass lesion

Normal 0 Subdural hematoma | 2
Compressed | 1 Intracerebral 2
hematoma
Absent 2 Epidural hematoma | =3
Midline shift Mass lesion size 2
>25 cm?
<5mm 0 Intraventricular 3
hemorrhage
> 5 mm 1 Suprasellar cisterns
Epidural mass Normal 0
lesion
Present 0 Compressed
Absent 1 Obliterated 5
Intraventricular
blood or SAH
Absent 0
Present 1
Total (add 1) 1-6 Total -3
to 14

fication scheme, the Helsinki CT score, has been
described, which combines variables from the
Marshall classification and Rotterdam score
[125, 126]. Similar to the Marshall classification,
the Helsinki CT score does require lesion volume
measurements, although surgical intervention is
not included in the final score (Table 5.4). It
remains to be seen if the Rotterdam or Helsinki
CT scores outperform the more validated
Marshall classification in TBI prognostication.
The classification/scoring systems described
above represent a small handful of the more than
100 published TBI prognostic models, the major-
ity of which were generally not validated on other
populations and were of overall poor quality
[127, 128]. In an attempt to create more robust,
validated outcome models, two newer classifica-
tion schemes incorporating both clinical and CT
findings were developed based on large patient
groups—IMPACT and CRASH [119, 129, 130].
The IMPACT model was developed from moder-
ate and severe TBI patients in wealthier nations,
whereas the CRASH model was developed from
mild, moderate, and severe TBI patients in less
wealthy nations and includes major extracranial

injury as a predictor. These models have been
externally validated in large datasets and were
found to be equivalent (moderate evidence)
[131]. However, IMPACT and CRASH are not
considered accurate enough for application to
individual patients’ outcomes and instead should
be applied to populations and clinical research,
describing overall probabilities [132, 133].

In contrast to moderate and severe TBI, there
is no consensus currently on the significance of
CT findings in mild TBI, limiting the develop-
ment of prognostic models [134]. Although clini-
cally similar in the acute setting, mild TBI is a
heterogeneous disease process, and subgroups of
these patients have significantly different long-
term outcomes [134, 135]. Mild TBI is generally
subdivided into uncomplicated and complicated
types, with uncomplicated subtype demonstrat-
ing normal CT and conventional MRI imaging
whereas complicated subtypes have abnormal
imaging [136]. Even within the uncomplicated
subtype, post-concussive symptoms may persist
in some patients with negative CT exams, and
more advanced imaging may be required to pre-
dict outcomes [34, 137].

MRI

MRI performed early in acute TBI may have
prognostic value and is the subject of ongoing
studies [138]. Early investigators found that con-
ventional FLAIR, DWI, and ADC sequence
abnormalities were not correlated with initial
GCS or outcomes [61, 139]. Subsequent studies
specifically looking at TAI lesions have demon-
strated correlation with GCS scores as well as
clinical outcomes (moderate evidence) [95, 100,
140, 141]. These routine sequences have been
used to quantitatively assess TAI and predict
functional outcomes [142]. A study by Moen
et al. investigated TAI lesions detected acutely
after injury and reported vasogenic lesions that
resolved spontaneously were correlated with bet-
ter clinical outcomes [143]. A 2014 prospective
study of TAI lesions found that the number, vol-
ume, and location of these lesions correlated with
clinical outcomes in severe TBI (strong evidence)
[144]. Abnormal DTI metrics have also been
demonstrated to be correlated with TAI and allow
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more sensitive, quantitative evaluation of white
matter tract disruption [145]. Studies of DTI have
found correlation with initial GCS scores as well
as long-term outcomes (moderate evidence)
[146-150]. A prospective trial of mild TBI
patients found that combining clinical factors
with acute MRI findings using only conventional
sequences significantly improved outcome pre-
diction [134]. A prospective trial in severe TBI
patients using the IMPACT score alone versus
IMPACT combined with DTI found significantly
increased accuracy in 1-year outcomes (moderate
evidence) [151]. Nonetheless, given the current
disadvantages associated with acquiring MRI in
the acute setting detailed above, as well as the lack
of standards for DTI metrics across different mag-
net vendors and post-processing software and the
complex time course of TBI-associated changes in
DTI metrics, the use of advanced diffusion imaging
in the emergency department cannot be currently
recommended (limited evidence).

Take-Home Tables

Tables 5.1 through 5.4 highlight various criteria,
classifications, and scoring systems, as well as
clinical findings.

Take-Home Points

e TBI is a heterogeneous group of disorders,
and classifications of TBI (e.g., mild, moder-
ate, and severe) are controversial and not uni-
versally applied.

e Non-contrast head CT remains the modality
of choice in the acute setting, particularly for
moderate to severe TBI.

e Brain MRI is likely more sensitive and spe-
cific for the sequelae of TBI than CT; how-
ever, the use of MRI is limited by multiple
factors, and the detection of additional abnor-
malities has not been demonstrated to alter
acute patient management. MRI may be more
useful for long-term prognostication, particu-
larly for mild TBI, although supporting evidence
is currently lacking.

Imaging Case Studies

The advantages and limitations of CT and MRI in
the imaging of TBI are highlighted by the cases
below.

Case 1

Figure 5.1a—f demonstrates the superiority of
MRI over CT for establishing TAI, using the case
of a 35-year-old man who experienced a motor
vehicle accident.

Case 2

Figure 5.2a—d gives examples of NCCTs in vari-
ous patients needing surgical intervention for
acute TBL

Suggested Imaging Protocols

e CT: axial 5-mm images reconstructed in stan-
dard and bone algorithms.

* MR: sagittal and axial T1-weighted, and axial
T2-weighted, FLAIR, T2*-weighted GRE or
SWI, and DWI.

Future Research

e Despite decades of research investigating the
diagnosis and prognostication of TBI using
imaging, clear consensus views are few, par-
ticularly for mild TBI. This is in part related to
the heterogeneous nature of TBI itself, which is
influenced by multiple variables such as mech-
anism of injury and patient age. In addition,
clinical definitions of TBI are lacking, in par-
ticular for mild TBI or concussion, and entry
into TBI studies is frequently based upon clini-
cal parameters. Standardization of clinical and
imaging definitions, as well as of imaging
reporting, will facilitate the multi-institutional
large studies that are required to overcome
individual heterogeneity in TBIL.
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Given the increasing availability and speed of
MRI, further study in the use of this modality
in head-to-head comparison with NCCT in the
acute setting is warranted.

Further investigation of the utility of advanced
MRI techniques, such as DTI, in the diagnosis
and prognostication of TBI needs to be per-
formed. This is particularly true for mild TBI,
in which conventional imaging may be normal
but patients may have significant clinical
symptoms. In order for DTI to be clinically
useful, obstacles such as differences between
scanners and post-processing vendors need to
be overcome so that uniform guidelines may
be established.

Prognostication algorithms need to be devel-
oped that encompass both clinical and imag-
ing findings. These then need to be validated
in large, multi-institutional studies.
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* MRI is the preferred imaging modality in
children with TBI who need additional
imaging and in children with subacute or
chronic TBI (moderate evidence).

¢ Advanced neuroimaging techniques are
emerging as a potential tool for diagno-
sis, to guide management and to predict
prognosis in pediatric patients with TBI
(limited or insufficient evidence).

Definitions and Pathophysiology

The definition of TBI used by the Centers for
Disease Control is a disruption in the normal
function of the brain that can be caused by a
bump, blow, or jolt to the head or a penetrating
head injury [1].

The pathomechanism in TBI relates to primary
and secondary brain injury. Primary brain injury
refers to effects that result directly from transfer
of external mechanical forces to the contents of
the brain. These include diffuse axonal injury
(Fig. 6.2a—c), focal contusions (particularly in
frontal and temporal lobes), and extra-axial
hemorrhages (epidural, subdural, subarachnoid)
(Fig. 6.3) [2]. Secondary brain injury is the result
of a cascade of molecular mechanisms that are
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initiated at the time of initial trauma and continue
for hours or days, such as excitotoxicity, oxidative
stress, mitochondrial dysfunction, apoptosis, and
inflammation [2]. In mild TBI, the underlying
mechanism is usually an acceleration-deceleration
event, not direct impact [3].

TBI can be classified based on clinical severity,
mechanism of injury, and pathophysiology, each
of which may impact prognosis and treatment.
Most commonly TBI is classified based on the
Glasgow Coma Scale (GCS) score, where a GCS
of 9-12 is moderate TBI and a GCS of <9-12 is
severe TBI [2]. Mild TBI is defined as a GCS of
13—15, loss of consciousness <30 min, and post-
traumatic amnesia <24 h [4].

Computed tomography signs of focal injury
(epidural and subdural hematomas, parenchymal
contusions) or diffuse injury (axonal injury, diffuse
cerebral edema) can be used as predictors for mor-
tality after moderate or severe TBI. The two most
commonly used systems for outcome prognostica-
tion are the Marshall classification [5] and the more
recent Rotterdam scale [6]. The Marshall classifi-
cation is a set of injury classes with fixed defini-
tions, while the Rotterdam score accounts for
individual patient differences in signs of cerebral
edema, degree of midline shift, presence of epi-
dural mass effect, and presence of intraventricular
or traumatic subarachnoid blood [6]. The majority
of patients with clinical criteria of mild TBI have
no CT imaging findings, but it has been shown that
a subset of 6-10% of these patients are CT positive
[7] and another subset of 27% of these patients are
CT negative and MRI positive [8].

Epidemiology

In the United States in 2010, there were 2.5 million
patients with TBI; approximately 87% of these
patients came to the emergency department, 11%
were admitted, and approximately 2% died. These
statistics likely underestimate the occurrence rate of
TBI because outpatient visits and TBI in patients
who did not seek medical care were not captured
[1]. In a large European study, the incidence of TBI
was reported as 235 per 100,000 per year [9].

Worldwide data show peak incidences in children,
young adults, and in the elderly population [10].

Mild TBI totals 80-90% of all TBI cases, and
it has been reported that one third of these patients
experience prolonged physiological or neuropsy-
chological complications and commonly take
long times off work [11].

In the United States, the following etiologies
are most commonly the cause of TBI: motor
vehicle accidents (20-45%), falls (30-38%),
occupational accidents (10%), recreational acci-
dents (10%), and assaults (5—-17%) [11]. TBI can
also occur in contact sports, such as American
football, ice hockey, soccer, boxing, and rugby.

Male gender doubles the risk for TBI. 50% of
patients with TBI are between 15 and 34 years
old, and age <5 years or >60 years are considered
a moderate risk for TBI.

Other risk factors are lower socioeconomic
status, lower cognitive function, and a history of
hospital admissions for intoxications [11].

Overall Cost to Society

For the year 2000, it was reported that the cost for
hospitalization of children with TBI was over
$1.0 billion, ranking fifth of most expensive
hospital diagnoses for children in 2000 [12].
The CDC reports that in 2010 estimated direct and
indirect medical costs of TBI were approximately
$76.5 billion [1].

Goals of Imaging

Neuroimaging is important for detecting and
delineating extent of traumatic brain injury in
children. Its main role is the timely detection of
brain injuries that require further management.
Advanced neuroimaging is used in the study of
primary and secondary brain injuries and their
relationship to outcomes after TBI.

In children it is particularly important to iden-
tify those with TBI who are at low risk and do not
need to undergo CT brain imaging in order to
avoid unnecessary radiation exposure to this
vulnerable population.
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Methodology

Information on definition, pathophysiology, risk
factors, epidemiology, and goals of imaging
were retrieved from the Centers for Disease
Control 2015 Report to Congress “Traumatic
Brain Injury in the United States: Epidemiology
and Rehabilitations” and from UpToDate.

The remaining information was obtained
through a comprehensive Medline search (United
States National Library of Medicine database)
for original articles published between January 1,
2005 and May 24, 2015 using the PubMed search
engine. The search was limited to English-
language articles and human studies. Additional
relevant articles were selected from the references
of reviewed articles and published guidelines. The
following search terms were used: “pediatrics,’
“brain injuries,” “traumatic brain injury,” “TBIL”

“costs and cost analysis,” “costs,” “analysis,’
“costs and cost analysis,” “guideline,” “guidelines
[as topic],” “decision rule,” “PECARN,”

“CATCH,” “CHALICE,” “applicability,” “imple-
mentation,” “‘compliance,” “research,” “CT proto-

col,” and “MRI protocol.”

Discussion of Issues

What Clinical Practice Guidelines Are
Available to Determine Which
Children Do Not Need Imaging

After Traumatic Brain Injury (TBI)?

Summary of Evidence The PECARN (Pediatric
Emergency Care Applied Research Network)
guideline has the highest sensitivity (100%) in
identifying children with TBI who are at low risk
for brain injury and do not need to undergo CT
brain imaging (strong evidence). The use of this
guideline reduces CT utilization, which may
result in a decrease of radiation-induced malig-
nancy rates, cost of care, and lower net quality-
adjusted life-year loss (strong evidence). The
CATCH (Canadian Assessment of Tomography
for Childhood Head injury) and CHALICE
(Children’s Head injury Algorithm for the predic-

tion of Important Clinical Events) decision tools
also demonstrated very high sensitivities (98 and
98.1%) in identifying high-risk children who
require brain CT imaging (strong evidence).

Supporting Evidence

PECARN (Pediatric Emergency Care

Applied Research Network)

The PECARN guidelines (Fig. 6.1) were pub-
lished in 2009 [13] and are the results of a pro-
spective cohort study performed in patients <18
years old across 25 emergency departments.
The goal of this study was to determine a set of
predictive criteria for clinically important TBI
(ciTBI) and to identify children at low risk for
ciTBI in whom CT imaging could be avoided.
The PECARN rule was shown to have a 99.95-
100% negative predictive value [13, 14], 100%
positive predictive value [15], and 100%
sensitivity [16]. Children with a GCS <14 are not
included in this rule.

Two studies compared PECARN, CHALICE,
and CATCH [17, 18]. It was shown that PECARN
had the highest sensitivity (100%) and that
CHALICE was most specific (84—85%) [17, 18].
CHALICE was applicable to most patients
(97%), followed by PECARN (76%) and CATCH
(26%) [19].

A study using decision analytic modeling in a
hypothetical cohort of 1000 children with minor
blunt head trauma, the PECARN strategy missed
slightly more children compared to hypothetical
“usual” care, but there was deceased utilization
of cranial CT scans. This could theoretically
cause fewer radiation-induced malignancies and
cost less, and there could be a lower net quality-
adjusted life-year loss (strong evidence) [20].

There is variability in adherence rates to the
PECARN rule. An Italian tertiary care academic
pediatric emergency department implemented
the PECARN rule and achieved a 93.5% adher-
ence [15], while an implementation across four
hospital emergency departments in Spain showed
that only one hospital achieved compliance in
>50%, of patients, and the other hospitals com-
plied in <50% [21].
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Fig.6.1 PECARN criteria for TBI in children <2 years of
age. (Used with permission from Kuppermann N, Holmes
JE, Dayan PS, et al. Identification of children at very low
risk of clinically important brain injuries after head trauma:
a prospective cohort study. Lancet. 2009 Oct
3;374(9696):1160-70). *Altered mental status: other signs
of altered mental status: agitation, somnolence, repetitive
questioning, or slow response to verbal communication.
**Severe mechanism of injury: motor vehicle crash with
patient ejection, death of another passenger, or rollover;

pedestrian or bicyclist without helmet struck by a motor-
ized vehicle; falls of more than 0.9 m (3 feet); or head
struck by a high-impact object. ***CT not recommended:
risk of ciTBI exceedingly low, generally lower than risk of
CT-induced malignancies. Therefore, CT scans are not
indicated for most patients in this group. ****Patients with
certain isolated findings such as isolated LOC, isolated
headache, isolated vomiting, and certain types of isolated
scalp hematomas in infants older than 3 months have a risk
of ciTBI substantially lower than 1%
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Fig. 6.2 (a—c) Grading of diffuse axonal injury (DAI).
Axial FLAIR images in a 14-year-old girl with TBI after
rollover motor vehicle accident. DAI is graded based on
regional involvements: Grade 1 is used for injuries of the
gray-white matter junction (a, b, ¢, long arrows). Grade 2
involves the corpus callosum (b, short arrow) in addition

Fig.6.3 Extra-axial hemorrhage. Axial non-contrast CT
in a 4-year-old boy with traumatic brain injury after fall
from a balcony. Note the mixed density, crescentic extra-
axial collection on the left (long arrows). There is associ-
ated mass effect with diffuse sulcal effacement and
midline shift (short arrows)

to the gray-white matter junction. Grade 3 refers to brain-
stem involvement (a, short arrow) in addition to the gray-
white matter junction and the corpus callosum. This
patient has DAI grade 3. In addition, this patient has a left
subdural hemorrhage

CATCH (Canadian Assessment

of Tomography for Childhood

Head Injury)

The CATCH guidelines were published in 2010
[22] and are the results of a prospective multi-
center cohort study performed in patients <16
years with a GCS of 13—15. The goal of this study
was to develop a decision tool for identifying
children with minor TBI who should undergo
CT imaging [22]. The CATCH rule was shown to
have a sensitivity of 98.1% [22]. A validation
study is pending [16].

CHALICE (Children’s Head Injury

Algorithm for the Prediction of Important
Clinical Events)

The CHALICE guidelines were published in
2006 [23] and are the results of a prospective
multicenter cohort study in England, performed
in patients <16 years. The goal of this study was
to derive a decision rule to aid in identification of
children at high risk who should undergo CT
imaging of the brain. The rule was applied to
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children, regardless of GCS, and was shown to
have a sensitivity of 98% [23]. A validation study
is pending [16].

Which Imaging Modality Should
Be Used in Children with TBI?

Summary of Evidence The benefits of non-
contrast brain CT imaging include availability
and speed of imaging, its ability to detect hemor-
rhages, mass effects, and fractures. The major
disadvantage is radiation exposure. In children of
any age with minor head injury, with a GCS of
14—15, and without neurologic signs or high-risk
factors, the PECARN rule (Fig. 6.1) can be
applied to determine who can safely be observed
and who needs to undergo CT brain imaging
(strong evidence).

In children <2 years of age, axonal injury is
more common, and therefore brain MRI plays a
greater role, although non-contrast CT brain
remains the modality of choice in the initial eval-
uation (moderate evidence). In children of any
age with minor head injury who are symptomatic
or in children with moderate and severe head
injury, non-contrast CT brain is most appropriate
in detection of any acute traumatic injuries that
require monitoring or treatment interventions
(strong evidence). In this patient population, it is
unlikely that MRI will detect neurosurgically rel-
evant lesions, but MRI may detect axonal injury
that could be missed by CT [24].

MR imaging is useful in patients with acute
TBI and neurological findings and negative
CT. MR imaging is superior in the detection of
brain pathology in patients with mild, subacute,
and chronic TBI (moderate evidence). CT crite-
ria in patients with moderate and severe TBI
play a role in predicting mortality (moderate
evidence) [6].

In children of any age with subacute or chronic
TBI, MRI is the imaging modality of choice
(moderate evidence).

The use of various imaging modalities in pedi-
atric traumatic TBI should be in agreement with
the American College of Radiology (ACR)
Appropriateness Criteria® Head Trauma — Child,
last updated in 2014 [24].

Supporting Evidence The American College of
Radiology (ACR) Appropriateness Criteria®
Head Trauma — Child, last updated in 2014, give
an overview of study results on which recom-
mendations are based upon [24].

In non-accidental head injury, there is consid-
erable debate regarding the selection of appropri-
ate imaging techniques. More details can be
found in Chap. 34 on non-accidental injury of
infants and children.

What Is the Role for Advanced
Neuroimaging in Pediatric TBI?

Summary of Evidence Magnetic resonance spec-
troscopic (MRS) imaging can help in predicting
outcome after TBI. Single-photon emission
computed tomography (SPECT) hypoperfusion
abnormalities may be an indicator of a worse out-
come in children (limited evidence). Brain posi-
tron emission tomography (PET) metabolic
abnormalities may also predict outcome (limited
to moderate evidence). Data about functional
MRI (fMRI), MR perfusion, and diffusion tensor
imaging (DTI) are limited in the adult popula-
tion, even more so in the pediatric population.
Susceptibility weighted imaging is helpful in
detecting microhemorrhages related to shearing
injury (or diffuse axonal injury) not seen on con-
ventional MRI. DWTI has been shown to improve
detection of non-hemorrhagic shearing lesions,
although there are only a few small studies
describing sensitivity in adults; please see
Chap. 5 on acute traumatic brain injury in adults
for more details. The role of advanced neuroim-
aging in pediatric patients is not entirely clear for
many of its applications, but some prognostic
information is obtained as will be described
below. Large studies are required with these
advanced imaging modalities to determine the
role and outcome after TBL.

Supporting Evidence

MR Spectroscopy (MRS)

MRS can detect subtle cellular abnormalities that
may more accurately estimate the extent of brain
injury, particularly in diffuse axonal injury (DAI)
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(limited to moderate evidence). Makoroff and
colleagues studied 11 children with TBI and
documented elevated lactate and diminished
N-acetylaspartate (NAA) in several brain regions,
in four children with global ischemic injury
(limited evidence) [25]. Holshouser and col-
leagues performed MRS in 40 children with TBI
1-16 days after injury and correlated this with
neurologic outcome 6—12 months after TBI [26].
A logistic regression model demonstrated a sig-
nificant 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) (limited evidence). Babikian and
colleagues studied 20 children and adolescents
and demonstrated a moderate to strong correla-
tion of decreased NAA and worse cognitive scores
(limited evidence) [27]. Ashwal and colleagues
demonstrated in 38 children with TBI that the
occipital glutamate/glutamine in the short-echo
MRS was significantly increased in TBI when
compared with controls (limited evidence) [28].
They also demonstrated that occipital gray matter
myoinositol in 38 children with TBI was increased
(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 myo-
inositol levels (4.78 + 0.68) than patients with
good outcomes (4.15 + 0.69; P = 0.05) (moderate
evidence) [29], indicating that myoinositol eleva-
tion after pediatric TBI is associated with a poor
neurologic outcome. Ashwal and colleagues also
demonstrated significant decreases in NAA-
derived ratios and elevation of Cho/Cre measured
in occipital gray matter within 13 days of neuro-
logical insult. These metabolite changes corre-
lated with poor neurological outcome at 6—12
months after injury (n = 52) (limited evidence)
[30]. In a subgroup of these patients (n = 24), neu-
ropsychological 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 (limited
evidence) [31].

Diffusion Tensor Imaging (DTI)

DTI requires special software that maps the
degree and direction of water diffusion along
major fiber bundles based on diffusion-weighted
imaging (DWI). DTI can detect the impaired con-
nectivity of white matter tracts, even in normal-
appearing tissue. Few studies have studied the
role of DTI in pediatric patients with TBI. Treble
and colleagues studied 74 children with TBI and
49 controls with DTI tractography of eight
callosal subregions in relation to measures of
verbal and visuospatial working memory [32].
They found that lower fractional anisotropy (FA)
and higher radial diffusivity in callosal subre-
gions connecting anterior and posterior parietal
cortical regions predicted poorer verbal working
memory. Additionally, higher radial diffusivity in
callosal subregions connecting the anterior and
posterior parietal as well as temporal cortical
regions predicted poorer visuospatial working
memory. They concluded that reduced micro-
structural integrity of the corpus callosum might
act as a neuropathological mechanism contribut-
ing to long-term working memory deficits in
TBI. This may help early identification of chil-
dren at higher risk of working memory deficits
and earlier intervention (limited evidence). Oni
and colleagues examined DT in 46 children with
moderate-to-severe TBI and 47 children with
orthopedic injury 3 months post-injury [33].
Significant group differences in frontal lobe
white matter DTT metrics (FA, apparent diffusion
coefficient, and radial diffusivity) were identified
that were predictive of later Glasgow Outcome
Scale (GOS) ratings (limited evidence).
Therefore, DTI could serve as an index of white
matter integrity in TBI and as a potential bio-
marker for the outcome. Levin and colleagues
studied DTI in 32 children with moderate-to-
severe TBI, compared to 36 children with ortho-
pedic injury [34]. They found that fractional
anisotropy and apparent diffusion coefficient
(ADC) values differentiated the groups and that
both cognitive and functional outcome measures
were related to DTI findings. Dissociations were
present wherein the relation of FA to cognitive
performance differed between the TBI and OI
groups. A DTI composite measure of white
matter integrity was related to global outcome in
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children with TBI (limited evidence). McCauley
et al. evaluated incentive effects in prospective
memory after TBI with DTI in 40 children with
TBI and 37 children with orthopedic injury [35].
Children underwent an event-based prospective
memory test under two motivational enhance-
ment conditions (low and high motivation)
and had concurrent DTT 3 months after injury.
The FA of the left cingulum bundle, left orbito-
frontal white matter, and bilateral uncinate fas-
ciculi  predicted  performance in  the
high-motivation condition. They concluded that
these white matter structures are important in
mediating event-based prospective memory
responses following moderate-to-severe TBI in
children (moderate evidence).

Mayer et al. examined FA, axial diffusivity,
and radial diffusivity in 15 pediatric patients with
mild TBI and in 15 healthy controls [36]. Results
showed that patients with TBI had increased
anisotropic diffusion and a higher number of
clusters with increased anisotropy. Measurements
of increased anisotropy differentiated TBI
patients from controls with 95% accuracy but
were not associated with neuropsychological
deficits (limited evidence). Wozniak and col-
leagues studied 14 children with TBI and 14 con-
trols aged 10-18 years who had DTI studies and
neurocognitive evaluations at 612 months [37].
The TBI group had lower FA in three white mat-
ter regions: inferior frontal, superior frontal, and
supracallosal. Supracallosal FA is correlated with
motor speed and behavior ratings (limited evi-
dence). Parent-reported executive deficits were
inversely correlated with FA. A few other small
studies (insufficient to limited evidence) have
shown decreased anisotropy in brain parenchyma
of TBI patients [38—40].

Functional MRI (fMRI)

Functional MRI (fMRI) can provide noninvasive
serial mapping of brain activation, such as with
memory tasks. This form of imaging can poten-
tially assess the neurophysiological basis of cog-
nitive impairment, with better spatial and
temporal resolution than SPECT or PET.
However, it is susceptible to motion artifact and
requires extremely cooperative subjects and

therefore is more successful in mildly injured
rather than moderate or severely injured patients
as well as in older children and adolescents.
There have only been a few small studies (insuf-
ficient evidence) with adults and even less with
pediatric patients, attempting to correlate fMRI
with outcomes. Fourteen pediatric subjects with
mild TBI who underwent fMRI to investigate its
effects on auditory orienting had decreased acti-
vation within the bilateral posterior cingulate
gyrus, thalamus, basal ganglia, midbrain nuclei,
and cerebellum, with spatial topography of hypo-
activation similar to previous studies in adults
[41]. These patients showed no significant defi-
cits in other measures of attention. The findings
suggest that fMRI could potentially serve as a
biomarker for subtle injury caused by mild TBI
and documenting the course of recovery (limited
evidence).

A pilot study by Krivitzky et al. examined 13
children with symptomatic mild TBI using fMRI
during tasks of working memory and inhibitory
control [42]. Children with mild TBI showed
greater activation in the posterior cerebellum and
addition of a demand for inhibitory control in
comparison with the control group (limited evi-
dence). These findings suggest that children with
mild TBI may experience disrupted neural cir-
cuitry. 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 activa-
tion [43]. Two patterns in TBI patients were seen:
Patients whose criterion performance was
reached at lower memory loads than control chil-
dren demonstrated less extensive frontal and
extrafrontal brain activation than controls;
patients who performed the same highest mem-
ory load as controls demonstrated more frontal
and extrafrontal activation than controls (limited
evidence). These were small series, and further
longitudinal studies are needed.

Susceptibility Weighted Imaging (SWI)

Susceptibility weighted imaging (SWI) is a mod-
ified gradient echo (GRE) high-spatial resolution
3D MR technique that accentuates the paramag-
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Fig. 6.4 DAI in CT versus SWI; both exams were per-
formed the same day. An 11-year-old female with altered
mental status after motor vehicle accident, thus fulfilling
PECARN criteria for imaging. Axial head CT (a) shows a
hyperattenuating focus at the gray-white matter junction
in the left frontal lobe in keeping with a focus of hemor-
rhagic axonal shearing injury (black arrow). Axial MRI
using susceptibility weighted imaging (b) shows the focus
with low signal intensity representing susceptibility arti-
fact. This sequence proves that this dominant focus is only

netic properties of blood products, which disturb
the magnetic field and result in a loss of MRI sig-
nal. This technique is particularly helpful in
detecting cerebral microhemorrhages related to
DAI that are not seen on CT or conventional
MRI, and SWI has been shown to detect more
hemorrhagic lesions than GRE (Figs. 6.4a, b and
6.5a, b) [44-46].

Microhemorrhages can cause long-term defi-
cits, and detecting them is important for the treat-
ment and prognosis in patients with TBI,
particularly in those who have no ominous find-
ings with conventional imaging (moderate evi-
dence). Tong et al. studied 40 children with TBI
using SWI to detect hemorrhage (moderate evi-
dence) and found that 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
[47]. Beauchamp et al. evaluated the relationship

the tip of the iceberg as there are several other hypointense
foci representing bilateral microhemorrhages related to
diffuse axonal injury. For the astute viewer, linear areas of
hyperattenuation in the left subarachnoid space on CT
have no hypointense correlate in susceptibility weighted
imaging and are thus favored to represent vascular con-
gestion rather than subarachnoid hemorrhage. DAI diffuse
axonal injury, SWI susceptibility weighted imaging

of SWI to the outcome after TBI in 106 children
with varying levels of TBI who underwent SWI
[48]. Subjects completed an assessment of intel-
lectual functioning, processing speed, and behav-
ioral and adaptive skills 6-month post-injury. The
number and volume of SWI lesions were signifi-
cantly correlated with clinical outcome variables
including GCS, surgical intervention, length of
hospital stay, and length of intubation, as well as
with intellectual functioning. SWI and GCS
accounted for significant proportion of the variance
in 1Q. They concluded that SWI shows promise
in the prediction of cognitive outcomes in the ini-
tial stages post-injury (moderate evidence) [48].
Babikian and colleagues studied 18 children
and adolescents 1-4 years after injury using
susceptibility weighted imaging showing nega-
tive correlations between lesion number and
volume with neuropsychological functioning
(limited evidence) [49].
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Fig.6.5 DAI in MRI: GRE versus SWI in a 14-year-old
male following a motor vehicle accident. Axial GRE
sequence (a) shows a hypointense focus in the periphery
of the right frontal lobe (white arrow) representing hemor-
rhage of diffuse axonal injury. Axial SWI (b) shows sev-

Positron Emission Tomography (PET)

Positron emission tomography (PET) can mea-
sure regional glucose and oxygen utilization,
cerebral blood flow (CBF) at rest, and CBF
changes related to performances of different tasks.
Spatial and temporal resolution is limited,
although better than with SPECT. PET is not
widely available, uses high ionizing radiation, and
requires patient cooperation. A few PET studies
evaluating patients of different ages have reported
various areas of decreased glucose utilization,
even without visible injury. Bergsneider and col-
leagues prospectively studied 56 patients with
mild to severe TBI, evaluated with 18F fluorode-
oxyglucose (FDG)-PET within 2-39 days of
injury, 14 of which had subsequent follow-up
studies. They found that TBI patients demonstrate
a triphasic pattern of glucose metabolism changes
that consist of early hyperglycolysis, followed by
metabolic depression, and subsequent metabolic
recovery (after several weeks) (limited to moder-
ate evidence) [50]. Wu and colleagues evaluated
gray and white matter with PET in 14 TBI
patients, and 19 normal volunteers studied with a
quantitative FDG PET, a quantitative H, SO-PET,

eral other foci of microhemorrhage (white arrows) that
were not seen in the conventional GRE sequence, thus
better depicting the severity of injury. DA/ diffuse axonal
injury, GRE gradient recalled echo, SWI susceptibility
weighted imaging

and MRI acutely following TBI [51]. The gray to
white matter ratios for both FDG uptake rate and
changes of glucose metabolic rate were signifi-
cantly decreased in TBI patients (P < 0.001) (lim-
ited evidence). The changes of glucose metabolic
rate decreased significantly in gray matter
(P <0.001) but not in white matter (P > 0.1). The
glucose to white matter ratios of changes in glu-
cose metabolic rate correlated with the initial
GCS of TBI patients with r = 0.64. Patients with
higher changes in glucose metabolic rates (>1.54)
showed good recovery 1 year after TBI. Another
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 (limited evidence) [52]. A recent
clinical validation study of FDG PET and fMRI in
disorders of consciousness was performed by
Stender and colleagues in 126 patients (48 of
whom had TBI) with unresponsive wakefulness
syndrome (vegetative state), locked-in syndrome,
or in a minimally conscious state [53]. The valida-
tion of cerebral FDG PET and fMRI used the



6 Pediatric Accidental Traumatic Brain Injury: Evidence-Based Emergency Imaging 75

Coma Recovery Scale-Revised (CRS-R) as a ref-
erence for diagnostic accuracy. Outcome after 12
months was assessed using the GOS-Extended.
FDG PET was more sensitive for identification of
patients in a minimally conscious state than fMRI
(95% versus 45%, respectively). In addition, FDG
PET had higher congruence with behavioral
CRS-R scores than fMRI (85% versus 63%,
respectively). FDG PET correctly predicted out-
come in 74% and fMRI in 56% of the patients.
Therefore, they concluded that FDG PET could
be used to complement bedside examinations
and predict long-term recovery of patients with
unresponsive wakefulness syndrome (moderate
evidence).

Cost-Effectiveness Analysis

The advanced imaging modalities are not readily
available in many of the clinical settings.
Additionally, they can be expensive and time-
consuming and require patient cooperation. At
present, the role of advanced imaging modalities
in evaluating pediatric patients with TBI is uncer-
tain from an evidence-based standpoint. More
data is necessary in order to define what contribu-
tion these modalities can add to the diagnosis,
management, and/or prognosis of the patients.

Take-Home Figure

Figure 6.2a—c presents PECARN criteria to be
used for TBI in children less than 2 years old.

Imaging Case Studies

Case 1

Figure 6.3 presents the grading of a diffuse axo-
nal injury (DAI) in a 14-year-old girl with TBI.
Case 2

Figure 6.1 presents an extra-axial hemorrhage in
a 4-year-old boy with traumatic brain injury.

Case 3

In Fig. 6.4a, b, a diffuse axonal injury is pre-
sented in CT and SWI images of an 11-year-old
girl who experienced a motor vehicle accident
and altered mental status thereafter.

Case 4

Figure 6.5a, b presents diffuse axonal injury as
imaged by MRI (GRE and SWI) in a 14-year-old
male who experienced a motor vehicle accident.

Case 5

Figure 6.6a, b presents a parietal skull fracture as
imaged by CT 3D skull reconstruction and maxi-
mum intensity projection.

Suggested Imaging Protocols
CT Brain

When using CT imaging in children, in order to
decrease radiation exposure, (1) the kKVP and mA
should be adjusted for each size and age group,
(2) the area should only be scanned once, and
(3) only the area of interest should be included in
the field of view [Image Gently: CT]. A typical
trauma head CT acquisition includes helical
5 mm axial images with axial 2.5 mm reformat-
ted images in bone and soft tissue algorithm,
2.5 mm coronal soft tissue reformats, and 3D
bone reconstruction and maximum intensity
projections (MIPs) of the skull (Fig. 6.6a, b)
[54, 55].

MRI Brain

The use of brain MR imaging in children may
require procedural sedation. Access to MRI in
the emergency setting may be difficult, and image
acquisition times are long. The major benefits of
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Fig.6.6 Computed tomography: 3D skull reconstruction
and maximum intensity projection (MIP) of a parietal
skull fracture. This right parietal skull fracture in a
9-month-old patient was not identified on axial CT images

MRI are (1) the lack of radiation exposure and
(2) the ability to detect axonal injuries and small
bleeds with higher sensitivity compared to
CT. For children the routine brain imaging proto-
col includes sagittal T1 (5 mm or isometric
1.5 mm with multiplanar reconstructions), 5 mm
axial T2 with fat saturation, 5 mm axial FLAIR,
3 mm axial DWI, 5 mm axial susceptibility
weighted imaging, and 5 mm coronal T2.

Research Imaging

Advanced imaging techniques that have been used
in the study of TBI include susceptibility weighted
imaging (SWI), diffusion tensor imaging (DTI),
diffusional kurtosis imaging (DKI) cerebral
perfusion/permeability MR imaging, MR spec-
troscopy, resting-state functional MR imaging,
positron emission tomography, and magnetoen-
cephalography. These techniques allow for quanti-
tative rather than qualitative imaging assessments
and may facilitate statistical correlations to enhance
knowledge of TBI and its prognosis [56].

Future Research

e Validation of PECARN in abusive head
trauma

e Determination of actual cost savings related to
the use of PECARN criteria

due to its orientation parallel to the axial imaging plane.
3D reconstruction (a) and MIP (b) were instrumental in
identification of this fracture (arrows)

*  Multicenter studies to assess prognostic value
of various advanced neuroimaging methods

* Imaging predictors of outcomes after TBI

e Define the role of advanced neuroimaging
techniques in pediatric patients with TBI
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Key Points

Screening for vascular injuries in high-
risk patients decreases morbidity and may
be cost-effective (moderate evidence).
Multidetector CT (MDCT) has variable
sensitivity and specificity for diagnos-
ing vascular injury in patients with blunt
neck trauma; however, results from
recent studies bolster its clinical utility
(moderate evidence).

MDCT has high sensitivity and specific-
ity for diagnosing vascular injury in
patients with penetrating trauma (mod-
erate evidence).

Digital subtraction angiography remains
the gold standard for diagnosing vascu-
lar injury following trauma (moderate
evidence).
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Definition and Pathophysiology

Blunt trauma injuries most often occur in the
setting of motor vehicle accidents but can happen
with any direct blow to the craniocervical region,
strangulation, in sports-related incidents, and as a
result of spinal manipulation. The majority of
penetrating neck injuries involve guns and knives,
with motor vehicle accidents and industrial and
household accidents comprising the remainder.
Injury of the carotid and/or vertebral arteries of
the neck in blunt and penetrating trauma can
occur through a variety of mechanisms, from
direct transection, to shearing of blood vessels
from hyperextension of the cervical spine, to
disruption by fractures, and is an important cause
of morbidity and mortality in trauma patients.

Epidemiology

Traumatic injury is the leading cause of death
and disability for young adults, accounting for
1 in every 8 male deaths and 1 in every 14 female
deaths [1]. Blunt and penetrating neck injuries
comprise 5% and 5-10% of adult trauma cases,
respectively [2, 3]. In the pediatric population,
blunt injuries are much more common, accounting
for 90% of all pediatric trauma admissions [4].
While the majority of significant vascular injuries
to the neck are seen in victims of penetrating
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trauma, the morbidity and mortality related to
blunt cerebrovascular injuries is significantly
higher—one-third to one-half of blunt trauma
victims develop permanent neurologic complica-
tions due to brain ischemia from vascular com-
promise, and the mortality rate from blunt injuries
is 20-30% versus 2—6% for penetrating injuries
[3]. And the annual nationwide incidence of the
diagnosis of blunt traumatic extracranial cerebro-
vascular injury is increasing, according to a study
using the Nationwide Inpatient Sample Database,
likely secondary to the increasing use of aggres-
sive CT angiography (CTA) screening protocols
and advancements in CT technology [5]. Indeed,
while early studies estimated the incidence rate
of blunt cerebrovascular injury (BCVI) to be as
low as 0.08% in all blunt trauma cases, higher
incidence rates ranging from 0.3% to 1.60% have
been reported more recently [6].

Overall Cost to Society

Comprehensive screening for vascular injuries in
blunt and penetrating neck trauma patients is
likely to be cost saving in terms of hospital and
rehabilitation costs through earlier diagnosis and
prompt treatment [7]. For instance, CTA was
found in a recent decision analysis to be the most
cost-effective screening strategy for patients at
high risk for BCVI, with the lowest cost ($3737
per patient screened) and stroke rate (1%) [8].

Goals of Imaging

Performing diagnostic imaging of the neck in
high-risk trauma patients will rapidly identify
extracranial vascular injury in time to apply
evidence-based treatments and decrease risk of
morbidity and mortality.

Methodology

A MEDLINE search was performed using PubMed
(National Library of Medicine, Bethesda,
Maryland) for original research publications

discussing the use of imaging modalities in blunt
and penetrating neck injuries. The search strategy
employed different combinations of the follow-
ing terms: blunt or penetrating, neck trauma or
neck injury, radiography or imaging or computed
tomography and/or angiography or CTA or
MDCT, and cerebrovascular or vascular or
carotid and/or vertebral. The search covered the
period from January 1980 to June 2015 and was
limited to studies in humans and publications in
the English language. The authors reviewed the
full text of all articles identified from the litera-
ture search and included additional publications
identified from their reference lists.

Discussion of Issues

How Are Patients Selected for CT
Screening Following Trauma?

Summary of Evidence The current approach to
the evaluation of patients with penetrating neck
injuries is one of selective surgical management
based on clinical examination and the results of
MDCT angiography (limited evidence).

In cases of blunt injury, the use of CTA as a
screening tool has been more controversial, due
to variability in its diagnostic accuracy in the cur-
rent literature. However, several recent studies
have supported the use of CTA, especially in
patients with a high pretest probability of BCVI
(moderate evidence). The Denver classification
and Denver modifications are the most often cited
criteria in identifying those patients for whom
screening is most appropriate [9].

Supporting Evidence

Blunt Trauma

There are no consistent recommendations for
standardized screening algorithms to rapidly and
accurately detect BCVIs. The majority of studies,
including those by Biffl et al. [10—12], have advo-
cated for the screening of patients based on
mechanism of injury (e.g., closed head injury,
rapid deceleration, and hyperextension as occur
during motor vehicle accidents; direct cervical
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blow; strangulation; or chiropractic manipulation),
patterns of injury, including concomitant head
and chest injury, and clinical exam findings
including cervical hematoma, Battle’s sign, chest
wall contusion, altered mental status, lateralizing
neurologic signs, and stroke or transient ischemic
attack (limited evidence) [10, 13—-16]. However,
while a greater number of these risk factors are
associated with a higher likelihood of BCVI,
these vascular injuries have been found to occur
in approximately 20% of patients without any of
the known risk factors [17, 18]. Additional indi-
cators including mandibular fractures, basilar
skull fracture, complex frontal skull fractures
with orbital involvement, and combined trau-
matic brain injury and thoracic injury may
increase the sensitivity for BCVI [19]. Restricting
the use of CTA to Denver protocol screen-positive
trauma patients was found in one registry-based
study of 30 blunt trauma patients in Auckland
City Hospital to decrease the use of CTA as a pre-
emptive screening tool by 95-97% [20]. Berne
et al. developed multivariate logistic regression
models to explore the relative roles of a number
of clinical factors in determining which patients
should be screened with MDCT (moderate evi-
dence) [21]. The factors that were found to be
most predictive of the presence of BCVI, and
may therefore justify imaging, were cervical
spine fracture (odds ratio (OR) = 7.46, 95%
confidence interval (95% CI) = 4.87-11.44) and
mandible fracture (OR = 2.59, 95% CI = 1.30—
5.15). Other clinical parameters did not demon-
strate a clear increase risk including high injury
severity score (OR = 1.05, 95% CI = 1.04-1.07)
and low Glasgow Coma Scale score (OR =0.93,
95% CI = 0.89-0.97). In their prospective cohort
study, Lohrer et al. recently developed a screen-
ing and management protocol applicable for both
mild and severely injured patients and feasible in
a level I trauma center setting; trauma patients
who met inclusion criteria modeled after the
Denver criteria underwent CTA as part of stan-
dard diagnostic procedure upon admission [22].
After screening for the inclusion criteria, their
BCVI detection rate improved from 2.75% to
36.3%, and they were successful in preventing any
strokes in patients without primary thromboembolic

Table 7.1 Screening criteria for BCVI

Modified Denver Screening Criteria*

Infarction demonstrated by brain CT

Lateralizing or central fixed neurologic deficit (not
explained by imaging findings)

Nonexpanding cervical hematoma

Massive epistaxis

Anisocoria/Horner’s syndrome

Glasgow Coma Scale score < 8

Cervical spine fracture

Basilar skull fracture
Severe facial fracture (LeFort II or III)
Seatbelt sign above clavicle

Cervical bruit or thrill

Other proposed criteria®

Scalp degloving

Complex skull fractures

Mandibular fractures

Traumatic brain injury with thoracic injuries

Thoracic vascular injuries

“Modified Denver Screening Criteria for BCVI as
described by Eastman et al. [9] and based on data from
Biffl et al. [10]

"Data from Burlew et al. [58]

Adapted from Danton GH, Warsch JRL, Munera
F. Traumatic Extracranial Vascular Injury: Evidence-
Based Neuroimaging. In Medina LS et al. (eds): Evidence-
Based Neuroimaging Diagnosis and Treatment.
New York: Springer Science + Business Media; 2013

neurological deficits (moderate evidence). A
summary of traditional and proposed screening
criteria for BCVI can be found in Table 7.1.

Penetrating Trauma

Patients with hard clinical signs including active
hemorrhage, expanding or pulsatile hematoma,
bruit or thrill, massive hemoptysis or hemateme-
sis, or shock refractory to fluid resuscitation most
often undergo emergent operative exploration for
both diagnosis and treatment. However, evidence
suggests that those patients with a history of pen-
etrating neck trauma but who are hemodynami-
cally stable and either without clinical signs or
with soft signs, such as non-expanding non-
pulsatile hematoma, venous oozing, subcutane-
ous emphysema, minor hemoptysis, dysphonia,
or dysphagia, can safely undergo CTA as the initial
diagnostic examination. CT angiography is also
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useful in delineating wound trajectory, in assess-
ing the aerodigestive tract in order to determine
the need for additional evaluation with laryngos-
copy, endoscopy, and esophagography, and in
evaluating the cervical spine [23].

What Is the Recommended Modality
and Protocol for Screening

for Vascular Injury in Blunt Neck
Trauma?

Summary of Evidence Digital subtraction angiog-
raphy (DSA) continues to be the reference standard
as both a screening and diagnostic test for blunt and
penetrating neck trauma but has significant draw-
backs in terms of resource demands and risks asso-
ciated with its invasiveness (strong evidence).
Results from CT in the literature are highly vari-
able depending on such factors as the vessel stud-
ied, the type of scanner utilized, and the outcome
measure reported, though CTA is largely supplant-
ing DSA in many institutions given that it is less
invasive, less expensive, and less resource intensive
(limited to moderate evidence). In a survey con-
ducted in 2011 among trauma surgeons, neurosur-
geons, and radiologists in North America, for
instance, 60% report using CTA for screening and
diagnosis of BCVI, while only 15% continue to use
DSA [24]. Additionally, these screening exams can
be performed as part of a dedicated neck exam or a
whole-body scan. Interest is growing in MRI as an
alternative screening test, as it is noninvasive and
does not require contrast administration; however,
its use is not yet well established (limited evi-
dence). Color duplex sonography has also been
evaluated; however, it is not recommended for
stand-alone use given its low sensitivity of 38.5%
(moderate evidence) [25].

Supporting Evidence

Digital Subtraction Angiography

Digital subtraction angiography has been the tra-
ditional gold standard diagnostic tool for blunt
and penetrating neck trauma since the late 1960s
owing to its high sensitivity and specificity and
its ability to provide flow analysis [26]. However,

DSA is relatively expensive and requires skilled
personnel and specific equipment to perform and
can also therefore result in prolonged time to
diagnosis compared to other less-invasive modal-
ities [27]. It also is associated with a 1.3% com-
plication rate, including thrombosis, arterial
dissection, and contrast-induced nephropathy
[28]. And, in contrast to CTA, DSA does not pro-
vide any information on other vital structures that
would be helpful in the management of poly-
trauma patients.

CT Angiography

The utility of screening CTA has been assessed
with a number of studies, with sensitivities rang-
ing from 29 to 100% [27, 29, 30]. Specificity has
been much more consistent, though, with most
modern studies showing rates above 90% [31].
Most of the evidence in support of CTA has been
moderate or limited, and variance among study
design and techniques has traditionally limited the
conclusions that can be drawn. While DSA there-
fore presently remains the gold standard, MDCT
angiography is a noninvasive, rapid, readily acces-
sible, and cost-efficient modality and is capable of
detecting associated injuries throughout the body;
these practical advantages have led to its adoption
over DSA in many institutions. Advances in tech-
nology laid the foundation for this shift in manage-
ment. The development of MDCT allows for more
rapid image acquisition, with higher resolution
and decreased motion artifact. Post-processing
tools enable the creation of multiplanar reformats
for easier visualization and quantitative analysis of
the vessel wall and lumen, and iterative recon-
struction has demonstrated an ability to reduce
radiation dose while maintaining image quality
[32, 33]. As technology continues to improve and
radiologists gain experience in diagnosing BCVIs,
it is hoped that the accuracy of CTA will soon
approach that of DSA. Descriptive analysis of
CTA for diagnosing blunt trauma based on recent
studies can be found in Table 7.2.

Duplex Sonography

Duplex sonography is commonly used in the
trauma setting, given its noninvasiveness, lack of
ionizing radiation, portability, and low cost.
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Table 7.2 Descriptive analysis of CTA for diagnosing blunt trauma based on recent studies using 16-MDCT or higher

Reference | Year CT scanner Prot Vess Sen Spec PPV NPV G.S. Level
[27] 2006 16-MDCT Neck CV 98 100 100 99 A 2
[59] 2007 16-MDCT Neck CV 74 86 65 90 A 2
[44] 2007 16-MDCT WB Cextra |69 82 74 78 A 2
[44] 2007 16-MDCT WB Vextra |74 91 74 91 A 2
[44] 2007 16-MDCT WB Cintra 60 95 28 98 A 2
[44] 2007 16-MDCT WB V intra 0 99 0 99 A 2
[44] 2007 16-MDCT Neck Cextra |64 94 84 84 A 2
[44] 2007 16-MDCT Neck Vextra |68 100 100 87 A 2
[44] 2007 16-MDCT Neck Cintra 25 94 40 89 A 2
[44] 2007 16-MDCT Neck V intra n/a 100 n/a 100 A 2
[48] 2009 16-MDCT Both CV 29 97 67 85 A 2
[48] 2009 64-MDCT Both CV 54 97 73 92 A 2
[60] 2011 32-MDCT Neck CV 51 97 43 98 A 2
[30] 2014 64-MDCT Both C,V 68 92 36 98 A 3

Adapted from Danton GH, Warsch JRL, Munera F. Traumatic Extracranial Vascular Injury: Evidence-Based
Neuroimaging. In Medina LS et al. (eds): Evidence-Based Neuroimaging Diagnosis and Treatment. New York: Springer

Science + Business Media; 2013

Prot type of protocol, Neck dedicated CTA of the neck, WB neck studies as part of the whole-body scan, Vess vessels
studied, C carotid, V vertebral, extra extracranial only, intra intracranial only, Sen sensitivity, Spec specificity, PPV positive
predictive value, NPV negative predictive value, G.S. gold standard used as a comparison, A angiography, Level level of

evidence

Though it has high specificity, the sensitivity of
duplex sonography for BCVI is low, ranging from
39 to 86% [25]. The skull base cannot be assessed
by ultrasound, and vertebral arteries, too, are diffi-
cult to examine due to overlying bony foramina.
Ultrasound is also inherently operator dependent.
As aresult, it is not considered an adequate screen-
ing modality for BCVI, and the Eastern Association
for the Surgery of Trauma (EAST) guidelines favor
CTA instead (moderate evidence) [26, 34].

MRI and MR Angiography

Though recent advances have decreased acquisi-
tion times while preserving image quality, the use
of MRI for the detection of traumatic cerebrovas-
cular injuries has been limited by accessibility
and logistical limitations in the acute trauma set-
ting, along with contraindications such as the
presence of metallic foreign bodies [35].
Evidence is therefore limited, with substantial
variability in study designs and test performance
characteristics. Studies comparing MRA to DSA
have found sensitivity and specificity values for
MRA ranging from 50 to 100% and 29 to 100%,
respectively [6].

What Is the Recommended Modality
and Protocol for Screening

for Vascular Injury in Penetrating
Neck Trauma?

DSA remains the reference standard for the evalu-
ation of nonoperative penetrating vascular injuries
of the neck, as with blunt traumas (strong evi-
dence). However, studies comparing the accuracy
of CTA with DSA have prompted a shift in the
assessment of penetrating vascular neck injuries
toward MDCT angiography as the primary modal-
ity of choice (moderate evidence) [36]. CTA has
shown more reliability for penetrating injuries than
blunt injury —though fewer studies have been con-
ducted of CTA for penetrating neck injury, many
are prospective and well designed, and diagnostic
sensitivities for CTA in penetrating trauma studies
tend to be higher than what is reported for blunt
injury (moderate evidence). This may reflect the
higher pretest probability for injury and of the diag-
nostic utility of the trajectory of the injury and its
proximity to the vasculature.

Patient stratification on presentation begins by
physical examination of depth of injury, with viola-
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tion of the platysma generally regarded as defining
a superficial or deep injury. Diagnostic evaluation
of superficial injuries often stops at the physical
exam. In the past, most deep injuries were explored
operatively, leading to a high rate of unnecessary
explorations, with one study finding that no vascu-
lar injuries were detected in 67% of asymptomatic
patients [2]. While unstable patients continue to be
explored surgically, asymptomatic patients may be
sent for screening exam. CTA provides accurate
and resource-sparing vascular injury screening
(moderate evidence). One prospective study of 60
patients with injuries in various neck zones com-
pared CTA to DSA and found sensitivity and speci-
ficity of 90% and 100%, respectively [37]. Another
prospective study of 175 patients comparing CTA,
DSA, surgery, and clinical outcomes found 100%
sensitivity and 98.6% specificity [38]. In 2006, a
prospective study of 91 patients measured out-
comes using an aggregate gold standard including
final discharge diagnosis, all imaging studies, sur-
gical procedures, and clinical follow-up, demon-
strating 100% sensitivity and 93.5% specificity for
the diagnosis of vascular injury [39]. And by direct-
ing targeted surgical exploration, and thereby mini-
mizing non-therapeutic surgery, and by reducing
or even eliminating the need for additional diag-
nostic tests, CTA streamlines the workup and
management of patients and reduces costs. For
instance, in a study comparing the number of
negative neck explorations in patients who did or
did not receive a CTA, the explorations were neg-
ative 48% of the time in those who did not receive
a CTA, while those who had a CTA had no nega-
tive neck explorations [40].

How Important Is the Number of CT
Detectors?

With respect to penetrating neck trauma, even
early studies with single-detector CT reported
high sensitivities and specificities as compared to
DSA [37, 38, 41, 42]. The diagnostic sensitivity of
CTA in the screening of blunt neck trauma on the
other hand is marginal, though as CT technology
is improving, particularly with regard to the
number of detectors, so too is the ability of CT to
diagnose BCVI [43]. For instance, in a study by

Paulus et al. 64-channel CTA demonstrated sig-
nificantly improved sensitivity over 32-channel
CTA (68% versus 51%), with 62% of false-
negative findings occurring with low-grade inju-
ries [30]. Based on the available evidence, CTA
with a 64-MDCT or greater to screen for BCVI is
preferred and has largely supplanted DSA, given
that the speed and accessibility of CTA provide
additional advantages and will ultimately likely
reduce mortality and morbidity (moderate
evidence) [19].

What Is the Recommended CTA
Protocol for Vascular Injury Screening
in Traumatic Neck Injury?

There is no data separately considering blunt or
penetrating injury, and no controlled studies com-
paring specific CT acquisition techniques and
parameters have been performed. The majority of
articles instead describe the techniques used at
their institution, which may vary by technologies
and manufacturers. Post-processing tools allow for
various types of reconstructed images including
maximum intensity projections and three-dimen-
sional and curved planar reformats, which are
believed to improve detection of subtle vascular
injuries. Their use is commonplace and recom-
mended, despite a paucity of evidence affirming
any value in increasing sensitivity, specificity, or
confidence of interpretation.

Should Screening CTA Be Performed
as Part of a Whole-Body Trauma Scan
or Is a Dedicated CTA Required?

A more controversial yet more formally studied
aspect of CTA screening is the question of whether
a dedicated CTA neck timed to optimize the extra-
cerebral vasculature with the arms adducted is
needed or if the CTA neck can be performed in the
same acquisition of a “trauma scan,” which
includes the CT neck along with the cervical
spine, chest, abdomen, pelvis, thoracic, and lum-
bar spine exam with the arms abducted. In 2008,
Sliker et al. compared patients who underwent
both screening CT and DSA, demonstrating
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similar sensitivities and specificities for carotid
and vertebral injuries among an MDCT group that
had CT neck as part of a body trauma protocol
and a second group that underwent a dedicated
CTA neck [44]. Langner et al. followed a protocol
consisting of a CT brain, followed by a CTA neck
with one contrast bolus, and then scanning of the
chest, abdomen, and pelvis using a second con-
trast bolus, concluding that a dedicated CTA
could be incorporated easily into a whole-body
trauma scan (limited evidence) [16]. Bonatti et al.,
too, recently affirmed that CTA neck included as
part of a whole-body MDCT protocol is an ade-
quate means of screening for BCVIs in poly-
trauma patients [45].

Special Considerations for Pediatric
Patients

Thankfully, vascular injury is a rarity in the pedi-
atric trauma population. Similar to adult trauma
cases, when hard signs of a vascular injury are
present on physical examination, immediate sur-
gical intervention is warranted. In the pediatric
patient with soft signs of vascular trauma, CTA
appears to be the diagnostic tool of choice (lim-
ited evidence). Observational studies support the
use of imaging in clinically stable pediatric
patients with penetrating neck trauma, particu-
larly those sustaining projectile injuries [46]. In a
recent study assessing the value of CTA in neck
and extremity pediatric vascular trauma, CTA
was 100% sensitive and 93% specific in penetrat-
ing trauma and 88% sensitive and 100% specific
for blunt trauma, with accuracy for penetrating
and blunt trauma of 95% and 97%, respectively
[47]. There are no standard screening guidelines
to evaluate BCVI in children, though, and given
the heightened lifetime risk of malignant tumors
associated with the increased radiation exposure
from MDCT, judicious use of this screening
modality is warranted. While one review of the
available literature by Desai et al. showed that,
aside from Glasgow Coma Scale (GCS) score, no
single risk factor was statistically significant in
predicting BCVI, another identified fracture of
the petrous temporal bone or through the carotid
canal, focal neurological deficit, stroke, and GCS

score <8 as independent risk factors for BCVI
[48, 49]. A review of the National Pediatric
Database attempted to examine the usefulness of
ultrasound in pediatric blunt carotid injuries, but
due to the low incidence of only 0.035% in
57,659 patients, an assessment could not be
performed [50].

What Is the Imaging Impact
on Outcome?

Penetrating Trauma

As high clinical suspicion for vascular injury
almost always mandates immediate operative
intervention, studies of penetrating neck trauma
typically compare CT results to findings from
surgical exploration. Clinically stable patients in
whom suspicion for injury exists from location of
injury only have been studied with CTA as the
screening exam, with the primary outcome being
the avoidance of unnecessary surgical explora-
tion. CTA has performed well in this setting and
is recommended as a screening tool in patients
with low suspicion (moderate evidence) [2, 34,
37, 38, 40, 46, 51-53]. Long-term evaluation of
patient outcomes is not well studied.

Blunt Trauma

The greatest concern regarding BCVIs is the risk
of stroke. Stein et al. reported a decrease in stroke
rate from 26% to 4% in patients who were treated
for blunt extracranial vascular injury regardless
of diagnostic method, illustrating the importance
of prompt diagnosis and treatment [17]. Scott
et al. found the risk of post-traumatic stroke to be
highest in grade 3 (greater than 50% stenosis of
the vessel or the development of a pseudoaneu-
rysm) or grade 4 (complete vessel occlusion)
BCVI, at approximately 7%, with follow-up
imaging showing progressive worsening without
radiographic improvement only in a small number
of patients, findings which alone did not correlate
with adverse clinical outcome [54]. They reported
a stroke rate of only 1% in lower-grade BCVI,
with a 14% rate of radiographic worsening on
follow-up imaging, albeit with no adverse clini-
cal outcomes associated with these radiographic
changes [55].
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Take-Home Tables

Tables 7.1 highlights screening criteria for BCVI,
and Table 7.2 gives a descriptive analysis of CTA
for diagnosing blunt trauma based on recent stud-
ies using 16-MDCT or higher.

Imaging Case Studies
Case 1
In Fig. 7.1a, b, a 20-year-old man presents fol-

lowing a motor vehicle accident in which he was
an unrestrained passenger.

Case 2

In Fig. 7.2a—c, a 25-year-old man presents
following a motorcycle crash in which he was a
helmeted rider.

Fig. 7.1 A 20-year-old man who was an unrestrained
passenger in a motor vehicle crash was found on initial
whole-body CT scan to have a right extracranial internal
carotid artery dissection at the level of C1, which was sub-
sequently confirmed on angiogram. The patient was

J.Warsch etal.

Case 3

In Fig. 7.3a, b, a 77-year-old man presents who was
a restrained driver in a motor vehicle accident.

Suggested Imaging Protocols

See Table 7.3 for CTA protocols for 64-MDCT or
higher typical of those reported throughout the
literature.

Future Research

Large trials comparing CTA to DSA would be
time-consuming and expensive and put patients
at potential risk of catheter-related injury. And
designing prospective, blinded studies is difficult
due to the relatively low incidence of vascular
injuries and the already widespread acceptance
of CTA as an effective screening tool for blunt

|

started on aspirin 81 mg daily. (a) Axial CTA image dem-
onstrating near complete occlusion of the high cervical
right internal carotid artery (arrow). (b) Angiogram show-
ing right intimal flap in the cervical ICA with 50% nar-
rowing of the vessel
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RT ICA DST

Fig. 7.2 A 25-year-old man who was a helmeted rider
involved in a motorcycle crash was found on initial whole-
body CT scan to have polytrauma including a focal dis-
section of the high right cervical internal carotid artery at
the level of C1 with intimal flap. The patient was started
on aspirin 81 mg daily and Coumadin 5 mg daily. (a)
Axial and coronal CTA images showing the focal dissec-

tion with intimal flap (arrows), resulting in approximately
60% stenosis of the true lumen. (b) Color-flow Doppler
ultrasound of the distal right internal carotid artery show-
ing turbulent flow in the area of the dissection. (¢) 3D
reconstruction from 6-month follow-up MRA redemon-
strating the dissection (arrow)



Fig. 7.2 (continued)

Fig.7.3 A 77-year-old
man who was the
restrained driver in a
motor vehicle crash was
found on initial
whole-body CT scan to
have polytrauma
including a right
extracranial vertebral
artery dissection/
pseudoaneurysm. The
patient was started on
aspirin 81 mg daily. (a)
Sagittal CTA image
showing the vertebral
artery dissection (arrow)
and (b) axial CTA image
showing a tiny
pseudoaneurysm (arrow)
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Table 7.3 CTA protocols for 64-MDCT or higher typical of those reported throughout the literature

References [57] [61] [30]

CT detector 64-MDCT 64-MDCT 64-MDCT

Collimation 0.6 mm 0.625 mm

Slice thickness 1.25-3.75 mm 1.0 mm

Pitch 0.984 0.5

Recons 2D, 3D, MIP 2D, 3D 2D

Contrast agent 350-370

Injection rate 5 ml/s 4-5 ml/s 5 ml/s

Vol. 1st bolus 50-100 100-120 ml 60-75 ml for neck only;
120 ml for WB

Vol. 2nd bolus 30-50 ml saline

Timing technique Bolus tracking 20-s delay Bolus tracking

ROI location Ascending aorta n/a Origin of carotids

Scan type Neck WB Neck, neck w/WB

Blank fields indicate the information was not provided. MDCT multidetector CT, Recons reconstructions reported to be
performed and used in analysis, Contrast agent concentration of iodine reported, Vol volume of first and second boluses
when reported. If saline is not listed, the bolus was contrast. Scan type is neck, neck only, or WB, part of a whole-body
scan where there is one acquisition. Neck w/WB is a scan where the neck was separate but scanned immediately before

the scan for the body

and penetrating traumatic injuries. Therefore, in
order to affirm the clinical utility of CTA, more,
longer-term follow-up studies of patients who
have undergone initial screening with CTA
should be performed. As well, as CT technology
continues to improve, comparison of 64-, 128-,
and 320-MDCT and dual-source scanners may
demonstrate either continued improvement in
sensitivity or reach a plateau. Finally, the added
value of reconstructed images in the analysis of
CTA data has not been adequately elucidated —
making interpretation of images more efficient in
the acute trauma setting has been anecdotally
shown to be useful, and individual sensitivities
and specificities for curved planar and multipla-
nar reformats, and 3D images, should be further
studied [56, 57].
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Key Points potentially delaying time-sensitive ther-
apies, though may remain useful when
the clinical diagnosis is unclear [Limited
Evidence]. Patients at high risk for hem-
orrhagic conversion and poor outcome
regardless of intravenous thrombolysis
can be predicted with noncontrast head
CT and MRI [Moderate Evidence], but
such high-risk patients still may margin-
ally benefit from intravenous thrombol-
ysis despite overall increased risk of
worse outcomes [Limited Evidence].

e CT angiography (CTA) should be per-
formed expeditiously in hyperacute
stroke patients who are potential candi-
dates for endovascular thrombectomy
(EVT) to evaluate for large vessel occlu-
sion (LVO) [Strong Evidence]. CTA is
generally safe and can be performed
without first evaluating renal function
[Moderate Evidence].

* The net benefit of EVT in severe ischemic
strokes may be modestly predicted by
determining the size of an ischemic core,

* Noncontrast head CT should be per-
formed expeditiously in all patients with
hyperacute ischemic stroke to evaluate
for intracranial hemorrhage (ICH)
[Strong Evidence]. Magnetic resonance
imaging (MRI) is equivalent to CT in
the detection of intracranial hemorrhage
for patients <6 h from onset [Strong
Evidence] but typically takes longer to
perform, potentially delaying time-
sensitive therapies which can worsen
outcomes [Strong Evidence].

* Magnetic resonance diffusion-weighted
imaging (DWI) is superior to CT for the
detection of ischemic stroke within the
first 24 h of symptom onset [Strong
Evidence]. However, MRI may confirm
a clinical diagnosis of ischemic stroke
without influencing outcomes and
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delays arising from MRI or advanced
imaging need to be weighed carefully
against the utility of avoiding EVT.

* Identification of “salvageable tissue” by
either identifying a “penumbra” or col-
lateral flow with advanced imaging tech-
niques predicts outcomes in hyperacute
stroke patients after intravenous throm-
bolysis and EVT [Strong Evidence] but
does so for untreated patients also
[Strong Evidence]. Selection of patients
based on the presence of a penumbra
with perfusion imaging or collateral flow
with multiphase CTA identifies patients
more likely to benefit from EVT within
6 h though might exclude patients who
could have benefited from EVT in this
time window [Moderate Evidence].
However, beyond 6 h CT perfusion,
imaging and multiphase CTA may help
select patients that could still benefit
from EVT [Strong Evidence, pending
publication of trial results at the time of
this writing].

e Time to intravenous thrombolysis and
EVT highly influences outcomes
[Strong Evidence], and reducing the
time of imaging and interpretation
expedites treatment delivery to hyper-
acute stroke patients [Strong Evidence].
Improving systems of stroke care,
including imaging in the hyperacute
setting, is thus likely to improve neuro-
logical outcomes.

Definitions and Pathophysiology

Stroke is a clinical term that refers to an acute
neurological deficit arising from disruption of
focal blood supply to the brain [1]. Stroke may be
due to an occlusion or stenosis of an artery or
arteries (ischemic stroke), rupture of an artery
leading to hemorrhage in or around the brain
(intracranial hemorrhage), or from occlusion of a
cerebral vein or dural sinus. The vast majority of
strokes are ischemic (~85%) [2], and etiologies

M.S. Goyal et al.

are protean and include arterioarterial emboli
from large vessel atherosclerosis, small-vessel
atherosclerosis, cardiogenic or other systemic
emboli, and arterial dissection, among other more
uncommon etiologies.

This chapter focuses on the imaging of isch-
emic stroke patients within the first several hours
after stroke onset, i.e., hyperacute ischemic
stroke. We do not use this term to refer to a spe-
cific time interval after stroke onset but rather for
patients who stand to benefit from emergently
applied therapies including intravenous throm-
bolysis or EVT. Thus, the time interval from
stroke onset might be as short as 4.5 h for patients
who are not candidates for EVT to as long as 24 h
for imaging-selected patients. Imaging may have
utility beyond this hyperacute period, for exam-
ple, in identifying the etiology of a stroke or pre-
dicting the need for hemicraniectomy in a patient
with “malignant” ischemic stroke. However,
these issues are typically dealt with after the
patient has left the Emergency Department,
which is beyond the scope of this chapter.

Epidemiology

It is estimated that approximately 795,000 isch-
emic strokes occur in the United States annually
[3]. In the United States, stroke is now the fifth
leading cause of death and the second leading
cause of adult disability, down from the third and
first leading causes, respectively, due to improve-
ments in stroke prevention and treatment, yet
remains the second leading cause of death world-
wide [4, 5]. In the emergency room, cerebrovas-
cular disease accounts for over 700,000 visits
(0.5% of all Emergency Department visits) in the
United States annually.

Costs to Society

The estimated direct and indirect costs of stroke
in the United States in 2010 were 74 billion
dollars [6]. Acute inpatient hospitalization
accounts for 70% of the first-year costs after
stroke, and diagnostic testing represents approxi-
mately 20% of this cost.



8 Hyperacute Ischemic Stroke in Adults: Evidence-Based Emergency Imaging 93

Goals of Imaging

Here, we take the approach that imaging and its
interpretation should be driven solely by its abil-
ity to improve neurological outcomes, which
inherently relies on its ability to help select
patients for proven therapies. In the hyperacute
setting, the principal goals of imaging are to (1)
identify candidacy for intravenous thrombolysis
and (2) identify candidacy for EVT. While imag-
ing may have a role in predicting outcomes with-
out or with treatment, it is important to note that
the goal may include selecting patients that
might benefit from therapy even when prognosis
is generally (though not universally) poor. For
example, patients above the age of 80 are likely
to have worse outcomes after ischemic stroke
than those below the age of 80 but receive the
same benefit from intravenous thrombolysis [7]
and even further benefit from EVT regardless of
their age [8, 9].

It is also important to note that the incremental
benefit of an imaging modality must be weighed
against the additional time required to obtain this
imaging. For every 15 min saved in administering
intravenous alteplase, nearly 1 month of
disability-free life is gained, and the number
needed to treat to achieve good outcomes signifi-
cantly improves [10]. The value of providing
endovascular treatment more quickly has an even
larger benefit [11, 12]. The additional time added
by an imaging modality must thus account for
patient transfer, preparation, scan time, post-
processing, image transfer, and interpretation.
Conversely, minimizing these times is likely to
improve the benefit of the imaging modality in
improving neurological outcomes.

Methodology

The evidence and literature cited here were identi-
fied through several search strategies including
keyword searches via PubMed and Google
Scholar, references contained within review arti-
cles and other key references, and personal collec-
tion of key literature on stroke imaging, updated to
the time of this writing (March 2017).

Discussion of Issues

Should This Patient Receive
Intravenous Thrombolysis?

In 1995, the Food and Drug Administration
approved intravenous tissue plasminogen activator
(IV-tPA) for the treatment of acute ischemic stroke
after two randomized controlled trials (RCT) dem-
onstrated its efficacy in improving neurological
disability at 3 months when intravenously adminis-
tered within 3 h of stroke onset [13]. A subsequent
RCT showed that IV-tPA improved neurological
outcomes in patients presenting within 4.5 h of
stroke onset [14]. After IV-tPA an additional one in
ten patients remains independent in their daily
activities, and one in three to six patients, depend-
ing on time to treatment, shows some improvement
in their disability, as compared to those treated with
a placebo [15].

Despite the strong evidence supporting this
treatment, only a minority of potentially eligible
patients receives IV-tPA, largely due to patients
arriving beyond the 4.5 h time window [16].
Several other factors limit candidacy for IV-tPA,
particularly those that herald an increased risk for
hemorrhagic complication, which include the
presence of acute intracranial hemorrhage and a
particularly large ischemic stroke more likely to
hemorrhage. Head imaging thus plays a critical
role in this evaluation (Question 1.1).

It may seem intuitive to use imaging to con-
firm the diagnosis of ischemic stroke prior to
IV-tPA (Question 1.2). However, treatment of
stroke mimics with intravenous thrombolysis has
been found to be safe [17-19] [Strong Evidence],
and the desire to improve diagnostic certainty of
stroke may introduce delays in administering
treatment, which is known to worsen outcomes
[15, 20, 21] [Strong Evidence]. Establishing the
diagnosis of acute ischemic stroke with imaging
may yet continue to have a role in patients with
unknown time of symptom onset or in patients
who are unlikely to have a stroke but could
receive thrombolysis if proven otherwise.

A third concern is whether treatment with
IV-tPA in a patient with a particularly large isch-
emic stroke will lead to hemorrhagic conversion
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and thereby worsened outcomes (Question 1.3).
No such criteria were used in the initial National
Institute of Neurological Disorders and Stroke
(NINDS) trials demonstrating efficacy of IV-tPA
in the first 3 h after symptom onset [13]; subse-
quent subgroup analyses have shown that while
hemorrhagic conversion and poor outcomes
increase in patients with very large ischemic
strokes, there is persistent benefit for IV-tPA in
these patients [7] [Moderate Evidence]. On the
other hand, the European Cooperative Acute
Stroke Study (ECASS) III trial, which demon-
strated efficacy of IV-tPA in the 3—4.5 h window,
specifically excluded patients with a large middle
cerebral artery (MCA) stroke (defined as greater
than 1/3 of the MCA territory) [14]. Thus, deter-
mining the presence of a large stroke that is likely
to hemorrhage remains standard practice for
patients being treated within the 3—4.5 h time
window, though no study has proven that exclud-
ing such patients affects outcomes [Limited
Evidence].

Does This Patient Have an Acute
Intracranial Hemorrhage?

Summary of Evidence Noncontrast head CT
(NHCT) is widely accepted as the gold standard
for detection of acute intracranial hemorrhage
[Moderate Evidence] and is the modality of
choice for exclusion of intracranial hemorrhage
in evaluation for thrombolytic candidacy, based
on its successful use in several RCTs [Strong
Evidence]. MRI can replace NHCT, as it is nearly
as sensitive in detecting acute intracranial hemor-
rhage [Strong Evidence]. However, when com-
pared to NHCT, MRI may cause a delay in
treatment [Moderate Evidence], which is known
to worsen outcomes [Strong Evidence]. No other
method, imaging based or otherwise, has demon-
strated superior or equivalent efficacy to NHCT.

Supporting Evidence
(1) Noncontrast head CT (NHCT) Acute hem-
orrhage appears hyperdense on NHCT for
several days due to the high concentration of
hemoglobin in compressed blood and then
becomes progressively isodense and then
hypodense over a period of weeks to months.

(ii)

Hyperacute hemorrhage can rarely be
isodense in the acute period in severely ane-
mic patients [22]. No rigorous prospective
study has been performed to validate the
sensitivity and specificity of noncontrast
head CT in detecting intracranial hemor-
rhage (ICH). In an early single autopsy
series of 79 patients, CT did not detect 4 out
of 17 patients with ICH—all brainstem
hemorrhages [23]. However, this study was
performed using a first-generation CT scan-
ner, and experience with NHCT was just
beginning. More recent studies evaluate the
role of NHCT in diagnosing subarachnoid
hemorrhage as compared to cerebrospinal
fluid analysis. The overall sensitivity of
NHCT for subarachnoid hemorrhage is
91-92% but is time dependent such that the
sensitivity is nearly 100% within the first
6 h [24-26]. RCTs demonstrating the effi-
cacy of IV-tPA nearly always used NHCT to
exclude patients with ICH [13, 14]; in these
trials, subsequent hemorrhage typically
occurred in the setting of very large isch-
emic strokes suggesting that an underlying
missed ICH was very unlikely to account for
subsequent  hemorrhagic  complication.
Thus, NHCT is widely accepted as the gold
standard for detection of acute ICH, particu-
larly when evaluating patients for thrombo-
Iytic candidacy.

Magnetic resonance imaging (MRI) The
appearance and identification of ICH on
MRI depend on the age and location of the
hemorrhage, the strength of the magnetic
field, and the type of MR sequence [27]. As
the hematoma ages, oxyhemoglobin breaks
down sequentially into several paramag-
netic products: first deoxyhemoglobin, then
methemoglobin, and finally hemosiderin.
Iron exposed to surrounding water mole-
cules in the form of deoxyhemoglobin cre-
ates signal loss on susceptibility-weighted
and T2-weighted (T2 W) sequences [28,
29]. Thus, the earliest detection of hemor-
rhage depends on the conversion of oxyhe-
moglobin to deoxyhemoglobin which was
believed to occur after the first 12-24 h [27].
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(iii)

However, this early assumption had been
questioned with reports of ICH detected by
MRI within 6 h and as early as 23 min from
symptom onset [30, 31].

More recently, studies have assessed
MRI (diffusion-, T2-, and T2*-weighted
images) for the evaluation of ICH within 6 h
of onset. One study evaluated 62 ICH
patients and 62 nonhemorrhagic stroke con-
trol patients, with three experienced readers
(two stroke neurologists and one neuroradi-
ologist) utilizing CT as the reference
standard [32]. The readers, blinded to
clinical and CT results, identified all acute
hemorrhages on MRI yielding 100%
sensitivity and specificity compared to
CT. Subsequently, prospective studies com-
pared MRI and CT for detection of ICH. In
the first study, 4 of 25 acute ICH patients
were not identified by MRI including three
cases in which “acute” ICH was classified as
“chronic” and one case of subarachnoid
hemorrhage associated with ischemic stroke
[33]. Interestingly, CT also missed four
hemorrhages, though all were identified as
foci of hemorrhage within an acute ischemic
infarct on MRI—the relevance of which
remains uncertain in the context of hyper-
acute stroke treatment. A following pro-
spective study from the same group
confirmed that MRI is similar to CT in the
diagnosis of intracranial hemorrhage in
patients suspected to have acute ischemic
stroke [34]; in this study the sensitivity of
MRI and CT were 81% and 89%, respec-
tively, and both were found to be 100% spe-
cific. Therefore, it appears that rare cases of
early ICH may be missed on either MRI or
CT, though hemorrhage missed on CT is
typically either chronic or related to an isch-
emic infarct. Studies with tissue confirma-
tion, allowing for measurement of the exact
accuracy of both modalities, are lacking.
Miscellaneous Multiple attempts to obviate
the need for imaging to exclude intracranial
hemorrhage have failed, including clinical
scores and lumbar puncture [35]. A few
studies have explored transcranial ultrasound

as an alternative to NHCT for identifying
intracerebral hemorrhage, which may be a
promising alternative in low-income coun-
tries without available access to a CT scanner,
but this requires patients with an adequate
acoustic window and an experienced sonog-
rapher [36, 37].

Does This Patient Have Hyperacute
Ischemic Stroke?

Summary of Evidence NHCT is poor at identify-
ing acute ischemic stroke [Strong Evidence].
CT perfusion imaging (CTP) and angiography
(CTA) both modestly improve the accuracy of
ischemic stroke diagnosis [Moderate Evidence].
MRI (diffusion-weighted imaging) is far superior
to CT for identifying ischemic stroke within the
first 12 h of symptom onset [Strong Evidence],
but has not been shown to improve clinical out-
comes and typically requires additional time rela-
tive to CT [Moderate Evidence], and thus cannot
yet be recommended prior to IV-tPA in patients
with suspected stroke presenting within 4.5 h of
symptom onset. MRI helps to predict time of
symptom onset [Moderate Evidence], and the
safety of using MRI to treat patients with throm-
bolysis on this basis is established [Strong
Evidence], but the efficacy remains unknown
[Limited Evidence]. MRI may also be helpful in
patients clinically unlikely to have a stroke but
who would be thrombolytic candidates if proven
otherwise [Limited Evidence].

Supporting Evidence

(i) Computed tomography (CT) NHCT images
are commonly normal during the acute phase
of ischemia. At times, patients may present
with stroke-like symptoms due to non-stroke
etiologies including postictal state following
seizure, ‘“‘complicated” migraine, brain
tumor, toxic-metabolic conditions, acute
peripheral vertigo, subdural hematoma, her-
pes encephalitis, demyelinating disease, or
conversion disorder. Based purely on history
and physical examination alone without con-
firmation by NHCT, stroke mimics may
account for up to 13—-19% of cases initially
diagnosed with stroke [38, 39]. Diagnostic
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accuracy improves when NHCT is used, but
approximately 5% of cases are still misdiag-
nosed as stroke [40], which may improve
to less than 2% at experienced academic
centers treating patients with intravenous
thrombolysis [19].

Increased scrutiny of hyperacute NHCT
scans, especially following the early throm-
bolytic trials, suggests that some patients
with large areas of ischemia may demon-
strate subtle early signs of ischemia, even
when imaged less than 3 h after symptom
onset [41]. These early NHCT signs include
parenchymal hypodensity, loss of the insular
ribbon, obscuration of the lentiform nucleus,
loss of gray and white matter differentiation,
visualization of hyperdense clot in the region
of the proximal middle cerebral artery
(MCA) known as the ‘“hyperdense MCA
sign,” subtle effacement of the cortical sulci,
and local mass effect. Early changes are
found in only 31% of NHCTs performed
within 3 h of ischemic stroke, precluding its
reliability as a positive sign of ischemia [42].
Early CT signs, however, are often subtle
and difficult to detect even among experi-
enced readers, though experience and exper-
tise improve accuracy [43, 44].

Advanced CT imaging, including CT per-
fusion imaging (CTP) and CT angiography
(CTA), may have increased sensitivity for
ischemic stroke. CTP can detect areas of
ischemic stroke by demonstrating either
increased mean transit time or decreased
cerebral blood flow in a vascular territory of
the brain. A pooled analysis of 15 studies
found a sensitivity of 80% and specificity of
95% for CTP as compared to DWI or follow-
up MRI or CT as the reference standard [45].
False negatives were mostly due to lacunar
infarcts or limited coverage. At one institu-
tion, the incremental benefit in diagnosing
acute ischemic stroke with CTP over CTA
and NHCT was found to be 12.4% and
18.2% over NHCT only [46]. Drawbacks of
CTP include the requirement for contrast
administration, increased radiation dosage,
and limited coverage of the brain. CTA also

(i) MRI diffusion-weighted

improves the sensitivity for large ischemic

stroke, either by identifying a large vessel

occlusion or through a geographic paucity of

vessels demonstrated on source images [47]

but remains insensitive to small strokes.

imaging (DWI)
Unlike NHCT, DWI is capable of detecting
very early physiologic changes during cere-
bral ischemia, demonstrating changes within
minutes of ischemia in rodent stroke models
[48-50]. Moreover, the sequence detects
lesions as small as 4 mm in diameter [51].
The cause of signal alteration in DWI after
acute ischemia is not entirely understood but
is thought to reflect diffusion restriction pre-
dominantly in the intracellular space [52]. As
duration of ischemia increases, a DWI lesion
becomes progressively brighter with the
added contribution of hyperintense T2 W
signal known as “T?2 shine through” [53]. To
differentiate between true restricted diffu-
sion and “T2 shine through,” a bright DWI
lesion should also show hypointense signal
on the corresponding apparent diffusion
coefficient (ADC) map, which is a more
quantitative and direct measure of restricted
diffusion.

The relatively high sensitivity and specificity
of DWI for the detection of ischemia makes it
an ideal sequence for positive identification of
hyperacute stroke. Two studies evaluating
DWI within 6 h of stroke onset reported
88-100% sensitivity and 95-100% specificity,
using final clinical diagnosis as the reference
standard [54, 55]. In another study, 50 patients
were randomized to DWI or NHCT within 6 h
of stroke onset and subsequently received the
other imaging modality with a mean delay of
30 min [56]. Sensitivity and specificity of
ischemia detection among blinded expert
readers were significantly better with DWI
(91% and 95%, respectively) compared to
NHCT (61% and 65%). A recent large pro-
spective study including 190 ischemic stroke
patients assessed the accuracy of DWI com-
pared to NHCT as a function of time from
symptom onset [34]. As time from symptom
onset increased, the sensitivity of DWI for
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final diagnosis of ischemic stroke increased:
73%, 81%, and 92% for <3 h, 3-12 h, and
>12 h, respectively, whereas NHCT had only
12%, 20%, and 16% sensitivity at these three
respective time intervals [Strong Evidence].

Although DWTI is the optimal test for imag-
ing acute ischemia, the highest level data sug-
gests that the sensitivity for detection within
6 h of onset is 81-91%:; therefore, the absence
of a DWI lesion does not rule out ischemia.
False negatives have been reported in small
subcortical and brainstem infarctions and in
patients with low National Institutes of Health
Stroke Scale (NIHSS) scores [34, 55, 57-59].
Furthermore, within the first 6 h of stroke
onset, DWI demonstrates delayed signal evo-
lution after changes in perfusion [60].
Restricted diffusion has been reported with
other nervous system pathologies such as
brain abscesses [61], herpes encephalitis [62],
Creutzfeldt-Jakob disease [63], highly cellular
tumors such as lymphoma or meningioma
[64], seizures [65], and hypoglycemia [66].
However, the clinical history and appearance
of these lesions on the remaining standard MR
sequences should allow for diagnosis of these
different pathologies. Diagnosis of ischemic
stroke with DWI should be interpreted in con-
junction with conventional MR sequences and
within the proper clinical context.

Regarding CT versus MRI for first-line
imaging in patients with suspected acute isch-
emic stroke, several critical factors have not
been adequately studied. These factors include
practicality (including scanner, technician,
and radiologist/neurologist access round the
clock, patient eligibility and tolerability, and
scan duration), cost-effectiveness, and effect
on clinical decision-making and patient out-
comes. A large study assessing CT vs. MRI
for diagnosis of acute ischemic stroke
excluded 11% of patients due to issues such as
patient intolerability and claustrophobia in the
MR scanner, MR contraindications such as
pacemaker placement, and medical instability
[34]. One study compared the cost-
effectiveness of immediate vs. delayed NHCT
for all patients compared with a subset of

acute stroke patients and found that an imme-
diate NHCT in all patients was more cost-
effective than delayed NHCT in a subset of
patients [67]. However, similar studies have
not yet been performed for MRI and are
greatly needed.

Recent advances have shown that MRI
fluid-attenuated inversion recovery (FLAIR)
sequences can determine whether an ischemic
stroke identified by DWI is <4.5 h in age or not.
Ischemic strokes that demonstrate diffusion
restriction but no correlate on FLAIR imaging
were typically <4.5 h in age, while those with a
correlate on FLAIR imaging were typically
>6 h in age [68-70], though an exact cut-off
value for subtle FLAIR hyperintensity relative
to the contralateral normal parenchyma remains
to be determined. A large safety trial in the
United States [71] demonstrated that using
MRI to identify hyperacute stroke patients for
intravenous thrombolysis results in a hemor-
rhage rate less than that identified in ECASS
III [72]. At the time of this writing, another
trial in Europe [73] is underway to evaluate
the efficacy of this approach in improving
neurological outcomes.

In some circumstances, patients may pres-
ent with symptoms clinically unlikely to be
due to stroke, but the possibility of stroke can-
not be completely excluded. MRI can occa-
sionally be performed quickly enough to leave
time for IV-tPA in case an acute ischemic
stroke is identified [21, 74]. No trial has yet
determined whether administering IV-tPA in
this setting improves outcomes or not.

Is This Ischemic Stroke Likely

to Hemorrhage After Intravenous
Thrombolysis?

Summary of Evidence The risk of hemorrhage
and poor outcomes after intravenous thromboly-
sis increases in the presence of early CT signs of
infarction and low ASPECTS score [Strong
Evidence]. Nevertheless, within the 3 h window,
IV-tPA continues to benefit these patients at
higher risk [Moderate Evidence]. Patients with a
large MCA stroke may not benefit from IV-tPA in
the 3-4.5 h window due to increased risk of
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hemorrhagic conversion [Limited Evidence].
Novel imaging techniques with CT and MRI
improve our ability to predict hemorrhagic con-
version, but none is proven to identify patients
that will not benefit from IV-tPA [Limited
Evidence].

Supporting Evidence

(1) Computed tomography (CT) Early CT signs
of infarction, especially involving more than
one-third of the MCA distribution, have been
reported to be associated with severe stroke,
increased risk of hemorrhagic transforma-
tion [75-77], and poor outcome [78].
Recently, ECASS-3, which demonstrated
efficacy of intravenous tPA administration
within 3—4.5 h after stroke onset, excluded
patients with early signs of stroke in greater
than 1/3 of the MCA territory [14]. In con-
trast to ECASS-3, the National Institute of
Neurological Disorders and Stroke tPA trial
[13] did not exclude patients with early CT
signs, and subgroup analysis has shown that
IV-tPA continues to benefit patients with
early CT signs of ischemic stroke [7].
Therefore, early CT signs should not be used
to exclude patients who are otherwise eligi-
ble for thrombolytic treatment within 3 h of
stroke onset.

The Alberta Stroke Program Early CT
Scores (ASPECTS), a 10-point semiquanti-
tative scoring system, was developed as a
tool for detection of early ischemic changes
on noncontrast head CT that would be more
reliable and prognostic than simple visual
inspection of the MCA territory [41, 79]. A
normal ASPECT score is 10 with 1 point
subtracted for each abnormal brain region
(of 10, 7 cortical and 3 subcortical) within
the affected hemisphere. Both methods
(visual inspection and ASPECTS) require
training to ascertain subtle ischemic changes,
and ASPECTS remains vulnerable to inter-
rater variability [80].

(i) Magnetic  resonance  imaging  (MRI)
Compared to NHCT, DWI is highly sensitive
to acute ischemic stroke and can delineate
the ischemic core that is likely to represent

the final infarct as defined by follow-up MRI
[34]. Large infarcts are more likely to
develop hemorrhagic transformation and
result in poor outcomes [77, 81, 82]. The vol-
ume of a stroke with very low apparent diffu-
sion coefficient (ADC) values also predicts
hemorrhagic transformation [81]. Novel
techniques, such as measurement of paren-
chymal enhancement [83], permeability
imaging [84], or perfusion imaging [85],
may be better able to predict which strokes
are likely to develop hemorrhagic transfor-
mation after thrombolysis. The number of
microbleeds detected on susceptibility-
weighted sequences (T2* and SWI) also pre-
dicts the risk of hemorrhagic transformation
[86-90]. However, no study demonstrates
that patients identified to be at heightened
risk based on MRI will not benefit from IV-
tPA, neither within the 3 h nor the 3—4.5 h
windows. Thus, the role of MRI in determin-
ing whether to continue with IV-tPA or not in
an otherwise eligible patient remains in
question.

Applicability to Children

No prospective clinical trial to date has investi-
gated the use of intravenous thrombolysis in chil-
dren under the age of 16. An attempt to perform
a randomized evaluation of thrombolysis in pedi-
atric stroke was halted due to poor accrual [91].
Thus, none of the recommendations above may
apply to children. Pediatric stroke is further com-
plicated by protean etiologies, many different
than those typically seen in adults, an immature
fibrinolytic system, and a far lower prevalence
that resists establishment of efficient rapid sys-
tems of care.

Should This Patient Undergo
Endovascular Thrombectomy?

In October 2014, the Multicenter Randomized
Clinical Trial of Endovascular Treatment for
Acute Ischemic Stroke in the Netherlands (MR
CLEAN) trial had completed and announced sig-
nificantly improved outcomes in patients treated
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with endovascular thrombectomy (EVT) and
IV-tPA as compared to IV-tPA alone [8].
Subsequently, other similar RCTs were halted,
including the trials: Endovascular Treatment for
Small Core and Anterior Circulation Proximal
Occlusion with Emphasis on Minimizing CT to
Recanalization Times (ESCAPE), Solitaire with
the Intention for Thrombectomy as Primary
Endovascular  Treatment (SWIFT-PRIME),
Extending the Time for Thrombolysis in
Emergency Neurological Deficits (EXTEND-IA),
and Randomized Trial of Revascularization with
Solitaire FR Device versus Best Medical Therapy
in the Treatment of Acute Stroke Due to Anterior
Circulation Large Vessel Occlusion Presenting
within Eight Hours of Symptom Onset
(REVASCAT). These all showed significant or
nearly significant improvements in outcomes
with EVT, establishing EVT as the new standard
of care for hyperacute stroke patients with large
vessel occlusion (LVO) [92-95] [Strong
Evidence]. EVT was shown to be highly effica-
cious and consistent, demonstrating an absolute
risk reduction of poor outcome ranging from
14% to 33% across the five different trials. The
time window for these trials (stroke onset to
anticipated time to endovascular treatment) var-
ied from 6 h to 12 h, though the vast majority of
patients were enrolled within the 6 h time win-
dow. Nearly all patients first received IV-tPA
prior to EVT, unless specifically contraindicated.
In contrast to prior neutral RCTs evaluating EVT
(IMS-3, SYNTHESIS Expansion, and MR
RESCUE) [96-98], a stent retriever device was
used in the vast majority of cases, sometimes
supplemented with clot aspiration.

Another critical departure between the prior
neutral RCTs and the recent positive RCTs for
EVT was that the positive RCTs required patients
to have LVO demonstrated by noninvasive imag-
ing, nearly always with CTA. Given that the pres-
ence of LVO is a prerequisite for endovascular
thrombectomy and that the majority of hyper-
acute stroke patients will not have an LVO [99],
determining the presence of LVO in a hyperacute
stroke patient is a critical step in evaluating
patients for EVT candidacy [Strong Evidence]
(Question 2.1).

The recent RCTs varied greatly according to
inclusion and exclusion criteria. A key exclusion
criterion in three of the trials (ESCAPE, SWIFT-
PRIME, and EXTEND-IA) was the presence of a
large ischemic “core” [92, 93, 95] (Question 2.2).
Though conceptually a large ischemic core is
meant to reflect a large completed infarct that
could not be salvaged, the definition of how to
measure the ischemic core varied across the three
trials. MR CLEAN also evaluated the presence of
a large ischemic core using ASPECTS scoring of
NHCT but did not require exclusion of any
patients on this basis [8]. Subgroup analysis of
the MR CLEAN data shows that when ASPECTS
score was very low (0-4), EVT (with IV-tPA)
provided no statistically significant benefit as
compared to IV-tPA alone (odds ratio for good
outcome 1.09), though the number of patients in
this subgroup was low. A pooled analysis of the
five positive RCTs similarly found insufficient
evidence to support EVT in treating patients with
alow ASPECTS [9]. Further, trials that excluded
patients with a large ischemic core (ESCAPE,
SWIFT-PRIME, and EXTEND-IA) had overall
improved outcomes compared to those that did
not. While the exact role of measuring an isch-
emic core prior to EVT remains to be determined,
it is likely of consequence as an important tool to
limit “futile” EVT [Moderate Evidence].

Another commonly held hypothesis is that
EVT may only improve outcomes in patients
who have “salvageable” parenchyma that is vul-
nerable to infarct, frequently conceptualized as a
“penumbra” around an ischemic core (Question
2.3). Both CT and MRI perfusion imaging
attempts to directly measure a penumbra by
establishing thresholds for particular perfusion
parameters for an ischemic core and subtracting
this from surrounding oligemia to determine a
“penumbra” or “mismatch volume”; in some
cases, the ischemic core may also be compared to
the clinical status of the patient, i.e., “clinical
imaging mismatch.” Identifying the adequacy of
collateral flow to an affected territory has also
been used to identify potentially salvageable
parenchyma. The underlying assumption here is
that adequate collaterals will help protect vulner-
able tissue from infarct long enough for EVT to
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remain effective. One RCT explicitly tested the
efficacy of penumbra evaluation with perfusion-
diffusion mismatch MRI in patients subsequently
undergoing EVT [98]. While this trial found no
benefit for EVT in either group undergoing or not
undergoing penumbra evaluation [Strong
Evidence], this trial did not use stent retrievers
and thus is not adequately informative for current
practice. Another trial evaluated the use of a new
thrombolytic agent (tenecteplase) versus IV-tPA
after only including patients with a penumbra as
assessed with CTP; this trial found improved out-
comes with the new thrombolytic agent, but since
it did not randomize patients to no CTP, it does
not directly test the use of penumbra imaging to
select patients for tenecteplase [100] [Limited
Evidence].

The more recent positive RCTs for EVT varied
widely in both their use and definition of salvage-
able tissue for patient inclusion and exclusion. A
meta-analysis of these results demonstrated that
in patients selected by having adequate or good
collaterals on multiphase CTA or small ischemic
core/adequate penumbra on perfusion imaging,
EVT likely improved outcomes in patients beyond
6 h and up to 7.3 h [12] [Moderate Evidence].
Finally, at the time of this writing, a trial using a
“clinical imaging mismatch” paradigm to select
patients beyond the 6 h window was stopped early
following a prespecified interim analysis due to
strong efficacy [101]; along with DEFUSE-3,
another stopped trial that used imaging mismatch
to select patients for EVT beyond 6 h, these trials
now strongly support the use of perfusion imag-
ing to select patients beyond 6 h for EVT [evi-
dence level pending publication of results].

Does This Patient Have a Large Vessel
Occlusion?

Summary of Evidence CTA is an accurate and
highly efficient method to evaluate for LVO in
hyperacute stroke patients [Strong Evidence],
which is critical in determining which patients
may benefit from EVT [Strong Evidence]. The
risk of permanent contrast nephropathy in stroke
patients is sufficiently low that the delay imposed
by evaluating renal function prior to CTA is not
routinely warranted [Moderate Evidence]. MRA

without contrast (i.e., time-of-flight MRA) is
equivalent to CTA in evaluating for intracranial
LVO [Moderate Evidence], and MRA with con-
trast is equivalent or superior to CTA in evaluat-
ing the extracranial vasculature [Strong
Evidence], but MRA often imposes additional
delays to treatment, which can worsen outcomes
[Strong Evidence]; thus MRA should be reserved
for patients who absolutely cannot undergo CTA
or who are already undergoing MRI. Other tech-
niques such as transcranial Doppler imaging or
clinical assessment is not yet sufficiently accu-
rate to replace CTA [Limited Evidence].

Supportive Evidence

(1) Digital subtraction catheter-directed angi-
ography (DSA) The gold standard for
assessing large vessel occlusion is currently
DSA. Given the high spatial and temporal
resolution of DSA as compared to other
techniques, occlusion and stenosis of both
large and small vessels are readily demon-
strated (however, for note of controversy,
see [102]). The dynamic images from DSA
also help in evaluating collateral flow. The
major drawbacks of DSA are that it requires
(1) groin puncture to access the femoral
artery subjecting the patient to potential
groin complications including hemorrhage
and pseudoaneurysm; (2) the use of intra-
arterial wires and catheters to select target
vessels for angiography, which may result in
stroke or arterial injury; and (3) availability
of experienced operators, technologists, and
nurses to perform the procedure. On the
other hand, DSA is a prerequisite to EVT

and, if positive, can lead directly to EVT.
Most patients in the IMS-3 trial were
evaluated with a “DSA-first” approach,
whereby patients suspected to have LVO
based on clinical assessment were taken
directly to the angiography suite for DSA
and then EVT if LVO was detected [96].
The IMS-3 trial showed no benefit for EVT
with this approach, though older-generation
thrombectomy devices (and not stent retriev-
ers) were used in the vast majority of these
patients. In contrast, the recent RCTs that
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(i)

were positive for EVT all required noninva-
sive evidence of LVO prior to EVT [8, 92—
95]. It is difficult to determine how much
noninvasive LVO detection contributed to
the success of the recent RCTs, as compared
to use of stent retrievers and improved sys-
tems of care. However, while the evidence
does not fully prove that non-DSA-based
LVO detection itself leads to improved
outcomes, the preponderance of evidence
strongly supports noninvasive LVO detec-
tion in hyperacute stroke patients as a
prerequisite to EVT. As discussed further
below, noninvasive LVO detection also
improves systems of care that involves more
hospitals without local access to neuro-
interventional services.

Computed tomographic angiography (CTA)
While a hyperdense vessel on NHCT is sug-
gestive of thrombus in the M1 segment or
basilar artery, this sign is variably present
and not sensitive nor entirely specific to the
presence of LVO [103]. Ongoing efforts to
improve LVO detection with thin-section
NHCT may improve the accuracy of this
sign in the future [104, 105]. Given improve-
ments in CT scanners over the past decade,
largely due to multidetector row technology,
it is now possible to evaluate the cerebral
vasculature highly accurately with CT and
high-rate intravenous contrast administra-
tion. With proper technique, CTA delineates
the course and caliber of the carotid and ver-
tebral arteries in the neck, the internal
carotid and basilar arteries intracranially,
and the proximal portions of the anterior,
middle, and posterior cerebral arteries [106].
When an occlusion of one of these vessels is
present, contrast opacification of the vessel
is absent, providing evidence for the
occlusion.

One advantage of CTA is that it can be
performed immediately following the pre-
requisite noncontrast CT for all stroke
patients. The entire examination can be
completed within a few minutes using
75—100 mL of nonionic intravenous contrast.
CTA has been found to be both sensitive and

specific in identifying a large vessel occlu-
sion (defined as A2, M2, P2, or more proxi-
mal) in comparison to catheter angiography
[102, 106], including several small case
series [107-113]. CTA is also accurate in
measuring large vessel stenosis. One study
with two blinded raters comparing CTA to
DSA measured 475 short segments of intra-
cranial arteries in 41 patients [114]. For
detection of >50% stenosis, CTA had 97.1%
sensitivity and 99.5% specificity. A meta-
analysis of eight high-quality studies and
864 patients compared carotid stenosis as
measured by CTA to DSA [115]. For
70-99% internal carotid artery (ICA) steno-
sis, the overall sensitivity and specificity
were 85% and 93%, respectively. For detec-
tion of ICA occlusion, the sensitivity and
specificity were 97% and 99%, respectively.
Analysis of the recent RCTs for EVT
regarding CTA accuracy is pending but is
widely expected to demonstrate similar or
better accuracy. The accuracy of CTA inter-
pretation increases with the training and
experience of the physician [116]. In our
experience, 3D reconstructions using maxi-
mum intensity projections (MIPs) and vol-
ume rendering both improve the accuracy
of CTA interpretation, though the use of
these techniques in the hyperacute period
should be balanced against the additional
delay incurred by performing these
reconstructions.

There are several pitfalls in the use of
CTA for identifying LVO [106, 117, 118].
Flow in an affected vessel may be slowed
sufficiently for contrast opacification to be
absent proximal to the occlusion, leading to
inaccurate determination of the length of
occlusion and possible incorrect interpreta-
tion of an occlusion arising from a proximal
trunk such as the common carotid artery;
this can be overcome in many instances with
delayed or multiphase CTA [119, 120], but
the diagnostic yield and effect on outcomes
of performing delayed or multiphase CTA
remain uncertain [121]. Also, incorrect con-
trast bolus timing can lead to poor opacifica-
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tion of the cerebral arteries when too early
or excessive venous contamination when
too late. Identifying occlusion of smaller
branches, such as M3 vessels or the anterior
inferior cerebellar artery (AICA), is also dif-
ficult due to the limited resolution of CTA
imposed by radiation dose limits.

One concern regarding CTA is the risk of
contrast-induced  nephropathy  (CIN).
Several studies have addressed this by mea-
suring the rate of CIN in acute ischemic
stroke patients following CTA. Despite
varying definitions of CIN, these consis-
tently demonstrate a very low rate of CIN
(2-5%) in patients undergoing CTA for
stroke and virtually no patient requiring
hemodialysis as a result of CIN [122-126].
A recent study further compared patients
undergoing contrast-enhanced CT for any
reason to those undergoing noncontrast-
enhanced CT [127, 128]. This study found
that the rate of acute renal failure was not
significantly different between the two
groups. No study has prospectively random-
ized patients to contrast administration ver-
sus no contrast, so definitive evidence
regarding the risk of CIN specifically (as
compared to any cause acute renal failure) is
lacking. The time required to evaluate for
pre-existing risk factors for CIN, including
serum creatinine, diabetes, and heart failure,
will vary across hospitals but is likely to
require at least a few additional minutes of
time prior to performing the CTA. Thus,
there is no evidence to support checking a
serum creatinine prior to CTA in the hyper-
acute setting and in fact at least moderate
evidence to the contrary.

(iii)) MR angiography (MRA) MRA is capable of

imaging the intracranial vasculature without
contrast using a time-of-flight technique and
also via contrast-enhanced MRA. For proxi-
mal ICA lesions, the sensitivity and speci-
ficity of contrast-enhanced MRA are high
when compared to DSA. In a meta-analysis
of 41 studies in 2541 patients looking at
ICA lesions of 70-99% stenosis on DSA,
contrast-enhanced MRA was found to be

the most sensitive (94%) and specific (95%)
of four modalities: enhanced MRA, non-
enhanced MRA, Doppler ultrasound, and
CTA [115]. While MRA appears to be a use-
ful tool for measuring stenosis in large ves-
sels, its sensitivity decreases for smaller
caliber intracranial vessels. Although
contrast-enhanced MRA of the extracranial
arteries appears to be better at defining the
degree of stenosis than time-of-flight MRA
[129, 130], assessment of the intracranial
vessels with contrast is limited due to venous
contamination and poor spatial resolution.
In the study of intracranial disease discussed
above comparing CTA and MRA to DSA, in
28 patients (in 672 vessel segments) time-
of-flight MRA had a sensitivity of 70% and
81% and specificity of 99% and 98% for
intracranial stenosis and intracranial occlu-
sion, respectively [102]. The Stroke
Outcomes and Neuroimaging of Intracranial
Atherosclerosis (SONIA) trial was a pro-
spective, multicenter study comparing the
diagnostic accuracy of transcranial Doppler
(TCD) and MRA to DSA [131]. The SONIA
study found that both TCD and MRA have
high negative predictive values (86% and
91%, respectively) but low positive predic-
tive values (36% and 59%, respectively).
Sensitivity and specificity could not be
obtained since not every patient had
DSA. As noted previously, the major limita-
tion to MRA is the increased time required
to perform MRI compared to CT in most
institutions. However, MRA may be useful
in select circumstances where patients are
already undergoing brain MRI in the hyper-
acute stroke period.

(iv) Miscellaneous As noted above, TCD was

evaluated in the SONIA study and was
found to have a modestly high negative pre-
dictive value, but a low positive predictive
value for detecting intracranial atherosclero-
sis [131]. As for MRA, the diagnostic per-
formance of TCD may improve in the more
limited clinical context of attempting to
detect LVO. However, TCD requires an ade-
quate temporal acoustic window to evaluate
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for MCA occlusion, which may not be pres-
ent in approximately 20% of patients. Thus,
TCD cannot be recommended currently as a
replacement for CTA. Clinical assessment
with the National Institutes of Health Stroke
Scale (NIHSS) has been investigated as a
tool to predict which patients may or may
not have LVO. Interestingly, LVO is found
variably in patients with NIHSS ranging
from 2 to 20 [99]. Thus the NIHSS cannot
be recommended as a surrogate for LVO
detection. Usage of a NIHSS cutoff to deter-
mine which patients to screen for EVT is
beyond the scope of this chapter but should
be determined based upon the clinical inclu-
sion and exclusion criteria for EVT rather
than its predictive value for LVO.

Does This Patient Have a Large

Ischemic Core?

Summary of Evidence The size of an ischemic
core as defined by DWI accurately predicts a
final infarct size and outcomes in acute stroke
patients [Strong Evidence]. A low ASPECTS
score on NHCT also predicts larger final infarct
size and worse outcomes, though not as robustly
as DWI [Strong Evidence]. A large ischemic core
identifies patients unlikely to benefit from EVT,
when defined by either a very low ASPECTS
score (0—4) [Moderate Evidence] or by a large
DWI lesion [Limited Evidence]; however, per-
forming MRI may also introduce delay to ther-
apy. Other methods to define the ischemic core,
including CTA source images (CTA-SI) and CT
or MR perfusion imaging, may also be accurate
in predicting final infarct size and outcomes, in
particular using relative cerebral blood flow maps
with CT perfusion imaging [Strong Evidence].

Supporting Evidence

(i) Computed tomography (CT) While NHCT
remains poorly sensitive to hyperacute isch-
emic stroke, early signs of ischemia when
present predict larger final infarct size and
worse outcomes [75-78]. Among other trials,
the positive ECASS-3 trial, which showed
efficacy of IV-tPA in improving outcomes
within the 3-4.5 time window, excluded

patients with NHCT signs of ischemic stroke
that involved greater than 1/3 of the MCA
territory [14]. However, while this criterion
predicts worse outcomes overall, it does not
necessarily negate the benefit of IV-tPA [7].

ASPECTS was devised as an ordinal
scoring method to more reliably determine
the extent of early signs of ischemic stroke
on NHCT [41, 47, 79]. As noted above, the
score ranges from O to 10, with a point lost
for each of ten MCA territory regions dem-
onstrating features of ischemic stroke includ-
ing loss of gray-white matter distinction and
hypodensity. In the ESCAPE trial, an
ASPECTS <6 was used as a criterion to
exclude patients from enrollment [93].
Subsequent analysis found that of the
patients enrolled, 3.6% had an ASPECTS <6
based on core lab review, suggesting that
using a cutoff of <6 may be reliable, though
it is unknown what percentage of patients
excluded from the trial due to a low
ASPECTS would have been included if their
ASPECTS was determined by a core lab.
SWIFT-PRIME and REVASCAT also
excluded patients with a low ASPECTS
score (<7). MR CLEAN included patients
with any ASPECTS score, at the discretion
of the treating physicians, including 28
patients with an ASPECTS of 04 [8].
Subgroup analysis found benefit of EVT in
patients with ASPECTS 8-10 (odds ratio for
good outcome favoring EVT [OR] 1.61) and
5-7 (OR 1.97), but no benefit when
ASPECTS was 0—4 (OR 1.09). However, the
number of patients in the last group was
small resulting in large confidence intervals
(OR 95% CI 0.14-8.46). A subsequent
pooled analysis of five of the positive RCTs
comparing stent retriever-based EVT versus
best medical therapy also found no signifi-
cant benefit for EVT in patients with
ASPECTS of 0-5, though again with small
sample size (n = 121, OR 1.24, 95% CI
0.62-2.49) [9].

The size of an infarct can also be pre-
dicted using the CTA-SI, by measuring the
region of hypodensity and hypovascularity in
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(i)

the affected territory, as compared to DWI
[132, 133], but may overestimate infarct core
depending on the protocol used [134, 135].
CTP may also be used to predict infarction
by setting a low perfusion threshold below
which tissue is presumed to represent the
ischemic core. Studies vary greatly in terms
of the perfusion parameter and threshold
used to determine an ischemic core. For
example, a large series of 130 patients found
good accuracy (AUC = 0.927) for an abso-
lute CBV threshold of 2.0 mL x 100 g!
[136]. More recent efforts have demonstrated
that a relative cerebral blood flow (CBF) of
less than 30-34% or CBV of less than
32-34% is [137] highly accurate of ultimate
infarct volume; this latter threshold has fur-
ther validity in that it was used to select
patients in the recently halted DAWN and
DEFUSE-3 trials (see Question 2.3).

Magnetic resonance imaging (MRI) When
tissue infarcts, it results in increased diffu-
sion restriction both intracellularly and
extracellularly, resulting in marked decreased
apparent diffusion coefficients (ADC) and
hyperintensity on the trace DWI images.
Several studies have confirmed that the
resulting region of diffusion restriction rep-
resents infarcted tissue demonstrated on
subsequent follow-up MRI [34, 53, 54, 138-
141]. Patients with an initial DWI lesion
>70 mL demonstrate a very high rate of poor
outcomes [142]. Prior to the recent RCTs but
after the introduction of stent retrievers, DWI
was used in one study to exclude patients
from EVT with a large infarct >70 mL [143].
They investigated outcomes before and after
introducing this exclusion criterion and
found that outcomes improved significantly
after they began using DWI for this purpose.
EXTEND-IA and initially SWIFT-PRIME
both used DWI definitions of ischemic core
to exclude patients with large completed
infarcts but do not provide independent evi-
dence that using DWI in this fashion appro-
priately excludes patients from futile EVT
[92, 95]. It is thus probable, but not certain,

that DWI can identify patients in whom EVT
will be futile. As with any MR-based method,
a drawback of DWI is that it may delay treat-
ment [144].

Does This Patient Have “Salvageable”
Tissue?

Summary of Evidence Methods to define sal-
vageable tissue vary widely and include
perfusion-based techniques as well as assess-
ment of collateral flow to the affected territory,
with no clearly defined gold standard. The pres-
ence of salvageable tissue based on perfusion
imaging does not identify patients more likely
to benefit from older-generation EVT methods
[Strong Evidence]. Selection of patients based
on the presence of a penumbra with perfusion
imaging or adequate collaterals with multiphase
CTA may help to identify increased benefit from
stent retriever-based EVT but may not be neces-
sary and could possibly exclude patients who
would otherwise benefit from EVT within 6 h of
stroke onset [Moderate Evidence]. A trial that
explicitly randomizes patients with unfavorable
penumbra/collateral imaging (i.e., no or little
mismatch or poor collaterals) for EVT or not
would be required to determine whether or not it
is necessary to apply such imaging in the first
6 h. On the other hand, growing evidence
indicates that patients with favorable penum-
bra/collateral imaging might benefit from EVT
beyond 6 h [Strong Evidence, pending publica-
tion of results].

Supporting Evidence

(i) Penumbra-based methods When arterial
flow is severely disrupted, a portion of the
brain parenchyma in the affected arterial ter-
ritory may experience ischemia. The depth
and length of this ischemia determine
whether the tissue will experience irrevers-
ible infarction. The idea of a penumbra
defines a region surrounding or adjacent to
infarcted tissue that is ischemic and thus vul-
nerable to future infarction but also poten-
tially salvageable if the ischemia is reduced
or abated within a certain time period. Thus,
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the goal of therapy is to save this penumbra
from subsequent infarction through recanali-
zation or other methods.

Early studies used PET-based oxygen and
blood flow tracer imaging to identify thresh-
olds of oxygen metabolism and blood flow
that identified tissue destined to infarct ver-
sus tissue that was ischemic but that did not
necessarily infarct (i.e., penumbra) [145].
Since then, both CT- and MR-based perfu-
sion imaging have been used in a similar
fashion [136, 146—148]. Taking advantage of
the blood oxygenation level-dependent
(BOLD) relaxation effect, MR-based
CMRO2 measurements have also been
recently used for similar purpose [149, 150].
A common feature of all of these methods is
to define one threshold to represent ischemic
tissue and to either define another threshold
to define the ischemic core or to use another
measure (e.g. DWI) to define the ischemic
core. The mismatched area between isch-
emic tissue and the infarcted core is then
used to define the penumbra.

In a prospective study, MR perfusion-
diffusion mismatch identified patients more
likely to experience a good outcome follow-
ing reperfusion, suggesting that this method
is effective at least as a prognostic indicator
[151]. Another study randomized patients to
MR perfusion-diffusion mismatch-based
penumbra imaging versus no MR imaging to
determine whether the former selected
patients would uniquely benefit from EVT
[98]. This study found no evidence that pen-
umbra detection with MR perfusion-
diffusion mismatch would select patients
appropriately for EVT. However, this study
was performed before stent retrievers
were widely used and is thus limited to EVT
performed with older-generation devices.
Subsequently, no similar study has been
performed. A few of the recent RCTs
proving the efficacy of EVT employed
perfusion-based penumbra imaging as an
inclusion criteria, two with perfusion imag-
ing (EXTEND-IA and SWIFT-PRIME) [92,

93, 95]. While these trials showed increased
efficacy of EVT compared to trials that did
not require penumbra imaging (MR CLEAN
and REVASCAT), the multiple differences
between the trials preclude distinction of
which factors resulted in different effect
sizes among the trials. Also, efficacy of EVT
was sustained in trials that did not require
penumbra imaging, suggesting that penum-
bra imaging might inappropriately exclude
patients who could benefit from
EVT. Interestingly, SWIFT-PRIME changed
their inclusion/exclusion criteria after enroll-
ing several dozen patients, creating an oppor-
tunity to see how penumbra imaging might
affect outcomes [95]; however the sample
size for this analysis may be underpowered
due to the trial being halted early after the
announcement of the MR CLEAN results.

Another trial used advanced CT imaging,
CTA and CTP, to select patients for a pro-
spective randomized controlled trial of intra-
venous tenecteplase versus alteplase for
intravenous thrombolysis within 6 h of
symptom onset [100]. This trial found bene-
fit for tenecteplase. A subsequent similar
prospective randomized controlled trial of
intravenous tenecteplase versus alteplase
found no benefit, suggesting that the
advanced imaging was important in realizing
the added benefit of tenecteplase [152].
Unfortunately, it cannot be determined based
on these trials whether the difference in trial
outcomes was due to selecting patients on
the basis of CTA for LVO, CTP for a small
ischemic core, CTP for an adequate penum-
bra, or a combination of these factors.

More recent trials, including the “DWI or
CTP Assessment with Clinical Mismatch in
the Triage of Wake-Up and Late Presenting
Strokes  Undergoing Neurointervention”
(DAWN) trial and the “Endovascular Therapy
Following Imaging Evaluation for Ischemic
Stroke 37 (DEFUSE-3) trial, aim to deter-
mine the efficacy of EVT in stroke patients
presenting beyond 6 h of stroke onset. The
DAWN trial applies a “clinical imaging mis-
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match” paradigm that includes measurement
of an ischemic core with MRI-DWI or CTP
(relative cerebral blood flow <30%) and com-
pares this to NIHSS score and age; patients
presenting 6-24 h after onset with high
NIHSS relative to the size of their ischemic
core are then randomized to EVT or not.
Though not yet published at the time of this
writing, the trial was stopped early following
a prespecified interim analysis due to efficacy
[101]; if confirmed positive, this will strongly
support the use of perfusion imaging to select
patients beyond 6 h for EVT [evidence level
pending publication of results]. The also
halted RCT DEFUSE-3 similarly aimed to
determine the efficacy of EVT in patients pre-
senting between 6 and 16 h of stroke onset,
selected using CTP- or MRI-based penumbra
imaging.

Collateral flow-based methods In order
for tissue to remain viable despite parent
artery occlusion, there must be blood flow
from a collateral source—most frequently
from arteries in adjacent territories [145, 153].
A brain with large collaterals is therefore more
likely to have salvageable tissue than one
without. This forms the basis of collateral flow
imaging. Several methods have been employed
to assess collateral flow in stroke patients,
including DSA, PET, MRA, and FLAIR imag-
ing which may show hyperintense pial collat-
erals in the affected territory and CTA [145,
154-156]. The presence of good collateral
vessels has been a strong predictor of good
outcomes, independent of treatment.

In one of the recent positive RCTs for EVT
(ESCAPE), a multiphase CTA technique was
used to determine the presence of collateral
vessels over the affected territory [93]. The
presence of collaterals was graded as good or
poor based on a visual grading system.
Patients were included in the trial if collaterals
were deemed to be good. A meta-analysis of 5
of the positive RCTs for EVT found that
patients with good collaterals on multiphase
CTA or adequate penumbra on perfusion

(i)

imaging might benefit from EVT up to 7.3 h
after onset [12]. Thus, these techniques are
appropriate to select for patients between 6
and 7.3 h. However, as patients were not ran-
domized to multiphase CTA/penumbra imag-
ing versus no such selection criteria, using this
advanced imaging to select patients for EVT
within 6 h of onset remains in question.

Applicability to Children

As for intravenous thrombolysis, no prospective
and/or controlled study to date has evaluated the
safety nor efficacy of endovascular therapy for
ischemic stroke in children. Thus, none of the
recommendations above necessarily nor suffi-
ciently apply for pediatric stroke.

How Can We Improve Systems

of Stroke Care and Imaging

to Expedite Treatment of Hyperacute
Stroke Patients?

Summary of Evidence Time to intravenous
thrombolysis and EVT greatly influences out-
comes [Strong Evidence]. Improving systems of
stroke care, including imaging in the hyperacute
setting, is thus likely to improve neurological
outcomes. Value stream analysis (VSA) and
mapping techniques may improve door-to-needle
[Moderate Evidence] and door-to-groin puncture
[Limited Evidence] times. Performing initial
evaluation and intravenous thrombolysis in the
CT scanner room significantly improves door-to-
needle times [Moderate Evidence]. Ambulatory
stroke units that include mobile CT scanners may
also improve door-to-needle times and are safe
[Moderate Evidence]. New multidisciplinary
approaches to stroke care are likely needed to
improve outcomes from intravenous thromboly-
sis and EVT [Limited Evidence].

Supporting  Evidence Time to intravenous
thrombolysis from symptom onset is a signifi-
cant predictor of both 3-month outcomes and the
relative benefit derived from IV-tPA [20].
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Similarly, time to reperfusion by EVT was
recently shown to be a significant predictor of
outcomes and the relative benefit from EVT, per-
haps with an even larger effect than that shown
for IV-tPA [8, 11]. Hence, minimizing the time to
treatment is of paramount importance to optimize
stroke outcomes.

There are many elements to the evaluation
and treatment of stroke patients, involving a
variety of health-care professionals (including
but not limited to physicians, nurses, techni-
cians, radiology technologists, emergency med-
ical transport personnel, and pharmacists), a
variety of settings (the patient’s home, ambu-
lance or other vehicle, the CT or MR scanner,
the emergency room, and the angiography
suite), and a variety of assessments and deci-
sions. Establishing door-to-needle and door-to-
groin puncture guidelines, particularly those
tied to accreditation, may help reduce the time
to treatment in these settings [157]. Protocols
for rapid thrombolysis in the Emergency
Department have been developed and appear to
be transferrable to other institutions [158-160].
Value stream analysis (VSA) is a technique
originally developed to improve the efficiency
of industrial manufacturing processes and has
since been applied to the evaluation and treat-
ment of hyperacute stroke patients leading to
significant decreases in door-to-needle times.
Based on these findings, guidelines from the
American Stroke Association encourage direct
admission of patients to the CT scanner with
intravenous thrombolysis provided in the scan-
ner suite if the patient is eligible [161].

Another method to decrease door-to-needle
time is to employ a mobile stroke unit that
includes a CT scanner [162-164]. The patient
and a NHCT can be assessed in this unit via
telemedicine methods. This method has been
successfully deployed in Europe and the United
States. A randomized trial suggests that this
technique is safe and reduces time to intrave-
nous thrombolysis [165]. More evidence is
required to see how this approach affects time
to EVT.

Table 8.1 Diagnostic performance for patients presenting
with acute neurological deficits

Sensitivity (%) ‘ Specificity (%) ‘Evidence

Acute intraparenchymal hemorrhage (<6 h)

CT 89-100° 100? a

MRI 81-100 100 Strong
Acute subarachnoid hemorrhage (<12 h)

CT 98-100 100 Strong
MRI 92-100 100 Limited
(FLAIR)

Acute ischemic infarction (<6 h)

CT 31-61 65 Moderate
MRI 88-100 95 Strong
Large vessel occlusion (intracranial)

CTA 97 99 Strong
MRA 81 98 Moderate

Adapted from Vo KD, Lin W, Lee J-W. Neuroimaging in
Acute Ischemic Stroke. In Medina LS, Blackmore CC
(eds): Evidence-Based Imaging: Optimizing Imaging in
Patient Care. New York: Springer Science + Business
Media, 2006, with kind permission of Springer
Science + Business Media

“Although the exact sensitivity or specificity of CT for
detecting intraparenchymal hemorrhage is unknown (lim-
ited evidence), it serves as the gold standard for detection
in comparison to other modalities

Take-Home Table and Figure

Table 8.1 highlights the diagnostic performance
of imaging for acute neurological deficits.
Figure 8.1 is an imaging algorithm for patients
with suspected hyperacute ischemic stroke.

Take-Home Points

Imaging of patients with hyperacute ischemic
stroke should be driven by its ability to enable
and direct subsequent therapies that are proven
to improve outcomes—namely, intravenous
thrombolysis and endovascular thrombectomy.
The choice of imaging must also weigh its utility
against time delays to treatment in order to
optimize patient outcome. For most Emergency
Departments, CT represents the best balance of
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Fig.8.1 Suggested
simplified imaging
pathway for patients
with suspected
hyperacute ischemic
stroke

Patient presents with hyperacute
focal neurolgoical deficits

Place at least one 20 gauge IV
in an antecubital vein

Take directly to CT scanner and
perform noncontrast head CT

Intracranial
hemorrhage?

Evaluate for and begin
intravenous thrombolysis

If possible candidate for EVT,

perform head and neck CTA
and head CTP (optional if < 6 h)

Large vessel occlusion?
ASPECTS >5?
Ischemic core fits

Evaluate for and attempt
endovascular therapy

within trial criteria?

accuracy and availability, allowing detection of
intracranial hemorrhage, large vessel occlusion,
and very large ischemic cores to permit rapid
decisions on whether to proceed with intrave-
nous thrombolysis and/or endovascular throm-
bectomy. MRI is essentially equivalent in these
tasks but typically introduces unnecessary delays
to treatment. Advanced techniques, including
perfusion and collateral imaging, will likely
soon have an evidence-based role particularly
beyond 6 h since stroke onset and will also need
to be incorporated into the armamentarium of
the radiologist.

Imaging Case Studies
Case 1

In Fig. 8.2a—c, a patient presents with sudden-
onset left-sided weakness, confusion, and neglect
within 2 h of onset. Large vessel occlusion with
hyperacute stroke is established.

Case 2

In Fig. 8.3a—c, acute or hyperacute infarct in the
left corona radiata is discovered after a patient
presents with sudden-onset right hemiparesis.
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Fig.8.2 CTA is highly accurate in identifying large vessel
occlusion noninvasively in patients with hyperacute stroke,
allowing selection for subsequent EVT. This patient pre-
sented with sudden-onset left-sided weakness, confusion,
and neglect within 2 h of onset. (a) CTA demonstrated a
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right ICA terminus occlusion extending into the right M1
and Al segments. (b) Angiography confirmed the presence
of thrombus and subsequent mechanical thrombectomy
resulted in (c) recanalization of the arteries and reperfusion
of the right MCA and ACA territories

Fig. 8.3 MRI with diffusion-weighted imaging is highly
sensitive to acute ischemic stroke. In this patient with sud-
den-onset right hemiparesis, (a) hyperintensity on a DWI
sequence and (b) matching hypointensity on the ADC map
confirm the presence of an acute or hyperacute infarct in

Suggested Imaging Protocols

There are many factors which determine the
optimal imaging protocol, including the CT or MR
scanner vendor, age, and equipment. The imag-

the left corona radiata. (¢) The absence of hyperintensity in
this region on the FLAIR sequence suggests that this imag-
ing was performed within 4-5 h of stroke onset. ADC
apparent diffusion coefficient, DWI diffusion-weighted
imaging, FLAIR fluid-attenuated inversion recovery

ing protocol should also take into consideration
patient motion and cooperation as well as tech-
nologist training and availability. The following
represent imaging protocols that are reasonable
for most Emergency Departments.
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Noncontrast Head CT

» Spiral or conventional CT (the former may be
better for moving patients, while the latter
typically provides better gray-white matter
differentiation).

* Volume of acquisition should include the
vertex to the craniocervical junction, parallel
to the inferior orbitomeatal line.

* kVp and mAs should be adjusted to provide
sufficient gray-white matter differentiation
with a radiation dose that is as low as reason-
ably achievable.

e 3-5 mm thick slices with 3-5 mm intervals,
axial brain soft kernel reconstructions to
evaluate for intracranial hemorrhage; note that
5 mm thick slices are preferred for ASPECTS
rating, but thinner slices might be superior for
subtle hemorrhage detection.

e Equivalent size axial
reconstructions.

bone  kernel

CT Angiography

e Serum creatinine evaluation should not delay
CTA in patients who are potential candidates
for endovascular thrombectomy (as discussed
in detail above).

e Spiral or helical CT is preferred, ideally on scan-
ners with higher numbers of multidetector rows.

e Volume of acquisition should include the
vertex to the aortic arch.

* kVp and mAs should be adjusted to provide
sufficient vascular definition with a radiation
dose that is as low as reasonably achievable.

* Bolus tracking from the aorta; if a single phase
is obtained, an arterial-to-arteriovenous phase
is preferred with the option to obtain a more
delayed phase if needed.

* 1 mm thick slices with 0.5 mm intervals,
soft tissue reconstructions to evaluate for large
vessel occlusion.

* 10-30 mm MIPs in the axial and coronal
planes to evaluate for large vessel occlusion.

Hyperacute Stroke MRI

Stroke MRI protocols vary greatly among institu-
tions. The following protocol is reasonable to
rapidly identify/confirm stroke, exclude hemor-
rhage, and evaluate for large vessel occlusion:

* MRI safety screening per institutional policy
or skull, neck, and chest radiography if unable
to obtain

e DWI and ADC map

* FLAIR sequence

* Blood-sensitive sequence (T2* or SWI)

e Time-of-flight noncontrast MRA to evaluate
for large vessel occlusion

Future Research

Research in stroke imaging is advancing rap-
idly—so much that a portion of what is written
here will almost certainly be outdated by the
time of publication. Many important questions
remain, such as the role of advanced penumbra
and collateral imaging if any, more accurate
determination of ischemic core using CT,
whether imaging evaluation can be performed
completely in the angiography suite with new
tomographic techniques, methods to improve
systems of stroke care beyond single hospitals
to networks of hospitals, the applicability of any
of this to pediatric stroke, and the applicability
if any in underdeveloped nations where health-
care resources are severely limited. Cost-
effectiveness analyses must now also be updated
given the recent positive RCTs for endovascular
thrombectomy and were therefore not discussed
here. Finally, while intravenous thrombolysis 20
years ago and now endovascular thrombectomy
represent revolutionary advances in the treat-
ment of hyperacute ischemic stroke, many
stroke patients remain disabled; developing
effective imaging and treatment methods for
these patients remains a critical goal for future
research in stroke imaging.
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Key Points

e CT imaging remains the initial test of

choice for (1) new onset of headache in
high-risk adults and (2) headache sug-
gestive of subarachnoid hemorrhage
(limited evidence).

MRI is recommended in adults with
non-acute headache and unexplained
abnormal  neurologic  examination
(moderate evidence).

In adults with headache and known pri-
mary neoplasm suspected of having
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brain metastatic disease, MR imaging
with contrast is the neuroimaging study
of choice (moderate evidence).
Although most headaches in children
are benign in nature, a small percentage
is caused by serious diseases, such as
brain neoplasm.

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

Sensitivity and specificity of MR imaging
are greater than CT for non-subarachnoid
hemorrhagic intracranial lesions. For
intracranial  surgical space-occupying
lesions, however, there is no difference in
diagnostic performance between MR
imaging and CT (limited evidence).
Conventional CT angiography (CTA)
and MR angiography (MRA) have sen-
sitivities greater than 85% for detection
of aneurysms greater than 5 mm. Multi-
detector row CT (MDCT) sensitivity
and specificity are greater than 90% for
aneurysms greater than 4 mm (moderate
evidence).

MDCT angiography and digital subtrac-
tion angiography (DSA) have similar
sensitivities and specificities for detec-
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tion of aneurysms greater than 4 mm
(moderate evidence).

e Advanced brain imaging may help dif-
ferentiate the different types of primary
headache disorders. Migraine disorders
have a brain stem, primarily pontine,
origin (limited evidence). In contrast to
migraine disorders, there is no brain
stem activation during acute cluster
headache episodes compared with the
resting state (limited evidence). These
initial studies suggest that, although pri-
mary headaches such as migraine and
cluster headaches may share a common
pain pathway—the trigeminovascular
innervation—their underlying patho-
genesis differs significantly.

Definition and Pathophysiology

Headaches can be divided into primary and sec-
ondary (Table 9.1). Primary causes include
migraine, cluster, and tension-type headaches,
while secondary etiologies include neoplasms,
arteriovenous malformations, aneurysms, infec-
tions, trauma, and hydrocephalus. Diagnosis of
primary headache disorders is based on clinical
criteria as set forth by the International Headache
Society [1]. A detailed history and physical
examination help distinguish between primary
and secondary headaches. Neuroimaging should
aid in the diagnosis of secondary headache
disorders.

Secondary headaches in children are more
likely to present as acute headache, sudden onset
in an otherwise healthy child, or as a chronic pro-
gressive headache, with gradual increase in fre-
quency and severity. Acute recurrent headaches
in an otherwise healthy child most often repre-
sent migraine or episodic tension-type headaches
[2]. Sinus disease is a common cause of acute
headache. Chapter 13 on sinus disease provides a
comprehensive discussion on this topic.

Table 9.1 Common causes of primary and secondary
headache

Primary headaches

Migraine
Cluster

Tension type

Secondary headaches

Intracranial space-occupying lesions

Neoplasm

Arteriovenous malformation

Abscess

Hematoma

Cerebrovascular disease

Intracranial aneurysms

Occlusive vascular diseases (such as dissections,
vasculitis, venous stenosis, and thrombus)

Infection

Acute sinusitis

Meningitis

Encephalitis

Inflammation

Vasculitis

Acute disseminated encephalomyelitis

Increased intracranial pressure

Hydrocephalus

Idiopathic intracranial hypertension
(pseudotumor cerebri)

Reprinted  with  kind permission of  Springer
Science + Business Media from Medina LS, Shah A,
Vasconcellos E. Adults and children with headache:
evidence-based role of neuroimaging. In Medina LS,
Blackmore CC, editors. Evidence-based imaging: opti-
mizing imaging in patient care. New York: Springer; 2006

More than 15 studies have reported white mat-
ter abnormalities in patients with migraine head-
aches, ranging from 12% to 63% [3-5]. White
matter abnormalities were reported more fre-
quently in the frontal region of the centrum semi-
ovale. Six of the eight studies using controls
found a higher incidence of white matter abnor-
malities in migraineurs [6]. The cause of white
matter abnormalities in migraine is uncertain but
may be related to increased platelet aggregability
with microemboli, abnormal cerebrovascular
regulation, repeated attacks of hypoperfusion
during the aura, and presence of antiphospholipid
antibodies [7-10].



9 Acute Headache Disorders in Adults and Children: Evidence-Based Emergency Imaging 115

Epidemiology

Adults

Headache is a very common symptom among
adults, accounting for 18 million (4%) of the total
outpatient visits in the USA each year [11]. In
any given year, more than 70% of the US popula-
tion has a headache [12]. An estimated 23.6 mil-
lion people in the USA have migraine headaches
[13, 14].

In the elderly population, 15% of patients
65 years or older, compared to 1-2% of patients
younger than 65 years, presented with secondary
headache disorders such as neoplasms, strokes,
and temporal arteritis [13, 15]. In a prospective
study by Vazquez et al. [16], 8% of patients with
intracranial tumors presented with headache as
their first and isolated clinical manifestation.
However, headache can be present in 50% to
60% of patients with brain neoplasms [17], with
most of them meeting the international headache
society criteria for tension headache [18].
Although unknown at the moment of this publi-
cation, the percent brain neoplasms presenting
with secondary acute headache is felt to be low as
most of the current literature regarding headaches
describe subacute or chronic symptomatology in
these patients. Brain metastases are the most
common intracranial tumors, far outnumbering
primary brain neoplasms [19]. Approximately
58% of primary brain neoplasms in adults are
malignant, such as astrocytoma and glioblastoma
multiforme [19]. Benign brain tumors account
for 38% of primary brain neoplasms [19]. Despite
their “benign” name, they may have aggressive
characteristics causing significant morbidity and
mortality [19]. The meningioma is the most com-
mon type [19].

Children

Pediatric headache is a common health problem
in children, with a significant headache reported
in more than 75% by the age of 15 years [20]. In
approximately 50% of patients with migraines,
the headache disorder starts before the age of

20 years [13]. In the USA, adolescent boys and
girls have a headache prevalence of 56% and
74% and a migraine prevalence of 3.8% and
6.6%, respectively [11]. Recurrent headache in
children is common and has significant medical
comorbidity as it is commonly seen in patients
with other medical conditions such as asthma,
hay fever, and frequent ear infections [21]. A
small percentage of headaches in children are
secondary in nature. A primary concern in chil-
dren with headache is the possibility of a brain
tumor [22, 23]. Although brain tumors constitute
the largest group of solid neoplasms in children
and are second only to leukemia in overall fre-
quency of childhood cancers, the annual inci-
dence is low at 3 in 100,000 persons [23].
Approximately 1.3% of pediatric patients with
headaches will have an intracranial tumor when
evaluated by neuroimaging [24]. However, most
of the pediatric patients with brain tumors, about
62%, experience chronic or frequent headaches
prior to hospitalization [23]. Only 2.6% of pedi-
atric patients with brain tumors present to the
emergency department with acute headache [25].
Primary brain neoplasms are far more prevalent
in children than they are in adults [26]. They
account for almost 20% of all cancers in children
but only 1% of cancers in adults [13]. Central
nervous system (CNS) tumors are the second
cause of cancer-related deaths in patients younger
than 15 years [27].

Overall Cost to Society

Headache is the most common and one of the most
disabling types of chronic pain among children and
adolescents [28, 29]. The incidence of migraine
peaks in adolescence, but the prevalence of
migraine continues to increase and is highest in the
most productive years of life between the ages of
25 and 55 years [30, 31]. The direct and indirect
annual cost of migraine in the USA has been esti-
mated at more than $5.6 billion [32]. A recent US
study showed that migraine families incur far
higher direct and indirect health-care costs (70%
higher than non-migraine families) with most of
the difference concentrated in outpatient costs [33].
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Of interest, in families where the sole migraineur
was a child versus a parent, the total health-care
costs per family were about $600 higher and almost
$2500 higher than when both a parent and child
were affected [28]. Work absence days, short-term
disability, and workman’s compensation days all
were higher among migraine families than among
families without a migraineur [33].

Goals of Imaging

e Diagnose secondary causes of headache
(Table 9.1) for initiation of appropriate
treatment.

* Exclude secondary etiologies of headache in
patients with atypical primary headache
disorders.

e Decrease the risk of brain herniation prior to
lumbar puncture by excluding intracranial
space-occupying lesions.

e Differentiate between the types of primary
headache disorders using advanced imaging
techniques.

Methodology

MEDLINE search using Ovid (Wolters Kluwer
US Corporation, New York, NY) and PubMed
(National Library of Medicine, Bethesda, MD)
was used. Systematic literature review was
performed from 1966 through January 2015.
Keywords included (1) headache, (2) cephalgia,
(3) diagnostic imaging, (4) clinical examination,
(5) practice guidelines, and (6) surgery. The
Cochrane Collaboration had no reviews of imag-
ing for headache.

Discussion of Issues

Which Adults with New-Onset
Headache Should Undergo
Neuroimaging?

Summary of Evidence The most common causes
of secondary headache in adults are brain neo-
plasms, aneurysms, arteriovenous malforma-

Table 9.2 Suggested guidelines for neuroimaging in
adult patients with new-onset headache

“First or worst” headache (thunderclap headache)

Increased frequency and increased severity of
headache

New-onset headache after age 50

New-onset headache with history of cancer or
immunodeficiency

Headache with fever, neck stiffness, and meningeal
signs

Headache with abnormal neurologic examination or
nonfocal as decreased level of consciousness

Headache with vomiting or syncope at the onset

Reprinted with kind permission of  Springer
Science + Business Media from Medina LS, Shah A,
Vasconcellos E. Adults and children with headache:
evidence-based role of neuroimaging. In Medina LS,
Blackmore CC, editors. Evidence-based imaging: opti-
mizing imaging in patient care. New York: Springer; 2006

tions, intracranial infections, and sinus disease.
History and physical examination findings may
increase the yield of the diagnostic study discov-
ering an intracranial space-occupying lesion in
adults. Table 9.2 shows the scenarios that should
warrant further diagnostic testing (limited evi-
dence) [11, 13, 34]. The factors outlined in
Table 9.2 increase the pretest probability of find-
ing a secondary headache disorder.

What Neuroimaging Approach Is
Most Appropriate in High-Risk Adults
with New Onset of Headache?

Summary of Evidence CT examination studies
have been the standard of care for the initial eval-
uation of acute onset headache because CT is
faster, more readily available, less costly than
MR imaging, and less invasive than lumbar punc-
ture [13]. Although MR imaging, specifically
fluid attenuation inversion recovery (FLAIR)
sequence, has been reported in some articles to
be more sensitive than CT for the detection of
acute subarachnoid hemorrhage, CT is the pre-
ferred initial imaging study in the acute setting
given its excellent sensitivity and its wide avail-
ability [35, 36]. The data reviewed demonstrate
that 11% to 21% of patients presenting with new-
onset headache have serious intracranial pathol-



9 Acute Headache Disorders in Adults and Children: Evidence-Based Emergency Imaging

17

ogy (moderate and limited evidence) [13, 37-39].
Unless further data becomes available that dem-
onstrates higher sensitivity of MR imaging, CT
study is recommended in the assessment of all
patients who present with new-onset headache
(limited evidence) [13]. Lumbar puncture is rec-
ommended in those patients in which the CT scan
is normal or non-diagnostic and the clinical eval-
uation reveals abnormal neurologic findings or in
those patients in whom subarachnoid hemor-
rhage (SAH) is strongly suspected (limited evi-
dence) [13]. Figure 9.1 shows a suggested
decision tree to evaluate adult patients with
acute-onset headache.

Supporting Evidence A prospective study over a
5-year period evaluated 530 out of 3655 patients
with the new presenting symptom of headache
who had CT or MRI performed with imaging
findings classified as normal, significant, or an

insignificant abnormality. Significant abnormali-
ties were found in 2.1% of patients [40]. This
percentage was higher among the subset of
patients in whom a sinister pathology was sus-
pected clinically (5.5%). Clinical features of
patients who underwent imaging included signs
of increased intracranial pressure, focal neuro-
logic signs, epilepsy, recent onset headache, and
change in headache pattern among others.
Imaging findings in these patients included
metastases, primary intracranial neoplasms, and
malformations (e.g., Chiari). On the other hand,
the percentage of significant abnormalities was
lower in the subset of patients imaged that had a
primary diagnosis of migraine (1.2%) and
tension-type headache (0.9%). MRI showed
more insignificant abnormalities (46%) than CT
(28%). The data suggests that the use of neuroim-
aging should be selective for the small proportion
of headache patients with sinister features either

Headache
in adults

1

l Reassess

Guidelines

\

Non invasive neuroimaging

il

Clinical follow-up

and medical treatment

CTA, MR, and MRA

y

In selected cases
invasive angiography
and endovascular
treatment

CT
A A
< s LP
Surgery or
+ y| other ||
appropriate
treatment

Fig. 9.1 Decision tree for use in adults with new-onset
headache. For those patients who meet any of the guide-
lines in Table 9.2, CT is suggested. For patients who do
not meet these criteria or those with negative workup,
clinical observation with periodic reassessment is recom-
mended. If CT is positive, further workup with CT angi-
ography or MR imaging plus MR angiography is
recommended. In selected cases, conventional angiogra-
phy and endovascular treatment may be warranted. If CT
is negative, lumbar puncture is advised. In patients with

suspected metastatic brain disease, contrast-enhanced MR
imaging is recommended. In patients with suspected
intracranial aneurysm, further assessment with CT angi-
ography or MR angiography is warranted. Abbreviations:
CTA CT angiography, LP lumbar puncture, MRA MR
angiography, MRI MR imaging. (Reprinted with permis-
sion from Medina LS, D’Souza B, Vasconcellos E. Adults
and children with headache: evidence-based diagnostic
evaluation. Neuroimaging Clin N Am. 2003
May;13(2):225-35.)
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in the history, physical exam, or in other investi-
gations [40].

Duarte and colleagues studied 100 consecu-
tive patients admitted to a neurology unit over a
l-year period with recent onset of headache,
defined as persistent headache of less than
1 year’s duration. All patients studied had an
unenhanced and enhanced head CT with lumbar
puncture, MR imaging, and MR angiogram per-
formed in selected cases. Tumors were identified
in 21% of patients, which comprised 16% of
patients with a negative neurologic examination
[37].

A smaller-scale prospective study examined
the association of acute headache and SAH (lim-
ited evidence) [38]. All patients were examined
using state-of-the art CT scanner technology
[38]. Patients had an average headache duration
of approximately 72 h [38]. Of the 27 patients
studied, 20 had a negative CT and 4 were diag-
nosed with SAH. Among the remaining three
patients, one had a frontal meningioma, another
had a hematoma associated with SAH, and the
other had diffuse meningeal enhancement caused
by bacterial meningitis. Lumbar puncture was
performed in 19 of the patients with negative CT,
yielding 5 additional cases of SAH. Hence, CT
did not demonstrate SAH in five of nine patients.

A retrospective study of 1111 patients with
acute headache who had CT evaluation revealed
120 (10.8%) abnormalities, including hemorrhage,
infarct, or neoplasm (limited evidence) [39]. All
imaging studies were done at two teaching institu-
tions over a 3-year period. There were statistical
differences in the percentage of intracranial lesions
based on the setting in which the CT was ordered.
The inpatient rate (21.2%) was twice that of emer-
gency patients (11.7%) and three times more than
for outpatients (6.9%; P < 0.005). Of 155 CT stud-
ies performed for headache as the sole presenting
symptom (13.9%), 9 (5.8%) patients had acute
intracranial abnormalities. One study in the outpa-
tient setting that studied 1284 patients with new
headaches found no serious intracranial disease
(limited evidence) [10]. The difference in preva-
lence of disease between emergency patients,
inpatients, and outpatients is probably related to
patient selection bias.

Another study evaluated 623 outpatients retro-
spectively who had brain CT for the sole indica-
tion of headache (limited evidence). Of these,
2.1% of the scans showed findings potentially
explaining the cause of headache, and only 0.2%
showed an indeterminate finding that ultimately
was a brain tumor. The study concludes that cli-
nicians should avoid CT in patients only with
headache when the likelihood of serious illness is
low in order to avoid the potential risk of cancer
from ionizing radiation exposure [41].

A study was conducted on 256 adult patients
(median age 45 +/— 18 years, range 18-93) pre-
senting to eight emergency departments of the
Emilia-Romagna region in Italy for nontraumatic
headache (NTH) as the chief complaint over a
period of 30 days [42]. Non-contrast head CT
was performed on all nonpregnant patients. An
analysis comparing scenarios 1, 2, and 3 (malig-
nant headaches) versus scenario 4 (benign head-
ache) was performed based on 180 patients who
completed the follow-up telephone interview at
least 3 months after the ED visit. The authors
concluded that a simple diagnostic algorithm can
be used to distinguish malignant headaches from
benign headaches, with the algorithm showing a
sensitivity of 100% (95% CI, 81-100%) and a
specificity of 64% (95% CI, 56—71%). The likeli-
hood ratio for a positive test was 2.67 (95% CI,
2.15-3.31%), and the likelihood ratio for a nega-
tive test was 0.04 (95% CI, 0.003-0.64%). This
algorithm could therefore be used by emergency
department physicians as a risk stratification tool:

Scenario 1: Adult patients admitted to ED for
severe headache (“worst headache”)

e With acute onset (thunderclap headache)

* With neurologic signs (or nonfocal as
decreased level of consciousness)

e With vomiting or syncope at the onset of
headache

Scenario 2: Adult patients admitted to ED for
severe headache

e With fever and/or neck stiffness

Scenario 3: Adult patients admitted to ED for
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* Headache of recent onset (days or weeks)
e Progressively worsening headache, or persis-
tent headache

Scenario 4: Adult patients with a previous his-
tory of headache

e Complaining of a headache very similar to
previous attacks in terms of intensity, dura-
tion, and associated symptoms [42]

What Is the Role of Neuroimaging
in Adults with Migraine or Chronic
Headaches?

Summary of Evidence Most of the available
literature (moderate evidence) suggests that
there is no need for neuroimaging in patients
with migraine and normal neurologic examina-
tion. Neuroimaging is indicated in patients
with non-acute headache and unexplained
abnormal neurologic examination or in patients
with atypical features or headache that does
not fulfill the definition of migraine. Few stud-
ies have shown significant lesions in few
patients (0.7-1.4%) with chronic headaches
and normal neurologic exam (moderate
evidence).

Supporting Evidence Evidence-based guidelines
on the use of diagnostic imaging in patients pre-
senting with migraine have been developed by a
multispecialty group called the US Headache
Consortium [43]. Data were examined from 28
studies (moderate and limited evidence): 6 non-
blinded prospective and 22 retrospective studies.
The specific recommendations from the US
Headache Consortium are as follows: (1)
Neuroimaging should be considered in patients
with non-acute headache and unexplained abnor-
mal findings on the neurologic examination. (2)
Neuroimaging is not usually warranted in patients
with migraine and normal findings on neurologic
examination. (3) A lower threshold for CT or
MRI may be applicable in patients with atypical
features or with headache that does not fulfill the
definition of migraine.

The study by Joseph and colleagues (limited
evidence) [44] in 48 headache patients revealed 5
patients with neoplasms and 1 patient with an
arteriovenous malformation. Of these patients,
five had physical examination signs and one had
headache on exertion. Weingarten and colleagues
(limited evidence) [45] extrapolated data from
100,800 adult patients enrolled in a health main-
tenance organization and estimated that, in
patients with chronic headache and a normal neu-
rologic examination, the chance of finding abnor-
malities on CT requiring neurosurgical
intervention was as low as 0.01% (1 in 10,000).

In 1994, the American Academy of Neurology
provided a summary statement on the use of neu-
roimaging in patients with headache and a nor-
mal neurologic examination based on a review of
the literature (moderate and limited evidence)
[46]. They concluded that routine imaging “in
adult patients with recurrent headaches that have
been defined as migraine—including those with
visual aura—with no recent change in pattern,
no history of seizures, and no other focal neuro-
logic signs of symptoms is not warranted” [13].
This statement was based on a 1994 literature
review by Frishberg [47] of 17 articles published
between 1974 and 1991 that were limited to
studies with more than 17 subjects per study
(moderate evidence). All patients had normal
neurologic examinations. Of 897 CT or MR
imaging studies performed in patients with
migraine, only three tumors and one arteriove-
nous malformation were noted, resulting in a
yield of 0.4% (4 in 1000). The summary state-
ment mentions, however, that “patients with
atypical headache patterns, a history of seizure,
or focal neurological signs or symptoms, CT or
MRI may be indicated” [13, 46].

In another study with 402 inpatients imaged
(70 non-contrast CT, 292 contrast-enhanced CT,
40 both) for chronic headaches (defined as recur-
rent headache ranging from 6 months to several
years), only 1.4% scans showed significant
lesions such as osteomas, low-grade glioma, and
aneurysm [48].

The medical records and MR images of 402
adult patients with chronic headache (duration
of 3 months or more) who had been evaluated
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by the neurology service and were found to
have no other neurologic symptoms/findings
were retrospectively reviewed and divided into
negative or positive. The major abnormalities
found in 15 (3.7%) patients were glioma,
meningioma, metastases, subdural hematoma,
arteriovenous malformation, hydrocephalus
(three patients), and Chiari I malformation (two
patients). These abnormalities were found in
0.6% of patients who had migraine, 1.4% of
those who had tension headaches, 14.1% of
those who had atypical headaches, and 3.8% of
those who had other types of headaches [49]. A
retrospective review was performed of the MR
images of 306 patients (195 patients had con-
trast, 23 patients had repeated imaging) with
chronic (duration of 1 month or more) or recur-
rent headaches without prior head surgery, head
trauma, or seizure and normal neurologic find-
ings. 55.2% had no abnormalities, 44.1% had
minor abnormalities, and 0.7% (2) had clini-
cally significant abnormalities (pituitary mac-
roadenoma and subdural hemorrhage) [50].
Another study reviewed 1876 patients
(>15 years old, mean age 38 years) referred to
two neurology clinics in Spain with headache
starting at least 4 weeks previously and 99.2%
with normal neurologic exams. One-third of the
headaches were new onset, and two-thirds were
present for more than 1 year. Headaches
included migraine (49%), tension (35.4%),
cluster (1.1%), posttraumatic (3.7%), and inde-
terminate (10.8%). CT imaging was performed
in 1432 patients, MRI in 580, and 136 patients
had both. Twenty-two patients (1.2%, 95% CI
0.7, 1.8) had “significant abnormalities” on
neuroimaging, and neurologic examination was
normal in 17 of these patients. The findings in
these 17 included pituitary adenoma (3), large
arachnoid cyst (2), meningioma (2), hydro-
cephalus (2), Arnold-Chiari type I malforma-
tion (1), ischemic stroke (1), cavernous angioma
(1), arteriovenous malformation (1), low-grade
astrocytoma (1), brain stem glioma (1), colloid
cyst (1), and posterior fossa papilloma (1). The
rate of significant intracranial abnormalities in
patients with headache and normal neurologic
exam was 0.9% (95% CI1 0.5, 1.4) [51].

What Is the Recommended
Neuroimaging Examination in Adults
with Headache and Known Primary
Neoplasm Suspected of Having Brain
Metastases?

Summary of Evidence In patients older than
40 years with known primary neoplasm, brain
metastasis is a common cause of headache [52].
Most studies described in the literature suggest
that contrast-enhanced MR imaging is superior to
contrast-enhanced CT in the detection of brain
metastatic disease, especially if the lesions are
less than 2 cm (moderate evidence). In patients
with suspected metastases to the central nervous
system, enhanced brain MR imaging is recom-
mended (moderate evidence).

Supporting Evidence Davis and colleagues
(moderate evidence) [53] studied comparative
imaging studies in 23 patients who had contrast-
enhanced MR and double-dose-delayed CT.
Contrast-enhanced MR imaging demonstrated
more than 67 definite or typical brain metastases.
The double-dose delayed CT revealed only 37
metastatic lesions. The authors concluded that
MR imaging with enhancement is superior to
double-dose delayed CT scan for detecting brain
metastasis, anatomic localization, and number of
lesions.

Golfieri and colleagues [54] reported similar
findings (moderate evidence). They studied 44
patients with small cell carcinoma to detect cere-
bral metastases. All patients were studied with
contrast-enhanced CT scan and gadolinium-
enhanced MR imaging. Of all patients, 43% had
cerebral metastases. Both contrast-enhanced CT
and gadolinium-enhanced MR imaging detected
lesions greater than 2 cm. For lesions less than
2 cm, 9% were detected only by gadolinium-
enhanced T1-weighted images. The authors con-
cluded that gadolinium-enhanced T1-weighted
images remain the most accurate technique in the
assessment of cerebral metastases. A study by
Sze and colleagues [55] performed prospective
and retrospective studies in 75 patients (moderate
evidence). In 49 patients, MR imaging and
contrast-enhanced CT were equivalent. In 26



9 Acute Headache Disorders in Adults and Children: Evidence-Based Emergency Imaging 121

patients, however, results were discordant, with
neither CT nor MR imaging being consistently
superior. MR imaging demonstrated more metas-
tases in 9 of these 26 patients. Contrast-enhanced
CT, however, better depicted lesions in 8 of 26
patients.

When Is Neuroimaging Appropriate
in Children with Headache?

Summary of Evidence Determination of the
appropriateness of imaging is made based on the
frequency, pattern, family history, and associated
seizure or neurologic findings (Table 9.3) (mod-
erate evidence). These guidelines reinforce the
primary importance of careful acquisition of the
medical history and performance of a thorough
examination, including a detailed neurologic
examination [24]. Among children at risk for
brain lesions based on these signs and symptoms,
neuroimaging with either MR or CT is valuable
in combination with close clinical follow-up
(Fig. 9.2). Despite the existing evidence of equiv-
alent diagnostic accuracy for CT and MRI (mod-
erate evidence), a recent large retrospective study
that included 15,836 patients demonstrated that
the use of CT scans to evaluate pediatric headache

Table 9.3 Suggested guidelines for neuroimaging in
pediatric patients with headache

remains high despite existing guidelines, low
diagnostic yield, and high potential risk [56].

Supporting Evidence In 2002, the American
Academy of Neurology and Child Neurology
Society published evidence-based neuroimag-
ing recommendations for children [57]. Six
studies (one prospective and five retrospective)
met inclusion criteria (moderate evidence). Data
on 605 of 1275 children with recurrent head-
ache who underwent neuroimaging found only
14 (2.3%) with nervous system lesions that
required surgical treatment. All 14 children had
definite abnormalities on neurologic examina-
tion. The recommendations from this study
were as follows: (1) Neuroimaging should be
considered in children with an abnormal neuro-
logic examination or other physical findings that
suggest CNS disease. Variables that predicted
the presence of a space-occupying lesion
included (a) headache of less than 1-month
duration, (b) absence of family history of
migraine, (c) gait abnormalities, and (d) occur-
rence of seizures. (2) Neuroimaging is not indi-
cated in children with recurrent headaches and a

Headache
in children

Reassess

Guidelines

Persistent headaches of less than 6 months’ duration

Headache associated with abnormal neurologic
examination

Headache associated with seizures

Recent onset of severe headache or change in the type
of headache

Persistent headache without family history of migraine

Headaches that persistently awaken a child from sleep
or occur immediately on awakening

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

Reprinted with permission from Medina LS, Pinter JD,
Zurakowski D, Davis RG, Kuban K, Barnes PD. Children
with headache: clinical predictors of surgical space-
occupying lesions and the role of neuroimaging.
Radiology. 1997 Mar;202(3):819-24

Neuroimaging -
MR or CT

Clinical follow-up
and medical treatment

+

h.
Surgical or other
appropriate treatment

Fig. 9.2 Decision tree for use in children with headache
disorder. Neuroimaging is suggested for patients who
meet any of the signs or symptoms in the guidelines
(Table 9.3). For patients who do not meet these criteria or
those with negative findings from imaging studies, clini-
cal observation with periodic reassessment is recom-
mended. (Reprinted with permission from Medina LS,
Pinter JD, Zurakowski D, Davis RG, Kuban K, Barnes
PD. Children with headache: clinical predictors of surgi-
cal space-occupying lesions and the role of neuroimaging.
Radiology. 1997 Mar;202(3):819-24.)
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normal neurologic examination. 3)
Neuroimaging should be considered in children
with recent onset of severe headache, change in
the type of headache, or if there are associated
features suggestive of neurologic dysfunction.

A retrospective study that evaluated 1000 MR
exams (400 of which included MR angiography)
of the brain performed for headaches in pediatric
patients found significant results (defined as find-
ing requiring more diagnostic procedures or ther-
apeutic interventions) in 5.6% including, in order
of decreasing frequency, nonspecific T2 hyperin-
tense lesions, post-ischemic scar, isolated inter-
nal hydrocephalus, hypoplasia of intra- or
extracranial arteries, Chiari I malformation, brain
tumor, aneurysm, cavernous hemangioma, and
capillary hemangioma. They concluded that neu-
roimaging studies should not be routinely per-
formed in pediatric patients with diagnosis of
headache only due to the rarity of clinically rele-
vant changes [58].

Regarding incidental nonspecific white mat-
ter lesions in children presenting with headache,
a retrospective study with 527 patients had a rate
of 4.4% (all supratentorial) and all the patients
had normal neurological examination and psy-
chomotor development. During a mean clinical
follow-up period of 16.8months, no patient
showed neurological deterioration and no new
lesions were seen in the reimaged patients
(47.8%). The study concluded that nonspecific
incidental white matter changes may be seen in
children with headache and repeated imaging
studies are not warranted if there is a normal
clinical follow-up [59].

Medina and colleagues [24] performed a
4-year retrospective study of 315 children with
no known underlying CNS disease who under-
went brain imaging for a chief complaint of head-
ache (moderate evidence). All patients underwent
brain MR imaging; 69 patients also underwent
brain CT. Clinical data were correlated with find-
ings from MR imaging and CT, and the final
diagnosis, using logistic regression. Thirteen
(4%) patients had surgical space-occupying
lesions, including nine malignant neoplasms,
three hemorrhagic vascular malformations, and
one arachnoid cyst.

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

In a study by Schwedt and colleagues of 241
pediatric patients with headache who had MRI or
CT, 23 patients (9.5%) had findings requiring a
change in management [60] (limited to moderate
evidence). These included five sinus disease, four
tumors, four old infarcts, three Chiari I, two moy-
amoya, one intracranial vascular stenosis, one
internal jugular vein occlusion, one arteriovenous
malformation, one demyelinating disease, and
one intracerebral hemorrhage. When sinus dis-
ease was excluded, three patients (1.2%) with
normal neurologic symptoms and signs had
imaging findings that resulted in a change in
management (limited to moderate evidence).

A study that included 105 children under the
age of 6 years aimed to retrospectively determine
the frequency of headache subtypes, according to
International Headache Society (IHS) criteria
(limited evidence). Children with less than
15 days of daily headache or less than three head-
ache attacks were excluded. The results demon-
strated a difference in headache of preschool
children (2.85%) compared to school-aged chil-
dren (0.53%). The prevalence of potentially dan-
gerous headaches in preschool children was
higher than that in school-aged children, and
causes included Chiari I malformation and brain
tumors [61].

Another retrospective study in the United
Kingdom compared the frequency of brain tumor
signs and symptoms in children with and without
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brain tumors. It included 195 patients with newly
diagnosed brain tumors and 285 controls (limited
evidence). Symptoms rarely or not observed
among control children included head tilt, odd
head movements, odd posture, back or neck stiff-
ness, and unsteadiness without obvious cause.
The study concluded that recognition of unusual
symptoms or specific symptom patterns is key to
identifying the one child among many who mer-
its prompt investigation [62] and therefore could
possibly benefit from neuroimaging.

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

Summary of Evidence Sensitivity and specificity
of MR imaging are greater than CT for intracra-
nial lesions. For surgical intracranial space-
occupying lesions, however, there is no difference
between MR imaging and CT in diagnostic per-
formance (moderate evidence). The use of intra-
venous contrast material after unenhanced CT of
the brain in children does not frequently change
the diagnosis (moderate evidence).

Supporting Evidence Sensitivity and specificity
of CT and MR imaging for intracranial lesions are
shown in Table 9.4. Medina and colleagues (mod-
erate evidence) [24] showed that the overall sensi-
tivity and specificity with MR imaging (92% and
99%, respectively) were higher than with CT
(81% and 92%, respectively). Comparison of
patients who underwent both MR imaging and

CT revealed no significant disagreement between
the tests for surgical space-occupying lesions. The
US Headache Consortium evidence-based guide-
lines from systematic review of the literature sim-
ilarly concluded that MR imaging may be more
sensitive than CT in identifying clinically insig-
nificant abnormalities, but MRI imaging may be
no more sensitive than CT in identifying clinically
significant pathology [43].

A recent study performed by Branson et al. in
353 children with unenhanced and enhanced CT
demonstrated that unenhanced CT of developing
brains has high sensitivity and specificity in the
diagnosis of pathologic findings [49]. Sensitivity,
specificity, positive predictive value, and negative
predictive value for unenhanced scans were 97%,
89%, 87%, and 97%, respectively [63]. The use
of contrast material led to a change in the original
normal or equivocal diagnosis to an abnormal
diagnosis for only five (2.7%) of the 183 normal
unenhanced scans. Therefore, the use of intrave-
nous contrast material after unenhanced CT of
the brain in children did not frequently change
the diagnosis [63].

What Is the Sensitivity and Specificity
of CT and MRI for Detecting

an Intracranial Aneurysm in Patients
with Headache and Subarachnoid
Hemorrhage?

Summary of Evidence In North America,
80-90% of nontraumatic subarachnoid hemor-
rhage (SAH) in older children and adults is

Table 9.4 Diagnostic sensitivity and specificity of CT and MR imaging

Variable Baseline % ‘ Range % ‘ Reference
Diagnostic tests
MR imaging
Sensitivity 92 82-100 [46, 84, 85]
Specificity 99 81-100 [46, 85]
CT
Sensitivity 81 65-100 [46, 84, 85]
Specificity 92 72-100 [46, 84, 85]

Reprinted with kind permission of Springer Science + Business Media from Medina LS, Shah A, Vasconcellos E. Adults
and children with headache: evidence-based role of neuroimaging. In Medina LS, Blackmore CC, editors. Evidence-
based imaging: optimizing imaging in patient care. New York: Springer; 2006
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caused by the rupture of intracranial aneurysms
[64]. CT angiography (CTA) and MR angiogra-
phy (MRA) have sensitivities greater than 85%
for aneurysms greater than 5 mm (moderate evi-
dence). Most recent studies with newer genera-
tions of multi-detector CT report sensitivity and
specificity greater than 90% for aneurysms
greater than 4 mm (moderate evidence). Studies
that have compared CTA and digital subtraction
angiography (DSA) report similar sensitivities
and specificities (moderate evidence). The sensi-
tivity of CTA and MRA examinations drops sig-
nificantly for aneurysms less than 5 mm. Thereby,
DSA remains the current gold standard for evalu-
ation of a ruptured intracranial aneurysm.

Supporting Evidence White et al. [65] searched
the literature from 1988 through 1998 to find
studies with ten or more subjects in which the
conventional angiography results were compared
with noninvasive imaging. They included 38
studies which scored more than 50% on evalua-
tion criteria by using intrinsically weighted stan-
dardized assessment to determine suitability for
inclusion (moderate evidence). The rates of aneu-
rysm accuracy for CTA and MRA were 89% and
90%, respectively. The study showed greater sen-
sitivity for aneurysms larger than 3 mm than for
aneurysms smaller than 3 mm for CTA (96% vs.
61%) and for MRA (94% vs. 38%).

A recent retrospective study compared digital
subtraction CT angiography with 3D DSA as ref-
erence standard in evaluating patients with sus-
pected intracranial aneurysms. A total of 513
patients suspected of having or with known intra-
cranial aneurysms and other cerebral vascular
diseases underwent both digital subtraction CT
angiography with a dual-source scanner and 3D
DSA. Of these, 407 patients (79.3%) had 459
aneurysms at 3D DSA, 456 (99.3%) of which
were correctly depicted with digital subtraction
CT angiography. The sensitivity and specificity
of digital subtraction CT angiography for depict-
ing intracranial aneurysms were 97.8% and
88.7%, respectively, on a per-patient basis. On a
per-aneurysm basis, the sensitivity and specific-
ity were 96.5% and 87.8%, respectively. The
technique was found to have higher sensitivity

for larger aneurysms (100% in those larger than
10 mm) than for smaller ones (91.3% in those
less than 3 mm), as well as higher sensitivity for
aneurysms in the posterior circulation (97.7%)
than in the anterior circulation (95.8%). The
inter- and intra-reader agreement was excellent
on a per-patient and on a per-aneurysm basis
[66].

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

More recent studies using CTA have shown
even higher sensitivity and specificity, which
may reflect technological improvements. Uysal
and colleagues using spiral CT in 32 cases with
aneurysm size from 3 to 13 mm [68] reported a
sensitivity of 97% and specificity of 100% (lim-
ited evidence). Teksam and colleagues studied
100 consecutive patients with 113 aneurysms
with multi-detector CT (MDCT) [69] and
reported a sensitivity for detecting aneurysms of
less than 4 mm, 4-10 mm, and greater than
10 mm on a per aneurysm basis of 84%, 97%,
and 100%, respectively (moderate evidence). The
overall specificity was 88%. Using CTA with
three-dimensional techniques in 82 consecutive
patients [70], Karamessini and colleagues dem-
onstrated a sensitivity of 89% and specificity of
100% for CTA and sensitivity of 88% and speci-
ficity of 98% for DSA when compared with the
reference standard of surgical findings (moderate
evidence). Therefore, CTA was equivalent to
DSA. Tipper and colleagues’ study reported the
results of 16-row MDCT in 57 patients with 53
aneurysms [71] and found a sensitivity and speci-
ficity of 96.2% and 100% for both CTA and DSA,
respectively (moderate evidence). In this study,
the mean diameter of the aneurysm was 6.3 mm
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with a range of 1.9-28.1 mm [39]. A study pub-
lished by Taschner and colleagues [72] in 2007 in
27 consecutive patients with 24 aneurysms using
a 16-row multi-detector CTA reported an overall
sensitivity and specificity of 100% and 83%,
respectively (limited evidence). Papke and col-
leagues compared DSA with 16-row CTA in 87
patients [73] and reported a sensitivity and speci-
ficity of 98% and 100% for DSA and CTA,
respectively (moderate evidence). Yoon and col-
leagues using 16-row multi-detector CTA in 85
patients [74] had overall sensitivity and specific-
ity of 92.5% and 93.3%, respectively (moderate
evidence). For aneurysms less than 3 mm, how-
ever, sensitivity decreased for reader 1 and reader
2 to 74.1% and 77.8%, respectively. A more
recent study performed by Lubicz and colleagues
[75] in 54 consecutive patients with 67 aneu-
rysms using a 64-row multi-detector CTA
reported an overall sensitivity and specificity of
94% and 90.2%, respectively (moderate evi-
dence). For aneurysms less than 3 mm, CTA had
a mean sensitivity of 70.4% [75]. Intertechnique
and interobserver agreements were good for
aneurysm detection with a mean kappa of 0.67
[75]. Agid and colleagues [76] studied 73 patients
with 47 aneurysms using a 64-row multi-detector
CTA and reported an overall sensitivity and
specificity of 98% and 98%, respectively (moder-
ate evidence).

What Is the Role of Advanced
Imaging Techniques in Primary
Headache Disorders?

Summary of Evidence Advanced MR imaging
techniques such as hydrogen MR spectroscopy
(H-MRS), diffusion tensor imaging (DTI), and
functional MRI (fMRI) have shown fairly spe-
cific changes in patients with headache. Multiple
publications with limited number of subjects
have shown tendencies in patients with different
types of headaches in particular areas of the cen-
tral nervous system (limited evidence). The data
available to date is still insufficient for complete
characterization, but the future trend of advanced
neuroimaging in headache evaluation is promis-

ing. High-resolution MR technique using trans-
verse relaxation rates has demonstrated increased
tissue iron levels in the brain stem (periaqueduc-
tal gray, red nuclei, and substantia nigra) in
patients with headache disorders (limited evi-
dence). Functional MRI has demonstrated activa-
tion of the red nuclei and substantia nigra in
patients during spontaneous migraine episodes
(limited evidence) [77, 78]. Patients with
migraine disorders also have activation in the
dorsolateral pons both on positron emission
tomography (PET) and functional MRI (limited
evidence) [79-83]. In cluster headache disorders,
MR phosphorus spectroscopy (31P-MRS) has
demonstrated brain mitochondrial dysfunction
(limited evidence) [84, 85]. PET has demon-
strated strong activation in the hypothalamic gray
matter in acute cluster headache attacks (limited
evidence) [86]. In contrast to migraine disorders,
there is no brain stem activation during acute
cluster headache episodes compared with the
resting state [87]. These initial studies suggest
that, although primary headaches such as
migraine and cluster headache may share a com-
mon pain pathway — the trigeminovascular inner-
vation—their underlying pathogenesis differs
significantly [84].

Supporting Evidence The underlying patho-
physiology of migraine disorders is not well
understood [88]. Conventional CT and MRI
studies are usually normal with no evidence of a
structural lesion. Studies have shown involve-
ment of the nociceptive pathways in chronic
daily headaches and migraines [88]. A study
performed by Raskin and colleagues [89]
revealed migraine-like headaches in patients
with electrodes implanted in the periaqueductal
gray (PAG) matter. The ventral brain stem has
also been identified to be involved in migraine
disorders [89]. Reports of multiple sclerosis
plaque [90] and cavernous malformation [91]
involving the PAG and causing migraine-like
disorders have been reported. Imaging studies
have been performed to study the iron homeo-
stasis in the midbrain. High-resolution MR
techniques have been used to map the transverse
relaxation rates R2 (1/T2), R2* (1/T2%*), and
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R2’ (R2*-R?2) in the PAG, red nuclei (RN), and
substantia nigra (SN) [92]. A positive correla-
tion (r=0.80; P <0.006) was identified between
the duration of illness and the increase in R2’
(increased tissue iron levels) for patients with
episodic migraine disorders and chronic daily
headaches [92, 93] (limited evidence). Another
study that aimed to determine the H-MRS find-
ings in episodic and chronic migraine patients
showed that those with episodic migraine had
the highest N-acetylaspartate to creatine (NAA/
Cr) ratio at the dorsal pons in comparison with
those of chronic migraine and controls. This
suggests neuronal hypertrophy at the dorsal
pons in patients with episodic migraine and a
progressive dysfunction in chronic migraine,
since the levels declined with increasing head-
ache frequency and intensity (limited evidence)
[94]. A recent meta-analysis regarding MR
spectroscopy in migraine patients showed con-
sistent findings among studies including lack of
acidosis and a disturbed energy metabolism.
The imbalance between ATP production and
ATP use in migraine patients could be due to
primary mitochondrial dysfunction or second-
ary to alterations in brain excitability (limited
evidence) [95].

Another study by Kruit and colleagues [96]
in patients studied in a 1.5 T MR scanner
revealed higher iron concentrations in the RN
and putamen in patients with migraines (limited
to moderate evidence). Functional MR has dem-
onstrated activation of the RN and SN in patients
during spontaneous migraine episodes (limited
evidence) [77, 78]. On the other hand, resting
state functional MR has shown stronger connec-
tivity between PAG and a subset of brain areas
involved in nociceptive/somatosensory process-
ing in migraine patients between episodes when
compared to matched controls (limited evi-
dence) [97].

A case-control study of 40 patients who suf-
fered from migraine without aura used regional
homogeneity analysis to identify the local fea-
tures of spontaneous brain activity with func-
tional MRI. A positive correlation was noted
between disease duration and increased average
regional homogeneity in the thalamus, brain

stem, and temporal pole in these patients. On the
contrary, regional homogeneity values were neg-
atively correlated with the duration of disease in
the anterior/posterior cingulate cortex, insula,
and superior occipital gyrus (limited evidence)
[98]. Another study using diffusion tensor imag-
ing (DTI) found statistically significant increased
apparent diffusion coefficient (ADC) values in
the red nuclei of migraineurs, further supporting
the role of the brainstem in migraine episodes
(limited evidence) [99].

In cluster headache, in vivo MR phosphorus
spectroscopy (31P-MRS) has demonstrated brain
mitochondrial dysfunction characterized by
reduced phosphocreatine levels, an increased
ADP concentration, and a reduced phosphoryla-
tion potential (limited evidence) [84, 85]. In a
study of nine patients, PET demonstrated strong
activation in the hypothalamic gray matter in
acute cluster headache attacks (limited evidence)
[86]. In contrast to migraine disorders, there is no
brain stem activation during acute cluster head-
ache episodes compared with the resting state
[87]. Functional neuroimaging has shown altered
regional homogeneity in the cingulate, prefron-
tal, and insular cortex (among other brain regions)
in patients with spontaneous cluster headaches
suggesting relation to pain processing and modu-
lation (limited evidence) [100].

PET demonstrates activation in the rostral
brainstem, i.e., the dorsolateral pons, which later-
alizes with the attack in both infrequent and fre-
quent migraines. These changes persist after
successful treatment of the attack but are not
present interictally and are not seen in other pri-
mary headaches [79-83]. MR angiography has
shown that blood flow changes do not cause
migraine and cluster headaches; blood flow
changes are a result of ophthalmic division pain.
Functional neuroimaging performed on patients
with typical migraine triggered by glyceryl trini-
trate has shown that the changes in the dorsolat-
eral pons lateralize with the migraine attack,
suggesting that this portion of the brain is pivotal
in the phenotypic expression of migraines. Again,
these pontine changes persisted after resolution
of the pain with a triptan and were not present
interictally. When dull bilateral headache was
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induced by glyceryl trinitrate in controls and
migraineurs, the pontine change was not seen.
Further study is needed, but these findings dem-
onstrate that migraine is a disorder localized in
the brain with pontine representation [79, 82,
101, 102].

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

Summary of Evidence No well-designed cost-
effectiveness analysis (CEA) in adults could be
found in the literature. A CEA study [103]
assessed the clinical and economic consequences
of three diagnostic strategies in the evaluation of
children with headache suspected of having a
brain tumor: MR imaging, CT followed by MR
imaging for positive results (CT-MR imaging),
and no neuroimaging with close clinical follow-
up [103]. This model suggests that MR imaging
maximizes quality-adjusted life years (QALY)
gained at a reasonable cost-effectiveness ratio in
patients at high risk of having a brain tumor
(limited evidence). Conversely, the strategy of
no imaging with close clinical follow-up is cost
saving in low-risk children (limited evidence).
Although the CT-MR imaging strategy
maximizes QALY gained in the intermediate-
risk patients, its additional cost per QALY gained
is high. In children with headache, appropriate
selection of patients and diagnostic imaging
strategies may maximize quality-adjusted life
expectancy and decrease costs of medical
workup.

Supporting Evidence A CEA in children with
headaches has been published in Pediatrics [103].
A decision-analytic Markov model and CEA
were performed incorporating the risk group pre-
test probability, MR imaging and CT sensitivity
and specificity, tumor survival, progression rates,
and cost per strategy. Outcomes were based on
QALY gained and incremental cost per QALY
gained.

The results were as follows: For low-risk
children with chronic non-migraine headaches

of more than 6 months’ duration as the sole
symptom (pretest probability of brain tumor
was 0.01% [1 in 10,000]), close clinical obser-
vation without neuroimaging was less costly
and more effective than the two neuroimaging
strategies. For the intermediate-risk children
with migraine headache and normal neurologic
examination (pretest probability of brain tumor
was 0.4% [4 in 1000]), CT-MR imaging was
the most effective strategy but cost more than
$1 million per QALY gained compared with no
neuroimaging. This cost is not typically justi-
fied by health policy makers. For high-risk
children with headache of less than 6 months’
duration and other clinical predictors of a brain
tumor, such as an abnormal neurologic exami-
nation (pretest probability of brain tumor was
4% [4 in 100]), the most effective strategy was
MR imaging, with a cost-effectiveness ratio of
$113,800 per QALY gained compared with no
imaging.

The cost-effectiveness ratio in the high-risk
children with headache is in the comparable
range of annual mammography for women aged
55-64 years at $110,000 per life year saved
[104], colonoscopy for colorectal cancer screen-
ing for persons older than 40 years at $90,000 per
life year saved [104, 105], and annual cervical
cancer screening for women beginning at age
20 years at $220,000 per life year saved [104,
106]. Therefore, this CEA model supports the
use of MR imaging in high-risk children.

The Centers for Medicare & Medicaid
Services (CMS) developed an imaging efficiency
measure for the use of brain CT in patients with
atraumatic headache known as Outpatient
Measure 15 (OP-15). A retrospective study was
done with the objective of determining the reli-
ability, validity, and accuracy of the OP-15. This
study reviewed 748 patient emergency depart-
ment visits labeled as including an inappropriate
brain CT by CMS in 2009. The study concluded
that this is not a reliable, valid, or accurate imag-
ing efficiency measure. In fact, it may produce
misleading information about emergency depart-
ment performance. This was in part due to the
limitations of administrative data [107]. In fact,
this measure is no longer in use.
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Take-Home Tables and Figures

Tables 9.1 and 9.2 present common causes of
headaches and guidelines for neuroimaging for
headaches in adults, respectively, while Table 9.3
covers guidelines for neuroimaging for headings
in pediatric patients. Table 9.4 summarizes the
sensitivity and specificity of CT and MR imaging
with regarding to headaches. Figures 9.1 and 9.2
show algorithms for use in adults and children
with headaches.

Imaging Case Studies
Case 1

Figure 9.3a, b presents a 14-year-old male with
headaches and vomiting: colloid cyst.

Case 2

Figure 9.4a, b presents a 10-year-old female with
headaches triggered by cough and exertion
(Valsalva maneuver): Chiari I.

Fig. 9.3 A 14-year-old male presented with headaches
for several month, increasing in frequency in the last 2
weeks and accompanied by vomiting. (a) Unenhanced CT
shows a small focal lesion with increased density at the
level of the foramen of Monro. (b) Axial FLAIR sequence
reveals increased T2-weighted signal in the lesion. No
hydrocephalus noted. Neuroimaging findings consistent

Case 3

Figure 9.5a, b presents a 7-year-old male with
headaches: ataxia.

Suggested Protocols

1. CT imaging [108, 109]

(a) CT without contrast. Axial 5-10-mm
non-spiral images should be used to
assess for subarachnoid hemorrhage,
tumor hemorrhage, or calcifications.

In infants and toddlers, axial 2.5-5-
mm sections are recommended.

(b) CT with contrast. Axial 5-10-mm non-
spiral enhanced images should be used in
patients with suspected neoplasm, infec-
tion, or other focal intracranial lesion. If
indicated, CT angiography can be per-
formed as part of the enhanced

CT. Contrast-enhanced CT angiography
should ideally be done in a multi-detector
CT scanner with multiplanar and 3D
reconstructions.

2. MR imaging [108, 109]

with colloid cyst. (Reprinted with kind permission of
Springer Science + Business Media from Medina LS,
Shah A, Vasconcellos E. Adults and children with head-
ache: evidence-based role of neuroimaging. In Medina
LS, Blackmore CC, editors. Evidence-based imaging:
optimizing imaging in patient care. New York: Springer;
2006.)
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Fig. 9.4 A 10-year-old female presented with persistent
headaches for the last 6 months triggered by cough and
exertion (Valsalva maneuver), occasionally referred to the
posterior aspect of the head. (a) Unenhanced CT at cra-
niocervical junction was interpreted as unremarkable. (b)
Sagittal MRI T1-weighted image reveals pointed cerebel-
lar tonsils extending more than 5 mm below the foramen
magnum consistent with Chiari I. No cervical cord hydro-

syrinx noted. (Reprinted with kind permission of Springer
Science + Business Media from Medina LS, Shah A,
Vasconcellos E. Adults and children with headache:
evidence-based role of neuroimaging. In Medina LS,
Blackmore CC, editors. Evidence-based imaging: opti-
mizing imaging in patient care. New York: Springer;
2006.)

Fig. 9.5 A 7-year-old male presented with new-onset
headache and ataxia. (a) Unenhanced CT through poste-
rior fossa is limited by beam-hardening artifact. A
hypodense lesion is seen in the pons. (b) Axial proton
density MR image better depicts the anatomy and extent
of the lesion without artifact. (Reprinted with kind per-

Basic brain MR protocol sequences include
sagittal T1-weighted conventional spin-echo (rep-
etition time, 600 ms; echo time 11 ms [600/11]),
axial proton density-weighted conventional or
fast spin-echo (2000/15), axial T2-weighted con-
ventional or fast spin-echo (3200/85), axial
FLAIR (fluid attenuation inversion recovery)

mission of Springer Science + Business Media from
Medina LS, Shah A, Vasconcellos E. Adults and children
with headache: evidence-based role of neuroimaging. In
Medina LS, Blackmore CC, editors. Evidence-based
imaging: optimizing imaging in patient care. New York:
Springer; 2006.)

spin-echo  (8800/152, inversion time [TI]
2200 ms), and coronal T2-weighted fast spin-
echo (3200/85) images. In patients with suspected
neoplasm, infection, or focal intracranial lesions,
gadolinium-enhanced T1-weighted conventional
spin-echo (600/11) images should be acquired in
at least two planes. If MR angiogram is indicated,
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then a 3D time-of-flight study of the circle of
Willis should be performed. Consideration should
be given to complementing the MRA with a mul-
tiphase dynamic contrast-enhanced study to
reduce potential flow artifacts and to assess arte-
rial, capillary, and venous phases.

Future Research

» Large-scale prospective studies to validate
risk factors and prediction rules of significant
intracranial lesions in children and adults with
headache

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

* Cost-effectiveness analysis of neuroimaging
in adults with headaches

* Role of advanced imaging in children and
adults with primary headache
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Key Points immediate surgical intervention (strong
evidence).

e CT imaging is indicated in sick or unsta-
ble patients (strong evidence).

* Magnetic resonance imaging (MRI) is
indicated for patients with fever, altered
mental status, abnormal neurologic
examination, and/or associated psychi-
atric symptoms (strong evidence).

* Focal neurological deficit is an impor-
tant predictor of an abnormality in the
neuroimaging examination (moderate
evidence).

* For simple febrile seizures (generalized
convulsions, duration less than 15 min

e The objective of neuroimaging in the
emergent setting is to exclude life-
threatening pathology, such as neoplasm
or intracranial space-occupying lesions.

e Noncontrast CT in emergency depart-
ment is fast, inexpensive, and capable
of excluding large intracranial masses
or hemorrhage, which might require
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Definitions and Pathophysiology

Having seizures does not equate to having epi-
lepsy. A seizure is referred to as a single event
resulting from a burst of paroxysmal neuronal
misfiring resulting in transient alteration of neu-
rologic function secondary to abnormal excessive
or (hyper)synchronous neuronal activity in the
brain [1]. Epilepsy, in contrast, is a clinical con-
dition of recurrent, unprovoked seizures. It is
operationally characterized by at least two unpro-
voked seizures occurring greater than 24 h apart,
by one unprovoked seizure and a probability of
further seizures similar to the general recurrence
risk (at least 60%) after two unprovoked seizures,
or by the diagnosis of an epilepsy syndrome [1].

Two main types of seizures are recognized:
focal (or partial) seizures, with electroencephalo-
graphic origin from a discrete location within a
cerebral hemisphere, and generalized seizures,
due to global brain electrical activity, which rap-
idly propagate through both hemispheres and do
not have consistently localizing features.

Partial seizures are characterized by focal
symptomatology or electroencephalographic
(EEG) abnormalities with or without preserva-
tion of awareness. Focal seizures originate from a
discrete location in the brain, typically from a
focal gray matter area along the surface or deep
within a hemisphere. Focal seizures are catego-
rized according to clinical manifestations,
depending on the subjective (auras) or objective
(such as motor, sensory, autonomic) symptoms or
cognitive disturbances and dyscognitive features
and by the presence or absence of impairment of
consciousness or awareness which further classi-
fies partial seizures in complex (impaired aware-
ness) and simple (no impaired awareness) partial
seizures, although this is an older classification
and this terminology is no longer recommended.

The main subtypes of generalized seizures are
grand mal convulsions (tonic-clonic, atonic,
tonic, and myoclonic) and/or petit mal or absence
seizures, which are usually accompanied by a
brief lack of awareness, except for some myo-
clonic seizures. Generalized seizures are not
always convulsive, for example, in generalized
petit mal seizures.

A particular seizure in children is the febrile sei-
zure, occurring mostly between 6 months and
6 years of age [2]. Complex febrile seizures may
present outside this age range and are characterized
by focal symptoms (such as unilateral jerking),
duration of more than 15 min or multiple episodes
within 24 h. Some prolonged febrile seizures have
been associated with the development of mesial
temporal sclerosis and possibly to an increased risk
of subsequent refractory epilepsy [2].

Seizures can also be classified according to
etiology into unknown (cryptogenic), symptom-
atic (structural, immune, metabolic, infectious),
and genetic (idiopathic) [3, 4]. Seizures have also
been classified according to precipitating factors:
the term symptomatic seizures indicating a
known underlying cause such as fever, systemic
metabolic derangement, or a focal brain lesion.
Symptomatic seizures might be acute, in situa-
tions such as drug withdrawal, alcohol intoxica-
tion, hypoglycemia, or infection (e.g., viral
encephalitis). Where a cause cannot be identified,
these are labeled non-symptomatic or crypto-
genic seizures. Some believe idiopathic seizures
relate to unknown or presumed genetic factors.
Unprovoked seizures refer to the absence of an
identifiable precipitating factor, such as in the
acute setting, where the cause of the seizure is
being investigated.

Epilepsy syndrome refers to a group of clinical
and electrographic characteristics that consistently
occur together, including seizure type, electroen-
cephalographic (EEG) manifestations, genetics,
natural history, triggering factors, and prognosis.
Status epilepticus is defined as a prolonged seizure
(longer than 30 min) or multiple seizures with
incomplete recovery to baseline mental status
between episodes, resulting in risk of permanent
neuronal injury [2]. Medically refractory epilepsy
is the condition where seizures are not controlled
by at least two appropriately chosen antiepileptic
medications. The term seizure disorder is nonspe-
cific and should be avoided.

Risk factors for seizures vary by age.
Approximately 75% of epilepsy begins in child-
hood. In the pediatric population, fever (espe-
cially in neonates and infants), infections,
malformations of cortical development, inborn
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errors of metabolism, and tumors are important
etiologic factors. In adults, structural brain
lesions such as tumors, hemorrhage, and isch-
emia may present with seizures, as well as
acquired metabolic abnormalities, toxic inges-
tion, and infection. Patients with traumatic brain
injuries, dural venous sinus thrombosis, and vas-
cular lesions such as cavernous and arteriovenous
malformations may also present with seizures.

Epidemiology

Each year, approximately 2—-5% of patients pres-
ent to the emergency room with an unprovoked
first seizure in the United States [2]. An estimated
10% of the population in the United States will
have at least one seizure by age 80 [3]. Epilepsy is
one of the most common neurologic conditions
[5]. In the United States, the prevalence estimate
in 2011 was 79 per 100,000 people, and about one
third of patients suffer from refractory epilepsy
[5]. The incidence of epilepsy varies with age,
with peaks occurring in the extremes of life, and
about 50% of cases affecting patients under 1 year
of age or over age 60 [6]. The reported incidence
of epilepsy is lower in high-income countries,
whereas the prevalence appears to be lower in
low-income countries. The discrepancy is attrib-
uted to the larger premature death rate in patients
with epilepsy in resource-poor environments [7].
Population-based studies reveal that there are
between 25,000 and 40,000 children per year in
the United States who sustain a first-time, unpro-
voked seizure, 70% of which are idiopathic [8].
By 14 years of age, approximately 1% of children
will experience an unprovoked seizure with the
highest incidence being in children younger than
3 years. About 2% of children under 5 years of
age will suffer a febrile seizure. The overall inci-
dence of febrile seizures recurrence is 35% [9].

Overall Cost to Society

Murray et al. in 1994 calculated the cost of neu-
roimaging in the United States for adult refrac-
tory epilepsy. CT was performed in 60% of new

and in 5% of existing cases of epilepsy, whereas
MRI was carried out in 90% of new and 12% of
existing cases [10]. Costs were determined by
multiplying the CT or MR utility rate by the
number of new-onset seizures and the cost of
the exams. The cost for an MRI of the brain in
the United States is between $1200 and $2000
[11]. The economic impact of evaluating and
treating patients with seizures is substantial,
and neuroimaging contributes to the high costs.
CT and MR imaging cost of evaluation of
patients with new-onset seizures was estimated
to range between $28,000 and $84,000 per
100,000 inhabitants in the United States in
1996 [12].

In a single center study of a pediatric popula-
tion, the average cost per workup for seizure epi-
sode in the emergency department was $17,126,
with imaging costs estimated at $359 [total
$32,315 for all 90 patients] [13].

Goals of Imaging

Evaluating patients with new-onset seizures
requires immediate stabilization of vital signs
and oxygenation. A careful history and physical
exam is needed to guide subsequent testing.
The clinical history will help to characterize
and identify potential triggers of the patient’s
seizure. A history of trauma or symptoms of
infection are potential clues. Medication and
potential drug and/or alcohol use are essential
to revealing a cause. Clinical features of the sei-
zures including the level of consciousness,
auras, and sensory and motor and autonomic
manifestations are important. Patients who
present with new-onset seizures require diag-
nostic testing which may include laboratory
studies, lumbar puncture, electroencephalogra-
phy, and neuroimaging.

The primary objective of emergent neuroim-
aging in a patient with seizures is to identify
potentially treatable structural lesions or revers-
ible causes that require immediate treatment.
Focal neurologic findings on examination man-
date emergent neuroimaging.
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Methodology
PubMed search strategies were adopted as below:

1. Seizure [Title/Abstract] OR epilepsy [Title/
Abstract] AND acute [Title/Abstract] or emer-
gent [Title/Abstract] AND neuroimaging
[Title/Abstract]. Limits: Publication date from
January 1995 to June 2015; only articles in
English; and in humans.

Titles and abstracts were reviewed to deter-
mine appropriateness of content. Articles were

excluded if they had less than 20 patients,
lacked pathological verification, had no standard
of reference, or had no significant influence on
clinical decision-making. The specificity, sensi-
tivity, likelihood ratios, probability, predictors,
and techniques were summarized for each proce-
dure. Adult and childhood seizures were
addressed as well as febrile seizures due to their
clinical and radiological importance. Each of the
selected articles was reviewed, abstracted, and
classified by one reviewer. Of a total of 250
abstracts, 50 articles met inclusion criteria and
the full text was reviewed in detail.

Discussion of Issues

Should Children with New-Onset
Febrile Seizures Undergo Emergent
Neuroimaging?

Summary of Evidence Neuroimaging is not rec-
ommended for a simple febrile seizure (limited
evidence).

There is insufficient data to recommend or not
recommend neuroimaging in complex febrile sei-
zures (limited or no evidence).

Supporting Evidence No articles with strong or
moderate evidence were found.

Febrile seizures affect up to 5% of children,
and approximately one in three will have at least
on recurrent seizure. Simple febrile seizures, last-
ing fewer than 15 min, do not need emergent
neuroimaging.

In an evidence-based review of the literature
(limited evidence), Offringa et al. concluded that
neuroimaging is not needed for simple febrile
seizures [14]. Combining the yield of CT and
MRI scans, only 1.2% of 2100 cases of seizures
associated with fever had significant findings
(e.g., tumor, malformations, and atrophy). The
American Academy of Pediatrics also suggested
that CT or MRI has no role in simple febrile sei-
zures [15].

Special Case: Complex Febrile Seizures

in Children

CT or MRI may be indicated to evaluate for acute
intracranial processes in children with complex
febrile seizures (limited evidence).

Unlike the case for simple febrile seizures, no
society guidelines or recommendations exist for
children with complex febrile seizures (CFS).
Complex febrile seizures are prolonged (duration
greater than 15 min), associated with focal symp-
toms during the ictus phase (such as focal jerk-
ing), and may recur multiple times within a 24-h
time interval and may have prognostic
implications.

Teng et al. reported neuroimaging findings in
a retrospective study (limited evidence) of 71
children presenting to the ER following their first
complex febrile seizure (diagnosed and classified
by two epileptologists) [16]. Fifty-one children
(72%) had one of three features (multiple, pro-
longed, or focal features) that characterize a com-
plex febrile seizure, while 20 children (28%) had
multiple complex features (long duration,
involvement of only one side of the body, and
long postictal state). However, none of the 71
patients had intracranial findings on neuroimag-
ing that required emergency intervention. The
authors in these studies suggested that routine
emergency neuroimaging was unnecessary.

A more recent retrospective study (limited
evidence) of 526 children with complex febrile
seizures evaluated in a single pediatric emer-
gency department, in whom 50% had emergency
CT imaging, revealed clinically significant
pathology in 1.5% [17]. These authors concluded
that emergent neuroimaging was not indicated in
well-appearing children presenting with their
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first complex febrile seizures. Whether to per-
form urgent neuroimaging should be based on
clinical suspicion and additional signs and symp-
toms suggestive of a bleed or mass effect. In the
same study, the authors identified the subgroup
with recurrent febrile seizures within 24 h as
being at particularly low risk.

Along the spectrum of complex febrile sei-
zures, the extreme is represented by febrile status
epilepticus (FSE), with seizures lasting more
than 30 min and not associated with central ner-
vous system infections in children aged between
6 months and 6 years. Two studies suggested that
prolonged seizures with hippocampal edema
evolved to the development of mesial temporal
sclerosis later on in a small number (7%) of chil-
dren (limited evidence) [18, 19]. However, none
of them have developed temporal lobe epilepsy.
Studies have demonstrated that hippocampal vol-
umes reduced over a year in 20% of children with
FSE and suggested that these patients would
require follow-up. Finally, studies have shown
that acute ictal findings on MRI, such as restricted
diffusion in one or both hippocampi, do not alter
emergent clinical management.

Boyle et al. looked at factors that were associ-
ated with diagnostic workup including neuroim-
aging in a retrospective study (limited evidence)
of 190 pediatric patients who presented to a ter-
tiary care pediatric emergency department with
complex febrile seizures [20]. In their review of
53 patients who underwent CT, the imaging find-
ings did not guide therapy in any patients. They
noted that patients with focal signs were more
likely to have neuroimaging performed.

What Is the Role of Neuroimaging
in the Acute Setting in Patients
with First Unprovoked Seizure?

Summary of Evidence Emergent neuroimaging
should be performed in patients with persistent
decreased mental status (in the postictal state) or
a new focal neurologic abnormality (strong
evidence).

In the emergency setting, CT is valuable to
detect intracranial hemorrhage, tumors, or large

territory ischemia that may warrant urgent inter-
vention (strong evidence).

Neuroimaging with CT or MRI is advised in
those with significant unexplained cognitive or
motor impairment or long-lasting postictal con-
fusion or focal deficit (strong evidence).

In children less than 1 year of age with signifi-
cant and unexplained cognitive impairment, focal
neurological examination or focal symptoms dur-
ing the seizures (partial seizures), or EEG with
focal abnormalities during the ictal/interictal
state, MRI should be considered (limited
evidence).

For the workup of first unprovoked seizures,
MRI is the neuroimaging study of choice (strong
evidence).

Neuroimaging may be scheduled on an outpa-
tient basis for patients with stable vital signs who
are awake and have returned to neurologic base-
line (moderate evidence).

Supporting Evidence No level I studies in either
adults or children were found. No level II studies
for adults were found.

Neuroimaging is positive in 3—41% of cases in
studies (adults and children). The probability is
higher (up to 82%) in patients with partial sei-
zures and focal neurological deficits. Significant
neuroimaging findings impacting medical care
were found in up to 17% of adults and in 15% of
children.

In a cohort study by Shinnar et al. (moderate
evidence), 21% of neuroimaging studies (159 CT
and 59 MR) performed in 218 of 411 children
presenting with first seizures revealed abnormali-
ties [21]. The cohort was followed for an average
of 10 years (used as reference standard), and no
patients had evidence for neoplasm. The most
common diagnoses were encephalomalacia (in
16 cases) and cerebral dysgenesis (in 11 cases).
Six children had gray matter migration disorders,
which were only seen by MRI. In this study, a
higher number of MRIs (34%) than CTs (22%)
were abnormal. In four cases (1.8%), imaging
findings altered both the diagnosis and the acute
management of patients. Children in this study
who had a neurological deficit (56% vs. 12%,
P <0.001) or abnormal EEG and partial seizures
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(P < 0.05) were more likely to have abnormal
imaging.

In a more recent multicenter prospective study
(level IT, moderate evidence) of 475 children pre-
senting after their first unprovoked seizure, neu-
roimaging performed with MRI or CT within a
4-month interval revealed clinically relevant
intracranial abnormalities in 11%, of which only
0.8% were emergent [22]. The authors concluded
that in most cases children with first unprovoked
seizures do not need emergent imaging. All three
children with emergent/urgent neuroimaging
findings had focal seizures. By logistic regres-
sion, certain findings on patient history (such as a
history of a brain tumor, other neoplasm, stroke,
coagulopathy, sickle cell disease, anatomic car-
diac defect, or presence of an intracranial ven-
tricular shunt) or characteristics of the seizures
(such as focal or prolonged, or repeat or speech
change) were independently associated with
clinically relevant abnormalities and might indi-
cate the need for nonurgent neuroimaging.

Berg et al. conducted a prospective cohort
study (moderate evidence) in children with newly
diagnosed epilepsy. In this study, 488 of 613 chil-
dren were imaged with MRI (388, 63.3%), CT
(197, 32.1%), or both (97, 15.8%). Abnormal
findings were found in 62 (12.7%)j; this increased
to 15.4% if only partial seizures were computed
[23]. Similar results were described by
Khodapanahandeh et al. in a retrospective study
(limited evidence) of 125 children with new-
onset seizure where neuroimaging (CT or MRI)
found abnormalities in 12 of 119 (10%) children.
They suggested the use of neuroimaging studies
for children who present with focal seizures and
abnormal neurological findings or who are
younger than 2 years of age [24].

In a more recent prospective cohort study
(moderate evidence), Byars et al. explored the
yield of MRI in 249 children following their first
seizure. Thirty-four children (13.7%) had struc-
tural brain abnormalities that possibly were
related to their seizures [25]. They did not dif-
ferentiate between provoked and unprovoked sei-
zures, in this study, so this result should be
considered as a global yield of MRI in all cases of
first seizure.

King et al. reported a level III (limited evi-
dence) study of 300 adults and children with an
unexplained first seizure, and 92% percent of
these patients had neuroimaging (263 only MRI
and 14 only CT) [26]. Epileptogenic lesions were
found in 38 patients (13%). Of these, 17 had neo-
plasm, which changed medical care. MRI
detected abnormalities in 17% of 154 patients
with partial epilepsy. CT was performed in 28 of
the 38 cases with lesions on MRI being concor-
dant with MRI in only 12 cases. CT missed a cav-
ernous angioma and eight tumors. In 49 patients
that had generalized epilepsy as supported by
generalized epileptiform abnormalities on EEG,
none of the 49 had lesions on MRI [26].

In a level III (limited evidence) study by
Hopkins et al., of 408 adults (age 16 and up) with
their initial seizure, CT scanning revealed tumors
in 3% of patients. These patients were more
likely to have recurrent seizures [27]. Another
study by Schoenenberger et al. demonstrated a
higher percentage of positive imaging results in
this population [28]. A total of 119 adult patients
with new-onset seizure underwent CT of the
brain. Focal structural brain lesions were found
in 40 patients (34%; 95% confidence interval,
25-42%). In 50% of these patients, imaging find-
ings prompt an important change in therapeutic
management. The major predictor for finding a
focal lesion on CT was the presence of a focal
neurological deficit (sensitivity of 50%, specific-
ity of 89%) [28].

Henneman et al. conducted a retrospective
study (limited evidence) on 333 patients with new-
onset seizures, not associated with acute head
trauma, hypoglycemia from diabetic therapy, or
alcohol or recreational drugs. Of the 325 patients
studied with CT scans, 134 (41%) had clinically
significant results [29]. The role of CT in evaluat-
ing children with new-onset unprovoked seizure
was analyzed in a retrospective study (limited evi-
dence) by Maytal et al. [30]. Of 66 patients, 21.2%
had abnormal CT results. The seizure etiology was
clinically determined to be cryptogenic in 33
patients. Two children (6%) had abnormal nonspe-
cific CT findings that did not require intervention.
No abnormal CT results were seen in 13 cases
with complex febrile seizures [30].



10 Seizuresin Adults and Children: Evidence-Based Emergency Imaging

139

The role of CT in the evaluation of children
with and without risk factors, following their first
seizure (including febrile seizures) has been stud-
ied by Garvey et al. [31]. In this retrospective
analysis (level III, limited evidence), 19 (18%)
out of 107 children presenting to the emergency
room with unprovoked seizures had brain abnor-
malities, 7 (6.5%) of whom required further
investigation or intervention. Two risk factors for
significant CT abnormality were identified: first
unprovoked seizure (p < 0.01) and focal seizures
or focal postictal clinical abnormality (p < 0.04).

In a retrospective review (limited evidence) of
50 children without risk factors, following their
first seizure, 16 (32%) had abnormal neuroimag-
ing, with only 1 (2%) showing a significant
abnormality (Moyamoya disease) [32]. The
authors suggested that the routine use of
neuroimaging in pediatric patients with first sei-
zure was not useful.

In a retrospective cohort study (limited evi-
dence) of previously well children admitted to a
pediatric ICU, Bautovich et al. clinically found
significant findings on CT in 19% that changed
acute clinical management in 7% of cases [33].
In a retrospective cohort study (limited evidence)
of adults with first seizure admitted in the emer-
gency department, brain abnormalities were
detected on CT 154/439 (35%), out of which
14.7% were considered clinically significant.
Abnormal imaging predicted higher rate of recur-
rence within 6 months [34].

In a cross-sectional series (limited evidence)
of 96 children in multiple centers presenting with
seizures without fever or known systemic illness,
27% demonstrated abnormal findings on imaging
[35]. In a similar group of adult patients with
new-onset seizures, 177/764 (23%) demonstrated
potentially epileptogenic lesions on MRI [36].
The frequency of abnormal imaging findings was
higher in patients with focal seizures (53%). The
most common lesions were gliosis/encephaloma-
lacia, tumors, cavernous malformations, and
mesial temporal sclerosis.

In developing countries, neurocysticercosis is
one of the major causes of symptomatic seizures
and epilepsy. A prospective study of 61 children
with afebrile seizures showed that 23 children

(38%) had positive IgG for anti-cysticercus anti-
body, suggesting a potential etiology [37]. It
should be borne in mind that the prevalence of
IgG antibodies to cysticercus may be relatively
high (15%) in endemic areas, but neurocysticer-
cosis should be a consideration in exposed
patients presenting with seizures [38].

Immediate noncontrast CT is useful for emer-
gency patients presenting with seizure to guide
appropriate acute management especially if there
is an abnormal neurologic examination, predis-
posing history, or focal seizure onset according to
a 1996 society guideline [39].

The Quality Standards Subcommittee of the
American Academy of Neurology, the Child
Neurology Society, and the American Epilepsy
Society (2009) evidence-based practice guide-
lines (limited evidence) for the evaluation of first
nonfebrile (unprovoked) seizures in children
show similar diagnostic performance to the adult
literature [40]. Results show that 0=7% of chil-
dren had lesions on CT, which changed manage-
ment (i.e., tumors, hydrocephalus, arachnoid or
porencephalic cysts, and cysticercosis). Overall
MRI found more lesions than CT but did not
always change medical management (i.e., atro-
phy, mesial temporal sclerosis, and brain dysgen-
esis). This report concluded that there is
insufficient evidence to support the recommenda-
tion for routine neuroimaging after the first
unprovoked seizure. The authors recommended
emergent neuroimaging for children with persis-
tent postictal neurologic deficit and children that
are not back to baseline neurologic status within
a few hours. According to these guidelines, chil-
dren with focal manifestations and age <1 year
are candidates for non-emergent MR neuroimag-
ing, and neuroimaging may be indicated in cases
of focal seizures associated with positive neuro-
logical clinical findings. If a neuroimaging study
is required, MR is the preferred modality [40].
However, the overall effect of neuroimaging on
medical management was less in children than
adults.

In a structured evidence-based literature
review on the role of neuroimaging after first
seizure, the Therapeutics and Technology
Assessment Subcommittee of the American
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Academy of Neurology concluded that, in adults,
cranial CT imaging could change the clinical
course in 9-17%, while in children, acute man-
agement was altered in 3-6%. In children
<6 months up to 50% had imaging abnormalities
[41]. Abnormal neurologic examination, predis-
posing history, or focal seizure onset were prob-
ably predictive of an abnormal CT study.

In the United Kingdom, the UK Guidelines
for Emergency Medicine Network (a group of
emergency physicians) carried out an evidence-
based literature review in 2009 and found abnor-
mal head CT scan results in 12-41% of all
patients with a first seizure [42]. This figure rises
to 59-82% if there are focal abnormalities on
examination. Even if there are no focal neuro-
logical signs on examination, abnormalities are
still found on 6-22% of CT scans. These authors
concluded that neuroimaging should be per-
formed immediately whenever an intracranial
lesion is suspected and specifically in patients
with new focal deficit or persistent altered mental
state, fever, persistent headache, focal or partial
onset before generalization, or a history of acute
head trauma, malignancy, immunocompromise,
human immunodeficiency virus (HIV) infection,
alcoholism, anticoagulation, or bleeding diathe-
sis. Deferred early outpatient neuroimaging may
be used when reliable follow-up is available.
Otherwise, they recommended neuroimaging in
the ED should be performed on all patients pre-
senting with seizures.

According to the same guidelines, MRI (mag-
netic resonance imaging) is preferable to CT
(computed tomography), if readily available
within an acceptable time period, in a patient
who has fully recovered. CT should be used if
MRI is not readily available or in an individual
who has not fully recovered. In acutely ill
patients, CT is the modality of choice [42].

In 2009, the International League Against
Epilepsy (ILAE) published imaging guidelines for
infants and children with new-onset epilepsy, offer-
ing a five-point scale classification of neuroimag-
ing findings. While not aimed at first-time seizure
per se, this neuroimaging classification is relevant
to assessing the results of emergent imaging [43].
In this review of multiple prospective and retro-

spective studies, nearly 50% of children with local-
ization onset seizures had abnormalities, with
15-20% of studies providing useful information on
etiology, and 2—4% revealed significant abnormali-
ties requiring urgent intervention [43]. The authors
also recommended MRI over CT for its superior
resolution, versatility, and lack of radiation.

Special Case: Small Children

(<36 Months) and Infants

Young children appear more likely to have find-
ings on emergent neuroimaging that will alter the
acute medical or surgical management, with one
study reporting a prevalence of 29% among chil-
dren younger than 33 months compared to an
estimated 2-4% overall [44, 45].

Sharma et al. found in a well-described ret-
rospective study (moderate evidence) clinically
significant abnormal neuroimaging in 8% of 475
children with “new-onset afebrile seizures” (95%
CI: 6.4-11.8). Two risk factors were associated
with a higher risk of significant abnormal neuro-
imaging: the presence of a predisposing condition
(such as sickle cell disease, bleeding disorders,
cerebrovascular disease or malignancy, human
immunodeficiency virus or Acquired Immune
Deficiency Syndrome (AIDS), hemihypertrophy
or hydrocephalus, exposure to cysticercosis, and
closed-head injury) and focal seizures in children
younger than 33 months of age. In these high-risk
groups, 24% and 29% yielded abnormal neuroim-
aging, respectively [44].

In a more recent prospective study (moderate
evidence) of 317 infants with new-onset seizures
presenting to an emergency department, 94% had
head CT and 57% had MRI performed. One third
of CTs were abnormal and 9% had a significant
abnormality requiring urgent intervention [45].
Over half of the MRIs were abnormal with cere-
bral dysgenesis being the most common finding.
The authors concluded that due to the higher rate
of localization-related seizures in children under
2 years, the higher rate of abnormalities in infants
compared with older children, the prognostic
implications, and the superior yield of MRI com-
pared to CT in identifying and defining abnor-
malities, MRI should be obtained in all infants
presenting with a new-onset afebrile seizure
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(moderate evidence). They recommended in
cases in which urgent neuroimaging is not indi-
cated and in which the infant could be observed,
to avoid CT, and thus unnecessary radiation, and
to organize a brain MRI instead [45].

Special Case: Neonates

Seizures are the most common sign of neurologi-
cal dysfunction in full-term neonates, with an
incidence estimated at 1-1/1000 live births [46,
47]. The accurate diagnosis and management of
seizures in neonates is difficult, since they are dif-
ficult to differentiate from other abnormal move-
ments, which can often be attributed to seizures.
Seizures are rare in preterm and term neonates
and are most commonly caused by hypoxic isch-
emic brain injury, followed by ischemic stroke
and intracranial hemorrhage [47]. Computed
tomography (CT) is now less commonly used and
should only be performed in an infant who may
acutely need neurosurgical intervention. Magnetic
resonance imaging (MRI) is increasingly used
and recognized as the best imaging modality.
Ultrasound (US) is portable and inexpensive and
can be used as a screening tool and is sensitive for
detection of intraventricular hemorrhage and sec-
ondary hydrocephalus. Cranial US should be used
in the acute phase and may show severe and cen-
trally located lesions, as well as calcification,
which might not be detected by MRI. However,
the sensitivity of ultrasound for detection of
hypoxic ischemic injury is limited, and for this
indication, MRI is the modality of choice.

Special Case: Seizures of Temporal
Lobe Origin
MRI is more sensitive as CT in detecting tempo-
ral lobe pathology (limited evidence) [48-50].
The sensitivity of MRI and CT in detecting struc-
tural lesions in pediatric temporal lobe epilepsy
(TLE) (new onset and chronic) was assessed by
Sinclair et al. [48]. In their retrospective study of 42
children (limited evidence) comparing neuroimag-
ing with pathology, MRI had a sensitivity of 64%
(27/42 children), while CT had a sensitivity of 31%
(12/39 children). If the first seizure is of temporal
lobe type (e.g., complex partial seizure), the yield of
MRI is higher ranging between 38 and 64% [48, 49].

Harvey et al. in a prospective cohort study
(moderate evidence) found structural abnormali-
ties in 24 of 63 (38%) children with new onset of
TLE, of whom 8 (13%) showed findings requiring
medical intervention [49]. They classified patients
with new-onset TLE into three categories based
upon neuroimaging findings including develop-
mental abnormalities (slow growing tumors and
malformations), hippocampal sclerosis with ante-
cedents (previous infection or significant illness),
and cryptogenic (no past history and normal neu-
roimaging findings) and concluded that structural
abnormalities correlated with greater risk of
developmental delay and further seizures.

In a community-based prospective study
(moderate evidence) by Sztriha et al. of 30 chil-
dren with first-time seizures of temporal origin,
50% of MRIs performed showed structural
abnormalities. Using the classification described
by Harvey et al., they also found that in patients
without structural lesions with TLE (cryptogenic
group), the incidence of developmental delay and
seizures was less than for children with structural
lesions by neuroimaging [51]. More recently, in a
prospective cohort (moderate evidence) study by
Spooner et al. of 77 children with new-onset epi-
lepsy, 64 of whom had temporal lobe epilepsy
(TLE) and temporal lesions were found in 28
patients (44%) (hippocampal sclerosis in 10,
tumor in 8, and cortical dysplasia in 7). The yield
increased to 48% if only the MRI cases were
taken into account. All children with newly
diagnosed temporal lobe seizures and lesions on
MRI were not seizure free on more than 10-year
follow-up [52].

What Neuroimaging Examinations
Are Indicated in Patients Presenting
with New-Onset Seizures with Clinical
Signs or Features Suggesting

a Structural Lesion?

For clarity, this includes seizures occurring in
patients having neurological symptoms or find-
ings pointing to an underlying abnormality. It
excludes meningitis, encephalitis, abscess, and
empyema.
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Summary of Evidence Emergency neuroimaging
should be considered in all patients with a first
seizure, particularly when risk factors (such as an
underlying cause and focal signs) are present
(moderate evidence).

CT scan is the best imaging study in the evalu-
ation of patients with acute symptomatology as it
is sensitive for finding abnormalities such as
acute intracranial hemorrhage, which may require
immediate medical or surgical treatment (moder-
ate evidence).

While it may not be necessary in the emergent
setting, MRI is more sensitive in detecting a
structural lesion (moderate evidence) and can be
performed later. For those with refractory epi-
lepsy, a high-resolution epilepsy-focused proto-
col may be indicated.

Supporting Evidence No articles meeting the
criteria for strong or moderate evidence were
found.

Neuroimaging is positive in up to 82% of
cases of adults and children with focal neurologi-
cal deficits on examination. Significant neuroim-
aging findings impacting medical care were
found in up to 44% of patients (up to 25% in
adult studies and in 4% of studies in children).

In a prospective cohort study (moderate evi-
dence) of 163 patients, who presented to the
emergency room with first seizure, all patients
older than 6 years of age who had recent head
trauma, focal neurologic deficit, or focal seizure
activity underwent head CT [53]. The authors,
Eisner et al., reported CT abnormalities in 5
(25%) of 19 patients, including one subdural
hematoma, resulting in a change of medical care.
CT resulted in a change of diagnosis in 44% of
patients and a change in disposition in 26% of
patients in whom it was used.

In a prospective study, Earnest and colleagues
found CT abnormalities in 6.2% of 259 patients
with alcohol withdrawal seizures (moderate evi-
dence). Medical management was altered in
3.9% of these patients [54].

Feussner et al. retrospectively reviewed (lim-
ited evidence) a population of patients with
alcohol withdrawal seizures found CT abnor-
mality in 51% with 34.4% demonstrating dif-

fuse atrophy and 15% having focal structural
lesions. Of the focal lesions, 11 were old strokes
and another 11 were considered potentially
reversible abnormalities (7 subdural hemato-
mas, 2 hygromas, 2 intracranial hemorrhages)
of which 6 went to surgery. Thirty percent of
patients with focal deficits had abnormal CTs,
whereas abnormalities on CT were found in
only 6% of patients without focal deficits [55].
Of patients treated surgically, 9% had focal neu-
rologic deficits and 1% did not. Interestingly, a
cohort of alcoholics without seizures yielded
similar CT results.

Reinus et al. retrospectively evaluated (limited
evidence) the medical records of 115 consecutive
adult patients presenting to a trauma center fol-
lowing seizures who underwent a noncontrast
cranial CT. Of the 38 patients with new-onset sei-
zure, 7 (18%) had an abnormal CT [56]. An
abnormal neurologic examination predicted 95%
(19 of 20) positive CT scans. There was also an
association between known malignancy and pos-
itive findings by neuroimaging. The authors sug-
gested that patients with abnormal neurological
examination or prior malignancy would most
benefit from neuroimaging.

In a retrospective review (limited evidence),
Pesola et al. reported that 6 out of 26 HIV-positive
patients with new onset of generalized seizures
presenting to the emergency department had an
acute lesion found on CT, 2 of which were not
suspected on physical examination [57]. They
recommended that the workup of all new-onset
seizures in HIV-infected patients include neuro-
imaging on initial seizure presentation, with a
lumbar puncture if the imaging study is nondiag-
nostic, which is in line with the 1996, 1997, and
2007 society guidelines [39, 41, 58].

In a cross-sectional retrospective single center
study (limited evidence), of 319 children with
first seizure and focal manifestations, 4% had
clinically relevant intracranial imaging findings
(by CT and MRI), important to initial manage-
ment [infarction, hemorrhage, and thrombosis]
[59]. Patient characteristics associated with
higher risk of clinically urgent intracranial abnor-
mality included those with Todd’s paralysis and
those under 15 months of age.
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Bradford et al. performed an evidence-based
review (limited evidence) of diagnostic tests in
patients with new onset of seizures [60]. The
authors reported a diagnostic yield of 87% for
CT. Predictors of abnormal CT scan in patients
with new onset of seizures were head trauma,
abnormal neurological findings, focal or multiple
seizures (within a 24-h period), previous central
nervous system CNS disorders, and history of
malignancy. The authors concluded that there is
supportive data to perform CT scanning in the
evaluation of all first-time acute seizures of
unknown etiology.

The American Academy of Neurology recom-
mends considering emergent head CT for all
patients with a first seizure, particularly those who
have risk factors for abnormal neuroimaging
[including alcohol abuse, bleeding disorders, anti-
coagulation therapy, risk of cysticercosis, stroke or
malignancy, HIV or AIDS, neurocutaneous disor-
ders, recent head trauma, sickle cell disease,
hydrocephalus or recent shunt surgery, persistent
altered mental status, and age <6 months or
>65 years] [61].

The UK Guidelines for Emergency Medicine
Network (a group of emergency physicians), in
their 2009 evidence-based literature review,
reported abnormal head CT scan results in
12-41% of all patients with first seizures, with
the figure rising to 59-82% if there are focal
abnormalities on examination [42]. They con-
cluded that neuroimaging should be performed
immediately whenever an intracranial lesion is
suspected and specifically in patients with new
focal deficit or persistent altered mental state,
fever, persistent headache, focal or partial onset
before generalization, or a history of acute head
trauma, malignancy, immunocompromise, HIV
infection, alcoholism, anticoagulation, or bleed-
ing diathesis. In the same review, patients over
40 years old had a significant increase in the like-
lihood of having an abnormal CT, the frequency
of abnormal scans nearing 60% in the over 50s.
This increased yield from scanning is most often
related to cerebrovascular events and tumors,
with an increase in tumor prevalence beginning at
age 40 and stroke in the over 60-year age group.
Because of this, some physicians operate an age-

dependent policy with regard to neuroimaging
[42].

The Scottish Intercollegiate Network (SIGN)
and the National Institute for Clinical
Effectiveness (NICE) guidelines also recommend
MRI over CT where resources permit.

However, both institutes suggest that in an
acute situation, CT may be used instead of MRI
for emergency neuroimaging [62, 63]. The
American College of Emergency Physicians
(ACEP) guidelines discuss only the indications
for CT scanning in the ED and do not compare
CT with MRI [58]. The ILAE guidelines for neu-
roimaging studies suggest that a CT may be used
if an MRI is not available although MRI is the
imaging procedure of choice in patients with sus-
pected focal epilepsy [43].

Can Findings on Emergency
Neuroimaging Predict the Likelihood
of Future Seizures?

A concern for any patient presenting with their
first seizure is whether they will recur or subse-
quently develop an epilepsy syndrome. The
implications for driving, working, and everyday
activities can be significant in patients with
breakthrough recurrent seizures. Their caregiv-
ers will want to know their risks of developing
further seizures or epilepsy, and imaging find-
ings play a role in risk stratification and progno-
sis. Patients and caregivers will also require
appropriate advice and recommendations/guid-
ance, because some will need further investiga-
tions or follow-up and management. Therefore,
knowing the diagnostic accuracy (sensitivity) of
emergent neuroimaging for structural lesions
that may cause recurrent seizures or epilepsy is
essential.

Summary of Evidence The risk of recurrence
following a seizure is highest immediately fol-
lowing the seizure (moderate evidence). The rate
for first recurrences drops off with increasing
time since the first seizure, with 80-90% of indi-
viduals who recur doing so within 2 years of the
initial seizure.
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Patients with significant brain-imaging abnor-
malities on imaging (particularly tumors) have
increased risk for recurrence (moderate
evidence).

The risk of recurrence of seizures (34%) was
higher in elderly patients presenting with their
first seizure (limited evidence).

Structural causes (stroke in the elderly), symp-
tomatic or nocturnal seizures, and EEG abnor-
mality (epileptiform or nonspecific abnormality)
are significantly associated with increased risk of
seizure recurrence (moderate evidence).

Focal lesions found by MRI are predictors of
intractable seizures in children with new-onset
TLE (moderate evidence).

In neonates, the neuroimaging findings of dif-
fuse or multifocal cortical or subcortical gray
matter lesions, cerebral dysplasia, or changes
related to global hypoxia-ischemia are associated
with greater seizure recurrence and worse out-
comes (limited evidence).

Supporting Evidence Two large-scale random-
ized trials provided definitive estimates of the
risk of recurrence after an untreated first unpro-
voked seizure. These are the multicenter study
from Italy, the first seizure trial (FIR.S.T) group
and the European-wide Multicenter Epilepsy and
Single Seizure (MESS) study, which included
both first seizures and newly recognized epilepsy
[64, 65]. Both of the randomized trials, especially
the second, demonstrate a pattern seen in virtu-
ally all of the long-term observational studies of
first seizures. Specifically, the risk of a recurrence
is highest during the period immediately after the
initial seizure. The rate, at which first recurrences
occur, drops off with increasing time since the
first seizure. Across a number of studies with
prolonged follow-up periods, 80-90% of indi-
viduals who recur do so within 2 years of the ini-
tial seizure [66].

Studies have tried to evaluate risk factors or
features that predict future seizures. A past his-
tory of seizures, developmental delay, learning
disabilities, neurological deficit, and abnormal
EEG were found to be potential risk factors, in a

population of patients who subsequently devel-
oped epilepsy [66]. Many studies have found a
greater risk of seizure recurrence in patients
with remote symptomatic seizures than in those
with idiopathic seizures [66, 67]. In a prospec-
tive study of 408 adults (moderate evidence),
Hopkins et al. found no features on head CT that
predicted future occurrence of seizures other
than brain tumors [27]. In a retrospective study
(limited evidence) by Phabphal et al. of an
elderly population with new-onset seizure
(mostly focal), recurrence occurred in 34% of
survivors after 2 years of follow-up. In a multi-
variate regression analysis, a structural cause
(stroke in the elderly) of the seizure and EEG
abnormality (epileptiform or nonspecific abnor-
mality) were significantly associated with
increased risk of seizure recurrence [68].
Patients with significant brain-imaging abnor-
malities have increased risk for recurrence. MRI
is the modality of choice to screen for structural
abnormalities and should be performed with a
dedicated epilepsy protocol [2].

In a retrospective review of a population of
children with newly diagnosed epilepsy, focal
lesions identified with MRI conferred a higher
risk of refractory seizures (limited evidence)
according to Dhamija et al. [69]. Among the
structural lesions, identified with MRI, encepha-
lomalacia was much less likely to be associated
with refractory epilepsy compared to mesial tem-
poral sclerosis, malformations of cortical devel-
opment, or vascular malformations.

Tekgul et al. studied MRI predictors of neu-
rodevelopmental outcome in a retrospective
study (limited evidence) of 89 term infants with
neonatal seizures [70]. Cortical dysplasia and
global hypoxia-ischemia were associated with
poor developmental outcome. Thirty-six infants
(40%) had severe cognitive impairment, and
31% had persistence of seizures after intensive
care unit discharge. Overall outcome was
judged poor in 50% of children with diffuse
lesions. In contrast, only 1/18 (6%) in the group
with normal neuroimaging were graded as hav-
ing a poor outcome.
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Fig. 10.1 Algorithm for decision-making in patients pre-
senting to the emergency department with their first sei-
zure. An infant is a child aged less than a year. CT

Take-Home Figure

In Fig. 10.1, an algorithm for decision-making
for ER patients with first seizures is presented.
Imaging Case Studies

Case 1

In Fig. 10.2, we have presented a 39-year-old
man with seizures originating in the temporal
lobe.

Case 2

Figure 10.3a—d presents a 4-year-old boy with

focal seizures with a cerebral pyogenic
abscess.

computed tomography, MRI magnetic resonance imaging.
Many patients who have CT in the acute setting would
benefit from MRI imaging at a later stage

Case 3

A 59-year-old woman with mental status changes,
headache, fever, and seizure is presented in
Fig. 10.4a—d.

Case 4

In Fig. 10.5a, b, we have presented a 5-week-old
infant female with lethargy, poor feeding, and
seizures.

Case 5

Figure 10.6a, b presents a 62-year-old woman
with a seizure indicative of temporal lobe origin.
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Fig. 10.2 A 39-year-old man with seizures of temporal
lobe origin. Coronal T2-weighted image shows decreased
volume and increased signal intensity in the left hippo-
campus consistent with mesial temporal sclerosis

D.M. Gomez-Hassan et al.

Suggested Imaging Protocols
Noncontrast Brain CT Protocol

In the acute or emergent setting, we recommend
non-enhanced axial contiguous 5 mm sections
through the entire brain. Radiation doses should
follow the as low as reasonably achievable
(ALARA) recommendation.

MRI Imaging

MRI of the brain for the workup of epilepsy and
nonfebrile seizures should include a high-
resolution dedicated epilepsy protocol which
includes sequences that optimize contrast resolu-
tion and signal abnormalities.

Fig. 10.3 A 4-year-old boy with focal seizures with a
cerebral pyogenic abscess on neuroimaging. Axial non-
contrast head CT image (a) shows large right hemispheric
mass lesion with surrounding hypodensity suggestive of
vasogenic edema. Sagittal contrast-enhanced T1-weighted

MR image (b) shows large rim-enhancing mass lesion.
Diffusion-weighted image (c¢) shows high signal intensity
of the lesion contents, with corresponding hypointense sig-
nal on ADC map (d), indicating restricted diffusion from
purulent content
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Fig. 10.4 A 59-year-old woman with mental status
changes, headache, fever, and a seizure. Imaging sug-
gested herpes (HSV1) encephalitis. Axial noncontrast
head CT (a) shows marked hypodensity of the right tem-
poral lobe and bilateral areas of high density consistent
with acute hemorrhage in the bilateral mesial temporal
lobes. Axial T2-FLAIR MR image (b) shows bilateral

The suggested MRI protocol includes the fol-
lowing sequences: T1-weighted, coronal 3D vol-
ume 1 mm section thickness (ST) no gap, axial
and coronal oblique fluid-attenuated inversion
recovery, axial dual echo (gradient and spin
echo), diffusion-weighted axial, and T2-weighted
coronal fast spin-echo images through the entire
brain. At least one post-contrast sequence should
be obtained to exclude enhancing lesions.

asymmetric high signal intensity within the temporal
lobes. Axial T2-weighted MR image (¢) shows additional
involvement of the right insula and posterior cingulate
gyrus as areas of high signal intensity. Coronal contrast-
enhanced T1-weighted image (d) shows leptomeningeal
and cortical enhancement in the right temporal lobe and
insula

Neonatal MRI Protocol (48)

A standard neonatal MRI protocol should include
sagittal T1-weighted images (T1WI), axial or
coronal T2-weighted images (T2WI), and T1WI
or inversion recovery-weighted images and
diffusion-weighted images (DWI), including dif-
fusion coefficient (ADC) mapping. Magnetic
resonance venography (MRV), MR angiography
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Fig. 10.5 A 5-week-old girl with lethargy, poor feeding,
and seizures. Imaging revealed acute necrotizing enceph-
alitis. Axial noncontrast head CT image (a) shows abnor-
mal patchy hypodensity involving the bilateral deep gray

nuclei. Axial T2-weighted MR image (b) shows abnormal
swelling and hyperintense signal of the thalami, basal
ganglia, and adjacent white matter tracts

Fig. 10.6 A 62-year-old woman presented with a seizure
indicating temporal lobe origin. Imaging revealed a neu-
roglial tumor. Coronal (a) T2-weighted MR image shows

(MRA), 1H-magnetic resonance spectroscopy
(MRS), and susceptibility-weighted images
(SWI) should preferably be available as well.
DWI is especially important in hypoxic-isch-
emic encephalopathy HIE and perinatal arterial
ischemic stroke (PAIS) and is also useful in central
nervous system (CNS) infections. MRV should be

a multicystic mass lesion centered in the right amygdala,
with corresponding high T2 signal intensity on the coro-
nal T2-FLAIR image (b)

added when a cerebral sinus venous thrombosis
(CSVT) is suspected. MRA can be useful in
(PAIS) and in diagnosing arteriovenous malforma-
tions. 1H-MRS can provide additional information
in suspected metabolic disorders, and HIE and
SWI are useful in diagnosing (small) hemorrhages.
Section thickness should be 2 mm or less.
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Future Research

e To define better the different first seizure risk
groups so neuroimaging can be tailored
appropriately.

* To perform formal cost-effectiveness analysis
of the role of imaging in patients of different
age groups presenting with their first seizure.

* More research is needed in evaluating the role
of neuroimaging in first complex febrile
seizures.

e To determine the role, advantages, limitations,
indications, and pitfalls of new imaging studies
such as diffusion tensor-/diffusion-weighted
imaging in evaluation of first unprovoked
seizures.

e To determine if MRI or DTI/DWI findings in
first unprovoked seizure can predict future
risk of recurrent seizures.
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Key Points

e The NEXUS and Canadian cervical
spine rules are validated clinical predic-
tion rules that can identify subjects at
risk for cervical spine fracture, in whom
imaging is  appropriate  (strong
evidence).

* Cervical spine CT is the best imaging
modality in high- and intermediate-risk
patients (moderate evidence).

e In low-risk trauma victims not undergo-
ing head CT, radiography is an accept-
able cervical spine imaging approach
(limited evidence).

» Selection of subjects for thoracolumbar
spine imaging can be made based on
clinical criteria (moderate evidence).

e CT, including reformations from CT
scans performed of the chest, abdomen,
and pelvis, is more accurate than radio-
graphs in the thoracic and lumbar spine,
but radiography may still be appropriate
in low-risk subjects (limited evidence).
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Definition and Pathophysiology

Spinal trauma can lead to permanent neurologic
damage. In addition to the neurological deficit,
spinal cord injury has additional important rami-
fications. This includes a precipitous decline in
probability of employment, educational achieve-
ment, and intact marriage [1]. Therefore, although
spinal cord injury is relatively uncommon, spine
imaging is frequently performed to exclude sus-
pected and occult fractures. As a result of wide
spread utilization, the positive yield of spine
imaging is estimated to be only 2.4% in the cervi-
cal spine when all patient populations are
included [2]. Using the best available evidence,
this chapter addresses diagnostic imaging of the
spine in trauma including clinical prediction
rules and cost-effectiveness.

Spinal fractures are estimated to account for
3-6% of all skeletal injuries in the USA. A
Canadian study in 2006 estimated that 56% of
spinal fractures are associated with spinal cord
injuries and there is a general mortality rate of 8%
[3]. Although no recent epidemiologic studies
were identified, the annual incidence of cervical
spine fracture was estimated at 10,000 per year in
the USA in 1992 [4]. Better statistics are main-
tained for spinal cord injury of all causes and
available from the National Spinal Cord Injury
Statistical Center, Birmingham, Alabama. From
this database the annual incidence of spinal cord
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injury is estimated at 40 cases per million per year
in the USA or 12,000-20,000 per year when on
scene fatalities are excluded [1]. The incidence of
cervical spine fracture was recently estimated at
118 per million per year in Norway [5].

Spinal cord injury is predominantly a disease
of young (average age 33.7 years) males (80.8%).
The most common causes are traffic accidents,
falls, and violence in decreasing frequency [1].
The hospital mortality for acute spinal injuries is
high, up to 17%, reflecting the presence of other
severe injuries.

The cervical spine is both the most commonly
fractured region in spinal trauma and the area
where risk of cord injury is greatest compared to
that of thoracic, lumbar, or sacral fractures [6].
Though generally symptomatic, spine fractures
may be clinically occult in trauma victims with
other distracting injuries or who are unexamin-
able from obtundation, medication, or intoxica-
tion. In patients suffering from blunt trauma
resulting in trauma team activation, the preva-
lence of cervical fracture is greater, 3.7%, and up
to 7.7% in unexaminable patients. Once detected,
between 42% and 57% of all cervical spine inju-
ries are potentially unstable [7, 8].

Elderly patients have approximately doubled
risk of significant injury, which may result from
relatively low-energy mechanisms of injury [9].
The elderly spine has altered biomechanics,
including decreased range of motion, lower mus-
cular strength, and increased rigidity from degen-
erative changes, including ankylosis. In addition,
degenerative changes may contribute to narrow-
ing of the spinal canal with associated increased
risk of cord injury [9].

Overall Cost to Society

Cervical spine injuries cause an estimated 6000
deaths and 5000 new cases of quadriplegia each
year [1]. The total number of people with spinal
cord injuries in the USA is estimated to be 265,000
persons, with a range of 232,000 to 316,000 per-
sons [1]. The cost of care is dependent on severity

of injury and is highest during the first year fol-
lowing injury. In 2010 dollars the average annual
expense for cervical spine injury resulting in
incomplete motor function at any level was
$321,720 in the first year and $39,077 for each
subsequent year of life. In cases of high tetraple-
gia (C1-4), the first year cost of care averages
$985,774 and $171,183 for each subsequent year
of life [1]. The most recent comprehensive analy-
sis of spinal cord injuries performed in 1996 con-
cluded that the estimated total annual cost of all
cervical spinal cord injuries was $9.7 billion per
year [10].

Goals of Imaging

The primary goals of imaging are to (1) detect
potentially unstable injuries to enable immobili-
zation or stabilization and prevent development
or progression of neurologic injury and (2)
inform prognosis and guide surgical intervention
for unstable fractures.

Methodology

A PubMed (National Library of Medicine,
Bethesda, Maryland) search for original research
publications discussing diagnostic performance
and clinical predictors of cervical and thoracic
spine injury was performed. This includes publi-
cations from 1966 to May 6, 2015. The search
strategy employed different combinations of the
following terms: (1) spine, (2) radiography or
imaging or computed tomography or magnetic
resonance imaging, and (3) fracture or injury.
MeSH headings included (1) spine and diagnosis,
(2) imaging and spine, and (3) magnetic reso-
nance imaging. Bibliographies of identified arti-
cles were reviewed for further papers. The articles
were limited to human studies published in the
English language. An initial review of the titles
and abstracts of identified articles was followed
by review of the full text of articles that were
relevant.
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Discussion of Issues

Who Should Undergo Cervical Spine
Imaging After Blunt Trauma?

Summary of Evidence The NEXUS [2] and
Canadian C-spine [11] rules are two clinical pre-
diction rules that have undergone multicenter
validation, with the intent of determining which
patients should undergo cervical spine imaging
in blunt trauma. Both clinical prediction rules
report sensitivity greater than 99%, with specific-
ity of 42.5% for the Canadian C-spine rule and
12.9% for NEXUS (Table 11.1). A single ran-
domized trial was implemented applying the
Canadian C-spine rule which found that adher-
ence to the decision rule demonstrated efficacy at

reducing imaging of the cervical spine (strong
evidence).

Supporting Evidence

Nexus Prediction Rule

The National Emergency X-Radiography Utilization
Study (NEXUS) was a multicenter observational
study involving 23 diverse emergency departments
throughout the USA in the 1990s. Based on identi-
fied best practices at the time, the NEXUS study was
designed to assess the validity of four predetermined
clinical criteria for prediction of cervical spine
injury. The presence of any of the four criteria would
indicate that imaging should be performed in case
of (1) altered neurologic status, (2) intoxication,
(3) midline posterior bony cervical spine tenderness,

Table 11.1 Diagnostic performance of the clinical prediction rules and diagnostic imaging modalities in suspected

blunt spine trauma

Potential decrease in
Sensitivity % Specificity% radiography %

C-spine prediction rules
NEXUS® 99.6 12.9 12.6
Canadian C-spine rule® 100 42.5 41.8
TL-spine prediction rules
Hsu et al.¢ 100 11.3 Not reported
Holmes et al.¢ 100 3.9 3.7
Inaba et al. 98.9 29.0 26.6
C-spine radiography’

Overall 89-94 95.3 N/A

Low risk 96.4 N/A

High risk 78.1-89.3 N/A
CTe Overall 99.0 93.1 N/A
TL-spine radiography"
Conventional imaging 63.0 94.6 N/A
CT 97.8 99.6 N/A

“From reference [2]

"From reference [11]

‘From reference [78]. Has not been validated
dFrom reference [79]. Has not been validated
°From reference [69]. Has not been validated

fOlder references with clinical reference standard. It is unclear if these results are still valid. Adapted from references

[17-19]

¢Adapted from references [19-22, 38—42]
"Pooled from references [72, 81-87]
N/A: not applicable

Adapted from Springer Science + Business Media from Blackmore CC, Avey GD. Imaging of the Spine in Victims of
Trauma. In Medina LS, Blackmore CC (eds): Evidence-Based Imaging: Optimizing Imaging in Patient Care. New York:

Springer Science + Business Media, 2006
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or (4) distracting injury (meaning an injury of suffi-
cient pain to potentially distract the patient from
noticing a cervical spine injury). In the NEXUS pro-
spective validation study, 34,069 patients underwent
radiography of the cervical spine following blunt
trauma. The NEXUS criteria had a sensitivity of
99.6% and specificity of 12.9% for clinically signifi-
cant injury [2]. In the participant population, 818
(2.4% of total) had a cervical spine injury. It was
estimated that adherence to the NEXUS criteria
would reduce utilization of radiographs by 12.6%
(strong evidence).

Though validated in multiple different emer-
gency departments, the NEXUS has been
questioned in high-energy trauma patients in
whom the trauma team is activated. There is
limited evidence that the NEXUS criteria deter-
mined on patients with a normal Glasgow Coma
Scale (GCS) cannot be used to exclude cervical
spine fracture in victims of major trauma. In a
2007 study of major trauma victims, Duane
et al. prospectively evaluated 534 patients
imaged by cervical spine CT, and the perfor-
mance of clinical exam was compared to that of
CT [12]. In evaluable patients with GCS of 15
or greater who were not intoxicated and did not
have a distracting injury, 17 patients had cervi-
cal spine fractures, 7 of which had a negative
clinical exam. Of the seven fractures undetected
clinically, three were transverse process frac-
tures requiring no further intervention (and of
uncertain clinical importance), and four required
treatment with extended use of a rigid cervical
collar. In follow-up studies in 2011 and 2013, by
Duane et al., both the NEXUS and Canadian
C-spine criteria were determined to be insuffi-
cient to exclude fracture in trauma team activa-
tion patients [13, 14].

There are no implementation studies docu-
menting the efficacy of NEXUS for reducing
overall utilization of imaging.

Canadian Cervical Spine Prediction Rule

The Canadian C-spine rule is similar to the
NEXUS study in attempting to identify valid clin-
ical predictors of patients who do not need imag-
ing. The Canadian C-spine study, published
subsequent to NEXUS, was a prospective cohort
study of 8924 subjects from 10 community and

Table 11.2 NEXUS criteria. Imaging of the cervical
spine is not necessary if all five of the NEXUS criteria are
met

Absence of posterior midline tenderness

Absence of focal neurological deficit

Normal level of alertness

No evidence of intoxication

AN E Rl N

Absence of painful injury distracting attention
from the spine

Data from Hoffman JR, Mower WR, Wolfson AB, Todd
KH, Zucker MI. Validity of a set of clinical criteria to rule
out injury to the cervical spine in patients with blunt
trauma. National Emergency X-Radiography Utilization
Study Group. N Engl J Med. 2000 Jul 13;343(2):94-9
Reprinted with  kind permission of  Springer
Science + Business Media from Blackmore CC, Avey
GD. Imaging of the spine in victims of trauma. In: Medina
LS, Blackmore CC, editors. Evidence-based imaging:
optimizing imaging in patient care. New York: Springer
Science; 2006

university hospitals across Canada. The Canadian
C-spine study was derived from an initial obser-
vational study which evaluated 20 potential pre-
dictive factors. According to the Canadian C-spine
rule (Table 11.3), imaging is not indicated if all of
the following three determinations are made: (1)
absence of high-risk factor (age >65, dangerous
mechanism, paresthesia’s in extremities), (2)
presence of a low-risk factor (simple rear end
motor vehicle collision, sitting position in ED,
ambulatory at any time since injury, delayed onset
of neck pain, or absence of midline cervical
C-spine tenderness), or (3) patient who is able to
actively rotate neck 45 degrees to left and right.
The Canadian C-spine rule has reported sensitiv-
ity of 100% and specificity of 42.5% with the rate
of requested radiography estimated to be reduced
by 58.2% (strong evidence) [11].

The implementation of the Canadian C-spine
rule has also been investigated through a cluster
randomized trial involving 12 Canadian emergency
departments. A total of 11,824 alert and stable
adults were included. The intervention group
showed a relative reduction in cervical spine imag-
ing of 12.8% and the control group a relative
increase of 12.5% of cervical spine imaging [15].

There is no head-to-head trial supporting the
adoption of either cervical spine prediction rule
over the other, and a strong recommendation can-
not be made of one clinical prediction rule over
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Table 11.3 The Canadian C-spine rule

If the following three determinations are made, then
imaging is not indicated

1. No high-risk factor, including:

Age > 64 years

Dangerous mechanism, including:
Fall from >3 m/5 stairs
Axial load to head (diving)

High-speed vehicular crash (60 MPH, rollover,
ejection)

Bicycle collision

Motorized recreational vehicle

Paresthesia in extremities

2. Low-risk factor is present

Simple rear end vehicular crash, excluding:

Pushed into oncoming traffic

Hit by bus/large truck

Rollover

Hit by high-speed vehicle

Sitting position in emergency department

Ambulatory at any time

Delayed onset of neck pain

Absence of midline cervical tenderness

3. Able to actively rotate neck (45 degrees left and
right)

Adapted with permission from Bandiera G, Stiell IG,
Wells GA, et al. The Canadian C-spine rule performs bet-
ter than unstructured physician judgment. Ann Emerg
Med. 2003 Sep;42(3):395-402

the other. A retrospective analysis comparing
Canadian C-spine and NEXUS prediction rules
was attempted. However, for this analysis, altered
level of consciousness was not used as a criterion
[16, 17], potentially biasing against the NEXUS
rule, as this was a NEXUS criterion. In addition,
the Canadian C-spine rule requires the active
evaluation of cervical spine rotational range of
motion, an approach which may not be accept-
able in many US emergency departments.

What Imaging Modality Should
Be Used for the Cervical Spine
in Blunt Trauma?

Summary of Evidence Cervical spine CT is both
more sensitive and specific than radiography for
identifying cervical spine fractures (Table 11.1).

In addition, cost-effectiveness analysis supports
the use of CT as the initial modality in patient
populations at high and moderate risk of cervical
fracture. Use of CT has been shown to reduce
repeat imaging and identify the rare fractures
which may have been missed from radiography
with the potential to lead to severe neurological
deficit (moderate evidence). In patient popula-
tions with low probability for cervical fracture,
properly performed cervical spine radiography
remains a reasonable imaging choice (limited
evidence). MRI is not recommended in the acute
setting as the initial evaluation of the cervical
spine (moderate evidence).

Supporting Evidence

Accuracy of Imaging

Historically, the sensitivity of cervical spine radi-
ography has been reported in the 89-94% range,
when adequate three view radiographs were
obtained on all patients [2, 18-20]. Weighted
pooling of the larger studies using a clinical gold
standard suggests that radiography is relatively
accurate with a sensitivity of 94% and a specific-
ity of 95% when all trauma patients are included
(Table 11.1) [20]. Distressingly, however, more
recently performed observational studies have
reported much lower sensitivity for cervical spine
radiography. The discrepancy seems related at
least in part to choice of reference standard and
adequacy of cervical spine radiographs. A repre-
sentative in 2003 study performed by Griffen
et al. in a level I trauma center concluded that the
sensitivity of radiography was 65%, using CT
follow-up as the reference standard [21]. In a
2014 systematic review, the sensitivity of cervi-
cal spine radiography for fractures was estimated
to be between 36 and 65% using CT as the refer-
ence standard [22]. As with all diagnostic accu-
racy studies, using one modality as the reference
standard biases strongly in favor of that modality,
in this case with strong bias in favor of CT and
against radiography. Accordingly, studies using
fractures that become apparent clinically as the
reference standard are probably more relevant for
clinical practice. In addition, many recent studies
are biased by comparing CT to inadequate
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radiography examinations that did not include all
necessary views or did not visualize the entire
cervical spine. Furthermore, inadequate visual-
ization is often seen as rationale for proceeding to
CT imaging increasing bias against radiography.
In a 2009 study, Bailitz et al. included 1583 con-
secutive major trauma patients that were evalu-
ated with both cervical spine CT and 3-view
cervical radiography [23]. In this particular study,
the final diagnosis in the medical record at dis-
charge was used as the gold standard for cervical
spine injury, and a clinically significant injury
was one defined as requiring either an operative
procedure, halo application, or rigid cervical col-
lar application. Of the 78 patients with radio-
graphic evidence of fracture, 50 (3.3%) were
determined to have clinically significant injuries,
and 42% of the 50 required operative interven-
tion or halo application. Using the risk stratifica-
tion criteria defined by Blackmore et al. [24], 16
clinically significant cervical fractures were pres-
ent in the low-risk patients of which only 4 were
identified by cervical spine radiography (25%
sensitivity). It should be noted however that of
the 32 clinically significant injuries “missed” by
cervical spine radiography, only 6 had adequate
radiography.

The disconnect between historical estimates
of radiography sensitivity of 89-94% and current
estimates of 36—65% confounds determination of
appropriate imaging. It is likely that the method-
ological limitations in the more recent literature,
including consideration of inadequate radio-
graphs as normal, use of an imaging rather than a
clinical reference standard, and inclusion of only
high-risk trauma patients, explain much of this
difference. Historical data indicating that missed
cervical spine injuries were in fact rare prior to
widespread use of CT also calls into question
recent low estimates of radiograph sensitivity.
However, with decreased utilization of cervical
spine radiographs comes decreased proficiency at
performance and interpretation, and sensitivity
today may actually be lower as a consequence.

High- and Moderate-Risk Patients
Cervical spine radiography is less accurate in
patients at moderate and high risk of cervical

fracture (probability >4%) [20]. These patients
are commonly immobilized on backboards,
have multiple injuries, and are unable to cooper-
ate. These factors result in lower specificity,
more inadequate radiographs and repeat imag-
ing, greater utilization of hospital resources, and
ultimately higher cost [25]. Additionally, CT
evaluation has been shown to be more time effi-
cient when compared to radiography, allowing
for faster disposition of patients from the emer-
gency department [26, 27]. This is particularly
true when evaluation of the cervical spine fol-
lows CT scan of the head [28]. The decreased
sensitivity of radiography in the major trauma
population, time efficiency, and increased prev-
alence of cervical fracture support initial evalu-
ation of the cervical spine utilizing CT in
moderate- and high-risk patients. Cost-
effectiveness analysis supports use of CT in this
population. In a 1999 study, Blackmore per-
formed a cost-effectiveness analysis from the
societal perspective comparing cervical radiog-
raphy to that of CT and found that CT was cost-
effective in high and moderate risk [18]. This
was confirmed by Grogan et al. in 2005 (moder-
ate evidence) [29].

Low-Risk Patients

There is neither strong evidence nor consensus
on the appropriate approach to cervical spine
imaging in trauma victims who require imaging
under the NEXUS or the Canadian C-spine rule
but who are at low risk of injury. The standard
has been radiography, but more recently, CT
has been promoted as an initial imaging strat-
egy, even in low-risk individuals. Recent soci-
etal consensus guidelines in the USA, including
the ACR Appropriateness Criteria [30] and
Eastern Association for the Surgery of Trauma
[31], have advocated for use of CT for all
patients who undergo cervical spine imaging in
trauma. However, guidelines supporting the use
of CT in low-risk patients generally rely on
recent estimates of accuracy, despite the meth-
odological limitations discussed above. In addi-
tion, such guidelines do not consider the fact
that use of CT carries much greater radiation
risk and societal cost.
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Radiography may be most appropriate in the
evaluation of patients who cannot be cleared clin-
ically but have low-risk factors for significant
cervical trauma such as young age, low-impact
trauma, and no distracting injuries [20, 24, 32].
Inability to obtain technically adequate radio-
graphs due to incomplete visualization or subop-
timal quality (low specificity) is the single biggest
limitation of radiography (Table 11.1) [22]. In the
very low-risk patient population, adequate
images are more easily obtained. CT is indicated
when adequate radiographs cannot be obtained.

Radiation risks are difficult to estimate with
any precision due to the need for extrapolation of
radiation effects from higher administered doses
to the very low doses found in diagnostic imag-
ing. However, the use of CT rather than radiogra-
phy for evaluation of the cervical spine comes
with an estimated 14-fold greater patient expo-
sure to ionizing radiation (26 mGy compared to
1.8 mGy) [33], resulting in increased risk of
radiation-induced malignancy [34]. Thyroid
doses in particular from cervical CT are high,
ranging from 4.4 to 66.5 mGy [35].

Reconciliation of the higher sensitivity of CT
versus the lower cost and radiation dose of radi-
ography is challenging. From 2002 to 2007, there
was a significant increase in the use of CT and
plain radiographs in the management of trauma
patients, leading to significantly higher radiation
exposure with no demonstrable improvements in
the diagnosis of missed injuries, mortality, or
length of stay [36].

Table 11.4 makes the trade-offs explicit
through a crude estimation of the number needed
to treat and the number needed to harm when
substituting CT for radiography in low-risk
patients. There is substantial uncertainty in the
estimates of both benefits and harms from
CT. However, it is likely that the rate of cancer
mortality is at least an order of magnitude greater
than the probability of preventing paralysis
through use of CT in low-risk trauma patients.
Accordingly, radiography, when adequately per-
formed, should be considered as the initial imag-
ing approach in patients at low risk (limited
evidence).

Table 11.4 Number needed to treat and harm for cervi-
cal spine imaging in low-risk patients

Source

Variable Estimate | Range (references)
Risk of fracture | 0.005 0.002—- 2,11, 37]

0.02
Chance of 0.1 0.06-0.20 |[2, 18-20,
missing 23]
fracture
(1-sensitivity)
Chance of 0.05 0.01-0.15 | [20, 34]
paralysis (from
missed
fracture)
Number needed | 40,000 10,000~
to treat® (to 200,000
prevent one
case of
paralysis)
Number needed | 2000 1000—- [33, 34, 35]
to harm® (to 20,000
cause one case
of fatal cancer)

Notes: “Number needed to treat is number of patients who
have to undergo CT instead of radiography to prevent one
case of paralysis in this population (equal to risk of frac-
ture x chance of missing fracture x chance of paralysis)
"Number needed to harm is the number of patients who
would have to undergo CT instead of radiography to cause
one case of fatal cancer in the course of their lifetime
Used with permission from Blackmore CC, Smith JB:
Spine Trauma: Evidence-Based Neuroimaging. Medina
LS et al. (eds): Evidence-Based Neuroimaging Diagnosis
and Treatment. New York: Springer Science + Business
Media, 2013

Cost-effectiveness analysis also supports radi-
ography as initial imaging strategy in low-risk
patients. The threshold for when CT becomes
cost-effective is somewhat uncertain. In the origi-
nal cost-effectiveness analysis, Blackmore found
a risk threshold of 4% to be the criterion for use
of CT. However, subsequent investigators have
proposed lower thresholds. Grogan suggested
0.9%, though this was based on extremely low
estimates of radiograph sensitivity (64%) found
in severely injured patients. Likely, however, the
appropriate threshold is lower than the original
4% estimate, due to lower current estimates of
performance of radiography detailed above.

Determination of appropriate imaging therefore
requires stratification of patients into low- and



158

C.C. Blackmore

Table 11.5 Harborview high-risk cervical spine criteria

1. High-energy injury mechanism

High-speed (>35mph) motor vehicle or motorcycle
crash

Motor vehicle crash with death at scene

Fall from height greater than 10 feet

2. High-risk clinical parameter

Significant head injury, including intracranial
hemorrhage or unconscious in Emergency
Department

Neurological signs or symptoms referable to the
cervical spine

Pelvic or multiple extremity fractures

Presence of any of the following criteria indicates a sub-
ject at sufficiently high risk to warrant initial use of CT to
evaluate the cervical spine

Adapted with permission from Hanson JA, Blackmore
CC, Mann FA, Wilson AJ. Cervical spine screening: A
decision rule can identify high-risk patients to undergo
screening helical CT of the cervical spine. AJR.
2000;174:713-8

higher-risk cohorts. Blackmore [24] and Hanson
[37] developed and validated a clinical prediction
rule to identify subjects at high risk (Table 11.5). In
the validation cohort, subjects lacking any of the
high-risk factors had a risk of cervical spine frac-
ture of only 0.2%, indicating that radiography was
the preferred imaging approach. In the NEXUS
study, the probability of fracture was 2.4% overall
but 0.4% in the low-risk patients [2], again con-
firming that a group can be identified where ade-
quate cervical spine radiography is appropriate as
the initial screening tool.

Special Cases

Obtunded Patients

Summary of Evidence A normal cervical CT in
obtunded patients with blunt trauma essentially
excludes unstable cervical spine injuries. MRI is
unlikely to change management when there is no
neurological deficit or abnormality by cervical
spine CT and is therefore not routinely recom-
mended given risks and benefits (limited
evidence).

Supporting Evidence There are several valid
cohort studies of the accuracy of cervical spine
CT in excluding unstable injuries in obtunded or

clinically unexaminable patients. Hennessy in
2010 reported a prospective cohort study of 402
intubated, unexaminable blunt trauma patients
with normal CT. Using flexion-extension radiog-
raphy and clinical follow-up as a reference stan-
dard, one patient was found to have an unstable
injury missed by the CT (negative predictive
value 99.7%) [38]. Hogan et al. retrospectively
examined 366 patients with negative CT, using
MR and clinical follow-up as the reference stan-
dard. The authors concluded that the negative
predictive value of CT for ligamentous injury
was 98.9% and 100% for unstable cervical spine
(CS) injury [39]. Harris and colleagues evaluated
a retrospective cohort of 367 obtunded patients
using a clinical and radiographic reference stan-
dard. A normal multi-detector row CT scan of the
cervical spine in obtunded patients with blunt
trauma had a negative predictive value of 99.7%
[40]. Brohi and colleagues prospectively evalu-
ated 442 consecutive unconscious trauma patients
and defined the sensitivity of CT at 98.1%
(51/52), with a negative predictive value of 99.7%
[41]. In addition, a 2005 retrospective cohort
study by Schuster et al. included 93 patients with
anormal motor examination and a negative cervi-
cal spine CT with MR as the reference standard.
In this study all patients had negative MRI exam-
inations unless there was a neurological deficit or
a positive CT [42]. Como evaluated 197 patients
who were obtunded by moving all four extremi-
ties and reported no missed injuries on CT, with
clinical or MRI follow-up [43]. The recent rec-
ommendations of the Eastern Association for the
Surgery of Trauma based on evidence review also
now recommend CT alone in obtunded patients
(moderate evidence) [44].

However, it is also clear that CT is imperfect.
As an example, Schoenfeld and colleagues culled
from the medical literature multiple cases (particu-
larly of ligamentous injuries) missed at CT but dis-
covered on subsequent MRI [45]. However, in a
common failing of the literature on this topic, the
authors omitted to mention the number of true-
negative CT scans, instead only reporting the num-
ber of false-negative CT scans among the group
who went on to MRI. This verification bias, due to
selection of the cohort based on performance of



11 Acute Spine Trauma in Adults and Children: Evidence-Based Emergency Imaging

159

the reference standard, makes calculation of nega-
tive predictive value meaningless [46].

Finally, there are potential risks related to the
use of MRI in obtunded patients, related to the
transfer of patients to the MRI suite, and related
to the limited ability to monitor patients while in
the MRI scanner. In addition, delay in clearance
of the cervical spine, with prolonged immobiliza-
tion, may lead to complications including pres-
sure ulcers, increased intracranial pressure,
thromboembolism, and pulmonary aspiration
[47-49].

Elderly Patients

Summary of Evidence Elderly individuals are at
higher risk of cervical spine injury from both
high- and low-energy mechanisms. However, no
prediction rules have been validated to identify
differential predictors of injury in the elderly. The
same predictors in younger patients appear to
work in the elderly [50]; however, clinical
examination may not be as reliable [51].
Accordingly, the same approach to imaging may
be applied in the elderly as in younger patients
but with a lower threshold for use of CT due to
the higher overall probability of fracture (limited
evidence).

Children

Summary of the Evidence The NEXUS clinical
prediction rule is a reasonable method of identi-
fying which older children and adolescents
should undergo cervical spine imaging after
trauma. Imaging should be performed in subjects
with (1) altered neurologic function, (2) intoxica-
tion, (3) midline posterior bony cervical spine
tenderness, and (4) distracting injury (moderate
evidence). In children under the age of 3 years,
cervical spine imaging may be limited to subjects
with high-energy mechanism (motor vehicle
crash) or a Glasgow Coma Scale of less than 14
(limited evidence). Radiography can appropri-
ately be used to exclude cervical spine fracture in
children, though cervical spine CT may be useful
in high-risk subjects. In younger children, when
indicated, CT should be limited to the upper cer-
vical spine (limited evidence).

Supporting Evidence Evidence for who should
undergo imaging is less complete in children than
in adults. Determination of clinical predictors of
injury in pediatric subjects is complicated by the
decreased incidence of injury in children, requir-
ing larger sample size for adequate study [52—
54]. In addition, children may sustain serious
cervical cord injuries that are not radiographi-
cally apparent [52, 53]. Among adult clinical pre-
diction rules, the Canadian clinical prediction
rule development study excluded children [11].
The NEXUS trial included children, but there
were only 30 injuries in subjects under age 18
and only 4 in subjects under age 9 [2]. Although
no pediatric injuries were missed in the NEXUS
study, the sample size was too small to adequately
assess the sensitivity of the prediction rule in this
group. Further validation of a pediatric version of
the NEXUS was performed at a single academic
pediatric trauma center in the USA. In 647 trauma
victims age 3 or older, injuries were found in
approximately 2%, of whom, 4 required opera-
tive fixation. No missed injuries were reported
[55].

A pediatric adaptation of the NEXUS is a
therefore reasonable approach in children over
age 3, suggesting that imaging is only indicated
when subjects have any of the following: (1)
altered neurologic function, (2) intoxication, (3)
midline posterior bony cervical spine tenderness,
and (4) distracting injury (moderate evidence)
[55].

Vanmarcke and colleagues performed a retro-
spective analysis of trauma registry data from
multiple institutions, including 12,537 patients
under the age of 3. They found that limiting
imaging to subjects with decreased level of con-
sciousness manifest by pediatric Glasgow Coma
Scale of less than 14 or high-energy mechanism
(motor vehicle crash) identified 78 of 83 (94%)
clinically important injuries with a negative pre-
dictive value of 99.9%. The overall high negative
predictive value was driven largely by the
extremely low incidence of injury in this popula-
tion (0.66%) even in subjects evaluated at major
trauma centers [54]. This study has not yet been
validated prospectively (limited evidence).
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Comparison of CT versus radiography has not
been well explored in children. Radiography has
accuracy for cervical spine fracture of approxi-
mately 94% [56], similar to adults [19]. The
odontoid view and flexion-extension radiographs
contribute little in young children [57-60]. CT is
likely more accurate than radiography but does
encompass higher radiation doses and higher
costs [61]. Most research studies and cost-
effectiveness analyses excluded children [19, 23,
37]. Further, the lower frequency of injury in
children [52, 62] and the increased radiosensitiv-
ity of pediatric subjects [63] suggest that cost-
effectiveness results from adults may not be
relevant.

A reasonable approach to pediatric cervical
spine imaging is the Harborview protocol
(Fig. 11.1 and Table 11.5). Overall, radiography
is adequate to exclude cervical spine fracture in
most young children (limited evidence) [61, 64].
However, the use of upper cervical CT in high-
risk younger children [65] who are getting head
CT is probably reasonable, as the time and cost
are minimal, and the thyroid can be spared the

C.C. Blackmore

CT radiation dose if imaging is limited to the
upper cervical spine (insufficient evidence). In
addition, upper cervical spine injuries are more
common than lower cervical injuries in younger
children [62, 66-68].

Who Should Undergo Imaging
of the Thoracic and Lumbar Spine
After Blunt Trauma?

Summary of Evidence There is no effective, vali-
dated clinical prediction rule to guide which
patients should undergo thoracolumbar spine
imaging. A recently developed prediction rule
[69] has potential to identify nearly all fractures
and reduce unnecessary imaging but has not yet
been validated. Other prediction rules with high
sensitivities for detecting thoracolumbar frac-
tures have been reported, but their low specifici-
ties and low positive predictive values mean that
the effect on imaging in patients without thoraco-
lumbar injuries would be minimal and utilization
essentially unchanged (moderate evidence).

| Age <4 Years I I Age 5-8 Years | | Age 29 Years I

CT Head NOT CT Head CT Head NOT
Indicated Indicated Indicated
A
CT (Upper C- v
spine only) Image as
Adult
\ ‘

Radiography
(AP and Lateral)

Radiography (AP, Lateral,
Swimmers, Open Mouth)

Fig. 11.1 Evidence-based decision tree for imaging of
the cervical spine in child victims of trauma. The NEXUS
or Canadian prediction rules are used to select patients for
imaging. If imaging is appropriate, the selection of CT
versus radiography is made based on whether the patient
is also to undergo head CT. The radiography and CT pro-

tocols are age dependent (Reprinted with kind permission
of Springer Science + Business Media from Blackmore
CC, Avey GD. Imaging of the Spine in Victims of Trauma.
In Medina LS, Blackmore CC (eds): Evidence-Based
Imaging: Optimizing Imaging in Patient Care. New York:
Springer Science + Business Media, 20006)
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Supporting  Evidence Several observational
studies have examined potential risk factors for
thoracolumbar fracture. These limited studies
have identified associations between the risk of
thoracolumbar injury and high-speed motor vehi-
cle crash [70, 71], fall from a significant height
[60-62], complaint of back pain [72-76], ele-
vated injury score [72, 73], decreased level of
consciousness [73-75, 77], and abnormal neuro-
logical exam (limited evidence) [74, 75].

Three different clinical prediction rules to
guide use of thoracolumbar spine imaging have
been developed, although neither prediction rule
has been validated. In 2003, Hsu et al. examined
the effect of six clinical criteria on two retrospec-
tive groups [78]. The first group consisted of a
cohort of 100 patients with known thoracolumbar
fracture, while the second group consisted of 100
randomly selected multi-trauma patients. The
criteria evaluated were (1) back pain/midline ten-
derness, (2) local signs of injury, (3) neurological
deficit, (4) cervical spine fracture, (5) distracting
injury, and (6) intoxication. The results of this
small-scale, retrospective trial found that 100%
of the patients in the known thoracolumbar frac-
ture group would have been imaged appropri-
ately using the proposed criteria. This proposed
pathway was then tested retrospectively in the
group of randomly selected blunt trauma patients
and was found to have a sensitivity of 100%, a
specificity of 11.3%, and a negative predictive
value of 100%. Implementing these criteria
would still require imaging the thoracolumbar
spine in 92% of the selected multi-trauma
patients.

A second, much larger prospective, single-
center study by Holmes et al. evaluated similar
criteria in 2003 consecutive blunt trauma patients
who underwent thoracolumbar imaging [79].
These clinical criteria (Table 11.5) were (1) com-
plaints of thoracolumbar spine pain, (2) thoraco-
lumbar spine pain on midline palpation, (3)
decreased level of consciousness, (4) abnormal
peripheral nerve examination, (5) distracting
injury, and (6) intoxication. This prediction rule
had 100% sensitivity for detecting thoracolumbar
fracture, however, with specificity of only 3.9%.
Due to this low specificity, implementing this

prediction rule in this patient population would
have decreased the rate of thoracolumbar imag-
ing by just 4% (moderate evidence).

More recently, a multicenter study at 13
trauma centers in the USA developed a clinical
prediction rule based on clinical exam findings,
age over 00 years, and high-energy mechanism.
This rule had sensitivity of 98.9% with specific-
ity of 29.0% for clinically important injuries. The
authors identified that clinical exam alone, with-
out age and mechanism, was not of sufficient sen-
sitivity. This study has also not yet been validated
(Table 11.1) [69].

Though not specifically evaluating a clinical
prediction rule, Sava and colleagues did identify
that clinical exam may not be sufficiently reliable
to exclude fracture in subjects with substantial
blunt trauma and altered sensorium [80].

What Is the Optimal Thoracic
and Lumbar Imaging Approach
in Blunt Trauma?

Summary of Evidence Multiple studies have
shown that some CT protocols used for imaging
the chest and abdominal visceral organs, when
performed with sagittal reformations, are more
sensitive and specific for detecting thoracolum-
bar spine fracture than conventional radiography.
In patients undergoing such scans, conventional
radiography may be eliminated (limited evi-
dence). The effect of primary screening with CT
scan on cost and radiation exposure has not been
thoroughly studied for the thoracolumbar spine.

Supporting Evidence Multiple limited evidence
studies examine the possibility of eliminating
conventional radiography in those patients who
are candidates for both conventional thoracolum-
bar radiographs and CT evaluation of the chest or
abdominal viscera; however, many of these trials
are hampered by small sample sizes and/or veri-
fication bias [81-86]. Studies that combine the
results of both CT and conventional radiography
as the reference standard suggest that CT has a
sensitivity of 78.1-100%, while conventional
radiographs have a sensitivity of 29.9-74% for
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detecting thoracolumbar fracture (Table 11.1)
[82—84, 87]. The clinical importance of thoraco-
lumbar fractures not found with conventional
radiography is unknown, as no studies with clini-
cally based outcome measures were located.

A single limited evidence trial examined the
use of CT as an initial evaluation in patients for
which a CT scan is not indicated for other rea-
sons [83]. This prospective, single-center trial
examined 222 trauma patients with both CT and
conventional radiographs as initial screening
exams. The reported sensitivity was 97% for CT
examination and 58% for conventional radio-
graphs. The results of this trial are limited in that
only 36 patients were diagnosed with thoraco-
lumbar fracture during the course of the trial.

Applicability to Children

Summary of Evidence There are no clinical pre-
diction rules validated in children for the
determination of when imaging is indicated.
However, a reasonable approach in older children
is to image when any of the following are pres-
ent: (1) complaints of thoracolumbar spine pain,
(2) thoracolumbar spine pain on midline palpa-
tion, (3) decreased level of consciousness, (4)
abnormal peripheral nerve examination, (5) dis-
tracting injury, and (6) intoxication (limited evi-
dence). No reliable data exists on when to image
in younger children (insufficient evidence).
Compared to adults, younger children are less
likely to localize pain and may have pain referred
to the spine from intra-abdominal causes, partic-
ularly renal (infection and obstruction).

Supporting Evidence Data on appropriate indica-
tions for thoracolumbar spine imaging in children
is limited. The adult clinical prediction rule from
Holmes and colleagues did enroll children.
However, the actual number of children in the
study is not reported [79]. The youngest patient
enrolled in the small clinical prediction rule vali-
dation trial by Hsu et al. was 14 years of age [78].
Given the 100% sensitivity in adults, it is reason-
able to employ the Holmes clinical prediction rule
in older children (limited evidence). In younger
children, the criteria would have to be modified ad
hoc to meet the clinical perception of the child’s

ability to provide reasonable responses and the
clinical picture (insufficient evidence). The speci-
ficity of the Holmes prediction rule in adults was
low (3.9%), so it is not expected that the use of this
prediction rule would decrease unnecessary imag-
ing [79]. The Inaba study excluded children [69].

Take Home Tables and Figure

Tables 11.1 through 11.6 and Fig. 11.1 serve to
highlight key recommendations, supporting evi-
dence, and imaging decisions.

Imaging Case Studies
Case 1

Figure 11.2a, b presents a victim of a motor vehi-
cle crash who has met criteria for cervical spine
imaging with CT scan due to a potentially unsta-
ble C6-7 facet and pars interarticularis fracture.

Case 2

Figure 11.3a, b presents a victim for a motor vehi-
cle crash who has met criteria for initial cervical
spine imaging with CT scan due to fracture of the
right skull base (foramen magnum) and disloca-
tion/dissociation at the atlanto-occipital joint.

Table 11.6 Thoracolumbar spine imaging criteria

Pain

Tenderness to palpation

Neurological deficit

Deformity

High-risk mechanism®

SRl el R e

Age > 60 years

Adapted with permission from Inaba K, Nosanov L,
Menaker J, et al. Prospective derivation of a clinical deci-
sion rule for thoracolumbar spine evaluation after blunt
trauma: An American Association for the Surgery of
Trauma multi-institutional trials group study. J Trauma
Acute Care Surg 2015;78:459-467

“Fall, crush injury, motor vehicle collision with rollover/
ejection, unenclosed vehicle crash, automobile versus
pedestrian
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Fig.11.2 Victim of a motor vehicle crash who met crite-
ria for cervical spine imaging with CT scan. A potentially
unstable C6—7 facet and pars interarticularis fracture is
apparent on CT (a) but was missed on contemporaneous
radiography (b). CT has higher sensitivity for fracture
than radiography (Reprinted with kind permission of

Springer Science + Business Media from Blackmore CC,
Avey GD. Imaging of the spine in victims of trauma. In:
Medina LS, Blackmore CC, editors. Evidence-based
imaging: optimizing imaging in patient care. New York:
Springer Science; 2006)

Fig.11.3 Victim of a motor vehicle crash who met crite-
ria for initial cervical spine imaging with CT scan. A frac-
ture of the right skull base (foramen magnum) (a) and
dislocation/dissociation at the atlanto-occipital joint (b)
are apparent on CT but were not visible on contemporane-
ous radiography (Reprinted with kind permission of

Recommended Imaging Protocols
Cervical Spine

CT protocol: Multi-detector CT with axial image
reconstruction at 2.5 mm or less, in both bone

Springer Science + Business Media from Blackmore
CC. Imaging of the spine for traumatic and nontraumatic
etiologies. In: Medina LS, Applegate KE, Blackmore CC,
editors. Evidence-based imaging in pediatrics: optimizing
imaging in pediatric patient care. New York: Springer
Science; 2010)

and soft tissue algorithms, and with sagittal and
coronal reformations in bone algorithm at 2 mm
collimation.

Radiography protocol: AP, open mouth, lat-
eral, and swimmers. Note that all images must be
adequate for evaluation, and the entire region
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from skull base to T1 must be visible in both
frontal and lateral projections. If adequate films
cannot be obtained after repeat imaging, then CT
should be performed.

Thoracic and Lumbar Spine

CT protocol: Axial images in bone algorithm
through the area of concern, with 2.5 mm
collimation. Must include sagittal reformations,
and preferable coronal, in bone algorithm, at
2 mm collimation.

Radiography protocol: AP and lateral views
covering the entire area of interest.

Future Research

e Studies in both cervical spine and thoracolum-
bar spine imaging indicate that CT is more
sensitive than traditional radiography in
detecting fractures. However, further clinical
studies addressing the relevance of these frac-
tures are needed.

» The applicability of cervical spine injury clin-
ical prediction rules in pediatric patients is
unknown. In addition, the sensitivity, specific-
ity, and cost-effectiveness of the various imag-
ing exams in the pediatric population are not
well established.

e Clinical prediction rules for imaging of the
thoracolumbar spine have been developed, but
further research is necessary to validate such
approaches. The effect of implementing these
rules on cost, cost-effectiveness, and radiation
exposure has not been determined.

e Appropriate imaging to detect unstable liga-
mentous injury, particularly in clinically unex-
aminable subjects, remains unresolved.
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Key Points

e Uncomplicated acute low back pain or

radiculopathy is frequently benign and
self-limited, and imaging does not
improve patient outcomes, exposes the
patient to unnecessary harms, and
increases costs (strong evidence).
Reformatted computed tomography
(CT) of the cervical spine is the first-line
modality for suspected cervical spine
injuries in adults, supplanting radiogra-
phy (moderate evidence).

There is strong evidence that disk extru-
sions in symptomatic patients are the
etiology for their pain (as this finding is
infrequently seen in asymptomatic
patients) (strong evidence).

MRI with contrast is the imaging modal-
ity of choice in patients with infection or
metastatic disease (strong evidence).
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Definitions and Pathophysiology

Acute back pain is a common problem which is
frequently seen in emergency rooms. The goal
of this chapter is to summarize the available
data regarding appropriate imaging for common
causes of acute back pain in pediatric and adult
patients. Acute back pain in adults and children
may be due to a myriad of causes, such as
trauma, osteopenic fractures, disk herniation,
spondylolysis/spondylolisthesis, cancer, and
underlying infectious disease. Acute back pain
in children may be due to spondylolysis/spon-
dylolisthesis (most common), infection, and
cancer, and a definitive diagnosis is not always
found [1].

Epidemiology

Back pain is extremely common, and the major-
ity of adults (reported to be as high as 84%) will
experience back pain in their lifetime [2]. In fact,
about one fourth of Americans reported back
pain in the past 3 months [3]. In children, the
prevalence of back pain has been reported to be
around 18-36% [4-8].
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Overall Cost to Society

The overall cost to society is billions of dollars
annually, as measured to be $90 billion in 1998
[9]. The overall cost to US patients in 2005 is
estimated to be $6085 per year [10]. The indirect
costs of disability or loss of work further increases
the cost to the individual.

Goals of Imaging

The goal of this chapter is to help radiologists
navigate and advise their emergency room col-
leagues about the most appropriate imaging
modality, if any.

Methodology

A PubMed/MEDLINE search was performed for
original articles from 1967 to 2015. A combina-
tion of search words was used including imaging/
radiology, (acute) back pain, pediatric, spine
fracture or injury, cost-effective, spondylolysis,
disk herniation, metastatic spine, and spine infec-
tion. We excluded case reports, editorials, and
articles without an English translation. Some
review papers were read to find original refer-
ences. Those reports were evaluated for our
exclusion criteria and were included if deemed
relevant to this review. The ACR (American
College of Radiology) appropriateness criteria
for suspected spine trauma and low back pain
were used as part of our analysis [11, 12].

Discussion of Issues

What Is the Role of Imaging
in Patients with Acute Back Pain
Suspected of Having Fractures?

Summary of Evidence No imaging is necessary in
patients who are deemed to be low risk per NEXUS
or Canadian C-spine rule criteria (strong evi-
dence). If imaging is required, CT is preferable in
patients 14 or older (strong evidence). The ACR

recommends radiographs over CTs in children
under the age of 14 (moderate evidence).
Spondylolisthesis is best assessed by radiography,
although low-dose limited CT is a promising new
method.

Supporting Evidence
Radiography

Cervical

Two prospective cohort studies, the National
Emergency X-Radiography Utilization Study
(NEXUS) and the Canadian C-spine prediction
rules, have developed clinical criteria for cervical
radiography with reported sensitivity of 99.6—
100% (confidence interval (CI) of 99-99.6 and
98-100%, respectively) [13, 14]. The NEXUS
study enrolled 34,069, and the Canadian C-spine
study also had a large cohort of 8924 patients [13,
14]. The NEXUS study found that patients did
not need cervical radiographs if they met all five
low-risk criteria: no posterior midline cervical
spine tenderness, no intoxication, normal level of
alertness, no neurologic deficits, and no painful
distracting injuries [13]. The Canadian C-spine
rules stated that patients did not need cervical
radiography if they did not have a high-risk
mechanism, they had low-risk factors that would
allow for safe range of motion, and they were
able to rotate their neck 45° left and right [14].

A prospective study of 8283 patients later
compared NEXUS to the Canadian C-spine rules
and found that the sensitivity (99.4% vs 90.7%),
specificity (45.1% vs 36.8%), and radiographic
rates (55.9% vs 66.6%) were better with the
Canadian C-spine rules compared to NEXUS
[13, 15]. These rules are helpful to use to deter-
mine which patients are “low risk” and do not
need imaging.

In patients older than 14 years that do need
imaging, CT is preferred over radiographs.
Studies have found that 15-61% of cervical
spine fractures and 36% subluxations and dislo-
cations (23% unstable injuries) can be missed
with traditional three-view radiographs (AP, lat-
eral, and odontoid images) [16-18]. A meta-
analysis of patients with blunt trauma found that
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the sensitivity for radiography was 52% com-
pared to 98% sensitivity for CT [19]. Therefore,
CT imaging is the first-line modality in patients
with clinical features concerning for fracture and
the recommended modality by the Eastern
Association for the Surgery or Trauma (EAST)
practice management guideline committee
(moderate evidence) [20].

Flexion and extension views were considered
to be part of the “clearing the C-spine” armamen-
tarium but have been falling out of favor, because
studies are finding that if they are “positive,” the
MRI is negative for ligamentous injury, or they
do not change clinical management when the CT
scan and neuro exam are negative [21-25]. False-
negative flexion/extension radiographs are also
problematic especially in patients with true
severe instability and subluxation. One
retrospective study looked at 49 patients who had
both flexion/extension radiographs and MRIs.
Eight patients had ligamentous injury on MRI
which was not seen on the flexion/extension
radiographs (0% sensitivity), and the flexion/
extension images were considered incomplete or
ambiguous in 20% and 9% of the cases [26]
(moderate evidence).

The majority of studies do not recommend
performing flexion/extension views in the uncon-
scious, inebriated, or obtunded patients because
itis frequently inadequate (up to 96% of the time)
and may be dangerous/cause quadriplegia
[27-30].

If flexion and extension images are to be per-
formed in patients, the ACR recommends per-
forming the study after a MRI shows normal or
equivocal ligamentous pathology with sufficient
clinical concern, and waiting until the acute neck
pain has resolved so that the study is not limited
by insufficient range of motion [11, 31-34].

Thoracolumbar

In patients considered to be low risk for fracture,
radiography (AP and lateral) can be the first-line
treatment [11]. Otherwise, CT is indicated, as
described below.

Computed Tomography

Cervical

In patients with clinical features concerning for
cervical spine fracture, CT of the cervical spine is
the recommended modality by the Eastern
Association for the Surgery or Trauma (EAST)
practice management guideline committee [20].
One large prospective trial with 800 patients
found that CT has a 98.5% sensitivity for fracture
(moderate evidence) [35]. CT is an excellent
modality to delineate osseous structures.

Thoracolumbar
If CT of the chest, abdomen, or pelvis is already
being performed for clinical reasons, reformatted
images should adequately show the thoracolum-
bar (TL) spine. The data for when to image the
TL spine is not as robust as the cervical spine
data. Hsu et al. performed a literature review of
the available TL spine fracture literature and cre-
ated guidelines for imaging TL fractures in blunt
trauma patients and then retrospectively applied
them to 200 patients (100 with fractures and 100
random multi-trauma controls) and found these
guidelines to be 100% sensitive and 11.3% spe-
cific, with a negative predictive value of 100%
[36]. This study suggested that the TL spine
should be imaged in patients with back pain/mid-
line tenderness, local signs of thoracolumbar
injury, major distracting injury, Glasgow Coma
Scale (GCS) <15, abnormal neurological signs,
cervical spine fracture, or alcohol/drug intoxica-
tion (moderate evidence) [36]. Spinal injury is
frequently seen at multiple levels, and 8-27% of
patients with cervical fractures also have TL frac-
tures, which is one of the reasons why imaging
the TL spine is indicated in patients with C-spine
fractures [36-38]. In fact, because it is so com-
mon to have noncontiguous spinal fractures, the
ACR recommends scanning the TL spine in
patients with known cervical fractures [11].

CT is often much faster than MRI and more
suitable for patients who are unstable. One study
of 1004 patients found that if a CT with coronal
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and sagittal reformats was negative for acute
fracture in patients with a normal motor exam, an
MRI may not be needed for cervical spine clear-
ance (95% CI = 97-100%) [39]. In trauma
patients, a CT should be performed to rule out
osseous abnormalities prior to MRI as one study
found that MRI missed 55% of fractures (moder-
ate evidence) [40]. In any trauma setting it is
imperative that sagittal reformatted images are
processed and reviewed as one retrospective
study found that up to 84% of fractures would be
missed if sagittal images are not used [41].

Magnetic Resonance Imaging

MRI is helpful in conjunction with CT if a
patient has a suspected spinal cord injury, neu-
rologic deficits, ligamentous injury, concern for
soft tissue injury, or radicular pain. MRI is less
sensitive for fractures, as one retrospective
study found that it was 11.5% sensitive to detect
posterior element fractures and 36.7% sensitive
to detect anterior cervical fractures (compared
to the 75 fractures seen on CT) (limited evi-
dence) [42]. Of note, this study is from 1999,
and there has been considerably improved MRI
resolution since then. One pediatric study found
that MRI was 100% sensitive for fractures, but
only six fractures were evaluated (insufficient
evidence) [43].

MRI is more sensitive for ligamentous injury.
The ACR recommends that MRI for ligamentous
injury can be performed at any time, as there is
no convincing evidence that it needs to be per-
formed within 48 h [11]. However, if it has been
48 h after the trauma and the patient’s neurologic
status still cannot be assessed, the ACR recom-
mends proceeding to an MRI, even in the CT was
negative [11]. One study looked at 31 patients
and compared the MRI ligamentous findings to
the surgical findings and found that MRI was
93% sensitive for disk pathology, 93% sensitive
for posterior longitudinal ligament injury, and
100% sensitive for interspinous soft tissue injury
but less sensitive for anterior longitudinal and
ligamentum flavum injury (71% and 67%,
respectively) [44].

Applicability to Children

Pediatric patients 14 or older should be treated
like adults as their spines are ossified. In children
younger than 14, there is insufficient data to sup-
port radiographs versus CT. Nonetheless, since
CT confers ionizing radiation and the majority of
pediatric fractures under 14 are in the occiput to
C2 areas, radiography (AP, lateral, and odontoid
of the cervical spine or AP and lateral of the tho-
racic spine) is recommended by the ACR as the
first line in pediatric patients [11]. CT is indicated
in patients with a high suspicion for fracture or
abnormality seen on radiographs [45]. Although
the ACR recommends radiography, it seems that
pediatric cervical CT requests are on the rise, as a
recent study looked at 5148 patients in emer-
gency departments and found that pediatric cer-
vical spine CT usage has increased from 3.5% to
16.1% from 2002 to 2011 [46].

One study retrospectively applied the NEXUS
criteria to pediatric patients and found it to have
100% sensitivity (CI = 87.8-100%) [47].
However, this study does have limitations with
the low end of the confidence interval, low num-
ber of patients with cervical spine injury (only
30), and no children under 2 years of age included
(insufficient evidence) [47].

Jaffe et al. performed a retrospective radio-
graphic review of 206 pediatric patients with cer-
vical spine radiographs to see if the following
parameters could predict cervical fracture: neck
pain, neck tenderness, limited neck mobility, his-
tory of neck trauma, abnormal reflexes, strength,
sensation, and mental status [48]. Using these
criteria, 58 out of the 59 cervical spine fracture
patients were correctly identified [48]. The one
case that was missed was a 2-year-old who fell
off monkey bars and had a dens fracture requiring
halo traction [48]. Some studies consider chil-
dren younger than two with cervical spine trauma
automatically “high risk” because they cannot
communicate effectively; therefore, imaging is
indicated [49].

In pediatric patients with cervical neck pain,
radiographs are considered the first-line modality,
because cervical spine injuries are uncommon in
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this population, and radiographs confer less radia-
tion compared to cervical spine CT [11]. The thy-
roid is the most radiosensitive structure that is
affected by cervical imaging, and one study found
the dose to the thyroid with CT was increased
14-fold compared to radiography (26 mGy vs
1.8 mQGy), so it is prudent to employ dose reduc-
tion strategies and reduce radiation exposure as
much as possible in children [50].

Special Cases

Spondylolysis or spondylolisthesis is the most
common cause of pediatric back pain [51]. If
clinically suspected, a two-view (AP and lateral),
four-view (two additional oblique views), or five-
view (additional spot lumbar) lumbar radiograph
series is requested.

There is some debate about whether those
additional oblique and spot lateral views are
needed as they more than double the gonadal dose
[52]. The effective dose for a two-view study is
0.72 mSv and 1.26 mSy for a four-view study [53]
As the management of most spondylolysis is con-
servative, the dose imparted from the oblique
views or spot lateral images is not insignificant
and should be used judiciously [52, 54].

One study looked at 86 patients and found that
if the oblique view was eliminated, four unilat-
eral pars fractures would be missed [52]. Another
retrospective review of 782 patients found that
the spot lateral and the oblique radiographs were
only uniquely diagnostic in 2.4% of the cases
(13/15 unilateral spondylolysis, 5/45 bilateral
spondylolysis, and 1 congenital fusion of L2
facet to L3) [54]. Similarly, Miller et al. found
that after retrospective review of 2846 patients,
there is no significant difference in sensitivity
comparing the two-view study to the four-view
study (moderate evidence) [55]. Although these
investigators advocate using two views to lower
the radiation dose, Libson et al. retrospectively
reviewed 1743 cases and found that without the
oblique views, 20% of cases would be missed,;
however, it is unclear if those cases changed clin-
ical management [56]. One solution to this
dilemma would be to start with two views (AP
and lateral), and if the patient has ongoing pain,
add oblique images.

Most commonly, lumbar radiographs are
requested when spondylolysis is suspected.
However, new data suggests that low-dose lim-
ited field of view CT improves interobserver
agreement, with kappa improved from 0.24-0.4
with X-ray to 0.8 with CT [57]. There was no
significance difference between the dose of the
low-dose CT compared to radiographs
(0.12 mSv—1.04 mSv for CT versus 0.1-0.3 mSv
(for a single radiographic view) [57]. CT is more
sensitive than X-rays to diagnose pars defects
and more sensitive/specific than bone scanning
(CT sensitivity, 90%; bone scanning sensitiv-
ity, 84%) [55, 58]. However, one of the caveats of
this method is because the CT is limited and
focused on the area of concern (most likely L4—
S1 area), and it could miss pathology that is out-
side of the field of view.

Bone scanning and single-photon emission
computed tomography (SPECT) can show early
stress reaction before spondylolysis, but can be
negative in old fractures (up to 83% of the time),
and cannot distinguish fractures from stress reac-
tion [59]. Two studies have found that SPECT
imaging is more sensitive than bone scans alone
in that with the 101 positive SPECT cases, 64
cases would have been missed with bone scan
alone (limited evidence) [60, 61]. However,
SPECT cannot often provide a specific diagnosis
and will need further clarification with another
modality (which is why SPECT is occasionally
paired with CT).

More recent data has looked into MRI to eval-
uate for spondylolisthesis as early reaction can be
seen and no radiation is needed (although anes-
thesia may be needed in pediatric patients). One
retrospective study of 103 patients with both
radiographs and MRI found that MRI was 78%
sensitive for spondylolisthesis, compared to the
98% seen on lateral radiographs, suggesting that
the upright standing radiographs might change
management as the spondylolisthesis was less
well seen on the supine MRIs (limited evidence)
[62]. A retrospective review found that MRI for
spondylolisthesis has a reported sensitivity of
86%, specificity of 82%, PPV of 18%, and NPV
of 99% (limited evidence) [59]. Another retro-
spective study also found that MRI missed 7/11
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(64%) of fractures that were seen on CT or plain
film [63]. One report found that ancillary MRI
findings, such as increased sagittal diameter and
wedging of the posterior aspect of the vertebral
body, would improve the detection of spondylo-
listhesis from 30% to 97% (66 patients); it is
unclear if the aforementioned studies used these
secondary findings [64].

Cost-Effectiveness Analysis

If a trauma patient is already going to undergo a
head CT, then adding a cervical CT has been
deemed comparatively effective if that patient
has 5% or more likelihood of fracture [65]. One
study looked at patients who had radiographs that
did not show the C7-T1 level and subsequent
CTs which did show that level and found that
11/360 fractures were missed on radiography.
The cost-effectiveness of requesting CT to look
at the C7-T1 level was $9192 for each fracture
seen, $16,852 for each potentially unstable frac-
ture, and $50,557 for each definitely unstable
fracture, so CT (in this particular situation) was
cost-effective [66].

One study retrospectively reviewed 837 radio-
graphs and found that one third of the images
were inadequate and only four flexion/extension
images were positive (one falsely positive, two
borderline, and none requiring surgery) and con-
cluded that flexion/extension radiographs are not
cost-effective because about one third of the
images were considered inadequate (moderate
evidence) [67].

What Is the Role of Imaging
in Patients Suspected of Having
a Disk Herniation?

Summary of Evidence Recent studies have found
that uncomplicated low back pain/radiculopathy
usually resolves within 30 days and imaging is not
necessary (strong evidence). The difficulty therein
is to determine which patients have uncomplicated
back pain and who needs imaging.

Supporting Evidence Multiple studies have
found the majority of uncomplicated low back

pain/radiculopathy is self-limited and benign and
usually resolves within 3—4 weeks [68-72]. In
adult patients without specific indication for
imaging, routine imaging may not improve out-
comes and may result in more unnecessary tests/
procedures [73-75]. In adult patients with pro-
gressive neurologic deficits or “red flags” of low
back pain, imaging is indicated.

The ACR appropriateness criteria define “red
flag” symptoms as the following: trauma, (includ-
ing cumulative trauma), unexplained weight loss,
age >50 years (especially women and males with
osteoporosis or compression fracture), unex-
plained fever, difficulty urinating or urinary
retention, immunosuppression, age >70 years,
diabetes mellitus, prior surgery, history of cancer,
intravenous drug use, prolonged use of cortico-
steroids, osteoporosis, focal neurologic deficit(s)
with progressive or disabling symptoms, cauda
equina syndrome, or back pain duration longer
than 6 weeks [12].

In children, other red flags have been cited
such as back pain in prepubertal children, pain
lasting more than 1 month, disability, history of
malignancy or TB exposure, recurrent or worsen-
ing pain, early morning stiffness, night pain, sco-
liosis, fever, radicular pain, weight loss, limp, or
altered gait [76].

Why are these “red flag” symptoms impor-
tant? A meta-analysis including 1804 patients
with acute/subacute low back pain and no red
flag symptoms found no improvement of pain,
quality of life, or function with imaging com-
pared to those who received conservative man-
agement [74]. Furthermore, these patients tend
to have considerable improvement in their pain
and function after 4 weeks regardless of treat-
ment [77]. Studies have found that no cancer
diagnoses would be missed if these criteria were
used to evaluate 1170 patients (prospective) and
963 patients (retrospective) (moderate evidence)
[78, 79].

Radiographs

Radiographs of the spine are the most helpful to
look for alignment, sclerosis, osteophytes, disk
space narrowing, compression fractures, and
neural foraminal narrowing. Interestingly, the
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degree of degenerative changes does not appear
to strongly correlate with the degree of symptoms
in chronic back pain sufferers (moderate evi-
dence) [80]. Herniated disks cannot be assessed
by radiography and MRI is necessary.

Computed Tomography
Intervertebral disks can be seen with CT with
reported sensitivity and specificity similar to MRI
(59% sensitivity for CT vs 64% sensitivity for
MRI and 86% specificity for both modalities) and
receiver operating characteristic area under the
curve of 0.83-0.86 (CT) and 0.81-0.84 (MRI)
(moderate evidence) [81, 82]. The extraforaminal
and foraminal nerve roots can be seen on CT, but
they are better seen on MRI [83]. CT is not appro-
priate if intradural or spinal cord pathology is sus-
pected, and MRI is the preferred modality [12].
According to the ACR appropriateness criteria for
low back pain, MRI +/— contrast depending on the
clinical situation is the most appropriate strategy
in patients who are candidates for imaging [12].
CT myelography has fallen out of favor
because MRI often provides more information
and does not require a lumbar puncture proce-
dure. In patients who cannot have a MRI or have
extensive spinal hardware, CT myelography can
be helpful to visualize disk herniations and neu-
ral foraminal narrowing.

Magnetic Resonance Imaging

In the acute setting, MRI is the imaging modality
of choice in patients with complicated back pain,
radiculopathy, severe neurologic compromise, or
symptoms suggestive of cauda equina syndrome
(bilateral leg weakness, urinary retention, fecal
incontinence, and saddle anesthesia). In patients
who have had prior back surgery or findings con-
cerning for neoplasm or infection, MRI should be
performed with contrast [12].

Unfortunately, there is a high prevalence of
abnormal disks in asymptomatic people seen on
MRI (20-80%), making it difficult to ascertain
whether the finding is related to the patient’s cur-
rent pain [84-86]. One prospective study found
that disk extrusions were significantly associated
with a history of low back pain (p < 0.01) and no
association was seen with disk protrusions or bulge
[87]. Disk extrusions (Fig. 12.1a—d) are uncom-
monly seen in asymptomatic patients (1%) in con-
trast to protrusions (27%) and bulges (52%) [88].

What Is the Role of Imaging
in Patients Suspected to Have
Infection?

Summary of Evidence MRI with and without con-
trast is the modality of choice in patient’s suspected
of having an infection (moderate evidence).

Fig. 12.1 A 65-year-old male who fell 10 feet from a
roof, who presented to the emergency room with neck
pain and paresthesia in his hands. Sagittal CT (a) demon-
strates dislocation C5—-C6 with left-sided facet joint dislo-
cation and subluxation of the right facet joint. Sagittal

T2-weighted (b), proton density (PD) (¢), and T1-weighted
(d) images demonstrate the dislocation between C5 and
C6 vertebral bodies, with soft tissue and disk material in
the anterior spinal canal, soft tissue injury posteriorly, and
paravertebral soft tissue
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Supporting Evidence

Radiography

Osseous infections can be occult on radio-
graphs, especially early in the course of disease.
The most common early finding is end plate ero-
sion. Manifestations of spine infection can be
slow to develop on radiography, and it can take
up to 6 weeks to show end plate irregularity.
Radiographs have been found to be 82% (sensi-
tive) and 57% (specific) for infection when it is
seen (strong evidence) [71]. Typically, radio-
graphs will show end plate irregularity, followed
by erosion, decreased disk space, and eventually
collapse.

Computed Tomography
There is insufficient data to comment on the
accuracy of CT for spinal infection.

Magnetic Resonance Imaging

MRI imaging with contrast is the imaging of
choice in patients suspected of having spinal
infection as it is the most sensitive and specific
modality [12]. Even so, early changes can be dif-
ficult to interpret on MRI. One of the earliest
findings is bone marrow edema, end plate erosion
(best seen on TIW images), increased T2W sig-
nal in the disk space, and loss of the internuclear
cleft on T2W images [89].

One study retrospectively looked at 44 patients
with proven spondylodiscitis and found that para-
spinal/epidural inflammation was the most sensitive
finding (97.7%), followed by disk enhancement
(95.4%) and disk hyperintensity (93.2%) [90].
Erosion of the end plate and effacement of the
nuclear cleft had sensitivities of 84.1% and 83.3%,
respectively [90].

Sometimes it is hard to distinguish type 1
Modic changes (increased T2 signal in the end
plate) from infection on MRI. Patel et al. retro-
spectively reviewed 73 patients and found that
they could distinguish Modic changes from
infection using a diffusion-weighted sequence. A
well-defined “claw” sign was seen in patients
with Modic changes (and 97-100% were

infection-free), and an ill-defined restricted diffu-
sion pattern was seen in the patients with infec-
tion (moderate evidence) [91]. Although this is a
helpful finding, not all centers use spine diffusion-
weighted imaging. Secondary features of spon-
dylodiscitis as described above can also be
helpful to differentiate between the two in addi-
tion to clinical findings such as fever, white blood
cell count, and c-reactive protein elevation
(although these clinical findings are not always
positive in patients with proven spondylodiscitis)
[92].

Bone Scanning, Gallium, and 18F PET/CT
Bone scans and gallium have been found to be
82-92% sensitive for spondylodiscitis, and 94%
sensitive when used in combination, but are lim-
ited by lack of anatomic detail [93, 94]. These
scans can be helpful when trying to assess ther-
apy response, because the gallium scan will
become negative during the healing phase of
infection and the technetium scan will remain
positive [93].

In patients who cannot have an MRI due to
implanted devices, spinal hardware, renal failure,
or other factors, 18F PET/CT is a another option
to diagnose spondylodiscitis. One retrospective
review looked at 20 pediatric/young patients and
found that 18F PET/CT was able to accurately
diagnose 6 patients with surgically confirmed
infection, and the other patients had noninfec-
tious hardware complications or infections in
other locations (limited evidence) [95].

One prospective study of 26 patients com-
pared MRI to 18F PET/CT and found that spon-
dylodiscitis can be accurately detected in both
MRI (81% accuracy) and 18F PET CT (84%
accuracy) (limited evidence) [96]. As bone scan-
ning, labeled leukocyte, and gallium scanning do
not have high sensitivity, specificity, or special
resolution, 18F PET/CT is a technique which is
showing promise to help diagnose spinal infec-
tion in patients who have suboptimal MRIs.
Furthermore, similar to gallium scanning, 18F
PET/CT can be helpful to assess patient treat-
ment response [97].
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What Is the Role of Imaging
in Patients Suspected of Having
Metastatic Disease?

Summary of Evidence MRI and radionuclide
studies are the studies of choice for identifying
osseous metastasis as both CT and radiographs
are less sensitive (strong evidence).

Radiography

Radiography is not a particularly sensitive modal-
ity to detect osseous metastases, as 50-75% of
the bone trabecula must be lost before a lytic
lesion is seen (limited evidence) [98].

Computed Tomography

There is limited evidence regarding the accuracy
of CT for osseous metastasis; nonetheless, stud-
ies have found that both MRI and PET/CT are
more sensitive methods for evaluating metastatic
burden compared to CT alone [99]. One retro-
spective study looked at 201 osseous spinal
metastases and found that CT identified 133/201
and MRI found 198/201 rendering a sensitivity of
66.2% for CT and 98.5% for MRI (p < 0.0001)
and MRI was also found to be more accurate,
98.7% compared to 88.8% with CT [100].

Magnetic Resonance Imaging

MRI is more sensitive and specific than CT for
bone metastasis detection, especially when
diffusion-weighted sequences are used. One
study retrospectively looked at 17 patients who
had whole body diffusion-weighted MRIs, bone
scans, and a CT bone survey, and they found that
MR identified 22% more metastatic lesions com-
pared to bone scans and 119% more than seen on
CT (limited evidence) [101, 102]. One study with
52 metastatic lesions found that when they added
diffusion to the whole body MRI, sensitivity and
positive predictive value (sensitivity, 96%; PPV,
98%) increased compared to whole body MRI
without diffusion (sensitivity, 88%; PPV, 95%)
and bone scan (sensitivity, 96%; PPV, 94%)
(moderate evidence) [103]. Of note, diffusion
imaging is not as sensitive as a bone scan for
identifying rib, chest, scapula, and skull lesions
but does appear to be particularly helpful to iden-
tify axial skeleton metastases [101]. One study

compared diffusion-weighted whole body imag-
ing with bone scanning and found no significant
differences in terms of staging; however, in
patients with more than ten osseous lesions,
diffusion-weighted MRI found more of them
(sensitivity 97% compared to bone scan sensitiv-
ity of 48%) (limited evidence) [104].

It is unclear if whole body MRI is superior to
bone scans. One meta-analysis of 332 patients
was unable to show if one modality was clearly
better than the other, as both had good diagnostic
performance [105]. But, this study excluded
studies that used the diffusion-weighted sequence
with MRI, which can improve bone marrow
metastasis detection [103]. One retrospective
study found that when diffusion-weighted
sequences were added to MRI in 67 patients, the
sensitivity improved from 73% to 95.5% with the
addition of this sequence [106].

Bone Scanning and Photon Emission
Tomography

PET/CT is more sensitive and accurate at diag-
nosing osteolytic metastasis compared to bone
scanning (92% vs 73%) [107-109]. In patients
with osteoblastic metastases, bone scanning is
preferred over PET/CT [108].

PET/MR is an emerging modality which has
shown some oncologic promise. One study
looked at 109 patients with 25 metastases who
had same day PET/CTs and PET/MRs and found
that the PET/MRI found 12% (or 3) more osse-
ous metastases than PET/CT (limited evidence)
[110].

Take Home Table

Table 12.1 reviews the sensitivity and specificity
of imaging modalities for acute pain conditions.

Imaging Case Studies
Case 1
In Fig. 12.1a-d, a 65-year-old male who fell

10 feet from a roof presents to the ER with neck
pain and paresthesia in his hands.
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Table 12.1 Sensitivity and specificity of imaging modalities for acute back pain conditions

Modality Study Sensitivity Specificity Limitations/ROC
Fractures Radiograph [19, 52-73% 100% AUC 0.86
111]
CT [19, 98-100% 97% AUC 0.98
111]

MRI [42,43] | 11.5%~100%" | 97%*" *Posterior element
fracture paper from
1999
APediatric cervical
spine

Spondylolisthesis Radiograph [53,55, |53-98% 94-96%
62]

CT [55] 90%

MRI [59, 62] | 78-86% 82%

Bone scan/ [55,59] |17%

SPECT (chronic)-84%

Disk Herniation CT [81] 59% 86% AUC 0.83-0.86

MRI [81] 64% 86% AUC 0.81-0.84

Infection Radiograph [112] 82% 57%
MRI [112, 82-100% 16.7-92% AUC 0.61-0.94
113]
Bone scanning [112] 90% 100%
(combined (combined
with gallium with gallium);
and without) 78% alone
Gallium [112] 90% 100%
(combined (combined
with gallium) with bone
scan)
FDG-PET [112, 90-93% 50-82% AUR 0.75-0.86
113]
Metastatic disease Radiograph [114] 73%
MRI [101] 100% 100% Numbers for MRI
with whole body
diffusion
Bone scanning [107, 67-76% 85-97%
114,
115]

FDG-PET [15, 60-95% 98-100%
107]

AUC area under the curve, CT computed tomography, FDG-PET fluorodeoxyglucose positron emission tomography,
MRI magnetic resonance imaging, SPECT single-photon emission computed tomography

Case 2

In Fig. 12.2a—c, we encounter a 47-year-old male
with a 2-day history of increased pain and weak-
ness in his right leg and decreased sensibility of
the lateral parts of the calf and over his right foot.

Case 3

In Fig. 12.3a—e, a 45-year-old male 3 months post
surgery for disk herniation presents with acute
low back pain.
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Fig. 12.2 A 47-year-old male with a 2-day history of
increased pain and weakness in the right leg and decreased
sensibility of the lateral parts of the calf and over the right

Case 4

In Fig. 12.4a—c, we encounter a 60-year-old
female with a history of breast cancer who pres-
ents with acute back pain.

Suggested Imaging Protocols

e Cervical spine fracture: CT is the first-line
modality (above foramen magnum to T2,
0.6 mm collimation; axial, 2 mm collimation;
and sagittal/coronal reformations, 1.5 mm
slice thickness). There is not enough data in
the pediatric literature to suggest a first-line
modality, but typically radiographs are done
first [116, 117].

e Thoracolumbar spine fracture: CT is the
preferred method for trauma patients per
ACR appropriateness criteria (0.6 mm
collimation; axial, 3 mm sections; and
sagittal/coronal reformations, 2 mm slice
thickness) [117].

e University of Michigan lumbar spine protocol:

foot. Axial T2 (a), sagittal T1 (b), and sagittal T2 images
(c¢) show a disk protrusion (white arrows) at the L4-L5
intervertebral disk level

— Sagittal TIW FLAIR: TR 1850-3000/TE
24, 288 x 224 matrix, 30 cm FOV, 4-mm
slice thickness, 1-mm skip

— Sagittal T2W fat-saturated: TR 3000-5000/
TE 110, 384 x 256 matrix, 30 cm FOV,
4-mm slice thickness, 1-mm skip

— Axial TIW: TR 1850-3000/TE 24,
256 x 224 matrix, 20 cm FOV, 5-mm slice
thickness, 2.5-mm skip

— Axial T2W: 3000-5000 TR/102 TE,
256 x 224 matrix, 20 cm FOV, 4-mm slice
thickness, 2-mm skip

Future Research

Should children under the age of 14 have cer-
vical spine radiographs or CTs?

What is the best imaging modality for
spondylolisthesis?

Should diffusion be a standard sequence on
spinal MRIs for infection and metastasis?
Does PET/CT outperform MRI for spinal
metastasis?
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Fig. 12.3 A 45-year-old male 3 months post surgery for
disk herniation, who presents with acute low back pain.
Sagittal short tau inversion recovery (STIR) (a) and
T2-weighted (b) images demonstrate increased soft tissue
with hyperintense signal in the anterior aspect of the spi-
nal canal at the level of L4-L5 intervertebral disk space

Summary

* No imaging: low-risk adult patients with cer-
vical spine injury (according to the NEXUS or
Canadian cervical rules) or patients who do
not have any “red flag” symptoms.

and in adjacent vertebral bodies. Sagittal T1-weighted
image before (¢) and sagittal and axial TI1-weighted
images following intravenous gadolinium injection (d and
e) demonstrate pathological contrast enhancement of the
soft tissue in the anterior aspect of the spinal canal extend-
ing laterally to the right

e Radiographs preferred: for spondylolisthesis
as a first-line option.

e CT preferred: cervical spine CT is recom-
mended for patients who are considered high
risk for cervical spine fracture.
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Fig. 12.4 A 60-year-
old female with a history
of breast cancer who
presents with acute back
pain. Sagittal
T2-weighted pre-
intravenous (a),
T1-weighted pre-
intravenous (b), and
T1-weighted images
post-intravenous (c)
gadolinium
administration
demonstrate multiple
metastases in the
vertebral bodies. Note
the metastases are less
conspicuous on the
post-contrast-enhanced
T1-weighted sequence

e MRI preferred: over flexion/extension radio-

graphs for ligamentous injury, herniated disks,
spine infection (with contrast), and metastatic
disease (with contrast).

NM preferred: metastatic disease, patients
with suspected infection who cannot have an
MRI
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Key Points

The clinical signs and symptoms of
acute bacterial sinusitis (ABS) overlap
with that of nonspecific upper respira-
tory tract viral infection (strong
evidence).

Sinus radiographs are moderately sensi-
tive to diagnose ABS compared with
sinus puncture and culture (moderate
evidence).

Although CT is frequently performed to
assist diagnosis of sinusitis, inadequate
data exists on the sensitivity and speci-
ficity of sinus CT for diagnosis of ABS
(limited evidence).

Imaging criteria include the presence of
frothy air-fluid levels or complete sinus
opacification but do not include muco-
sal thickening (limited evidence).
Despite relatively high sensitivity of CT
or sinus radiography, imaging is not
indicated in the initial diagnostic

workup for acute uncomplicated sinus-
itis due to cost and radiation dose (strong
evidence).

Imaging is indicated for patients who
fail to respond to medical management,
have severe symptoms suspicious for
complications related to acute sinusitis,
or patients planning to undergo surgery
(moderate evidence).

The diagnosis of chronic sinusitis is
based on clinical grounds. No gold stan-
dard exists to confirm clinical diagnosis.
CT findings for chronic sinusitis often
do not correlate with patients’ clinical
symptoms (limited evidence).

Children under 6 years of age should not
undergo sinus radiographs due to their
limited sinus development (moderate
evidence).

Imaging (contrast-enhanced CT or MR)
is indicated in immunocompromised
patients or patients with neurologic
symptoms with acute progression of
sinus infection in order to assess poten-
tial complications from acute sinusitis
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Definition and Pathophysiology

The term “sinusitis” refers to mucosal inflamma-
tion of the paranasal sinuses. The paranasal
sinuses are assumed to be sterile under normal
circumstances; however, the paranasal sinuses
are continuous to the nasal mucosa or nasophar-
ynx that is heavily colonized with bacteria. These
bacteria are removed from the paranasal sinuses
by the mucociliary function. Normal mucous
secretions contain antibodies and, together with
mucociliary clearance, work to clear bacteria
from the paranasal sinuses. Thus, key host
defenses against infection include maintaining
normal mucociliary flow and an intact local
mucosal surface [1, 2].

Sinusitis is classified as acute, subacute, or
chronic based on the duration of the illness. Acute
sinusitis refers to sinusitis lasting fewer than
4 weeks, subacute sinusitis refers to sinusitis last-
ing 4-12 weeks, and chronic sinusitis refers to
sinusitis lasting more than 12 weeks. Although
initial imaging in the setting of acute uncompli-
cated sinusitis is not recommended, imaging can
play a key role in diagnosis and management of
medically refractory disease.

The common predisposing events that set the
stage for ABS are an acute viral upper respiratory
infection resulting in viral rhinosinusitis (predis-
posing to approximately 80% of bacterial sinus
infections) and allergic inflammation (predispos-
ing to 20% of bacterial infection). Once the
mucosa of the paranasal sinuses swells due to
either viral infection or allergy, it causes sinus
ostia obstruction causing impaired mucociliary
clearance. Obstruction and abnormal clearance
lead to low pressure within the paranasal sinuses,
which exaggerates mucosal thickening and
edema, further worsening sinus mucociliary
clearance. This can then develop into acute bacte-
rial sinus infection. The presence of “normal”
sinus flora is uncertain, as sampling of sinuses in
healthy volunteers have revealed both multiple
organisms, and also no organism [3].
Streptococcus pneumoniae and Haemophilus
influenzae are two common organisms causing
ABS; however, H. influenzae has become a more
prevalent organism since the widespread use of

the heptavalent pneumococcal conjugate vaccine
(PCV7) in 2004 [4, 5]. Other organisms include
Moraxella catarrhalis, other Streptococcus spe-
cies, and Staphylococcus. In the first 7-10 days,
sinusitis is typically viral, with progression to
predominantly aerobic species, and then a change
to anaerobic species in chronic sinusitis.

Epidemiology

Acute sinusitis is one of the most common diag-
noses in primary care setting in the USA affect-
ing 28.5 million individuals diagnosed each year
[6]. Twelve percent of Americans claim to have
had a previous diagnosis of sinusitis down from
the previously reported 14% a decade earlier [6].
Between 1998 and 2007, the average visit rate for
children with acute sinusitis remained steady at
approximately 11-14 visits per 1000 children
despite the introduction of the PCV7 vaccine in
2000 [7]. Women were more likely than men to
have sinusitis with reported incidence of 9.1% in
men and 15% in women. Asian and Hispanic
adults reported lower rates of sinusitis than
Caucasian and African-American adults. Sinusitis
is more common in the south and least common
in the west coast [6]. Acute sinusitis more often
affects patients with a history of allergy or
asthma. Other patients with high risk of develop-
ing acute sinusitis include individuals with
defects in immunity (HIV, agammaglobulin-
emia), delayed or absent mucociliary activity
(Kartagener’s syndrome, cystic fibrosis), struc-
tural defects (cleft palate), and white blood cell
functional abnormalities chronic granulomatous
disease, granulomatosis with  polyangiitis
(Wegener’s granulomatosis) [8]. Dental infec-
tions may cause 5—10% of all cases of maxillary
sinusitis, as the roots of the upper back teeth (sec-
ond bicuspid, first and second molars) abutting
upon the floor of the maxillary sinus.

Sinusitis affects all age groups. The preva-
lence of sinusitis among children is even higher
than adults and may be as high as 32% in young
children [9-11]. The average child has between
six and eight “cold” episodes annually, and it is
estimated that 5-10% of all upper respiratory
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infections are complicated by sinusitis. Children
under 6 years of age are the most likely to have
ABS [12].

Acute maxillary sinusitis in adults is charac-
terized with purulent nasal discharge, facial ten-
derness, headache or toothache, and fever.
Children, however, may have less specific symp-
toms, such as a prolonged daytime cough lasting
more than 10 days. The development of paranasal
sinuses in children also contributes to diagnostic
challenges. The maxillary and the ethmoid
sinuses are present at birth. The sphenoid sinuses
generally start to pneumatize by age 5 years; the
frontal sinuses start to develop around aged
7-8 years [12, 13]. Both frontal and sphenoid
sinuses continue to develop until late adoles-
cence. Sinus tenderness is not a typical sign
observed in children with acute sinusitis.

Diagnosis of chronic sinusitis is even more
challenging. No gold standard, i.e., pathological
diagnosis, exists for chronic sinusitis. Diagnostic
workups and treatment are often driven by
patients’ symptoms.

Overall Cost to Society

Sinusitis has a significant economic impact on
healthcare organizations. In 1992, Americans
spent $200 million on prescription medications
and more than $2 billion for over-the-counter
medications to treat sinusitis [14]. There were
11.7 million doctor visits and 1.3 million outpa-
tient visits due to sinusitis in 2009 [15].
Approximately 500,000 sinus surgeries are
performed each year. Direct costs of chronic
sinusitis were an estimated $8.6 billion in 2007,
likely decreasing from previous years after
adjusting for inflation [16]. Approximately 31%
of the direct costs were attributed to treatment
expenditures for children 12 years or younger
[17]. In 2014, Smith reported the systematic
review of the annual direct cost of management
of adult chronic sinusitis to the US healthcare
system, and they concluded the direct cost was
estimated to be $6.9 to $9.9 billion and indirect
cost from lost work or productivity reached to
$13 billion [18]. They concluded that sinusitis

needed to be recognized as a serious, debilitating,
costly disease that warrants precise diagnosis and
effective specific therapy [19]. A study using data
from the Agency for Healthcare Research and
Quality (AHRQ) 2011 Medical Expenditure
Panel Survey estimated that chronic rhinosinus-
itis represents an annual economic burden of
60-64.5 billion dollars, mainly from ambulatory
expenses followed by prescription and inhospital
expenses [20]. Clearly, sinusitis imposes a con-
siderable economic burden for the patients and
families. Therefore, improved diagnosis and the
use of the most effective treatment with the high-
est tolerability profile will improve outcomes and
lower the overall cost of therapy.

One of the cost components related to treat-
ment of sinusitis is the use of antibiotics. It is
important to keep in mind that the majority of
“sinusitis” is caused by upper respiratory tract
viral infection. The symptoms of acute viral
sinusitis and allergic rhinitis overlap with those of
ABS, leading to overdiagnosis (in as many as
50-60% of cases), and therefore antibiotics are
overprescribed in the primary care setting.
Clinical studies showed that as many as 60% of
patients with colds are prescribed antibiotics [21].
Antibiotics were more likely to be prescribed in
younger patients and by primary care providers
[18]. Despite the lack of clear evidence support-
ing antibiotic use in sinusitis, approximately
85.5% of acute sinusitis and 69.3% of chronic
sinusitis office visits resulted in an antibiotic pre-
scription [22]. The overprescription of antibiotics
potentially contributes to a widespread of antibi-
otic-resistant infection. Antibiotic-resistant infec-
tions are an increasing problem in hospitals in
terms of the number of resistant organisms and
their prevalence. Consequently, the cost of care is
increased, in addition to increasing length of stay,
admissions to intensive care unit, and more inten-
sive resource use.

Goals of Imaging

Sinusitis is diagnosed and managed based on
clinical grounds, and imaging is not indicated for
initial diagnosis of uncomplicated sinusitis.
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In patients presenting with symptoms of acute
sinusitis, the goal is to differentiate those with
ABS who benefit from antibiotics from those
with nonspecific virus infection. Imaging is not
indicated for the initial diagnostic workup for
acute sinusitis due to nonspecific imaging find-
ings, cost, and radiation. Diagnosis and treatment
decision, particularly prescribing antibiotics or
not, should be made based on clinical examina-
tion for uncomplicated sinusitis.

Imaging is indicated for patients who fail to
respond to medical management. CT remains the
primary imaging study of choice. CT is consid-
ered when patients do not respond to medical
management as patients may have a structural
abnormality or obstructive lesion. Imaging is also
indicated in patients who are suspected of having
sinusitis related to orbital and intracranial com-
plications, to immunocompromised state, or for
pre-operative surgical planning. The goal of
imaging in this setting is to exclude (or include)
diagnosis of ABS. Imaging is also used to assess
for potential causes of poor mechanical drainage
of the paranasal sinuses due to a potential obstruc-
tive lesion and complications of ABS such as
orbital cellulitis or abscess formation (i.e., orbital
subperiosteal abscess and anterior cranial fossa
abscess).

The goal of sinus CT for chronic sinusitis is to
provide objective information to support the clin-
ical diagnosis, to provide detailed anatomy for
surgical planning, and to predict which patients
would most benefit from endoscopic sinus
surgery.

Methodology

The authors performed a MEDLINE search using
PubMed (National Library of Medicine,
Bethesda, MD) for data relevant to the diagnostic
performance and accuracy of both clinical and
radiographic examinations of patients with acute
sinusitis. The diagnostic performance of clinical
examination (history and physical exam) and
clinical outcome was based on a systematic lit-
erature review performed in MEDLINE from
January 1966 to May 2015. The clinical exami-

nation search strategy used the following state-
ments: (1) acute rhinosinusitis, (2) ABS, (3)
diagnosis, (4) clinical examination, and (5) out-
comes. The review of the current diagnostic
imaging literature was done with MEDLINE
covering from January 1966 to December 2015,
with the following key statements and words: (1)
rhinosinusitis, (2) sinusitis, (3) radiograph, and
(4) CT, as well as combinations of these search
strings. We excluded animal studies and non-
English articles.

Discussion of Issues

Is There a Role for Imaging
in the Initial Diagnosis of Acute
Bacterial Sinusitis?

Summary of Evidence Diagnosis of acute sinus-
itis should be made on clinical criteria (strong
evidence). Imaging as an initial diagnostic
workup not only substantially increases the cost
but also is potentially harmful from radiation
exposure.

Although sinus radiographs cost little and are
readily available, the ability to evaluate intracra-
nial or intraorbital complications is limited. CT is
the preferred imaging modality for diagnostic
workups for patients with suspected intracranial or
intraorbital complications or recurrent or chronic
sinusitis. The American College of Radiology
Appropriateness Criteria (ACRACO) guidelines
state that the diagnosis of uncomplicated acute
sinusitis should be made on clinical grounds alone
and reserve the use of imaging for situations of
medically refractory cases or worsening during the
course of antibiotic treatment [23, 24] (http:/
acsearch.acr.org/) (moderate evidence).

Radiographic imaging studies are not recom-
mended to diagnose acute sinusitis or to confirm
clinical diagnosis of acute sinusitis in children
(strong evidence) [13, 25].

Supporting Evidence Acute sinusitis is a com-
mon clinical condition. Diagnosis of acute sinus-
itis should be made on clinical criteria in patients
who present with uncomplicated upper respira-
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tory symptoms (strong recommendation) [26].
Clinical guidelines and criteria have been devel-
oped to distinguish ABS from acute viral rhinosi-
nusitis. For adult maxillary sinusitis, William’s
criteria are often used, which include (1) maxil-
lary toothache, (2) poor response to deconges-
tants, (3) history of colored nasal discharge, (4)
purulent nasal secretion on physical examination,
and (5) abnormal transillumination result. On the
other hand, Gonzales et al. reported that purulent
nasal secretions alone neither predict bacterial
infection nor benefit from antibiotic treatment
[19]. Transillumination is a useful technique in
the hands of experienced personnel, but only neg-
ative findings are useful (limited evidence).

Respiratory symptoms related to acute viral
sinusitis may not have completely resolved but
almost always have peaked in severity and
begun to improve by the tenth day. Therefore,
persistence of respiratory symptoms without
any signs of improvement beyond the tenth day
suggests the presence of bacterial infection
[26]. If fever is present in uncomplicated viral
infection, it is usually at the earlier phase of ill-
ness and accompanied by other constitutional
symptoms such as headache. Purulent nasal
discharge does not appear for several days for
uncomplicated viral infection. The concurrent
presentation of fever and purulent nasal dis-
charge for at least three to four consecutive
days helps diagnose ABS [25]. The most recent
guidelines issued in 2015 have summarized the
clinical criteria of ABS as (1) persistent symp-
toms of purulent nasal discharge with nasal
obstruction, facial pain/pressure/fullness, or
both, without improvement for at least 10 days
after the onset of upper respiratory symptoms,
or (2) worsening within 10 days after initial
improvement (strong recommendation based
on moderate evidence) [27].

Physical examination does not contribute to
the diagnosis of ABS. Sinus aspiration is the gold
standard for the diagnosis of ABS; but it is inva-
sive, painful, and time-consuming that should
only be performed by a specialist (otolaryngolo-
gist) [28]. Nasal swab and culture from the mid-
dle meatus or nasopharynx is also reported, but
the correlation with nasal swab with sinus punc-

ture remains weak Endoscopic-guided swab cul-
ture is more accurate to sample secretion from a
sinus of interest. However, this is usually per-
formed by otolaryngologists in the operating
room or office, resulting in higher cost, and thus
is not feasible for routine use for management of
acute sinusitis [29].

Imaging should not be obtained for patients
who meet clinical diagnostic criteria for
ABS. When an alternative diagnosis is consid-
ered, imaging might be useful. Normal radio-
graphs or CT is powerful objective information
that bacterial sinusitis is not the cause of the
symptoms [30] (limited evidence). A practical
guideline by the Agency for Healthcare Research
Quality (AHRQ) indicates that imaging is not
warranted when the likelihood of acute sinusitis
is either high or low, but imaging is useful when
a diagnosis is in doubt (limited evidence).

Sinus CT is indicated for patients with acute
sinusitis symptoms in the following three condi-
tions: (1) when complications related to sinusitis
are suspected, (2) when symptoms persist with-
out response to medical management, or (3) sur-
gery is considered (strong recommendation based
on moderate evidence). Complicated sinusitis is
suspected when patients present with ptosis, cra-
nial nerve palsies, and facial and orbital swelling.
Contrast-enhanced CT of the sinuses and orbit is
recommended when orbital cellulites or perios-
teal abscess as a complication of sinusitis is sus-
pected [23, 31, 32]. Contrast-enhanced MRI is
recommended when intracranial extension, such
as epidural empyema or brain abscess, is sus-
pected [24, 33-37] (limited evidence).

Applicability to Children

The revised clinical practice guidelines for ABS
in children are (a) persistent symptoms including
nasal or postnasal discharge (of any quality) and
daytime cough lasting more than 10 days without
improvement, (b) worsening nasal discharge,
daytime cough, or fever after initial improve-
ment, or (c) severe onset (concurrent fever
>39 °C) and purulent nasal discharge for at least
three consecutive days in a child who seems ill or
toxic [13]. Facial pain is rare and an unreliable
symptom in children.
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The paranasal sinuses are still under develop-
ment in younger children. Therefore, lack of aer-
ation of the sinuses may be physiological rather
than infection, limiting the accuracy of radiogra-
phy [33]. In children younger than 6 years of age,
clinical history correlates with sinus radiography
88% of the time [38]; therefore, radiography can
be safely omitted for children under age 6 (strong
consensus based on limited evidence). For chil-
dren over 6 years of age with persistent symp-
toms, the need for radiograph as a confirmatory
test of acute sinusitis remains controversial but is
not supported in the latest guidelines. The culture
of middle meatus secretion also remains a ques-
tionable value, as the middle meatus in healthy
children is commonly colonized with S. pneu-
moniae, H. influenzae, and M. catarrhalis, major
pathogens for acute bacterial sinusitis [39].

What Is the Diagnostic Performance
of Sinus Radiography and Sinus CT
in Acute Bacterial Sinusitis? What
Diagnostic Criteria Should We Use?

Summary of Evidence Although the diagnosis
of acute sinusitis should be made on clinical
grounds, the accuracy of such clinical diagnosis
is not well documented compared with the gold
standard of direct sinus puncture. Compared
with sinus radiography as the gold standard,
clinical diagnosis has moderate accuracy (mod-
erate evidence) [26]. Summary receiver operat-
ing characteristics (SROC) curve is used to
represent the accuracy of a diagnostic test,
where 1 is perfect accuracy and 0.5 is no better
than the flip of a coin. The area under the curve
(AUC) of clinical diagnosis compared with
sinus radiograph is 0.74 [40].

Sinus puncture performed by an otolaryngolo-
gist is the gold standard; however, it is rarely per-
formed due to its invasiveness and cost. An
inexpensive, simple, and accurate diagnostic test
is needed to better differentiate patients who need
antibiotics from those with nonspecific viral ill-
ness. Compared with sinus puncture as the gold
standard, sinus radiography offers moderate abil-

ity to diagnose acute sinusitis (SROC area 0.83)
(moderate evidence) [41-45]. No single study
comparing CT or MR with sinus puncture to
evaluate accuracy of CT or MR for acute sinusitis
was found (limited evidence). Given CT and
MRTI’s superior spatial and soft tissue resolution
to radiography, both are likely more sensitive for
detection of acute sinusitis, but specificity is
questionable. Lack of definitive diagnostic crite-
ria for sinus disease makes it difficult to interpret
studies investigating specificity of sinus CT or
MRI.

Supporting Evidence The accuracy of such clin-
ical diagnosis is not well documented. Engels
performed a meta-analysis of diagnostic tests for
acute sinusitis that showed clinical history, and
physical examination had moderate ability to
identify patients with positive radiography
(SROC area 0.74) [44].

Using sinus opacity or the presence of an
air-fluid level as the criterion for sinusitis,
sinus radiography had a sensitivity of 0.73 and
specificity of 0.80. Compared with sinus punc-
ture and aspiration as the gold standard, sinus
radiography offers moderate ability to diag-
nose acute sinusitis (SROC area 0.83). Another
systematic review performed by Varonen pub-
lished concurrently with Engels’s study
focused on adult patients suspected of acute
maxillary sinusitis. They compared sinus radi-
ography, ultrasound, and clinical examination
with sinus puncture as the gold standard and
concluded that sinus radiography was a more
accurate method for diagnosing acute sinusitis
(SROC area of 0.82) than clinical examination.
Clinical examination even by experienced phy-
sicians was less reliable (area under SROC is
0.75) [45]. Using sinus puncture as the gold
standard, Berg reported that clinical examina-
tion had a sensitivity of 66% and specificity of
79% in the emergency setting [46]. Even
though a sinus radiograph is more accurate
than clinical examination for diagnosis of
ABS, a sinus radiograph as part of the initial
diagnostic workup is not justified due to its
costs and radiation exposure.
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In Europe, A-mode ultrasound is used to diag-
nose acute maxillary sinusitis in primary care set-
ting with moderately strong accuracy (SROC
area of 0.80) [41, 45, 47]. Savolainen reported
among 234 patients suspected of maxillary sinus-
itis that ultrasound had a sensitivity of 81% and
specificity of 72%, as compared with sinus punc-
ture [48]. Ultrasound waves are transmitted to the
sinus and then reflected back from the interface
of two different media. A sinus cavity filled with
secretions results in an echo in the display screen.
It is insensitive for mucosal thickening of the
sinus [49].

Computed tomography (CT) provides supe-
rior assessment of all paranasal sinuses compared
with sinus radiographs [50]. However, CT has
not been directly compared with sinus puncture
for assessment of diagnostic accuracy [44, 45].
Given the invasiveness of sinus puncture and
need for otolaryngology referral (additional
cost), sinus CT can be used as a proxy for sinus
puncture. Sinus CT is considered more sensitive
than sinus radiographs for diagnosis of acute
sinusitis. A study comparing sinus radiography
and CT in 47 consecutive patients showed that
sinus radiography had a high specificity but
markedly low sensitivity for disease in the eth-
moid, frontal, and sphenoid sinuses [51]. The
sensitivity of sinus radiograph for maxillary sinus
was 80% in this study. In another study that
enrolled 134 patients with suspected sinusitis
who underwent a single Waters’ view of sinus.
CT revealed that radiography has markedly low
sensitivity for disease outside of the maxillary
sinus. The sensitivity and specificity of Waters’
view compared with CT for maxillary sinus dis-
ease were 68% and 88%, respectively [52], with
this study recommending the use of low-dose,
high-resolution CT of the paranasal sinuses
(moderate evidence). The problem is a lack of
specificity data for sinus CT compared with sinus
puncture. CT may overdiagnose sinusitis [53].

Another reason that accuracy of sinus CT
remains uncertain and controversial is lack of
definitive diagnostic criteria. Diagnostic criteria
of sinus radiography for acute sinusitis are com-
plete opacification or sinus air-fluid level.

Diagnostic criteria for acute sinusitis on sinus CT
are not well defined but usually include mucosal
thickening greater than 4 mm, any degree of
sinus opacification, and any type of fluid level
(Fig. 13.1a—d). Mild mucoperiosteal thickening
can be found on head CT in up to 40% of indi-
viduals without any sinusitis-related symptoms
[54]. Gwaltney reported CT scan of 31 patients
with self-diagnosed common cold. They found
that 87% of 31 patients had occlusion (or muco-
sal thickening) of ethmoid infundibulum, and
65% of patients had mucosal abnormality in
maxillary sinuses including air-fluid levels [55].
It is of paramount importance to define what CT
findings constitute ABS. The only reportedly
specific CT finding to indicate acute sinusitis is a
frothy, bubbly (frothy) air-fluid level, which indi-
cates purulent secretion within the sinuses [33].
Waterish smooth air-fluid level may be nasal
secretion without bacterial infection or clear
secretion related to allergic rhinitis [56].
Complete opacification of a sinus with bone
thickening may indicate chronically obstructed
sinus rather than acute sinusitis [57].

Applicability to Children

Imaging study is not indicated for children with
uncomplicated sinusitis (strong recommenda-
tion) [13]. This is due to high frequency of non-
specific findings seen in patients with viral
sinusitis as well as bacterial sinusitis. Normal
sinus radiography or CT ensures that symptoms
are not due to sinusitis, abnormal imaging find-
ings cannot confirm its diagnosis or differentiate
bacterial from viral sinusitis (moderate evidence)
[13].

Due to underdevelopment of the paranasal
sinuses in younger children, lack of aeration of
the sinuses may be physiological rather than
infection, limiting the accuracy of radiography
[33]. In children, clinical history correlates
with sinus radiography 88% of the time [38];
therefore, radiography can be safely omitted for
children (strong consensus based on limited
evidence). Imaging study should be reserved
for children with suspected complications of
sinusitis.
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Fig. 13.1 Various imaging findings and suggested diag-
noses. (a) Air-fluid level in the right maxillary sinus on
coronal CT: findings highly suspicious for acute bacterial
sinusitis. (b) Near-complete opacification of the right
maxillary sinus on coronal CT in a patient suspected of
acute sinusitis. (¢) Diffuse mucosal swelling and opacifi-
cation of bilateral maxillary and ethmoid sinuses with
thickening of bone walls on coronal CT in a patient with
sinonasal polyposis. (d) Nonspecific mucosal swelling of

When Are Imaging Studies Indicated
for the Diagnosis

and the Management of Patients
with Acute Sinusitis?

Summary of Evidence Sinus CT is indicated for
patients with acute sinusitis symptoms (1) when
complications related to sinusitis are suspected,
(2) when symptoms persist without response to

the maxillary sinus bilaterally on coronal CT. This could
be viral infection, allergy, or common cold. (All: Reprinted
with kind permission of Springer Science + Business
Media from Anzai Y, Paladin A. Diagnosis and manage-
ment of acute and chronic sinusitis in children. In Medina
LS, Applegate KE, Blackmore CC, editors. Evidence-
based imaging in pediatrics: optimizing imaging in pedi-
atric patient care. New York: Springer; 2010.)

medical management, or (3) surgery is consid-
ered (strong recommendation based on moderate
evidence). Ptosis, cranial nerve palsies, and facial
and orbital swelling suggested complicated
sinusitis. Contrast-enhanced CT of the sinuses
and orbit is recommended when orbital cellulitis
or periosteal abscess is suspected (strong recom-
mendation based on moderate evidence) [23, 24,
31, 32]. Contrast-enhanced MRI is occasionally
recommended when intracranial extension (epi-
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dural empyema, subdural empyema, venous
sinus thrombosis, or intracranial abscess) is sus-
pected [33-37] (limited evidence).

Sinusitis is a self-limiting disease with com-
plete cure in most cases. However, serious com-
plications still do occur in a small percentage
(3.7-11%) of these patients with acute sinusitis
[58]. When patients with sinusitis symptoms
present with orbital swelling, ptosis, visual
changes, cranial nerve palsies, and mental status
changes, contrast-enhanced CT and/or MR is
recommended to diagnose orbital cellulitis/
abscess, epidural or subdural empyema, cavern-
ous sinus thrombosis, and intracranial extension
of infection (limited evidence) [37]. When
patients do not respond to medical management,
the patients may have mechanical obstruction
that prevents restoration of mucociliary clear-
ance, such as a polyp or tumor of the nasal cavity
and sinuses. Sinus CT is a valuable imaging
study for evaluating the pattern of sinus obstruc-
tion and assessing extrasinus soft tissue or bone
destruction, in particularly, immunocompro-
mised patients (limited evidence) where invasive
fungal sinusitis is suspected [24] where invasive
fungal sinusitis is suspected.

When surgery is considered for patients with
recurrent where invasive fungal sinusitis is sus-
pected or medically refractory disease, detailed
sinus CT is indicated to define the bone anatomy
including the osteomeatal complex, dangerous
anatomical variations that impose complication
risk during endoscopic sinus surgery, as well as
correlate with patients’ clinical symptoms
(limited evidence) [26, 59-61].

Supporting Evidence Sinusitis is a common, self-
limited disease with complete resolution with
appropriate antibiotic therapy in most cases.
Patients with complicated acute sinusitis may have
symptoms including high fever, pressure over the
face, intense headache above or behind the eye, or
periorbital swelling. Complicated acute sinusitis
results from a delay in initiating treatment, antibi-
otic-resistant infection, and incomplete treatment.

The true incidence of sinusitis-related compli-
cations remains indeterminate as peer-reviewed
publications are primarily case series or case

reports. These include intraorbital complications
such as orbital cellulitis, subperiosteal abscess,
cavernous sinus thrombosis, epidural empyema,
meningitis, cerebritis, and brain abscess
(Figs. 13.2a, b, 13.3, 13.4a—c). A retrospective
review from a single institution revealed that 5.3%
of ear, nose, and throat (ENT) emergencies were
sinusitis complications. Among them, orbital
complications were the most common (62%) fol-
lowed by acute subdural empyema (23%) and
meningitis (15%) [62]. Among the transplant
patients, patients with graft-versus-host disease
(GVHD) were 4.3 times more likely than patients
without GVHD to develop sinusitis posttransplant
[63]. Therefore, contrast-enhanced CT or MR is
indicated when patients with sinusitis symptoms
present with orbital swelling, proptosis, visual
changes, and cranial nerve palsies [36, 64, 65].
Clary investigated the accuracy of sinus CT for
orbital abscess as compared with surgical explo-
ration in 19 patients and reported that CT had a
sensitivity of 93% and specificity of 67% [66].

With the advent of antibiotics, the incidence of
orbital cellulitis has decreased. Approximately
3% of sinusitis progresses to orbital cellulitis [50].
This can be divided into pre- and postseptal cel-
lulitis. The septum is defined as the medial orbital
periosteal reflection attaching to the medial eyelid
at the tarsal plate. The majority of orbital cellulitis
is due to either direct spread from ethmoid sinus-
itis through porous lamina papyracea or through
the valveless anterior and posterior ethmoid veins
[50]. The periosteum of the medial orbital wall is
loosely attached to the lamina papyracea; as such
it often forms subperiosteal abscess or phlegmon.
Clinically, these patients may present with devia-
tion of the globe or proptosis.

Cavernous sinus thrombosis results from
infection of the midface, orbit, and sinonasal cav-
ity. This may lead to periorbital edema, cranial
nerve paralysis, and in some cases blindness due
to venous congestion of retinal vein. In the set-
ting of orbital cellulitis, the presence of cranial
nerve paralysis involving cranial nerves III, IV, V,
and/or VI raises the suspicion of cavernous
sinus thrombosis or thrombophlebitis. Contrast-
enhanced CT or MR shows an engorged superior
ophthalmic vein. Enhancing cavernous carotid
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Fig. 13.2 (a) Axial contrast-enhanced CT in a patient
with fungal infection involving ethmoid sinuses compli-
cated with left cavernous sinus thrombosis. (b) Coronal
CT image of the same patient shows extension of infec-
tion to the medial left orbit associated with focal bone ero-
sion. (All: Reprinted with kind permission of Springer

L.B. Eisenmenger and Y. Anzai

Science + Business Media from Anzai Y, Paladin
A. Diagnosis and management of acute and chronic sinus-
itis in children. In Medina LS, Applegate KE, Blackmore
CC, editors. Evidence-based imaging in pediatrics: opti-
mizing imaging in pediatric patient care. New York:
Springer; 2010.)

Fig. 13.3 (a) Axial CT of a patient with allergic fungal
infection involving the bilateral ethmoid sinuses with
medial orbital extension. Notice the content of sinus
opacification is markedly increased in attenuation with
low attenuation edematous mucosa. (a: Reprinted with
kind permission of Springer Science + Business Media
from Anzai Y, Neighbor, Jr. WE. Imaging evaluation of
sinusitis: impact on health outcome. In Medina LS,
Blackmore CC, editors. Evidence-based imaging: opti-

artery may stand out from the surrounding throm-
bosed cavernous sinus [67-70].

Intracranial spread of sinus infection most com-
monly originates from frontal or sphenoid sinusitis
[64, 71]. Behcet’s plexus, the abundant valveless
emissary venous plexus of the posterior frontal

mizing imaging in patient care. New York: Springer;
2006.); (b) Coronal reformatted image of the same patient
shows medial orbital extension with displacement of
medial rectus muscle. (b: Reprinted with kind permission
of Springer Science + Business Media from Anzai
Y. Imaging evaluation of sinusitis: impact on health out-
come. In Medina LS, Blackmore CC, Applegate KE, edi-
tors. Evidence-based imaging: improving the quality of
imaging in patient care. New York: Springer; 2011.)

sinus, facilitates intracranial extension of infection.
Infection spreads through the sinus to dura, menin-
ges, and parenchyma resulting in epidural or
subdural empyema, meningitis, and in severe cases
cerebritis, and brain abscess [67]. Contrast-
enhanced brain MR is recommended when intra-
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Fig. 13.4 (a) A young patient presented with headache
and mental status change. Non-contrast head CT shows
focal air near the fluid collection in the base of left frontal
lobe. (b) Sagittal reformatted image shows an expansive
sphenoid sinus with adjacent pneumocephalus. (c)
Contrast-enhanced T1-weighted fat-suppressed coronal
MR image shows a focal epidural abscess adjacent to the
left sphenoid sinus, underneath the air pocket. This patient

cranial spread of sinusitis is suspected [64, 67].
One study comparing diagnostic accuracy of CT,
MR, and clinical diagnosis for sinusitis-related
complications revealed that the diagnostic accu-
racy was 82% for clinical assessment compared
with 91% for CT for orbital complications. For
patients with intracranial complications, meningi-
tis was the most common diagnosis, and MRI was
more accurate (97%) in determining the diagnosis
than CT (87%) or clinical findings (82%). Both CT
and MR have improved the management and out-
comes of patients who have sinusitis related com-
plications [72].

was thought to have left sphenoid mucocele with intracra-
nial ruptured, resulting in epidural abscess (All: Reprinted
with kind permission of Springer Science + Business
Media from Anzai Y, Paladin A. Diagnosis and manage-
ment of acute and chronic sinusitis in children. In Medina
LS, Applegate KE, Blackmore CC, editors. Evidence-
based imaging in pediatrics: optimizing imaging in pedi-
atric patient care. New York: Springer; 2010.)

Endoscopic sinus surgery may be considered
for patients who do not respond to maximum
medical management. Sinus CT is the primary
imaging test and provides detailed images of sinus
anatomy in multiple planes. Patients with chronic
sinusitis often receive the maximum medical ther-
apy before CT scan in order to evaluate the bony
details. Thus, mucosal disease is often minimal or
absent for those patients. A detailed sinus CT with
reformatted images is recommended for patients
with chronic sinusitis who undergo endoscopic
sinus surgery as “limited CT” does not provide
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detailed anatomical information that are critical
for preoperative assessment and planning [73].

Sinus CT often reveals various common ana-
tomical variations, such as nasal septum devia-
tion or concha bullosa. A study evaluating
anatomical variations of sinuses on CT revealed
that 64.9% of 202 patients had anatomical varia-
tions. It is commonly taught to evaluate the bony
anatomy related to osteomeatal complex with
attention to the curvature and superior extension
of the uncinate process [74]. Moreover, danger-
ous anatomical variations such as dehiscent optic
canal or carotid canal, low-lying fovea ethmoida-
lis, uncovered anterior ethmoidal artery or Onodi
cells may also be found. It is important for ENT
surgeons to be aware of these findings prior to
surgical intervention.

Applicability to Children

The above recommendations are applicable to
children although special consideration should be
paid to reducing radiation when appropriate such
as radiation reducing techniques on CT studies.
Radiographic imaging should not be obtained for
patients who meet clinical diagnostic criteria for
ABS. A study of 147 children with no clinical
evidence for sinusitis demonstrated 61% had
mucosal thickening [75].

The most recent consensus guidelines from
the American Academy of Otolaryngology-Head
and Neck Surgery (AAO-HNS) mirror the rec-
ommendations of the ACR, recommending
against the routine use of imaging in the initial
evaluation for uncomplicated sinusitis in the
pediatric population [76].

Imaging study is indicated for three condi-
tions: (1) suspected sinusitis-related complica-
tions, (2) persistent or worsening symptoms
despite medical management, and (3) preopera-
tive evaluation for endoscopic sinus surgery.

What Is the Most Cost-Effective
Strategy for the Diagnosis

and the Management of Acute
Sinusitis?

Summary of Evidence The most cost-effective
method to manage patients presenting with mild to

moderate symptoms of acute sinusitis is to use
clinical guidelines and treat with first-line antibi-
otic therapy. For patients with severe symptoms or
high disease prevalence population, empirical
antibiotic treatment is cost-effective. However,
this leads to many unnecessary antibiotic prescrip-
tions that lead to antibiotic-resistant infection.

Cost-effectiveness analysis (CEA) comparing
four different management strategies (empirical
antibiotics, no antibiotics, clinical diagnosis, or
sinus CT-based treatment) of adult acute sinusitis
revealed that empirical antibiotic therapy is most
cost-effective from the societal perspective, as
patients return to normal life more quickly, off-
setting the up-front cost of antibiotics [77, 78].
From the payer’s perspective, clinical diagnosis-
based treatment was the most cost-effective strat-
egy [77]. The effectiveness of antibiotic therapy
in children remains controversial. The study
results highly depend on the inclusion criteria of
the study population. Antibiotic therapy was
effective for patients with radiographically con-
firmed pediatric acute sinusitis, but little or no
effect is seen when patients were selected based
on clinical diagnosis [11]. This is likely due to
the fact that some of these patients had viral
infection, therefore potentially diluting the effec-
tiveness of antibiotic therapy.

Supporting Evidence A diagnostic workup strat-
egy for any disease should be directly connected
to its management of the disease. Although sinus-
itis is a self-limiting disease in most cases, under-
treating acute sinusitis may lead to rare but
serious complications. Patients remain sick lon-
ger, thus requiring time away from work, loss of
productivity, and increase use of over-the-counter
medications [78]. Overtreating sinusitis may
result in unnecessary costs and adverse effects
from antibiotic therapy, such as allergic reaction
or gastrointestinal disturbance, as well as future
development of antibiotic-resistant infection.
Treating a viral illness with antibiotics leads to
no benefit but potential adverse drug effects,
increasing cost, and future development of anti-
biotic resistance infection. Accurate diagnosis by
CT scan improves effectiveness of antibiotic
therapy, by selecting patients who benefit from
antibiotics. However, such additional benefit is



13 Acute Sinusitis in Adults and Children: Evidence-Based Emergency Imaging 195

too small to justify the additional cost of CT scan
and the additional risks from radiation exposure.
Therefore, imaging-based management of acute
sinusitis is not cost-effective.

Applicability to Children
The effectiveness of antibiotic therapy in children
remains controversial, especially when combined
with a reported 44% adverse reaction rate to anti-
biotics compared to 14% adverse event rate for a
placebo [79]. The results highly depend on the
study inclusion criteria. The study results highly
depend on the inclusion criteria of the study popu-
lation. Patients treated with antibiotics recovered
more quickly than those under placebo [38]. On
the third day of treatment, 83% of children receiv-
ing antibiotics were cured or improved compared
with 51% of the children in the placebo group.
However, little or no effect is seen in antibiotic
treatment when patients were selected based on
clinical diagnosis alone. A study by Garbutt chal-
lenged the notion that children having acute
sinusitis based on clinical ground will benefit
from antibiotic therapy. Antibiotic therapy was
effective for patients with radiographically con-
firmed pediatric acute sinusitis, but little or no
effect is seen when patients were selected based
on clinical diagnosis [11]. This is likely due to
inaccuracy of clinical diagnosis of acute sinusitis,
diluting the effectiveness of antibiotic therapy.

The American Academy of Pediatrics clinical
guidelines have evolved since the original 2001
guidelines [79]. The recommendation for initia-
tion of antibiotic therapy for children presenting
with severe or worsening symptoms remains
unchanged. However, for otherwise healthy chil-
dren who present with persistent symptoms for
10 days, without improvement, the new guide-
lines allow for a 3-day observation period before
starting antibiotics. Children with underlying
conditions (such as asthma, cystic fibrosis, immu-
nodeficiency, previous sinus surgery, or anatomic
upper respiratory tract abnormalities) should
receive with antibiotics instead of waiting an
additional observation period.

Guidelines for the management of sinusitis
show that children with mild and moderate symp-
toms who do not attend day care should receive

the usual dose of amoxicillin [25]. Those patients
who (a) do not improve while receiving the usual
dose of amoxicillin, (b) have recently been
treated with antibiotics, (c) have illness that is
moderate to severe, or (d) attend day care should
receive high-dose amoxicillin with clavulanate.
Alternative guidelines published by the Infectious
Disease Society of America (IDSA) recommend
initial empirical treatment to be with amoxicillin
with clavulanate, instead of starting with amoxi-
cillin alone [80]. Higher doses of amoxicillin are
effective for S. pneumoniae species that are inter-
mediate in resistance to penicillin, and potassium
clavulanate is effective against beta-lactamase-
producing H. influenzae and M. catarrhalis. In
the event that children appear acutely ill or toxic
on presentation, intravenous cefotaxime or ceftri-
axone can be initiated as an inpatient. The AAP
guidelines make no recommendations about the
use of antihistamines, decongestants, intranasal
steroids and saline irrigation based on limited or
controversial data [13].

What Is the Imaging Role for Patients
with Chronic Sinusitis?

Summary of Evidence Clinical diagnosis of
chronic sinusitis is even more difficult than that of
acute sinusitis. Patients with chronic sinusitis have
relatively vague symptoms that overlap with viral
upper respiratory infection, allergy, and migraine.
Imaging plays an important role for excluding
diagnosis or identifying anatomical causes leading
to sinusitis (moderate evidence). When CT is com-
pletely normal, diagnosis of sinusitis can be
excluded without prior treatment. Once a treat-
ment decision is made to offer sinus surgery, CT is
the modality of choice as it provides bone details
far better than radiography or ultrasound (strong
recommendation based on moderate evidence).
MR with contrast is recommended if there is sus-
picion of serious complications such as intracra-
nial or orbital abscess as well as to cavernous sinus
thrombosis (limited evidence).

Supporting Evidence Chronic sinusitis is defined
as sinusitis symptoms lasting more than 12 weeks.
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The diagnosis of chronic sinusitis is difficult
because of relatively nonspecific signs and symp-
toms that overlap with viral upper respiratory
infection and allergy, migraine, gastroesophageal
reflux, and temporomandibular joint arthritis.
Imaging plays a major role for assisting or
excluding diagnosis or assessing the sinus anat-
omy leading to recurrent or chronic infection
[81]. Sinus CT provides detailed anatomy as well
as extent of disease better than sinus radiography
and remains the imaging study of choice for
patients with chronic sinusitis. CT is often per-
formed in patients who remain symptomatic fol-
lowing multiple courses of antibiotics in order to
diagnose or rule out the presence of obstructive
lesion interfering mucociliary clearance.

If sinus CT is completely normal without
treatment in patients who are suspected of having
chronic sinusitis, the diagnosis can generally be
excluded. A focal intranasal mass with unilateral
sinus opacification on CT necessitates endo-
scopic evaluation for surgical resection. When
sinus CT shows mild, nonspecific, diffuse
mucosal thickening without correlation with clin-
ical symptoms, i.e., facial pain or tenderness, it is
difficult to determine if sinusitis contributes to
patients’ clinical symptoms. Certain anatomical
variations are thought to contribute causality of
chronic sinusitis as these variations may interfere
with sinus drainage pathways. These include, but
are not limited to, nasal septum deviation, concha
bullosa, and Haller cells. As these findings can be
seen in asymptomatic subjects, the caution should
be paid to interpret anatomic variations [82].

A single prospective study published in 2013
evaluated 115 patients who had failed conven-
tional medical management [83]. A higher quality
of life as measured by the Chronic Sinusitis Survey
and Rhinosinusitis Disability Index scales was
identified in patients undergoing endoscopic sinus
surgery compared to continued medical manage-
ment [83]. The decision regarding the need for
sinus surgery should not be solely based on imag-
ing abnormalities. A study that investigated the
impact of sinus CT on therapeutic decision by oto-
laryngologists showed that concordance of abnor-
mality on imaging and patient’s symptoms and

obstruction of ostiomeatal complex are the main
predictors for favorable surgical treatment [84].

Applicability to Children

Children or adolescents with chronic headache
are often misdiagnosed as having sinus headache
and receive sinus medication [85]. In terms of the
choice of imaging for children with chronic
sinusitis, sinus radiography was reported to over-
estimate abnormalities. In a study performed
using sinus radiography and CT in 34 children
with chronic sinusitis, sinus radiography (Waters
and occipitomental views) overestimated eth-
moid sinus disease in 24% and maxillary sinus
disease in 56% [86].

CT has also been used for chronic sinus evalu-
ation in children. A multi-institutional prospec-
tive dual-cohort study comparing the severity of
CT findings using Lund-MacKay staging system
in 66 pediatric patients with chronic sinusitis and
control showed that the AUC of CT is 0.92
(p < 0.01), indicating excellent diagnostic accu-
racy [87]. A study comparing CT scan findings of
60 children aged 2—12 with chronic sinusitis with
50 control subjects who underwent CT scan for
indications other than sinusitis found that muco-
periosteal thickening is a highly prevalent finding
seen in 60% of patients and 46% of control
groups. Early-stage (mild) mucoperiosteal thick-
ening was present in the majority of children who
had sinus CT (98% of control and 85% of chil-
dren with chronic sinusitis) [88]. Although rare,
for children suspected for serious complications,
such as intracranial or orbital abscess, MR with
contrast is recommended to assist surgical treat-
ment planning [81].

Medical management remains the cornerstone
for children with chronic sinusitis. Indication for
sinus surgery is controversial. Sinus surgery may
be performed in children with nasal obstruction
from sinonasal polyposis or refractory sinusitis
aggravating asthma [89]. Outcome assessment
for 308 children with chronic sinusitis after sinus
surgery revealed that endoscopic sinus surgery
improved outcomes in 2-year follow-up in the
intermediate stages of chronic sinusitis (stages 11
and IIT out of stages I-IV) [90]. Some studies
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suggested the use of IV antibiotics for children
who have failed to respond to traditional oral
antibiotics therapy [91].

Special Situation: What Is the Role
of Imaging in Immunocompromised
Patients?

Summary of Evidence Invasive fungal sinusitis
(IFS) has been increasingly seen in immunocom-
promised and poorly controlled diabetic patients,
in part due to increasing use of antibiotics, ste-
roids, chemotherapy, and radiation treatment.
IFS is a rapidly progressive aggressive fungal
infection with a high mortality rate. Yet, IFS is a
difficult disease to diagnose and manage. CT
findings for IFS are mucoperiosteal thickening
associated with bone erosion or extrasinus soft
tissue invasion to the orbit, pterygopalatine fossa,
or retroantral fat pad [92]. CT is helpful for plan-
ning of surgical debridement; however, diagnosis
of IFS based on imaging can be challenging in its
earlier course. Bone erosion or extrasinus
invasion is often very subtle or absent in an ear-
lier stage of disease [93] but rapidly progresses
without proper management. With a high clinical
suspicion, rigid nasal endoscopy with biopsy is
recommended for early diagnosis (moderate evi-
dence) [93]. MR imaging can be used to assess
for findings suggestive of IFS as well as assess
for extent of involvement including complica-
tions such as intracranial invasion [94]. IFS
lesions appear hypointense on both T1- and
T2-weighted images with very little, if any,
contrast enhancement (Fig. 13.5a, b) due to the
presence of necrotic tissue. These fungi spread
along blood vessels, leading to hemorrhage or
vascular occlusion. Complete surgical resection
and reversal of neutropenia are critical elements
for improved outcomes.

Supporting Evidence TFS 1is a rare but life-
threatening disease in patients with an underlying
immunocompromised state or poorly controlled
diabetes particularly those with diabetic ketoaci-
dosis. The incidence has been increasing with the
expansion of transplant medicine and advances in
chemotherapy for hematological malignancies.

Common fungal organisms seen in immunocom-
promised patients include aspergillosis, mucor-
mycosis, and zygomycosis. IFS often spreads
directly to the brain via vascular channels or is
blood-borne from pulmonary infection. Abscess
formation along blood vessels can cause throm-
bosis leading to mneurological deficit [95].
Therefore, when immunocompromised patients
present with stroke like symptoms, intracranial
involvement of IFS should be considered as a
potential cause.

Imaging studies such as sinus CTs play an
important role in demonstrating the extent of dis-
ease, degree of bone destruction, orbital invasion,
extrasinus soft tissue invasion, presence of non-
enhancing soft tissue and vascular encasement.
Classic CT findings of IFS, however, are often
absent in an earlier stage of disease. Retrospective
review of CT findings in 23 immunocompro-
mised patients with confirmed IFS showed that
many patients had mucoperiosteal thickening of
sinuses (21/23), but bone erosion (8/23) or orbital
invasion (6/23) was seen only in more advanced
IFS. They found that the disease was frequently
unilateral (21/23) [93]. Thus, clinicians should
not rely solely on imaging to make a diagnosis of
IFS. With a high index of clinical suspicion, early
nasal endoscopy and surgical debridement as
well as initiation of antifungal therapy is critical
to improve prognosis.

When intracranial involvement is suspected,
brain MR with and without contrast is essential to
make a diagnosis and plan appropriate surgical
management. MR allows differentiation of direct
cerebral invasion from epidural abscess/phleg-
mon, cerebritis, multiple brain abscesses, or septic
emboli. Venous sinus thrombosis is another seri-
ous complication that can be diagnosed with MR
and MR venography. Some fungal disease has
markedly low T2 signal mimicking well-aerated
sinuses on T2-weighted images. These lesions
may appear slightly hyperdense on non-contrast
CT examination. Contrast enhancement is useful
in order to assess extrasinus extent of disease.

Treatment for IFS includes surgical
debridement followed by high-dose antifungal
treatment and attempts to correct underlying
immunocompromised state are essential for
improved survival.
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Fig. 13.5 A 23-year-old male with acute myeloid leuke-
mia presented for workup of suspected invasive fungal
sinusitis. (a) An axial Tl-weighted postcontrast fat-
saturated MR demonstrating a region of nonenhancement
involving the midportion of the left middle nasal turbinate.
The mucosa otherwise enhances normally. There is near-
complete opacification of the bilateral maxillary sinuses

Applicability to Children

IFS in immunocompromised children has a high
mortality rate and requires early diagnosis and
treatment. Imaging findings are similar as in
adults with imaging providing a role in the diag-
nosis and evaluating the extent of disease; how-
ever, early nasal endoscopy, surgical debridement,
and initiation of antifungal therapy are critical to
improve prognosis.

Recent work in evaluating post-bone marrow
transplant (BMT) patients has been inconclusive.
A lack of immune response similar to that in adult
immunosuppressed patients reduces the utility of
CT for detection of sinusitis. In a study of pediatric
hematopoietic stem cell transplant patients with
clinical identification of sinusitis, CT imaging
findings including mucosal thickening, fluid lev-
els, frothy secretions, near-complete opacification,
and multiple positive findings had sensitivities of
19%, 26%, 37%, 56%, and 37%, respectively [96].
Another study demonstrated that following BMT
procedures in children, patients presenting with
rhinorrhea, nasal congestion, or cough had a 4.46
times greater chance of having moderate/severe
opacification compared to asymptomatic patients.
Immunocompromised patients had a 6.24 times

and nasal cavities from mucosal thickening, left greater
than right. (b) A coronal STIR MR demonstrating a region
of low signal intensity involving the midportion of the left
middle nasal turbinate. The mucosa otherwise demon-
strates expected high T2 signal. The patient is status post
prior uncinectomies and ethmoidectomies. Endoscopy and
biopsy demonstrate invasive fungal sinusitis

greater chance of sinus opacification with the pres-
ence of these symptoms [97].

Take-Home Tables

Table 13.1 gives the definition of acute sinusitis.
Table 13.2 presents the clinical signs/symptoms
of acute bacterial sinusitis vs. viral upper respi-
ratory infection. Table 13.3 is a summary table
of diagnostic performance of imaging and clini-
cal examinations for diagnosing acute sinusitis
in children.

Take-Home Points

e The clinical signs and symptoms of acute bac-
terial sinusitis (ABS) overlap with that of non-
specific upper respiratory track viral infection
(strong evidence).

e Sinus radiographs are moderately sensitive to
diagnose ABS compared with sinus puncture
and culture (moderate evidence).

e Although a CT scan is frequently performed
to assist diagnosis of sinusitis, inadequate data
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Table 13.1 Definition of acute bacterial sinusitis (acute
sinusitis) in children

Infection of the paranasal sinuses lasting less than
30 days that presents with either persistent or severe
symptoms

Persistent symptoms are those that last longer than
10-14 days. Sinusitis symptoms include nasal
discharge, nasal congestion, maxillary or facial pain,
or toothache. Such symptoms for children include
nasal or postnasal discharge, daytime cough (which
may be worse at night), or both

Severe symptoms include a temperature of at least
102 °F, and purulent nasal discharge presents
concurrently for at least three to four consecutive days

Adapted with kind permission of Springer Science + Business
Media from Anzai Y, Paladin A. Diagnosis and management
of acute and chronic sinusitis in children. In Medina LS,
Applegate KE, Blackmore CC editors. Evidence-based
imaging in pediatrics: optimizing imaging in pediatric patient
care. New York: Springer; 2010

Table 13.2 Acute bacterial sinusitis versus viral upper
respiratory infection: clinical signs and symptoms in
children

Acute bacterial sinusitis Viral URI

Duration of Longer than Usually less

illness 10-14 days than 5-7 days

Symptoms Persistent or Improved or
worsening after resolved by
mild resolution 10 days
(double sickening)

Fever Concurrent Earlier in
presentation of high | illness and
fever and nasal later nasal
discharge discharge

Headache Severe headache Mild headache
behind eyes

Facial pain Unilateral pain Mild or absent
But not reliable for
small children

Reprinted  with  kind  permission  of  Springer
Science + Business Media from Anzai'Y, Paladin A. Diagnosis
and management of acute and chronic sinusitis in children. In
Medina LS, Applegate KE, Blackmore CC, editors.
Evidence-based imaging in pediatrics: optimizing imaging in
pediatric patient care. New York: Springer; 2010

exists on the sensitivity and specificity of
sinus CT for diagnosis of ABS (limited
evidence).

* Imaging criteria include the presence of frothy
air-fluid levels or complete sinus opacification
but do not include mucosal thickening
(limited evidence).

e Despite relatively high sensitivity of CT or
sinus radiography, imaging is not indicated
in the initial diagnostic workup for acute
uncomplicated sinusitis due to cost and radia-
tion dose (strong evidence).

e Imaging study is indicated for patients who
fail to respond to medical management, have
severe symptoms suspicious for complications
related to acute sinusitis, or patients planning
to undergo surgery (moderate evidence).

e The diagnosis of chronic sinusitis is based
on clinical grounds. No gold standard exists
to confirm clinical diagnosis. CT findings
for chronic sinusitis often do not correlate
with patients’ clinical symptoms (limited
evidence).

e Children under 6 years of age should not
undergo sinus radiographs due to their limited
sinus development (moderate evidence).

e Imaging (contrast-enhanced CT or MR) is
indicated in immunocompromised patients or
patients with neurologic symptoms with acute
progression of sinus infection in order to assess
potential complications from acute sinusitis.

Imaging Case Studies
Case 1

Figure 13.1a—d shows various imaging findings
and suggested diagnoses.

Case 2

In Fig. 13.2a, b, CT scans of a patient with fungal
infection in the sinuses extending to the medial
left orbit, with left cavernous sinus thrombosis,
and exhibiting focal bone erosion are shown.

Case 3

Figure 13.3a, b shows a patient with an allergic
fungal infection in the sinuses, medial orbital
extension, and displacement of medial rectus
muscle.
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Table 13.3 Summary table of diagnostic performance of imaging and clinical examinations for diagnosing acute
sinusitis in children (only those using sinus puncture as gold standards)

Sensitivity (95% CI) Specificity (95% CI) References
Physical exam only 0.66 (0.58-0.73) 0.79 (0.73-0.87) [15, 34-36]
Radiographs 0.87 (0.85-0.88) 0.89 (0.85-0.91) [32-35]
Ultrasound 0.85 (0.84-0.87) 0.82 (0.80-0.83) [23, 26,31, 37, 38]

CT: no study assessing accuracy of CT using sinus puncture as the gold standard

CT (orbital abscess) 10.93

10.67 5

Adapted with kind permission of Springer Science + Business Media from Anzai Y, Paladin A. Diagnosis and manage-
ment of acute and chronic sinusitis in children. In Medina LS, Applegate KE, Blackmore CC, editors. Evidence-based
imaging in pediatrics: optimizing imaging in pediatric patient care. New York: Springer; 2010

Case 4

In Fig. 13.4a—c, a young patient presents with
headache and mental status change.

Case 5

In Fig. 13.5a, b, a 23-year-old man with acute

myeloid leukemia presents for workup of sus-
pected invasive fungal sinusitis.

Suggested Imaging Protocols
for Children Clinically Suspected
of Acute Sinusitis

Sinus Radiographs

Sinus radiographic series has been rapidly
replaced by screening sinus CT for evaluation of
sinusitis. Despite this, some physicians still order
sinus radiographs often due to either lower costs
or easier access to radiographs than CT. At least
three views of the sinuses are required to visual-
ize and assess all paranasal sinuses including the
Waters’ view, Caldwell view, and lateral view.
For recurrent infection, some clinicians order a
single Waters’ view to evaluate the maxillary
sinuses.

Applicability to Children In children under
6 years of age, the ACR Appropriateness Criteria
state that radiographs of the paranasal sinuses are

both not indicated and technically difficult to per-
form. The revised guidelines released by the
AAP agree, noting further that healthy patients
and patients with viral upper respiratory infec-
tions demonstrated sinus abnormalities on radio-
graphs, advising against the use of imaging for
children under 6 years old.

Low-Dose Screening Sinus CT

Low mA and low kVp is most widely used for
assessment of sinus infection in our institution,
when available, reducing radiation dose com-
pared with the standard CT [78, 98]. MDCT
allows rapid acquisition of axial images through
paranasal sinuses with thin collimation (<3 mm),
in the supine position using 100 mAs and 120
kVp. Reconstruction of these images in the coro-
nal plane is routinely performed. No intravenous
contrast is necessary unless there is a suspected
complication such as orbital abscess or epidural
empyema. No sedation is needed for these rap-
idly acquired CTs. Low-dose screening sinus CT
may demonstrate air-fluid levels, sinus opacifica-
tion, mucosal thickening, “foamy” secretions,
nasal polyps, nasal masses, adjacent soft tissue
abnormalities, and mastoid and middle ear fluid
collections.

Applicability to Children Radiation saving
techniques should always be used for children
who receive a sinus CT including low mA, low
kVp, and increased slice thickness.
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MRI

When MR is needed to assess intracranial com-
plications or fungal infection, the following
sequences should be included: axial FLAIR,
axial diffusion, axial T2-weighted FSE, pre- and
postcontrast T1-weighted multiplanar images.
Fat suppression should be used for assessment of
postcontrast images in order to better visualize
the cavernous sinuses, orbital apex, skull base, as
well as epidural and subdural spaces.

Applicability to Children No additional spe-
cial sequences are recommended. With an exam
time approaching 1 h, children may require seda-
tion adding to the potential risk of an MRI. MRI
also gives less osseous anatomic information
than at CT scan.

Future Research

* Develop noninvasive strategies to accurately
diagnose acute sinusitis, particularly imaging
that differentiates bacterial infection from
viral infection or allergic inflammation.

* Determine better staging strategy using sinus
CT for patients with chronic sinusitis.

Acknowledgment Dr. Anzai would like to acknowledge
the work of Dr. Angelisa Paladin, coauthor in a previous
chapter on Diagnosis and Management of Acute and
Chronic Sinusitis in Children in Medina LS, et al., eds:
Evidence-Based Imaging in Pediatrics: Improving the
Quality of Imaging in Patient Care, published by Springer
Science in 2010. That chapter was drawn upon for this
new chapter, in the process of presenting thoroughly
updated and significantly revised coverage of this subject
for emergency imaging.

References

1. Lanza DC, Kennedy DW. Otolaryngol Head Neck
Surg. 1997;117(3 Pt 2):S1-7.

2. Kennedy DW. Otolaryngol
1990;103(5 (Pt 2)):884—6.

3. Brook I. Proc Am Thorac Soc. 2011;8(1):90-100.

4. Fletcher MA, Fritzell B. Vaccine. 2007;25(13):2507-12.

Head Neck Surg.

5.

6.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

217.

28.
29.

30.

31.

32.

Brook I Int J
2007;71(11):1653-61.
Blackwell DL, Lucas JW, Clarke TC. Summary
health statistics for U.S. adults: national health inter-
view survey, 2012. Vital Health Stat Series 10, Data
from the National Health Survey. 2014(260):1-161.

Pediatr  Otorhinolaryngol.

. Shapiro DJ, Gonzales R, Cabana MD, et al. Pediatrics.

2011;127(1):28-34.

. Senior BA, Kennedy DW, Tanabodee J, et al.

Laryngoscope. 1998;108(2):151-7.

. loannidis JP, Lau J. Pediatrics. 2001;108(3):E57.
. Clement PA, Bluestone CD, Gordts F, et al. IntJ Pediatr

Otorhinolaryngol. 1999;49(Suppl 1):S95-100.
Garbutt JM, Goldstein M, Gellman E, et al. Pediatrics.
2001;107(4):619-25.

American Academy of Pediatrics. Subcommittee on
Management of S, Committee on Quality I. Pediatrics.
2001;108(3):798-808.

Wald ER, Applegate KE, Bordley C, et al. Pediatrics.
2013;132(1):e262-80.

Collins JG. Prevalence of selected chronic conditions:
United States, 1990—-1992. Vital Health Stat Series 10,
Data from the National Health Survey. 1997(194):1-89.
National Ambulatory Medical Care Survey: 2009
Summary Tables. 2009.

Bhattacharyya N. Ann Otol Rhinol Laryngol.
2011;120(7):423-7.

Ray NF, Baraniuk JN, Thamer M, et al. J Allergy Clin
Immunol. 1999;103(3 Pt 1):408-14.

Smith SS, Kern RC, Chandra RK, et al. Otolaryngol
Head Neck Surg. 2013;148(5):852-9.

Lau J, Zucker D, Engels EA, et al. Diagnosis and
treatment of acute bacterial rhinosinusitis. Evid
Rep Technol Assess. 1999(9):1-5. AHRQ Evidence
Report Summaries.

Caulley L, Thavorn K, Rudmik L, et al. J Allergy Clin
Immunol. 2015;136(6):1517-22.

Brooks I, Gooch WM 3rd, Jenkins SG, et al. Ann Otol
Rhinol Laryngol Suppl. 2000;182:2-1920.

Smith SS, Evans CT, Tan BK, et al. J Allergy Clin
Immunol. 2013;132(5):1230-2.

McAlister WH, Parker BR, Kushner DC, et al.
Radiology. 2000;215(Suppl):811-8.

Cornelius RS, Martin J, Wippold FJ 2nd, et al. ] Am
Coll Radiol. 2013;10(4):241-6.

Nash D, Wald E. Pediatr Rev. 2001;22(4):111-7.
Rosenfeld RM, Andes D, Bhattacharyya N, et al.
Otolaryngol Head Neck Surg. 2007;137(3 Suppl):S1-31.
Rosenfeld RM, Piccirillo JF, Chandrasekhar SS, et al.
Otolaryngol Head Neck Surg. 2015;152(4):598-609.
Wald ER. Am J Med Sci. 1998;316(1):13-20.
Thanasumpun T, Batra PS. Am J Otolaryngol.
2015;36(5):686-91.

Reider JM, Nashelsky J, Neher J. J Fam Pract.
2003;52(7):565-17.

Kronemer KA, McAlister WH. Pediatr Radiol.
1997;27(11):837-46.

Howe L, Jones NS. Clin Otolaryngol Allied Sci.
2004;29(6):725-8.



202

L.B. Eisenmenger and Y. Anzai

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Diament MJ. J Allergy Clin Immunol. 1992;90(3 Pt
2):442-4.

Dessi P, Champsaur P, Paris J, et al. Rev Laryngol
Otol Rhinol. 1999;120(3):173-6.

Eufinger H, Machtens E. J Cranio-Maxillo-Facial
Surg. 2001;29(2):111-7.

Eustis HS, Mafee MF, Walton C, et al. Radiol Clin N
Am. 1998;36(6):1165-83. xi

Mafee MF, Tran BH, Chapa AR. Clin Rev Allergy
Immunol. 2006;30(3):165-86.

Wald ER, Chiponis D, Ledesma-Medina J. Pediatrics.
1986,77(6):795-800.

Gordts F, Halewyck S, Pierard D, et al. J Laryngol
Otol. 2000;114(3):184-8.

Williams JW Jr, Simel DL, Roberts L, et al. Ann
Intern Med. 1992;117(9):705-10.

Revonta M, Blokmanis A. Can Fam Physician.
1994,40:1969-72, 75-6.

van Buchem FL, Knottnerus JA, Schrijnemaekers VJ,
et al. Lancet. 1997;349(9053):683-7.

Laine K, Maatta T, Varonen H, et al. Rhinology.
1998;36(1):2-6.

Engels EA, Terrin N, Barza M, et al. J Clin Epidemiol.
2000;53(8):852-62.

Varonen H, Makela M, Savolainen S, et al. J Clin
Epidemiol. 2000;53(9):940-8.
Berg O, Carenfelt C.
1988;105(3-4):343-9.

Berg O, Carenfelt C. Laryngoscope. 1985;95(7 Pt
1):851-3.

Savolainen S, Pietola M, Kiukaanniemi H, et al. Acta
Otolaryngol Suppl. 1997;529:148-52.

Varonen H, Savolainen S, Kunnamo I, et al. Rhinology.
2003;41(1):37-43.

Som PM. Neuroradiology. 1985;27(3):189-201.
Aalokken TM, Hagtvedt T, Dalen I, et
Dentomaxillofac Radiol. 2003;32(1):60-2.
Konen E, Faibel M, Kleinbaum Y, et al. Clin Radiol.
2000;55(11):856-60.

Mendes Neto JA, Guerreiro VM, Hirai ER, et al. Braz
J Otorhinolaryngol. 2012;78(4):35—41.

Glasier CM, Ascher DP, Williams KD. AJNR Am
J Neuroradiol. 1986;7(5):861-4.

Gwaltney JM Jr, Phillips CD, Miller RD, et al. N Engl
J Med. 1994;330(1):25-30.

Berg O, Bergstedt H, Carenfelt C, et al. Ann Otol
Rhinol Laryngol. 1981;90(3 Pt 1):272-5.

April MM, Zinreich SJ, Baroody FM, et al.
Laryngoscope. 1993;103(9):985-90.

Vazquez E, Creixell S, Carreno JC, et al. Curr Probl
Diagn Radiol. 2004;33(3):127-45.

Kennedy DW, Senior BA. Otolaryngol Clin N Am.
1997;30(3):313-30.

Jiannetto DF, Pratt MF. Laryngoscope. 1995;105(9 Pt
1):924-7.

Rosenfeld RM, Piccirillo JF, Chandrasekhar SS,
et al. Otolaryngol Head Neck Surg. 2015;152(2
Suppl):S1-S39.

Ali A, Kurien M, Mathews SS, et al. Singap Med
J. 2005:;46(10):540-4.

Acta  Otolaryngol.

al.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Thompson AM, Couch M, Zahurak ML, et al. Bone
Marrow Transplant. 2002;29(3):257-61.

Grundmann T, Weerda H. Laryngorhinootologie.
1997;76(9):534-9.
Larson TL. Semin
1999;20(6):379-90.
Clary RA, Cunningham MJ, Eavey RD. Ann Otol
Rhinol Laryngol. 1992;101(7):598-600.

Reid JR. Pediatr Radiol. 2004;34(12):933-42.

Unlu HH, Aslan A, Goktan C, et al. Auris Nasus
Larynx. 2002;29(1):69-71.

Nawashiro H, Shimizu A, Shima K, et al. Neurol Med
Chir. 1996;36(11):808-11.

Rochat P, von Buchwald C, Wagner A. Rhinology.
2001;39(3):173-5.

Fountas KN, Duwayri Y, Kapsalaki E, et al. South
Med J 2004;97(3):279-82; quiz 83.

Younis RT, Anand VK, Davidson B. Laryngoscope.
2002;112(2):224-9.
Franzese CB, Stringer
2004;18(5):329-34.
Bolger WE, Butzin CA, Parsons DS. Laryngoscope.
1991;101(1 Pt 1):56-64.

Ultrasound CT  MR.

SP. Am J Rhinol.

. von Kalle T, Fabig-Moritz C, Heumann H, et al.

RoFo. 2012;184(7):629-34.

Setzen G, Ferguson BJ, Han JK, et al. Otolaryngol
Head Neck Surg. 2012;147(5):808-16.

Anzai Y, Jarvik JG, Sullivan SD, et al. Am J Rhinol.
2007;21(4):444-51.

Balk EM, Zucker DR, Engels EA, et al. J] Gen Intern
Med. 2001;16(10):701-11.

Wald ER, Nash D, Eickhoff J. Pediatrics. 2009;124(1):
9-15.

Chow AW, Benninger MS, Brook I, et al. Clin Infect
Dis. 2012:;54(8):e72—¢112.

Triulzi F, Zirpoli S. Pediatr Allergy Immunol.
2007;18(Suppl 18):46-9.
Al-Qudah M. Int J Pediatr
2008;72(6):817-21.

Smith TL, Kern R, Palmer JN, et al. Int Forum Allergy
Rhinol. 2013;3(1):4-9.

Anzai Y, Weymuller EA Jr, Yueh B, et al. Arch
Otolaryngol Head Neck Surg. 2004;130(4):423-8.
Senbil N, Gurer YK, Uner C, et al. ] Headache Pain.
2008;9(1):33-6.

Lee HS, MajimaY, Sakakura Y, et al. Nihon Jibiinkoka
Gakkai kaiho. 1991;94(9):1250-6.

Bhattacharyya N,  Jones
et al. Arch Otolaryngol
2004;130(9):1029-32.

Cotter CS, Stringer S, Rust KR, et al. Int J Pediatr
Otorhinolaryngol. 1999;50(1):63-8.

Daele JJ. Acta Otorhinolaryngol Belg. 1997;51(4):
285-304.

Lieu JE, Piccirillo JF, Lusk RP. Otolaryngol Head
Neck Surg. 2003;129(3):222-32.

Adappa ND, Coticchia JM. Am J Otolaryngol.
2006;27(6):384-9.

Middlebrooks EH, Frost CJ, De Jesus RO, et al. AJNR
Am J Neuroradiol. 2015;36(8):1529-35.

Otorhinolaryngol.

DT, Hill M,
Head Neck Surg.



13 Acute Sinusitis in Adults and Children: Evidence-Based Emergency Imaging 203

93. DelGaudio JM, Swain RE Jr, Kingdom TT, et al. Arch ~ 96. Zamora CA, Oppenheimer AG, Dave H, et al.
Otolaryngol Head Neck Surg. 2003;129(2):236—40. J Comput Assist Tomogr. 2015;39(2):228-31.

94. Groppo ER, El-Sayed IH, Aiken AH, et al. Arch  97. Arulrajah S, Symons H, Cahoon EK, et al. Eur
Otolaryngol Head Neck Surg. 2011;137(10):1005-10. J Pediatr. 2012;171(2):375-81.

95. Nadkarni T, Goel A. J Postgrad Med. 2005;51(Suppl ~ 98. Hagtvedt T, Aalokken TM, Notthellen J, et al. Eur

1):S37-41. Radiol. 2003;13(5):976-80.



Part il

Cardiothoracic Imaging



®

Check for
updates

Acute Aortic Syndrome in Adults:
Evidence-Based Emergency

Imaging

14

Larry A.Latson Jr.and Jill E.Jacobs

Key Points

e Acute aortic syndrome encompasses
four (nontraumatic) acute aortic pathol-
ogies: aortic dissection, intramural
hematoma, penetrating atherosclerotic

ulcer, and aortic rupture.

e CT angiography is the gold standard for
rapid diagnosis and treatment planning
in patients with suspected acute aortic

syndrome (strong evidence).

e MRI/MRA of the aorta is an appropriate
alternative to CT angiography in selected

clinical situations (strong evidence).

e The “triple-rule-out” CT angiogram can
be performed safely and effectively, but
its increased radiation dose, contrast
burden, and higher nondiagnostic image
quality preclude its widespread accep-
tance as a first-line imaging modality in
patients presenting to the emergency
department with undifferentiated chest

pain (limited evidence).
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Definition and Pathophysiology

The term “acute aortic syndrome” (AAS) encom-
passes a variety of different but related condi-
tions, including aortic dissection (AD), acute
intramural hematoma (IMH), penetrating athero-
sclerotic ulcer (PAU), and frank aortic rupture [1].
Definitions and descriptions of these varied syn-
dromes in the medical and surgical literature in
general, and the radiologic literature in particular,
are challenging, as they are related and overlap-
ping syndromes. Also, various authors have used
variable descriptors in the literature. Our under-
standing of the underlying pathophysiology of
these interrelated diseases has also evolved over
the decades and centuries since aortic dissection
was first described in 1819 by Rene Laennec [2].

The terms “aneurysm” and “dissection” have
become irrevocably intertwined [2], although
they represent two separate but intimately related
disease processes. An aortic “aneurysm” is a
fixed dilatation of the vessel greater than 1.5
times its expected diameter, which is usually
asymptomatic, and, if asymptomatic, is followed
over time until it reaches a size large enough that
warrants intervention. An aortic “dissection,” on
the other hand, is a tear in the intimal lining of the
aorta, which allows blood to dissect into the
media (middle layer) of the wall of the aorta. It is
usually exquisitely painful when it initially
occurs, and is a life-threatening emergency,
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which requires emergent medical and/or surgical
or endovascular therapy. Once a dissection
occurs, the separation between the intima and
media can extend retrograde (back toward the
heart) and result in coronary artery occlusion,
hemopericardium, and tamponade and/or ante-
grade throughout the thoracoabdominal aorta and
its branches, resulting in occlusions of the head
and neck vessels (and subsequent stroke), and
renal and visceral arteries, resulting in end-organ
ischemia.

The presence of an aortic aneurysm increases
the risk of subsequently developing a dissection
or rupture. Aneurysms exceeding 6 cm in size
have a yearly rate of these complications of at
least 7% [3]; aortic dissection similarly increases
the risk of subsequent aneurysm formation, but
they are distinct entities. Aortic aneurysms can
exist without dissection, and dissection can occur
without aneurysmal dilatation [4]. Dissections are
typically classified using the Stanford or DeBakey
classification systems. In the more commonly
used Stanford system, a “Type A” dissection is
any dissection that involves the ascending aorta
(whether it extends into the arch and/or descend-
ing thoracic aorta), whereas a “Type B” dissection
does not involve this portion of the aorta [4].

One proposed common pathway for the devel-
opment of aneurysm and/or dissection, particu-
larly in the ascending aorta, has been medial
degeneration (previously called “cystic medial
necrosis”), which represents loss of the extracel-
lular matrix and smooth muscle in the media of
the aortic wall [4, 5]. Cystic medial degeneration
can occur idiopathically or in association with
systemic hypertension, connective tissue disor-
ders (such as Marfan syndrome and Ehlers-
Danlos), aortitis (such as giant cell arteritis), and
bicuspid aortic valve [6, 7].

Acute intramural hematoma is defined as acute
(thrombosed) blood within the wall of the aorta,
without the presence of an intimal flap or tear [8,
9]. The pathophysiology is typically attributed to
rupture of the vasa vasorum (the small vessels
which supply the wall of the aorta) leading to
hemorrhage into the wall of the aorta, without
associated intimal disruption [10]. This can occur
spontaneously (e.g., in association with hyperten-
sion) or in conjunction with a penetrating athero-

sclerotic ulcer. A classic aortic dissection with
thrombosis of the false lumen is a separate clinical
entity, but distinguishing between these two enti-
ties on imaging studies is often difficult if not
impossible [10]. Features of IMH that place the
patient at higher risk for complications (aneurys-
mal dilatation, dissection, or rupture) include the
presence of an ulcer-like projections, aneurysmal
enlargement, pronounced thickness of the hema-
toma (>11-16 mm), and intramural blood pools
[11]. While often treated in a similar manner to
acute dissection, the natural history of acute IMH
is uncertain, with regression seen in approxi-
mately 10% of patients, progression to classic dis-
section in 28-47% of patients, and an estimated
risk of rupture of 20—45% [12].

Penetrating atherosclerotic ulcers (PAUs) rep-
resent an atherosclerotic plaque that has disrupted
the internal elastic lamina and extends into the
media of the aortic wall [13-16], without a visi-
ble intimal dissection flap. This disruption of the
intima by the PAU can lead to development of an
acute IMH, classic dissection, pseudoaneurysm
formation, or frank rupture. Symptomatic PAUs
are included in the acute aortic syndrome spec-
trum and are generally treated urgently, with
rates of rupture as high as 38% [15]. However,
with the increasing use of cross-section imaging,
more asymptomatic PAUs or “ulcer-like” projec-
tions of the aorta are being discovered in other-
wise asymptomatic patients. These patients are
often elderly and are imaged for other reasons
entirely. They have lower rates of rupture and dis-
ease progression [15, 17].

The imaging features of these complex dis-
eases often overlap and coexist, but some general
patterns and radiographic definitions exist. Aortic
dissection appears as a distinct intimal flap within
the lumen of the aorta, with a “true” and “false”
lumen, which typically enhances following intra-
venous contrast administration unless throm-
bosed. The site of intimal tear (fenestration) may
or may not be visible. Acute intramural hematoma
is characterized on CT (and MRI) by the presence
of crescentic high attenuation in the wall of the
aorta (which is often more conspicuous prior to
intravenous contrast administration) and lack of
enhancement following intravenous contrast
administration. Aortic rupture and impending
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rupture are present when there is stranding and
ill-defined soft tissue surrounding the aortic wall,
mediastinal or pleural hemorrhage, or frank
extravasation of contrast outside the wall of the
aorta (Fig. 14.5a, b). Penetrating atherosclerotic
ulcers are seen as focal contrast-filled outpouch-
ings through the wall of the aorta, without a visi-
ble dissection flap, in the presence of diffuse
aortic atherosclerotic disease [13, 15, 17].

Epidemiology

According to a large autopsy series from Sweden
including almost 30 years of data, the incidence of
aortic dissection is 3.2 per 100,000, with an inci-
dence of aortic rupture of 0.9-1.0 per 100,000
[18]. Risk factors for aortic aneurysm and dissec-
tion are similar, and include age, systemic hyper-
tension, atherosclerosis, vasculitides such as
Takayasu’s and Giant cell arteritis, bicuspid aortic
valve, and inherited connective tissue disorders
such as Marfan, Loeys-Dietz, Ehlers-Danlos, and
Turner syndromes [5, 6, 19]. Pregnancy is also a
risk factor for aortic dissection [20]. In the large
International Registry of Acute Aortic Dissection
(IRAD) database, established in 1996 and encom-
passing 17 years and 28 centers, 67% of patients
enrolled presented with Type A dissection and
33% with Type B dissection, with mean ages of
62—-64 years [21]. Two thirds of the patients were
men [21]. Over 17 years of the study, in hospital
mortality for Type A dissection improved signifi-
cantly from 31% to 22%, and in-hospital mortal-
ity for Type B dissection remained stable at
12-14% [21]. In the classic paper by Hirst et al. in
1958, Type A dissections have a mortality rate of
1-2% per hour and are thus treated with emergent
surgery [22]. Type B dissections (without evi-
dence of end-organ compromise) are generally
treated with medical management (see below).

Overall Cost to Society

Limited data exists on the overall costs to
society of the acute aortic syndromes. While
mortality from AAS is high, the overall

incidence is orders of magnitude less com-
pared to more common causes of chest pain.
For example, the IRAD investigators note that
coronary artery disease is 100-200 more com-
mon than aortic dissection, with an estimated
incidence of three aortic dissections for every
1000 patients presenting with chest and/or
back pain [12].

Goals of Imaging

The primary goal of imaging in patients with
acute aortic syndrome is to (1) diagnose the
underlying aortic pathology, (2) identify any
associated conditions or complications which
may be present, and (3) provide adequate infor-
mation for subsequent medical, open surgical,
and/or endovascular aortic repair.

Methodology

A comprehensive PubMed search for articles
published between 1990 and July 2015 using the
PubMed search engine was performed using a
combination of the following key terms: acute
aortic syndrome, aortic dissection, aortic aneu-
rysm, penetrating ulcer, CT, MR, angiography,
and triple rule out.

Discussion of Issues

What Is the Imaging Modality
of Choice in Patients with Suspected
Acute Aortic Syndrome?

Summary of Evidence Computed tomography
angiography (CTA) is the gold standard for imag-
ing of suspected acute aortic syndrome. It is read-
ily available in most if not all emergency
departments in the developed world, can be
obtained relatively rapidly, and provides excel-
lent spatial resolution not only for diagnosis but
also for subsequent treatment planning (strong
evidence).
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Supporting Evidence

Chest Radiography

Chest radiography is often performed in patients
presenting to the emergency department with
chest pain and is recommended in all patients
presenting with symptoms suspicious for acute
aortic syndrome [19, 23]. However, it is used pri-
marily as a means of discovering alternative
causes of acute chest pain (such as pneumotho-
rax). It is specifically noted that the chest radio-
graph should not to be the definitive test for acute
aortic syndromes. Historically, findings of aortic
dissection and aneurysm were described on chest
radiographs as mediastinal widening, displaced
intimal calcifications, and changes in the configu-
ration of the aorta over successive radiographs
[24]. A study, performed in the modern era,
assessed mediastinal width on posteroanterior
(PA) and anteroposterior (AP) radiographs in 100
patients with confirmed nontraumatic thoracic
aortic dissection and 120 patients with confirmed
normal aortas [25]. The authors found that PA
radiographs were both more sensitive and spe-
cific than AP radiographs, as would be expected
due to less magnification on PA radiographs, and
found utility in both the maximal mediastinal
width (a cutoff of 7.5 cm on PA films was 90%
sensitive and 88% specific), as well as the maxi-
mal left mediastinal width (a cutoff of 5 cm was
90% sensitive and 90% specific) [25]. Chest radi-
ography is therefore useful in uncovering other
causes of acute chest pain and may suggest the
diagnosis of aortic dissection. However, in any
patient with suspected AAS, further cross-
sectional imaging is required to definitely exclude
AAS [19, 23]. CT and MRI also have the ability
to guide surgical and/or endovascular manage-
ment in confirmed cases of AAS.

CT Angiography

CT angiography has become the mainstay for
diagnosis of suspected AAS in the United States.
In the IRAD, data from 4428 patients revealed
that over a span of 17 years, the frequency of CT
utilization increased from 46% to 73% for the
detection of Type A dissection, while the use of
transesophageal echocardiography (TEE)

decreased from 50% to 23% [21]. CT angiogra-
phy is fast, with scanners readily available in most
modern emergency departments. CT can provide
an overview of the entire thoracic (and abdominal)
aorta in one data set, along with information about
potential complications. A CT angiogram pro-
vides excellent spatial resolution for 3D recon-
structions, which can be critical in planning surgi-
cal and endovascular repair of AAS.

Much of the data on sensitivity and specificity
of CT for the diagnosis of aortic dissection and
other AAS comes from older literature, with stud-
ies performed on older equipment with less reso-
lution and slower scan times compared to modern
machines. Previously reported sensitivities of
90-100% and specificities of 87-100% [23] are
now likely close to 100% with current multi
detector CT scanners [26].

When performing a CT angiogram for sus-
pected AAS, a precontrast exam of the thorax is
often obtained to assess for the presence of IMH.
Intramural hematoma has classically been
described as crescentic high attenuation in the
wall of the aorta, which can potentially be mis-
taken for wall thickening (or even overlooked) on
post-contrast images. However, a newer retro-
spective study by Lovy et al. found a sensitivity
of 100% for IMH on the post-contrast material-
enhanced CTA exam, suggesting that unenhanced
imaging may not always be necessary [27]. In
addition, a retrospective study by Knollmann
et al. similarly found that IMH was visible on
post-contrast CTA images in all 31 of their cases
[28]. Whether pre-intravenous contrast material-
enhanced images are obtained routinely for all
suspected AAS patients is generally a matter of
institutional preference. If they are routinely per-
formed, they should be limited in z-axis cover-
age, extending from the top of the arch to the
bottom of the heart to limit radiation exposure.

After the precontrast exam is performed, a CT
angiogram is performed, typically extending
from the thoracic inlet to the diaphragmatic hia-
tus. Optimal contrast enhancement of the aorta
(>250 Hounsfield units) can be obtained utilizing
either a timing run or bolus tracking, with an
injection rate of 4-5 mL/s [29]. The volume of
iodinated contrast utilized will depend on several
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factors, including patient size and the pitch of the
CT machine, but is typically in the range of
60-120 mL. Reconstructed images should
include coronal and sagittal images, for evalua-
tion of the aortic arch, and axial data sets at no
more than 1-2 mm thickness to allow for ade-
quate multiplanar and 3D volume rendering. CT
technology has advanced rapidly in the last few
decades. Newer technologies, such as EKG syn-
chronization, high temporal resolution “high-
pitch” acquisition modes, and dual-energy
imaging, are discussed in more detail below.

As with most radiological exams, detection
and subsequent management of incidental find-
ings are an important issue to consider. CT angio-
grams of the chest include not only the aorta but
the heart, lungs, chest wall, and upper abdomen,
where incidental (but potentially life-altering)
findings can occur. In a recent retrospective
review of 370 CTAs performed to evaluate for
AAS, 329 patients (89%) had at least one inciden-
tal finding, and 106 (29%) had recommendations
for some form of follow-up [30]. Most of these
(44%) were for pulmonary nodules, but other
findings included pneumonia, pleural and pericar-
dial effusions, and cancer and/or metastases [30].

Magnetic Resonance Imaging

MR angiography, while an excellent modality for
evaluating the aorta, is not typically the first test
of choice in suspected AAS, for several reasons
[21]. First, MRI is not nearly as readily available
as CT, and even when available, may not be avail-
able 24 h a day. MR angiograms take signifi-
cantly longer to perform than CT angiograms,
which is an issue in potentially unstable patients
with suspected AAS. Patient cooperation is
required, as most MR sequences require breath-
holding to minimize artifact. Claustrophobia can
limit the patient’s willingness to cooperate with
the exam. When it is available and the patient
deemed appropriate, a focused MR exam includ-
ing steady-state free precession (SSFP) axial and
coronal images, cine SSFP oblique sagittal
images, and contrast-enhanced 3D MRA
(CE-MRA) could be performed in 4 minutes,
with reported 100% accuracy for determining the
presence or absence of dissection or aneurysm

[31]. In cases of suspected acute IMH,
T1-weighted black blood (BB) images can dem-
onstrate intermediate or high signal within the
wall of the aorta [32].

In patients who cannot reliably hold their
breath or who cannot receive gadolinium-based
contrast agents due to significant renal dysfunc-
tion, the development of unenhanced SSFP MR
angiography is a viable alternative [33-35]. With
these sequences, the patient breathes freely while
a special “navigator” sequence monitors the posi-
tion of the diaphragm, only utilizing data when
the diaphragm is within a certain narrow window
[33]. These sequences can also be performed
with EKG gating, allowing for visualization of
intracardiac structures and the proximal coronary
arteries, which are typically not well seen on con-
ventional non-EKG-gated MR angiography. In a
comparison of 30 consecutive patients who
underwent both EKG-gated free-breathing SSFP
MRA and conventional MRA, the SSFP sequence
performed excellently [36].

Echocardiography

Echocardiography is a useful modality in the
diagnosis of aortic dissection. Transthoracic
(TTE) and transesophageal (TEE) echocardiog-
raphy offer real-time acquisition, which can be
obtained at the bedside, a significant advantage
over CT and MRI in hemodynamically unstable
patients. Reported sensitivities for detection of
dissection range from 59 to 85% and specificities
from 93 to 96% [23]. In a large meta-analysis of
16 studies involving 1139 patients, Shiga et al.
found that TEE, CT, and MRI all yielded equally
reliable diagnostic accuracy for confirming or
excluding thoracic aortic dissection [37].
However, there are some important limitations
with echocardiography. An experienced operator
must be available to obtain and interpret the
images, as echocardiography can suffer from a
number of potential artifacts. Transthoracic echo-
cardiography is limited by the availability of
acoustic windows and can be affected by abnor-
mal chest wall configuration, obesity, and pulmo-
nary emphysema [38, 39]. Transesophageal
echocardiography is a more invasive procedure
and can image nearly the entire thoracic aorta,
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but there is a known “blind spot” in the anterior
portion of the aortic arch, caused by artifact from
the trachea and left main stem bronchus as they
pass between the probe (in the esophagus) and
aorta [38]. The full extent of a dissection, includ-
ing involvement of the abdominal aorta, iliac ves-
sels, and visceral branches, is not as readily
apparent compared to CT or MRI. Despite these
limitations, echocardiography remains a key
modality in the management pathway, both in the
United States and Europe [23, 39].

PET/CT

While metabolic imaging of the aorta, with 'SFDG
PET/CT, is not a first-line diagnostic test for
patients with suspected AAS, there is limited evi-
dence that PET/CT of the aorta can be useful in a
few specific clinical situations. In a small study by
Reeps et al., imaging findings of nine patients with
known acute dissection and two patients with
symptomatic progressive dissection were com-
pared with those of seven patients with known
chronic stable Type B dissection. The standardized
uptake value (SUV) of the aortic wall or dissection
membrane was found to be significantly higher in
all of the acute or progressive dissection cases
compared to the chronic dissection cases [40].
Thus, PET/CT could have a role resolving whether
anewly diagnosed aortic dissection is in fact acute
or chronic, in patients who present with atypical or
nonclassic symptoms. Metabolic imaging may
also have a role in assessing prognosis; a study of
28 patients by Kato et al. demonstrated that higher
SUV values in the wall of the aorta in dissection
patients were significantly associated with an
increased risk for progression and rupture [41].
However, larger scale studies would be required
before either of these assertions could be general-
ized for routine clinical practice.

What Newer CT Technologies Are
Being Utilized in Imaging

of Suspected Acute Aortic
Syndromes?

Summary of Evidence Most modern CT scan-
ners are capable of EKG synchronization, which
can reduce or eliminate pulsation artifact in the

ascending aorta and allow accurate assessment of
the coronary arteries and aortic valve. However,
CTA protocols utilizing EKG synchronization
should be carefully tailored to minimize the
increased radiation dose. Dual-source scanners
are capable of high-pitch acquisition modes,
which can eliminate pulsation artifact while min-
imizing radiation dose. Dual-energy techniques
are available for generation of virtual noncontrast
(VNC) images, potentially eliminating the need
for a precontrast scan (thereby reducing radiation
dose), but their routine use in suspected AAS
may be complicated by higher levels of artifact
(limited evidence).

Supporting Evidence

EKG Synchronization
EKG synchronization refers to placing electrodes
on the patient’s chest during the CT exam and
acquiring and reconstructing images during spe-
cific phases of the cardiac cycle (one R-to-R
interval). EKG synchronization can be performed
retrospectively, in which data from all cardiac
cycles (systole and diastole) is acquired and then
“retrospectively” reconstructed at specific phases
(usually in 10% increments from 0% to 90% of
the R-to-R interval). Alternatively, EKG syn-
chronization can be performed utilizing prospec-
tive triggering, in which data only from specific
parts of the cardiac cycle (typically at about 30%
of the R-to-R interval for systole or about 70% of
the R-to-R interval for diastole) is acquired “pro-
spectively” at preselected locations, and imaging
is optimized or acquired for some phases of the
cardiac cycle. Prospective EKG triggering results
in significant dose reduction to the patient [42],
but is more likely to result in artifact at higher
heart rates and in patients with cardiac ectopy.
The primary advantage of EKG synchroniza-
tion over conventional CT angiogram is the reduc-
tion or elimination of cardiac motion and pulsation
artifact in the ascending aorta. With EKG syn-
chronization, the lumen of the coronary arteries
can be assessed, and aortic valve leaflets can be
visualized [43]. A study by Roos et al. showed a
clear reduction in motion artifact with EKG-
synchronized CTA compared to conventional
CTA, but did not comment on the difference in
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radiation dose [44]. A more recent study by
Schernthaner et al. showed a significant reduction
in motion artifact, an increase in diagnostic confi-
dence, with EKG-synchronized CTA performed
with the same radiation dose as conventional CTA
[45]. The routine use of EKG synchronization for
suspected AAS is not universal, however, and
while some consider it an integral part of their
protocol [29], its use varies among institutions.

High Pitch

With the introduction of dual-source CT scanners,
high-pitch acquisition protocols (with pitch up to
3.2) have been developed which allow for very fast
imaging of the entire chest, in under one second
[46, 47]. These can be performed with EKG syn-
chronization (i.e., timed for a specific phase of the
cardiac cycle), but even without EKG synchroni-
zation, the sub-second scan time is enough to sig-
nificantly reduce or eliminate pulsation artifact in
the ascending aorta, which is a common pitfall that
can mimic a Type A dissection flap [29, 43]. In a
study of 51 consecutive patients with undifferenti-
ated acute chest pain, an EKG-synchronized high-
pitch protocol provided excellent image quality
with low radiation dose (average 3.8 mSv) [46].
Beta-blockers were not routinely administered
prior to the exam. When patients had heart rates of
65 beats per minute or less, the image quality was
excellent, but did degrade significantly at higher
heart rates. Importantly, image noise can increase
significantly when using high- pitch protocols in
patients with a large body habitus [47].

Dual Energy

With the introduction of dual-source CT scanners,
the concept of dual-energy CT emerged [48]. By
operating the two tubes at different kVp (typically
one at a low energy of 80—100 kVp and the other
at a higher energy of 140-150 kVp) and compar-
ing the differences in X-ray attenuation within a
voxel between the two sources, the amount of
iodine within the voxel can be quantified [49].
This is particularly useful when imaging the aorta,
because it allows for the creation of virtual non-
contrast (VNC) images (potentially avoiding a
precontrast scan and reducing radiation dose) [50,
51]. The replacement of a precontrast scan with

VNC images from a dual-energy scan has been
studied in the setting of follow-up imaging after
thoracic endovascular aortic repair (TEVAR),
with excellent results [52, 53]. However, its rou-
tine use in the setting of suspected AAS is less
well established. One recent study comparing
VNC images of the thoracic aorta to the abdomi-
nal aorta found VNC images tend to be prone to
pulsation artifact [54]. In fact, while VNC images
were deemed an acceptable replacement for con-
ventional precontrast images in 93% of cases of
the abdominal aorta, they were acceptable in only
12% of thoracic aorta cases [54].

What Is the Role of the “Triple-Rule-
Out” Examination?

Summary of Evidence The “triple-rule-out” (TRO)
CTA typically requires higher radiation dose and
more iodinated contrast and is more difficult to per-
form, compared to conventional coronary CTA or
CTA of the aorta or pulmonary arteries alone.
While it may be quite useful in selected clinical
situations, its routine use in patients with undiffer-
entiated chest in the emergency department is not
yet justified (limited evidence).

Supporting Evidence Patients presenting to the
emergency department with chest pain present a
significant diagnostic challenge. With the intro-
duction of some of the techniques discussed above,
including EKG synchronization and high-pitch
acquisition modes, the development of a single CT
exam that could simultaneously evaluate the aorta,
the pulmonary arteries (for PE), and the coronary
arteries is an appealing goal. Rogg et al. found that
patients who underwent workup for one of these
conditions were more likely to receive simultane-
ous testing for one of the others [55], suggesting
that a single test to evaluate for all through would
be useful. Special considerations for the TRO CTA
include the amount and timing of contrast admin-
istration, to ensure adequate opacification of both
the aorta and coronary arteries, as well as the pul-
monary arteries [56].

While this examination is now readily feasible
and safe with modern CT scanners [57], its routine
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use in undifferentiated chest pain remains some-
what controversial, as the TRO CTA requires
more contrast than standard CT angiography and
use of EKG synchronization (with increased
radiation dose) [58]. In a large meta-analysis of
11 studies with 3539 patients, Ayaram et al. found
that while image quality was excellent for detect-
ing coronary artery disease, the low prevalence of
PE and dissection in these patients was not
enough to recommend routine usage [59].
Similarly, in a very large review of 12,834
patients who underwent TRO CTA, Burris et al.
found a slightly higher yield of PE and aortic dis-
ease, but at the expense of image quality, radia-
tion dose, and contrast dose [60]. They too
concluded that, while it certainly has value in
individual cases, “its indiscriminate use is not
warranted” [60]. A retrospective study of 2068
patients by Madder et al. found that TRO CTA
resulted in higher radiation dose, but was not
associated with improved diagnostic yield,
reduced clinical events, or diminished down-
stream resource use, compared to conventional
coronary CTA [61]. A retrospective study by Al
Qahtani et al. of 467 patients presenting with
atypical chest pain found the prevalence of acute
coronary syndrome (ACS) and AAS was limited
(0.5-5.5%) in those patients clinically suspected
of having a pulmonary embolism, but the preva-
lence of ACS and PE was much higher (18% and
5.6%, respectively) among suspected AAS
patients [62]. Finally, in the prospective, random-
ized CAPTURE trial of 59 patients, the authors
concluded that, while helpful in certain circum-
stances, the TRO CTA “should not be used rou-
tinely with the expectation that it will improve
efficiency or reduce resource use” [63].

Imaging Case Studies
Case 1

In Fig. 14.1, a 57-year-old man presents to the
emergency department with “crushing” chest pain.

L.A. Latson Jr.and J.E. Jacobs

Fig. 14.1 57-year-old man presenting to the emergency
department with “crushing” chest pain. Axial contrast-
enhanced CT angiogram demonstrates an acute Type A
aortic dissection. The false lumen (*) often has slower
flow and will enhance less than the true lumen. The true
lumen is typically smaller and more central in location. A
fenestration or intimal tear is seen (black arrow), with
communication between the true and false lumens

Case 2

In Fig. 14.2a, b, a 94-year-old man presents to the
emergency department with chest pain.

Case 3

A 60-year-old man presents in Fig. 14.3a—d with
a known history of penetrating atherosclerotic
ulcer, arriving as an outpatient for presurgical
planning.

Case 4

In Fig. 14.4a—d, a 63-year-old male with uncon-
trolled hypertension presents for a noncontrast
CT thorax for preoperative planning prior to a
CABG procedure.



Fig. 14.2 94-year-old man presenting to the emergency
department with chest pain. Precontrast images (a) are
useful for demonstrating crescentic high attenuation along
the wall of the descending aorta, consistent with Type B
acute IMH. On post-contrast CT angiogram images (b),

Fig. 14.3 60-year-old man with a known history of pene-
trating atherosclerotic ulcer, presenting as an outpatient for
presurgical planning. Coronal (a) and axial (b) CT angio-
gram demonstrates a focal penetrating atherosclerotic ulcer

this region appears relatively low in attenuation compared
to the adjacent contrast-enhanced aortic lumen and could
potentially be misinterpreted as low attenuation (chronic)
atherosclerotic plaque, rather than acute blood in the wall
of the aorta

4

(black arrow) in the mid-descending thoracic aorta. The
patient underwent successful thoracic endovascular aortic
repair (TEVAR), with resolution of the PAU (c, d)



Fig. 14.4 63-year-old male with uncontrolled hyperten-
sion, presenting for a noncontrast CT thorax for preopera-
tive planning prior to a CABG procedure. Noncontrast
image (a) demonstrates crescentic high attenuation in the
wall of the descending aorta (white arrow), consistent

with acute IMH. Subsequently performed CT angiogram
(b) in region of the distal aortic arch demonstrates a PAU
as the cause of the IMH (black arrow). The patient under-
went successful TEVAR, with resolution of the PAU (c, d)

Fig. 14.5 81-year-old male presented to the emergency
department with sudden onset of chest pain and was hypo-
tensive. CT angiogram (a) demonstrates an acute Type A
dissection involving the ascending and descending aorta,

with a large amount of blood (hematoma) in the mediasti-
num (*). There is active extravasation from proximal
descending aorta (b, white arrow). Findings consistent
with aortic rupture
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Case 5

An 81-year-old male presents in Fig. 14.5a, b to
the emergency department with sudden onset of
chest pain and was hypotensive.

Suggested Imaging Protocols
Chest radiography:

* Indicated for all patients presenting with sus-
pected acute aortic syndrome

e Primary use is to exclude other etiologies that
may mimic symptoms of AAS

e Normal chest radiographs do not exclude AAS
and should not delay cross-sectional imaging
in patients with symptoms of AAS

CTA Chest:

e Indicated for all patients presenting with sus-
pected acute aortic syndrome

* Noncontrast images can be obtained to assess
for acute intramural hematoma

e CT angiogram of the chest performed

e Consider EKG synchronization and/or high-
pitch mode to reduce motion artifact in the
ascending aorta and aid in assessing the coro-
nary artery origins

MRI/MRA Chest:

e Indicated when patient is hemodynamically
stable and able to cooperate
— MRA with contrast of the thoracic and

abdominal aorta

e If gadolinium contrast is contraindicated
(renal failure, allergy)

e Noncontrast 3D SSFP respiratory-gated navi-
gator sequences

Transesophageal echocardiography indicated
as a viable alternative to CTA or MRA when an
experienced operator is available to perform/
interpret the images.

Future Research

Role of dual-energy CT angiography in the set-
ting of suspected acute aortic syndrome, and
specifically the role of virtual noncontrast (VNC)
images to detect acute intramural hematoma.
Continued advancements in CT technology
will allow faster gantry rotation times and
higher pitch, to reduce/eliminate cardiac pulsa-
tion artifact without the need for EKG gating.
Continued study of the role of the “triple-rule-
out” exam in patients presenting to the emergency
department with undifferentiated chest pain.
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Key Points

A strong recommendation can be made
for utilizing dedicated coronary CTA in
patients who present with acute chest
pain but are at low risk for a cardiac
event (strong evidence).

Coronary CTA should not be utilized in
patients presenting with acute chest pain
that have intermediate to high risk for a
coronary event (strong evidence).

The utilization of a triple rule out coro-
nary CTA has been shown to improve
the disposition of patients with acute
chest pain. However, there is limited
data in the added value over a dedicated
coronary CTA (insufficient evidence).
Coronary CTA has been proven to be
cost-effective in the assessment of low-
risk patients who present with acute

chest pain to exclude a cardiac origin.
However, the utilization in high-risk
patients should not include coronary
CTA (strong evidence).

e The utilization of coronary CTA in
asymptomatic high-risk patients has not
been shown to be beneficial (strong
evidence).

Definition and Presentation

Acute chest pain is a complex symptom. While
management and disposition is relatively stream-
lined and straightforward in patients who present
with classic signs and symptoms of acute coro-
nary syndrome (abnormal EKG, elevated tropo-
nins, or appropriate clinical presentation), atypical
acute chest pain can encompass a wide range of
diagnostic entities ranging from a catastrophic
aortic dissection to a muscle strain [1-6].

In patients with atypical chest pain or who are

A.J. Bierhals (D<)

Mallinckrodt Institute of Radiology,
Washington University, St. Louis, MO, USA
e-mail: bierhalsa@wustl.edu

PK. Woodard

Mallinckrodt Institute of Radiology,
Washington University School of Medicine,
St. Louis, MO, USA

e-mail: woodardp@mir.wustl.edu

at low risk for acute coronary syndrome, the
workup and disposition becomes more complex.
These individuals present with atypical symptoms
and a normal EKG and normal initial serum tropo-
nins. In this patient population, there remains a
small but real risk of morbidity as well as medical
legal risk that could result from missing a major
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adverse cardiac even [7-10]. Classically, this
patient would be admitted for an extensive cardiac
workup. Often, the workup would include a stress
test with or without imaging and/or a cardiac cath-
eterization. The greater percentage of the time no
cardiac source for the patient’s pain would be
identified. As such, a great deal of resources would
be directed toward this patient population without
identifying a cardiac cause of pain.

Coronary CTA, performed on a 64-slice scan-
ner (or above) has made it possible to rapidly
evaluate this low-risk patient population in the
acute setting without impacting clinical outcome
or requiring invasive diagnostic testing such as
cardiac catheterization [11, 12].

Epidemiology

Chest pain is the second most common complaint
among patients presenting to the emergency
department (ED) [13]. This number has steadily
increased since 2004. Currently, approximately 9
million patients each year present to the ED with
chest pain, increased from approximately 6 mil-
lion in 2004 [14, 15] and is expected to increase
further given our society’s diet and sedentary
lifestyle. In individuals who are at low risk (no
prior history of a cardiovascular event and
absence of risk factors), the likelihood of having
an acute coronary syndrome (as evidenced by an
abnormal EKG or abnormal serum biomarkers)
is less than 8% [1-7].

Overall Cost to Society

Missed myocardial ischemic/infarction events
account for approximately 40% of malpractice
judgments against EDs. In addition to the cost of
malpractice judgments, the direct cause from
patients with acute chest pain presenting to the ED
is estimated between $13 and $15 billion [14, 15].

With such extensive resources placed toward
this patient population, there are still at least 2%
of these individuals who present to the ED that
will have their diagnosis of acute coronary syn-
drome overlooked [16, 17]. This points to the

need for a work flow and/or testing algorithm that
minimizes risk and decreases cost.

Goals of Imaging

The overall goal in evaluating the patient with
acute chest pain particularly in the ED is to iso-
late those who are at high risk for acute coronary
syndrome (ACS) from those who are not. As part
of this risk stratification, the purpose is to effi-
ciently evaluate and diagnose the presenting
patient’s etiology of acute chest pain while mini-
mizing cost, diagnostic procedures, and hospital-

izations without negatively impacting the
diagnosis  of  potentially life-threatening
diseases.

Methodology

Outcome studies, cost-effectiveness literature, and
current professional guidelines and recommenda-
tions were reviewed with a MEDLINE search
ranging from January 2005 to June 2015. The key-
word searching included acute chest pain, coro-
nary CTA, and cost-effectiveness. Over 500
reports were identified in the literature search.
Approximately 50 specifically addressed acute
chest pain cost-effectiveness and/or outcomes.

A similar literature search was performed with
a date range between 2005 and 2015 that included
acute chest pain, diagnostic evaluation, and cost-
effectiveness/outcomes. ~ Approximately 2000
reports were identified with less than 100 specifi-
cally addressing outcomes and cost-effectiveness.

Discussion of Issues

Is Coronary CTA Useful in Acute Chest
Pain?

Summary of Evidence There has been a multitude
of imaging trials that support the utilization of
coronary CTA as an initial diagnostic tool in indi-
viduals who present to the ED with acute chest
pain. In addition, these studies have shown that the



15 Acute Coronary Syndrome in Adults: Evidence-Based Emergency Imaging 221

use of coronary CTA in low- to intermediate-risk
patients is cost-effective (strong evidence).

Supporting Evidence The initial observational
studies which compared the diagnostic capabili-
ties of coronary CTA to invasive coronary angi-
ography (ICA) showed that 64-slice CT scanners
had a high sensitivity in diagnosing coronary
artery stenoses of greater than 50% diameter [4,
5, 18-22]. This suggests that coronary CTA has
the ability to detect stenoses which would be of
clinical significance and possibly requiring inter-
vention (Table 15.1).

Multiple randomized controlled trials have been
performed comparing standard of care versus
coronary CTA in patients who were low risk for
acute coronary syndrome demonstrating that
there was no long-term impact on patient out-
come while preserving diagnostic capabilities
and limiting costs. However, in several trials it
has been shown that patients who have moderate
to high risk of coronary artery disease will have a
greater likelihood of having greater than 50% ste-
nosis on a coronary CTA [4, 5, 18-22]. These
patients will often go on for additional functional
testing or cardiac catheterization, in order to eval-
uate for a physiologic degree of ischemia.

An important point when evaluating coronary
CTA versus ICA results is that the sensitivity and
specificity as well as positive predictive values
change depending on whether the data is assessed
on a per patient basis (patient level data) or a 17
segment AHA comparison (vessel segment level
data). When evaluating the results of multiple
studies, the performance of coronary CTA on a
per patient basis results in a high sensitivity (at
least 96%) but low specificity (approximately

74%) (20, 23]. However, an evaluation on a per
segment basis, negatively impacts sensitivity
(approximately 80%) but positively impacts
specificity (92%). This should be kept in mind
when developing and implementing coronary
CTA in the evaluation of chest pain. The utiliza-
tion of coronary CTA is very favorable when
assessing CAD presence on a per patient basis
[20, 23]. The high negative predictive value of
coronary CTA makes it an ideal diagnostic study
to exclude coronary artery disease especially in
the low- to intermediate-risk population. Thus, a
negative study in this patient group would almost
certainly exclude any significant coronary artery
disease.

Based on Patient Risk, When Should
Coronary CTA Be Applied?

Low-Risk to Intermediate-Risk Patients
Summary of Evidence The current recommenda-
tions for the evaluation of low-risk patients in the
ED, established by the American Heart
Association and the American College of
Radiology, encompass a wide range of diagnostic
modalities including stress testing with or with-
out imaging, echocardiography, and coronary
CTA [22-24]. However, due to lack of immediate
resources, these patients are often admitted for
their clinical evaluation in order to improve diag-
nostic accuracy. In the acute setting, coronary
CTA is a potential method for evaluation given its
high negative predictive value and its ability to
diagnose other causes of acute chest pain, such as
pneumonia, aortic dissection, or pulmonary
embolism [24, 25].

Table 15.1 Comparison of performance characteristics of coronary CTA in the detection of coronary artery disease

across multiple imaging trials

Trial Patient risk Sensitivity Specificity PPV NPV
ACCURACY Low to intermediate 94% 83% 48% 99%
CORE-64 High 94% 44% 93% 50%
CORE-64 Low 91% 87% 90% 88%
ROMICAT I Low 77% 87% 48% 98%

Note: The gold standard is based on cardiac catheterization with a 50% or greater stenosis on coronary CTA being
considered a significant degree of stenosis. PPV positive predictive value, NPV negative predictive value
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Supporting Evidence There has been a multitude
of studies evaluating coronary CTA in this patient
population. The most recent trials are ROMICAT
II and ACRIN-PA. ROMICAT II randomized
patients to either standard of care (stress test with
or without imaging, stress echocardiography or
no diagnostic testing) or to coronary CTA. The
utilization of coronary CTA resulted in a statisti-
cally significant reduced length of stay in the hos-
pital of 8.6 h for the coronary CTA group versus
26.7 h for the standard of care group [6]. In addi-
tion, there were no adverse cardiac events in
either the standard of care group or the coronary
CTA group within 30 days. The ACRIN-PA study
supported these findings and demonstrated a
higher rate of direct discharge from the ED [26].
These studies supported the initial findings of the
ROMICAT I trial [21].

In the low-risk population, the vast majority of
patients will not have coronary artery disease,
and only a small proportion, approximately 10%,
would require additional testing or intervention.
Therefore, the use of coronary CTA as a noninva-
sive tool with a high negative predictive value
could be recommended [12, 27]. However, some
researches have argued that the risk of events in
this group is so low that no immediate imaging
would be needed [28, 29].

Moderate- to High-Risk Patients

Summary of Evidence The utilization of coro-
nary CTA in acute chest pain patients at moderate
to high risk for coronary artery disease is not sup-
ported by the evidence (strong evidence). Those
patients will have some degree of coronary ath-
erosclerosis. Thus, because of the limited speci-
ficity and the high sensitivity of coronary CTA,
additional testing would be required. In addition,
the presence of coronary artery calcium often
results in overestimation of the degree of stenosis
also resulting in additional diagnostic testing. As
a result, the American Heart Association, the
American College of Radiology, the American
College of Cardiology, and other professional
organizations have recommended that coronary
CTA is not suggested as the first-line manage-
ment in this patient population (strong evidence)
[4-6, 30, 31].

Supporting Evidence Individuals who are at
high risk for or have been diagnosed with coro-
nary artery disease have a high initial likelihood
that their acute chest pain will be cardiac in ori-
gin. In patients with a high likelihood of disease,
the initial workup should focus on establishing
ischemia via either functional testing or ICA. The
positive predictive value, especially for flow lim-
iting lesions, is less than ideal (Table 15.1) [27,
32, 33]. Positive predictive values have been
noted as low as 76% in a high-risk population.
This leads to further testing and increased cost
[23, 34]. Research suggests that coronary CTA in
the high-risk groups has no additional benefit.

In addition, these high-risk patients have other
limitations that make coronary CTA a less than
ideal study for initial evaluation. This patient
population has a high prevalence of obesity
which makes the performance of the study tech-
nically challenging, resulting in a greater propor-
tion of examinations that are either limited in
quality or that are nondiagnostic. Moreover, a
high incidence of diabetes places these patients at
risk for contrast induced nephropathy [35-38]. It
would be more appropriate in these patients to
utilize contrast for the definitive study, i.e.,
catheter-based angiography.

Coronary CTA Compared with Other
Imaging Modalities

There are multiple imaging modalities that can
be utilized in the evaluation of acute coronary
syndrome. Catheter angiography is the traditional
modality for the evaluation of patients who have
chest pain of presumed cardiac origin. However,
angiography is an invasive and expensive test and
not ideal in the low- to intermediate-risk patient
population. However, it remains the gold stan-
dard for the diagnosis of coronary artery disease
although utilizing it does not always result in
lower cost or improved diagnosis. Studies have
shown that coronary CTA has a greater sensitiv-
ity compared to catheter angiography (80% vs.
67%) but a decreased specificity (67% vs. 75%)
when using intravascular ultrasound as the gold
standard [39]. Furthermore, in patients with a low
pretest likelihood (<50%) of coronary artery dis-
ease, coronary CTA has been found to result in
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lower cost which is not the case in the high-risk
group (likelihood of 70% or greater).
Historically, single photon emission computed
tomography (SPECT) has been the noninvasive
method for the evaluation of chest pain and coro-
nary artery disease. Multiple studies have shown
the superiority of coronary CTA in the detection
of coronary artery stenosis. Coronary CTA has
been shown to have a superior sensitivity com-
parted with SPECT (92-100% vs. 76-81%) and
greater specificity (78-89% vs. 57-78%) [40, 41].
In conjunction with the efficiency and speed of
performance, this makes coronary CTA the pref-
erential method in patients with acute chest pain.
Taking all evidence into account, coronary
CTA would be the preferred diagnostic tool over
catheter angiography and SPECT in moderate- to
low-risk patients presenting with chest pain.

What Are Special Considerations
for the Utilization of CTA in Acute
Chest Pain?

Summary of Evidence The utilization of coro-
nary CTA in the diagnosis of acute chest pain
often brings up special considerations. This is
centered on the pathology of other entities that
are associated with acute chest pain. As such,
protocols have been developed for the simultane-
ous evaluation of the coronary arteries, aorta, and
pulmonary arteries. This so-called triple rule out
CT examination is an attempt to evaluate not only
the coronary arteries but also the aorta for dissec-
tion and the pulmonary arteries for pulmonary
thromboembolism. However, currently, the evi-
dence does not support the widespread use of
triple rule out for the evaluation of patients with
chest pain [42, 43] (insufficient evidence).

Supporting Evidence There are, however, sev-
eral small studies that have shown that triple rule
out may be useful in the evaluation of acute chest
pain. In these studies, the triple rule out has
reduced additional testing in up to 75% of the
patients who have low to intermediate risk for
acute coronary syndrome [4]. Further, the triple
rule out has been able to detect non-coronary

causes of chest pain in between 10 and 30% of
the time [4].

Apart from the fact that the routine use of a
triple rule out CT examination has not been
assessed in large multicenter trials, the actual
performance also raises some limitations. When
a triple rule out study is performed, the radiation
dose will be higher than in a standard coronary
CTA because of the additional volumetric cover-
age that is required [36, 44]. The amount of con-
trast that is needed to perform the study is also
increased. However, despite the performance
limitations and the lack of evidence for of the
utility of the triple rule out CT examination, the
increased risk of litigation in the ED for acute
coronary syndrome (25% of all liability) often
results in the use of this examination, resulting in
increased patient risk [45].

What Are the Risks of Utilization
of Coronary CTA in Acute Chest Pain?

Summary of Evidence The utilization of coro-
nary CTA in acute chest pain poses a unique set
of risks. The ease of performance and availability
of the study may result in overutilization. This
overutilization results in increased costs and may
place the patient at risk for increased radiation
exposure and over testing from incidental find-
ings (moderate evidence).

Supportive Evidence The biggest risk of coro-
nary CTA in those presenting with acute chest
pain is exposure to radiation [36, 44]. This is
exacerbated by the likelihood that there is a very
low pretest probability of having a positive study.
In the ROMICAT I trial, the results indicated that
because of the high negative predictive value
(NPV) of coronary CTA, patients with a negative
coronary CTA could avoid a repeat study for at
least 2 years [21].

For a retrospectively gated coronary CTA, the
radiation exposure is approximately 12 mSv, and
for a prospectively gated examination the expo-
sure is approximately 5 mSv [46, 47]. Since there
is concern of unnecessary medical radiation
exposure to patients, these studies need to be
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appropriately applied in the clinical setting to
minimize potential long-term risks.

The patients who are typically evaluated are
often low risk for cardiac disease. Up to 30% of
these examinations will have non-cardiac find-
ings. The vast majority of these findings (approx-
imately 80%) will be incidental findings such as
a pulmonary nodule [48, 49]. Most of them will
have no clinical relevance but yet will require
additional workup and testing leading to further
costs and stress on the patient.

What Are the Costs of Utilization
of Coronary CTA for Acute Chest
Pain?

Summary of Evidence There have been multiple
multicenter trials that have demonstrated cost
benefits of using coronary CTA in low-risk
patients presenting with chest pain. These studies
have demonstrated cost savings, decreased hospi-
tal admissions, and decreased lengths of stay
(strong evidence).

Supporting Evidence ROMICAT 1 was the first
large trial to show improved efficacy using coro-
nary CTA in the evaluation of chest pain without
compromising patient outcomes [21]. This was
followed by several other studies including
ROMICAT II, ACRIN-PA, and CT-STAT trials
(Table 15.2) [4, 6, 21, 26, 50]. Overall, these
studies demonstrated between $200 and $1100
savings by utilizing coronary CTA in the ED. The
CT-STAT trial compared coronary CTA to a rest
stress perfusion study. In this study, the investiga-
tors were able to demonstrate a decrease in emer-
gency time stay and lower cost without any
impact on the diagnosis of acute coronary syn-
drome [4]. The ROMICAT II trial supported
these findings by demonstrating shorter hospital
length of stay, a more rapid time to diagnosis, and
an increase in the number of patients were dis-
charged directly from the emergency room [6].
ROMICAT II showed that coronary CTA com-
pared to standard of care could be performed
without any impact on the outcome or diagnosis
of acute coronary syndrome.

Table 15.2 Comparison of cost savings and length of
stay in multiple trials

Length of | Length
CCTA |SOC stay of stay
Trial (cost) (cost) (CCTA) | (SOC)
CT-STAT $1586 | $1872 |3.4h 15.0h
ACRIN-PA 18.0h 25.0h
STAT-CT $2137 | $3458 |29h 6.3h
ROMICAT IT |$4026 |$3874 |8.6h 26.7h

Note: The trial utilized standard of care (SOC) as deter-
mined by the clinician or a fixed modality that was SOC
for the evaluation of acute chest pain. CCTA coronary
CTA

ACRIN-PA was able to demonstrate shorter
length of stay and higher rates of direct ED dis-
charge when comparing coronary CTA to stan-
dard of care. There was a difference in the ability
to detect acute coronary syndrome between the
coronary CTA and standard of care groups [26].
The follow-up of this patient cohort demonstrated
that even after 1 year and a negative coronary
CTA, there was less than a 1% risk of a cardiac
event [51].

Take Home Tables

See Tables 15.1 and 15.2 for comparison of per-
formance characteristics of coronary CTA in the
detection of coronary artery disease across mul-
tiple imaging trials and for comparison of cost
savings and length of stay in multiple trials,
respectively.

Take Home Points

e Several large multicenter trials have evaluated
the application of coronary CTA in the diag-
nosis of acute chest pain in low- to
intermediate-risk patients and have demon-
strated that, because of its high NPV, coronary
CTA can be applied in the initial acute chest
pain workup in this patient population.

* When the use of coronary CTA is limited to
low- to intermediate-risk patients with acute
chest pain, there is a proven benefit including
decreased hospital length of stay and overall
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Fig. 15.1 A 35-year-old man with no family history of
cardiac disease. Normal ECG and negative troponin. No
clinical risk factors. Coronary CTA was performed as the
patient was low risk. Coronary CTA demonstrated no
coronary artery disease (a and b). There were no areas of

costs, without major adverse cardiac events
within 30 days of discharge.

Imaging Case Studies
Case 1

In Fig. 15.1a, b, a 35-year-old man with no fam-
ily history of cardiac disease and a normal ECG
and negative troponin undergoes a coronary CTA.

Case 2

In Fig. 15.2, a 63-year-old man who presents
with acute chest pain and a strong history of
coronary artery disease undergoes a coronary
CTA.

Future Research

The evaluation of acute chest pain is an ever
evolving arena of research. There are multiple
modalities for the diagnosis of coronary artery
disease, but researchers need to focus on explor-
ing which diagnostic modalities are best applied
to the various patient populations. In addition,

calcification or stenosis. Image b depicts a short segment
of myocardial bridging. This is not associated with the
patient’s presentation for chest pain. The utilization of
coronary CTA in a low-risk patient averted a cardiac cath-
eterization and led to a discharge directly from the ED

Fig.15.2 A 63-year-old man presented to ED with acute
chest pain. There was a strong family history of coronary
artery disease, elevated cholesterol, and diabetes. An ini-
tial coronary CTA was performed in the ED which dem-
onstrated significant coronary artery disease. The coronal
reconstruction depicts a greater than 70% narrowing of
the left main coronary artery. The image depicts both a
calcified and non-calcified plaque. This was followed up
with a catheterization and stenting of the left main coro-
nary artery for a high-grade stenosis. Given the patient’s
history and presentation, the pretest probability for coro-
nary artery disease is greater than 70%. Therefore, the
initial study that should have been performed was a car-
diac catheterization

research needs to focus on methods to limit cost
of evaluations without impacting long-term
outcome.
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Key Points

e Validated structured clinical assess-
ments such as the Wells score, the
Pulmonary Embolism Rule-out Criteria,
and the Geneva score, as well as an
experienced physician’s gestalt evalua-
tion, are vital for determining the clini-

L.B. Haramati (D)

Department of Radiology and Medicine, Montefiore
Medical Center/Albert Einstein College of Medicine,
Bronx, NY, USA

e-mail: lharamati@gmail.com

V.K. Patel

Department of Radiology, Montefiore Medical
Center, Bronx, NY, USA

e-mail: Vishal.patel@med.einstein.yu.edu

L.M. Freeman

Department of Radiology, Division of Nuclear
Medicine (Moses Div), Montefiore Medical Center,
Bronx, NY, USA

e-mail: lfreeman@montefiore.org

P. Thacker

Department of Radiology, Mayo Clinic,
Rochester, MN, USA

e-mail: thackerp@musc.edu

E.Y. Lee

Department of Radiology, Division of Thoracic
Imaging, Boston Children’s Hospital, Harvard
Medical School, Boston, MA, USA

e-mail: Edward.lee@childrens.harvard.edu

© Springer International Publishing AG, part of Springer Nature 2018

cal probability of pulmonary embolism
and the appropriateness of imaging.

e CT pulmonary angiography is currently
the most commonly performed imaging
modality when pulmonary embolism is
suspected. However, ventilation-perfusion
scintigraphy performs comparably with a
lower radiation dose and is especially suit-
able for patients with normal chest radio-
graphs and those with contraindications to
intravenous contrast.

e An underlying risk factor is found in most
pediatric patients ultimately diagnosed
with pulmonary emboli on computed
tomography pulmonary angiography.

e A clinical threshold of two or more risk
factors should likely be used to optimize
imaging for pediatric pulmonary emboli.

e Although dual-energy CT pulmonary
angiography/CT lung perfusion is
attractive and shows promise for
increased sensitivity of pulmonary
emboli detection, evidence, and clinical
experience is currently lacking.

Abbreviations

CT  Computed tomography
V/Q  Ventilation/perfusion study
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Definition and Pathophysiology

Pulmonary embolism is a common disease with a
high morbidity and mortality burden. Its clinical
presentation is quite variable, making accurate
diagnosis challenging. In this chapter, we exam-
ine how clinical assessment determines pretest
probability and then guides the diagnosis and
management of acute pulmonary embolism. The
important role of imaging in work-up is summa-
rized, and various imaging modalities are com-
pared and evaluated based on up-to-date medical
literature. Pulmonary embolism diagnosis in
pregnancy is also briefly reviewed and evidence-
based diagnostic algorithms for evaluation of
acute pulmonary embolism are presented.

Acute pulmonary embolism (PE) occurs when
thrombus travels to the pulmonary arteries from
the deep veins of the lower extremities and less
commonly from other central veins. In situ
thrombosis of the pulmonary arteries is rare and
can present similarly. The pathophysiology of PE
is variable and depends on the size of the emboli
and the patient’s clinical condition [1]. In a
healthy patient, a small PE may not be of clinical
significance because a physiological function of
the pulmonary capillary bed is to filter and lyse
small thrombi that regularly develop in the legs
[2]. In patients with limited cardiopulmonary
reserve or those with larger pulmonary emboli,
the compromise of the pulmonary vascular bed
can result in acute right heart dysfunction and
even death [1].

Risk factors for PE fall into several categories
including situational, intrinsic, and related to
comorbidities. Situational risk factors include
recent prior surgery, prolonged travel especially
long-haul airplane flights, oral contraceptive and
hormone replacement therapy, and smoking.
Intrinsic hypercoagulable states are a major risk
factor for pulmonary embolism and a focus of
ongoing research and new insights. These include
inherited thrombophilias which are present in
5-8% of the population such as protein C and S
and antithrombin deficiencies, factor V Leiden
mutations, increased clotting factors such as fac-
tor VII, sickle cell trait, and acquired conditions
such as antiphospholipid antibody syndrome.

Other patient related-risk factors include malig-
nancy, heart and kidney disease, immobilization,
obesity, and advanced age [3].

In contrast to adults where up to 31% of pul-
monary emboli are idiopathic, an identifiable risk
factor is found in 96-98% of pediatric patients
with pulmonary emboli [4, 5]. Specific risk fac-
tors vary across the pediatric age range. In 80%
of infantile PE cases, a thrombus associated with
a central venous catheter is present [4, 6, 7].
Other risk factors in infants include dehydration,
peripartum asphyxia, and septicemia. In older
children, presence of a central venous catheter
remains the greatest risk factor for pulmonary
embolism. However, other risk factors such as
immobilization, hypercoagulable states, excess
estrogen, and a prior history of PE and/or deep
vein thrombosis begin to take on a more promi-
nent role [8].

Epidemiology

Venous thromboembolic disease encompasses
both deep vein thrombosis and pulmonary embo-
lism. About 500,000 people are diagnosed with
thromboembolic disease in the United States
annually although these estimates are inexact due
to ascertainment, reporting, and national data-
base limitations. The incidence is 1-2 per 1000
overall but increases tenfold in the elderly aged
80 years and older. About one-third of thrombo-
embolic disease presents clinically with pulmo-
nary embolism, and up to a quarter of all patients
with pulmonary embolism have sudden death as
their initial presentation. Among those who sur-
vive the initial event, the mortality is roughly
10%, with the highest risk of death for those with
underlying malignancy or morbidities associated
with poor cardiopulmonary reserve. Ten percent
of patients with thromboembolic disease are
expected to have a recurrence within 10 years [9].
However, the long-term survival of patients diag-
nosed with acute pulmonary embolism is quite
low. A Mayo Clinic series [10] describes a 37%
10-year survival for patients who survived to
reach the hospital and undergo CT pulmonary
angiography.
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The true incidence of pediatric pulmonary
embolism remains unknown as many patients are
likely misdiagnosed and, thus, not imaged, given
the often subtle or nonspecific clinical presenta-
tion of children with pulmonary emboli.
Therefore, pediatric epidemiologic estimates
largely rely on autopsy series or retrospective
studies looking at patients who were clinically
suspected of having a pulmonary embolus and, as
such, received imaging. In the most recent of
these published works, Kristaneepaiboon et al.
found a PE incidence of 15.5% in patients who
underwent pulmonary CT angiography for clini-
cally suspected PE [11]. These findings led the
authors to conclude PE to be more common than
previously reported.

Overall Cost to Society

Cost to society is a broad and difficult to quantify
concept that may encompass the costs of diagno-
sis and treatment of the illness, loss of wages and
future earnings due to disability, and death. The
in-hospital costs of caring for patients admitted
with the diagnosis of pulmonary embolism have
been estimated to be $8764 [12]. The annual
medical costs the year after diagnosis with pul-
monary embolism is in excess of $18,000 com-
pared with $680 for a control group. These are
direct cost-of-care estimates that do not take into
account the more difficult to estimate costs
related to lost wages, disability, and death [13].

Goals of Imaging

The goal of medicine is to improve the care of
our patients. Diagnostic tests, including imaging,
are performed in order to diagnose or exclude the
diagnosis of clinically relevant disease and to
serve as a guide to management. For patients who
are suspected of having pulmonary embolism
and have an intermediate or high probability of
disease, imaging is generally recommended in
order to diagnose or exclude the diagnosis of pul-
monary embolism. If pulmonary embolism is
diagnosed, the usual treatment is anticoagulation.

Alternative diagnoses that may explain the
patients’ symptoms can be demonstrated on chest
radiography or CT [14]. However, there has been
a rapid increase in imaging utilization over the
past two decades. Medical imaging, especially
from CT, has become a substantial contributor to
the annual US population radiation exposure,
along with background radiation levels [15]. In
fact, among patients diagnosed with pulmonary
embolism, Stein et al. [16] described a substan-
tial increase in radiation exposure for a cohort of
recently diagnosed patients compared with a pul-
monary embolism cohort diagnosed more
remotely, reflecting increased imaging utiliza-
tion. Therefore, it is of utmost importance to
select the most appropriate patients to undergo
imaging and identify those for whom imaging
can safely be obviated.

Methodology

The medial literature was searched using PubMed
(National Library of Medicine, Bethesda
Maryland) and Google for articles published
between 2005 and 2015. The search was limited
to English language articles and human studies.
Pulmonary embolism and thromboembolic dis-
ease were searched alone and in combination
with diagnostics, D-dimer, imaging, computed
tomography pulmonary angiography, CT, venti-
lation perfusion scintigraphy, lung scan, echocar-
diography, duplex, lower extremity ultrasound,
and cost. Additional classical literature on pul-
monary embolism was included when recently
referenced and deemed to be pertinent. A priority
was given to original research focusing on clini-
cal outcomes, national databases, high-quality
reviews, and evidence-based guidelines. The arti-
cles were rated based on the quality of the
evidence.

Comment

Because studies reporting clinical outcomes in
patients who receive diagnostic testing for pulmo-
nary embolism can only report false-negative val-
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ues and rates of false-negative results, false-positive
results and positive predictive values are not deter-
minable. A false-negative result is recognized
when a patient initially diagnosed as not having
pulmonary embolism returns with symptoms and
imaging findings of pulmonary embolism or deep
vein thrombosis within a pre-specified time period,
usually 90 days (recurrence rate). Patients diag-
nosed as positive for pulmonary embolism at pre-
sentation are typically treated, thus precluding
systematic study of false-positive results.

Discussion of Issues

What Is the Role of Clinical
Assessment in the Evaluation
of Pulmonary Embolism?

Summary of Evidence Initial consideration of
the diagnosis of pulmonary embolism occurs
prior to any formal clinical assessment. Once the
diagnosis has been considered, its probability can
be assessed clinically either in an unstructured,
gestalt manner or by using a validated structured
clinical assessment. The Pulmonary Embolism
Rule-out Criteria (PERC) developed in the
United States, the Wells score developed in
Canada, and the Geneva score developed in
Europe have all been validated in their respective
populations and can be used to assign a probabil-
ity of pulmonary embolism to a given patient
[17-20]. Interestingly, a gestalt evaluation by an
experienced physician performs at least as well
as the structured clinical assessments (moderate
evidence) [21, 22]. If the clinical probability of
pulmonary embolism is low, a serum D-dimer
assay is recommended and if the results are nega-
tive, imaging can be safely obviated (moderate
evidence). If the D-dimer is elevated then imag-
ing is recommended. If a patient has a high clini-
cal probability of pulmonary embolism, imaging
is typically the first appropriate step. When imag-
ing is performed, the results should be evaluated
in the context of the pretest probability of disease
and have the best predictive value when the clini-
cal probability and imaging findings are concor-
dant (Fig. 16.1).

Supporting Evidence Practice patterns in medi-
cine vary geographically, and consequently the
prevalence of pulmonary embolism in patients
who are suspected of having the disease varies
greatly. Penaloza et al. [23] aggregated data from
three prospective clinical trials of 11,114 patients
with suspected pulmonary embolism from the
United States and Europe. They found that the
pretest probability of pulmonary embolism was
significantly higher in Europe when the patients
were evaluated by clinical gestalt or using the
Wells or Geneva scores. The prevalence of pul-
monary embolism was 27% in European patients
and only 8% in US patients (moderate evidence).
The Canadian practice pattern is intermediate;
Anderson et al. [24] in a level 1 evidence study
described an overall prevalence of pulmonary
embolism of 17.7% in their randomized trial of
1417 patients with suspected pulmonary embo-
lism who were imaged with CT pulmonary angi-
ography versus ventilation perfusion scintigraphy.
In the United States, which has a low disease
prevalence among those imaged, the Pulmonary
Embolism Rule-out Criteria perform well as a
stand-alone  probability = assessment  [25].
However, in populations with a higher disease
prevalence, Hugli et al. [26] described a 5.4%
prevalence of pulmonary embolism among
PERC-negative patients. Penaloza et al. [27]
combined a gestalt assessment with the
Pulmonary Embolism Rule-out Criteria in a pro-
spective series of 959 patients from Europe who
had a pulmonary embolism prevalence of 29.8%
and found that the combined approach had a high
negative predictive value, although these limited
to moderate evidence results that require confir-
mation in larger clinical trials.

What Is the Role of the D-dimer Assay
in the Evaluation of Suspected
Pulmonary Embolism?

Summary of Evidence D-dimer is a fibrin degra-
dation product and is not normally present in
blood. Blood clots are degraded by fibrinolysis;
therefore, D-dimer is typically present in the
blood of patients with deep vein thrombosis or
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pulmonary embolism. However, it is not specific
for thromboembolic disease, and D-dimer is
present in the blood in a variety of circumstances
and illness including but not limited to trauma,
surgery, pregnancy, inflammation, malignancy,
liver disease, and disseminate intravascular
coagulation [28]. D-dimer concentrations are
also normally higher as people age [29]. The
D-dimer assays represent a variety of monoclonal
antibody tests of differing sensitivities and rapid-
ity. The rapidity of the assay impacts its clinical
utility in the acute setting, and higher thresholds
may be appropriate for older patients. The high
sensitivity D-dimer assays have been found to be
most useful in ruling out pulmonary embolism
when the results are negative. Imaging can safely
be obviated for those patients who have a low
clinical probability of pulmonary embolism and a
negative D-dimer assay (moderate evidence) [30,
31]. In contrast, the D-dimer assay does not have

arole in evaluating patients who have a high clin-
ical probability of pulmonary embolism; those
patients should directly undergo imaging.

Supporting Evidence Carrier et al. [31] in a level
1 evidence, systematic review evaluated the safety
of withholding anticoagulation in patients with
suspected pulmonary embolism who had a low or
intermediate pretest probability of disease and a
negative VIDAS D-dimer—a highly sensitive
automated D-dimer assay. The review included
5622 patients from seven studies who had pretest
probabilities assessed using clinical gestalt, Wells,
or Geneva scores that were non-high clinical
probability. Forty percent (2248) had a negative
VIDAS D-dimer. This group’s rate of thrombo-
embolic disease at 3-month follow-up (a com-
monly used metric for the false-negative rate) was
very low at 0.14%, with a 1-2% false-negative
rate as the general target (strong evidence).
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However, it is known that the serum concentration
of D-dimer increases with age. Schouten et al.
[32] performed a meta-analysis of 13 studies
comprised of 12,497 older patients with suspected
pulmonary embolism who had clinical probability
assessments and D-dimer testing (strong evi-
dence). For those with non-high clinical probabil-
ity, conventional D-dimer thresholds demonstrated
decreased specificity with age at 57% for 51-60
years, 39% for 61-70 years, 25% for 71-80 years,
and 15% for those older than 80. However, age-
adjusted D-dimer thresholds much improved the
specificity, which increased at every decade and
ranged from 62% to 35% with good sensitivities
of over 97% for each age group.

What Is the Role of Various Imaging
Modalities in Establishing
a Diagnosis of Pulmonary Embolism?

Chest Radiography

Summary of Evidence Chest radiography plays a
useful but limited role in patients suspected of
having pulmonary embolism. The radiograph
may depict an alternative diagnosis that explains
the patient’s symptoms such as a pneumothorax,
mucus plugging with lobar collapse, rib fracture,
or an unsuspected tumor. Results of chest radiog-
raphy have also proven to be useful in triaging
patients who require further imaging to either
ventilation-perfusion scintigraphy (V/Q scan)—
when the radiograph is normal—or to CT in the
presence of a significant radiographic abnormal-
ity. The performance characteristics of V/Q scans
are enhanced in the setting of a normal radio-
graph [33].

A number of chest radiographic abnormalities
have been described in the setting of pulmonary
embolism. These include a prominent central
pulmonary artery (Fleischner sign) due to either a
central embolus or pulmonary hypertension and
regional lung oligemia at the site of the embolus
(Westermark sign). Ischemic injury to the lung
from a pulmonary embolism can manifest as atel-
ectasis secondary to decreased surfactant produc-
tion or pulmonary parenchymal hemorrhage or
infarction. Hemorrhage and infarction both pres-

ent with broad-based peripheral parenchymal
opacification abutting a pleural surface often with
a truncated apex (Hampton’s hump). The trun-
cated apex, typical of a pulmonary infarct, differs
from wedge-shaped infarcts in other organs, due
to the bronchial arterial supply of the lung which
nourishes the more central lung subtended by the
pulmonary embolism, protecting it from infarc-
tion. Pleural effusion, usually small and hemor-
rhagic, is common in patients with pulmonary
embolism and infarction. However, none of these
radiographic signs reliably distinguish between
patients with and without pulmonary embolism
in the relevant population.

Supporting Evidence Worsley etal. [33] reviewed
the chest radiographs for 1063 patients from the
original PIOPED study [34], which compared
V/Q scanning with conventional pulmonary angi-
ography. The prevalence of pulmonary embolism
in PIOPED was 36%, and the majority of patients
(68%) were inpatients. The chest radiograph was
normal in only 12% of patients with pulmonary
embolism (moderate evidence). Atelectasis and
parenchymal opacities were the most common
findings, but the prevalence of these abnormalities
did not differ significantly between those with and
without pulmonary embolism. More specific
radiographic findings of pulmonary embolism
such as the Westermark and Fleischner signs and
Hampton’s hump were also poor predictors of
pulmonary embolism. The authors therefore con-
cluded that the main role of chest radiography was
to exclude alternative diagnoses and to guide the
interpretation of the V/Q scan.

Stein et al. [35] evaluated the impact of an
emergency department protocol that triaged
patients with suspected pulmonary embolism
who merited imaging on clinical grounds to V/Q
scan or to CT pulmonary angiography based on
the results of chest radiography; V/Q scans were
recommended for patients with normal radio-
graphs. Over the 2-year study period which
included the year before and the year after initia-
tion of the chest radiographic triage protocol,
4115 imaging examinations were performed.
Before the protocol was initiated, 62% of imag-
ing for suspected pulmonary embolism was with
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CT, while the year after the protocol was initi-
ated, 57% of imaging was with V/Q. This trend
toward more V/Q studies has increased over the
ensuing years up to the present. The false-negative
rate as measured by 90-day venous thromboem-
bolism recurrence was in the 1% range for each
year and for both imaging modalities (moderate
evidence).

Ventilation-Perfusion Scintigraphy

(V/Q Scan)

Summary of Evidence V/Q scans served as the
dominant noninvasive imaging test for suspected
pulmonary embolism until the development of CT
pulmonary angiography, which overtook V/Q in
2001 in the United States for imaging patients
with suspected pulmonary embolism. Since then,
V/Q scans have remained a first line imaging
modality for patients with renal insufficiency or
contraindications to intravenous contrast. V/Q
scans confer a substantially lower radiation dose
to the patient than CT and demonstrate excellent
performance characteristics in patients with nor-
mal chest radiographs [36]. When patient out-
comes are used as the reference standard,
clinically significant pulmonary embolic disease
is just as effectively demonstrated and excluded
with V/Q scans as with CT (strong evidence) [24,
37]. One of the confusing aspects of V/Q scanning
was the probability language used in reporting the
results, in contrast to the “positive” or “negative”
results of CT. Recently, some centers have adopted
a trinary interpretation scheme for V/Q scans as
follows: “positive for PE,” “no evidence for PE,”
and “nondiagnostic.” This trinary interpretation
scheme has similar diagnostic value to the proba-
bility interpretation scheme but has the advantage
of easily understandable results [38]. A negative
V/Q scan has a negative predictive value in the
98-99% range, similar to the negative predictive
value of CT (strong evidence) [34].

Supporting Evidence Anderson et al. [24] per-
formed a randomized clinical trial of V/Q scan
versus CT pulmonary angiography in 1417
patients with suspected pulmonary embolism
who had an intermediate or high pretest probabil-
ity of pulmonary embolism using the Wells score

or a positive D-dimer assay. The primary out-
come was development of thromboembolic dis-
ease within 3 months after a negative work-up for
suspected pulmonary embolism (false-negative
rate). Results of the study showed no significant
difference between the V/Q scan and CT groups
in the false-negative rate, which was < 1% for
both (strong evidence). However, pulmonary
emboli were diagnosed 50% more frequently
among patients who were imaged with CT com-
pared with those imaged with V/Q scanning
(17.7% vs. 11.7%). This raised concern that a
substantial proportion of the excess pulmonary
emboli diagnosed on CT compared with V/Q
scanning were not of clinical significance and
represented over diagnosis which in turn, led to
overtreatment with anticoagulation in these
patients.

V/Q scanning confers a substantially lower
radiation dose to the patient than does CT. Mettler
et al. [36] in their catalogue of estimated doses
published in 2008 described an estimated effec-
tive dose of 2.2 mSv for V/Q scanning. In con-
trast, mean CT pulmonary angiography dose
estimates have been as high as 10 mSv in the real-
world, nonoptimized setting [39]. When Stein
et al. [35] used the chest radiograph to triage
patients with normal chest radiographs to V/Q
scanning and those with abnormal radiographs to
CT, they documented a drop in average annual
estimated radiation exposure from 8 mSv to 6.4
mSv among their population of emergency depart-
ment patients who were imaged for suspected pul-
monary embolism. This decrease in radiation
exposure was more pronounced among women
younger than 40 years (from 7.2 mSv to 4.9 mSv)
who are more biologically susceptible to the det-
rimental effects of radiation exposure. However,
advances in CT technology and rigorous adher-
ence to CT dose reduction strategies have begun
to shift the dose curve downward for CT [40].

CT Pulmonary Angiography

Summary of Evidence CT pulmonary angiogra-
phy is currently the most commonly performed
imaging modality in patients suspected of having
pulmonary embolism. CT superbly demonstrates
pulmonary emboli when present, and physicians
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readily appreciate the direct demonstration of the
pulmonary artery anatomy and pulmonary
emboli. The heart can and should be evaluated on
every positive CT pulmonary angiogram in order
to diagnose or exclude the diagnosis of right
heart dysfunction (strain), which is associated
with an increased 30-day mortality in patients
with pulmonary emboli [41]. Pulmonary infarc-
tion, when present, is also well demonstrated on
CT as a peripheral lung opacity with a broad base
and a truncated apex which has diminished
enhancement and internal lucencies, a configura-
tion that reflects the lung’s dual blood supply
[42]. When pulmonary infarction is present, a
hemorrhagic effusion is often present and the
clinical presentation includes pleuritic chest pain
and hemoptysis. Chronic thromboembolic dis-
ease and pulmonary artery tumors can have over-
lapping presentations with acute pulmonary
embolism and can be readily differentiated from
acute pulmonary embolism on CT.

The negative predictive value of CT is excel-
lent and similar to V/Q scans, in the 98-99%
range (strong evidence) [43]. Even when a nega-
tive CT is technically limited, the recurrence rate
of pulmonary embolism is very low with a nega-
tive predictive value similar to that of an adequate
CT [44]. Advances in CT technology have led to
an expectation of routine superb high-resolution
images, which have resulted in depiction of iso-
lated small subsegmental pulmonary emboli in a
higher proportion of patients than with older CT
technology [45]. Because the pulmonary capil-
lary bed physiologically traps small clots and
thus protects the systemic circulation, the clinical
significance of these small pulmonary emboli is
unclear [2, 46]. In fact, there is growing evidence
that a proportion of the pulmonary emboli dem-
onstrated on CT represent over diagnosis of clini-
cally unimportant disease [47].

Supporting Evidence The PIOPED II study
[43] prospectively evaluated 824 patients from
multiple centers who had suspected pulmonary
embolism and were evaluated with CT pulmo-
nary angiography between 2001 and 2003. Each
patient also underwent a clinical probability
assessment with the Wells score. The CT results

were compared with a composite reference stan-
dard which required results of a V/Q scan,
venous ultrasound, or digital subtraction angi-
ography to ultimately determine the presence or
absence of pulmonary embolism. The CT angio-
gram was technically adequate in 94% of
patients in whom CT demonstrated a sensitivity
of 83% and specificity of 96% for pulmonary
embolism (strong evidence). However, when the
clinical probability was discordant with the CT
results, the performance of CT declined sub-
stantially. A positive CT in a patient with high
clinical probability was 96% accurate, but the
positive predictive value declined in 58% for
those with a low clinical probability. Similarly,
a negative CT in a patient with a low clinical
probability of pulmonary embolism had a nega-
tive predictive value of 96%, which declined to
60% in patients who had a high clinical proba-
bility of disease [43].

Duplex Ultrasound of the Lower
Extremity

Summary of Evidence Pulmonary embolism is a
component of venous thromboembolic disease
that includes deep vein thrombosis. In fact, a
majority of pulmonary emboli originate from
lower extremity deep vein thrombosis.
Additionally, even in the absence of pulmonary
symptoms, nearly half of patients with proximal
deep vein thrombosis have pulmonary embolism
[48]. As anticoagulation is the treatment for both
deep vein thrombosis and pulmonary embolism,
the diagnosis of deep vein thrombosis leads to the
appropriate treatment of both diagnoses. Duplex
ultrasound of the lower extremities is the modal-
ity of choice for evaluating the deep veins of the
lower extremity for thrombi with equivalent diag-
nostic performance to conventional and CT
venography [49]. Thrombi below the knee are
uncommonly of clinical significance; therefore
the popliteal vein is typically the most proximally
examined vein. Lower extremity duplex ultra-
sound evaluations include the common femoral,
femoral (formerly known as superficial femoral
vein), and popliteal vein to the tibioperoneal
trunk [50]. Duplication of the femoral vein occurs
in about 10% of the population, and evaluation of
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only one vein in a patient with duplication of the
femoral venous system is a cause of false-
negative results [51]. The ultrasound diagnosis of
deep vein thrombosis relies on lack of compress-
ibility of a thrombus-containing vein, with com-
pression applied perpendicular to and along the
entire course of each vein. Other signs of deep
vein thrombosis include enlargement of the vein
and abnormal spectral Doppler such as monopha-
sic flow (or other patterns of loss of the normal
respirophasic flow) and lack of augmentation
with calf compression. Acute thrombus is often
anechoic and cannot be directly visualized on
ultrasound, but subacute and chronic thrombi
demonstrate increasing echogenicity over time
[52]. CT venography after CT pulmonary angi-
ography has a similar performance to lower
extremity ultrasound in demonstrating deep vein
thrombosis and can also demonstrate iliac and
inferior vena cava thrombosis. After much study,
CT venography has not achieved widespread
acceptance in clinical practice largely due to the
risks of radiation exposure without substantive
incremental benefit in patient outcomes com-
pared with ultrasound, although it remains of
value in some patients [53].

Supporting Evidence Duplex ultrasound of the
lower extremity does not expose the patient to
ionizing radiation and has demonstrated compa-
rable diagnostic performance to conventional and
CT venography of the lower extremities.
Appelman et al. [52] in a level 2 evidence study
prospectively evaluated the diagnostic perfor-
mance of lower extremity ultrasound compared
with conventional venography in 112 patients
who were clinically diagnosed with deep vein
thrombosis. With venography as the reference
standard, 46% (52/112) were ultimately diag-
nosed with proximal deep vein thrombosis and
vein compressibility on ultrasound which repre-
sents a sensitivity and specificity of 96% and
97%, respectively. Using data from PIOPED II,
Goodman et al. [54] compared ultrasound of the
lower extremity with CT venography for the 711
patients who had adequate imaging with both
modalities. They found a 96% concordance
between ultrasound and CT venography for the

presence or absence of deep vein thrombosis
(moderate evidence).

Echocardiography

Summary of Evidence Although not a primary
imaging modality in patients suspected of having
pulmonary embolism, echocardiography does
play a role in its diagnosis and has prognostic
implications in a subset of patients.
Echocardiography may be performed in patients
with pulmonary embolism who have nonspecific
clinical presentations. In that setting, the echo-
cardiographic findings of right ventricular dilata-
tion, which is present in about 25% of patients
with pulmonary embolism, and other signs of
right heart pressure overload and right heart fail-
ure including dilated right atrium and inferior
vena cava, may suggest the correct diagnosis. A
more specific echocardiographic sign of pulmo-
nary embolism is the “McConnell sign” which
describes decreased contractility of the right ven-
tricular free wall compared to the apex in patients
with pulmonary embolism. Rarely, an embolism
in transit may be directly observed within the
right atrium or right ventricle. In patients with
acute hemodynamic instability, an echocardio-
gram that excludes right ventricular dysfunction
will guide the work-up away from acute pulmo-
nary embolism [55]. Echocardiography can also
be used in risk stratification of patients who have
been diagnosed with pulmonary embolism who
are hemodynamically unstable; right ventricular
dysfunction predicts short-term morbidity and
mortality [56, 57]. However, in hemodynami-
cally stable patients with pulmonary embolism,
the imaging finding of right heart dysfunction on
echocardiography has poor predictive value.

Supporting Evidence Kucher et al. [56] evalu-
ated a management strategy that included early
echocardiography for evaluating hemodynami-
cally unstable patients with suspected pulmonary
embolism. They found echocardiography to be
valuable in a prospective series of 204 consecu-
tive European patients with suspected pulmonary
embolism who had a pulmonary embolism preva-
lence of 48% (98/204). Probability of disease
was assessed using the Wells score. Heart rate
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and blood pressure were measured and a shock
index was derived by dividing the heart rate by
the systolic blood pressure. A shock index >1
was considered a marker for hemodynamic insta-
bility. 10% (21/204) of patients were hemody-
namically unstable with a high clinical probability
of pulmonary embolism and were evaluated by
echocardiography within 30 min. One-third
(7/21) of the unstable patients had normal right
ventricular function, and the diagnosis of pulmo-
nary embolism as a cause of hemodynamic insta-
bility was excluded; this was confirmed with CT
pulmonary angiography. Stable patients with low
clinical probability underwent D-dimer testing;
139 of whom underwent subsequent CT pulmo-
nary angiography. Hemodynamically stable
patients with central pulmonary embolism under-
went echocardiography. Echocardiographic signs
of right heart dysfunction were present in 62%
and this served as a trigger for reperfusion ther-
apy in 66% (14/21) of unstable and 35% (9/26) of
stable patients with a central clot. The 30-day
pulmonary embolism mortality was 5% with all
deaths attributed to right ventricular failure.
Echocardiographic signs of right ventricular fail-
ure, however, were not associated with 3- or
6-month mortality (moderate evidence).

In a larger series of stable patients from the
International Cooperative Pulmonary Embolism
Registry (ICPR), Kucher et al. [57] evaluated
1035 patients with pulmonary embolism who
underwent echocardiography within 24 h of diag-
nosis. Thirty-nine percent (405/1035) of patients
had right ventricular hypokinesis on echocardiog-
raphy, and this subset had a significantly lower
30-day survival than those without RV hypokine-
sis on echocardiography (84% vs. 91%, p <
0.001). RV hypokinesis as an independent predic-
tor of early death remained significant even after
multivariate adjustment (moderate evidence).

What Evaluation Is Appropriate
for Pregnant Women with Suspected
Pulmonary Embolism?

Summary of Evidence Pulmonary embolism is
uncommon in pregnant women, but is a leading

cause of maternal mortality in the United States
and generally in the developed world. Suspected
pulmonary embolism in pregnancy requires par-
ticular attention because the risk-benefit analysis
for any work-up and treatment must include both
the mother and the fetus in the calculation.
Additionally, the physiologic changes of preg-
nancy have some overlap with the symptoms of
thromboembolic disease, thus increasing diag-
nostic uncertainty [39]. Clinical practice guide-
lines for evaluating pulmonary embolism in
pregnant women were developed in 2012 by the
American Thoracic Society along with the
Society of Thoracic Radiology and endorsed by
the American College of Obstetrics and
Gynecology [58]. They created a practical diag-
nostic algorithm that gives weight to keeping
maternal and fetal radiation exposure as low as
possible in addition to yielding diagnostically
useful information (Fig. 16.2). The fetus is well
recognized to be vulnerable to the detrimental
effects of ionizing radiation; it is less well recog-
nized that maternal breast tissue is particularly
vulnerable to ionizing radiation due to its physi-
ologic proliferation during pregnancy. Therefore,
in women with symptoms of deep vein thrombo-
sis leg ultrasound, a nonionizing radiation test is
recommended as the first choice imaging modal-
ity. For women without symptoms of deep vein
thrombosis, the lower-dose combination of chest
radiography and lung scintigraphy are given pref-
erence over CT pulmonary angiography for
women whose chest radiographs are normal.
Low-dose perfusion-only lung scintigraphy (low-
dose Q scan) confers a substantially lower radia-
tion dose to the mother and to the fetus and is a
good choice for imaging pregnant women with
suspected pulmonary embolism [59].

The seven specific recommendations of the
joint society guidelines are summarized here

[58]:

1. D-dimer testing is not recommended to
exclude pulmonary embolism in pregnant
women.

2. If clinical signs of deep vein thrombosis are
present, then ultrasound of the lower extremi-
ties should be performed, which if positive,
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Fig. 16.2 Suggested algorithm for evaluation of pulmo-
nary embolism in pregnancy. U/S ultrasound, CTPA com-
puted tomographic pulmonary angiography, V/Q
ventilation/perfusion  study, low-dose Q low-dose
perfusion-only lung scintigraphy. [Adapted with kind per-
mission of the American Thoracic Society from Leung

treat with anticoagulation; if negative, con-
tinue with further evaluation.

3. If clinical signs of deep vein thrombosis are
absent, further evaluation for deep vein throm-
bosis is not recommended, and the work-up
should proceed to pulmonary vascular
evaluation.

4. Chest radiography is the first recommended
chest imaging examination and the first imag-
ing test that exposes the patient to ionizing
radiation, albeit a low dose.

5. Lung scintigraphy rather than CT pulmonary
angiography is recommended for women
whose chest radiograph is normal.

6. If scintigraphy is nondiagnostic and further
testing is warranted, CT pulmonary angiogra-
phy is recommended.

AN, Bull TM, Jaeschke R, Lockwood CJ, Boiselle PM,
Hurwitz LM, et al. An official American Thoracic Society/
Society of Thoracic Radiology clinical practice guideline:
evaluation of suspected pulmonary embolism in preg-
nancy. American Journal of Respiratory and Critical Care
Medicine. 2012;184(10)]

7. If the chest radiograph is abnormal, then
CTPA is the next recommended imaging test.

Supporting Evidence The joint society guidelines
can be quite useful diagnostically; however, the
publication notes that there is a paucity of high-
quality research on this important clinical prob-
lem, and therefore the level of evidence for all of
the recommendations is insufficient. Astani et al.
[60] retrospectively compared the radiation dose
of CT pulmonary angiography, perfusion scintig-
raphy, and V/Q scanning in 53 pregnant women
with suspected pulmonary embolism and found
substantially lower maternal doses and slightly
lower fetal doses for scintigraphy compared with
nonoptimized clinical CT scans performed
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between 2006 and 2012 (limited evidence). The
effective dose, breast absorbed dose, and uterus/
fetus absorbed doses were estimated. The effective
mean doses for CT and perfusion scintigraphy
were 21 and 1.04 mSv, breast absorbed doses were
44 and 0.28 mGy, and uterus absorbed/fetus
absorbed doses were 0.46 and 0.25 mGy, respec-
tively. When ventilation scintigraphy was added to
the perfusion scan, the scintigraphic doses
increased to an effective dose of 1.29 mSv, a breast
absorbed dose of 0.37 mGy, and a fetal absorbed
dose of 0.40 mGy.

Perisinakis et al. [61] calculated maternal and
fetal doses for different maternal sizes and fetal
gestational ages using a phantom and a 256 detec-
tor row CT scanner. They estimated the maternal
effective dose to be 1 mSv and fetal/embryo effec-
tive dose to be 0.05 mGy, with maternal and fetal
dose increasing with maternal size and fetal dose
also increasing with gestational age. Compared
with low-dose perfusion scanning, the maternal
dose of CT was lower, and the fetal dose was
higher. However, the authors conclude that low-
dose perfusion scintigraphy is overall the more
dose efficient imaging modality.

What Risk Factor Prediction Tools Are
Available for Determining Which
Pediatric Patients Need Imaging

for Pulmonary Embolism and Which
Do Not?

Summary of Evidence Based on moderate evi-
dence (level 2), the five most important risk fac-
tors for predicting the probability of pulmonary
embolism in pediatric patients are indwelling
central venous catheter, immobilization, history
of prior pulmonary embolism or deep venous
thrombosis, hypercoagulable states, and excess
estrogen states. If none of these factors are pres-
ent, the probability of PE is 0.5%. With one or
two risk factor(s), the probability increases to
8% and 62%, respectively. With any three or
more risk factors, the probability is quite high at
89% [8].

Supporting Evidence In children, a risk factor
for pulmonary embolism can be identified in
96-98% of cases with multiple prior studies and
review articles discussing pediatric risk factors
for pulmonary embolism [4-7, 62]. However,
unlike adults where well-established risk stratifi-
cation algorithms have been developed and
widely used in clinical practice, pediatric risk
factor stratification and prediction algorithms are
just now coming to light. Two recent retrospec-
tive reviews have been published specifically
evaluating pediatric thromboembolic risk factors
and how they can be used to predict who is likely
to have a pulmonary embolism and/or who
should receive imaging evaluation [8, 63].

In the first study, the authors specifically tar-
geted older children and young adults with their
population having a mean age of 20.7 years [63].
Here, the authors retrospectively reviewed 116
pulmonary CTAs of which 16 (14%) were found
to be positive for pulmonary embolism. The
authors identified three risk factors significantly
associated with pulmonary embolism on pulmo-
nary CT angiography. These risk factors were
cardiac disease (p = 0.004), history of previous
PE and/or deep vein thrombosis (p = 0.001), and
immobilization (p < 0.001). Using the presence
of two or risk factors as a clinical threshold for
imaging, the authors found a sensitivity for posi-
tive pulmonary embolism of 75% with a specific-
ity of 99% [63].

In the second study, a retrospective review of
226 consecutive pulmonary CT angiographic
studies was performed on a younger cohort than
the above study [8]. All patients were in the pedi-
atric age range with a mean age of 14.1 years
(age range from 4 months to 18 years). Thirty-six
cases (16%) were positive for pulmonary embo-
lism. Here, five risk factors were found to be sig-
nificantly associated with pulmonary embolism,
including immobilization (p < 0.001), excess
estrogen state (p = 0.002), indwelling central
venous catheter (p < 0.001), hypercoagulable
state (p = 0.003), and prior deep vein thrombosis
and/or pulmonary embolism (p < 0.001).
Interestingly, cardiac disease was not found to be
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significantly associated with a positive diagnosis
of a pulmonary embolism in this study. When
none or only one risk factor was present, the
probability of PE was 0.5% and 8%, respectively.
The probability increased to 62% with two risk
factors. With three or more risk factors, the prob-
ability of the child having a pulmonary CT
angiography positive for pulmonary embolism
was 89% (Fig. 16.1). Similar to the first study,
using two or more risk factors as a threshold for
imaging resulted in a sensitivity for a positive
pulmonary embolism result of 89%, and a speci-
ficity of 94% [8].

What Are the Differences in Imaging
Findings of PE in Pediatric
Versus Adult Patients?

Summary of Evidence Although many of the
imaging findings of pediatric pulmonary embo-
lism are similar to those seen in adults, there is
moderate evidence (level 2) to support the con-
tention that lung parenchymal findings differ in
children as compared to their adult. Most lung
parenchymal findings are not significantly differ-
ent in children with PE compared to those chil-
dren without PE. One exception is wedge-shaped
peripheral consolidation, which has been shown
to be significantly associated with PE in a retro-
spective study of 22 pediatric patients diagnosed
with PE by pulmonary CT angiography [64].

Supporting Evidence Many of the CT findings
of pulmonary embolism span the age spectrum
and have not been shown to be significantly dif-
ferent between children and adults. These find-
ings include the presence of a partial or complete
filling defect in a pulmonary artery on two con-
secutive images in the case of acute pulmonary
embolism. With chronic pulmonary embolism,
the filling defect may be eccentric and adherent
to the vessel wall, there may be vessel wall thick-
ening and vessel stenosis, and signs of recanali-
zation of the pulmonary artery may be seen.

In terms of PE distribution, Kristaneepaiboon
et al. found similar distribution in children as
what is expected in adults with 37% affecting the

right lower lobe, 27% affecting the left lower
lobe, 15% in the right upper lobe, 12% in the
right middle lobe, and 12% in the left upper lobe.
The authors also found PE at the level of the
lobar pulmonary artery in 39%, the segmental
pulmonary artery in 35%, the subsegmental pul-
monary artery in 16%, and the main pulmonary
artery in 10% [11].

In contrast to adults, Lee et al. demonstrated
only wedge-shaped peripheral consolidation to
be significantly associated with pulmonary
embolism (p = 0.03). Other pleural and paren-
chymal abnormalities including atelectasis, lin-
ear opacities, ground-glass opacity, mosaic
attenuation pattern, patchy increased attenuation,
pleural effusions, and nodules/masses were not
found to be significantly more likely in pediatric
patients with PE compared to those without PE
[64].

What New Advanced Computed
Tomography Techniques Have
Become Clinically Available

for Imaging Pediatric Pulmonary
Embolism?

Summary of Evidence Pulmonary CT angiogra-
phy currently remains the imaging modality of
choice for the evaluation of pediatric pulmonary
embolism [65]. Despite its relatively high-
radiation dose, pulmonary CT angiography has
multiple advantages in that it is widely available,
with sub-second scan times, and a high sensitiv-
ity and specificity for PE diagnosis. Additionally,
it has the ability to give alternative diagnoses
when no PE is demonstrated [66]. Recently,
advanced pulmonary CT angiographic tech-
niques have been described in an effort to further
refine and perfect the CT diagnosis of PE. Dual-
energy computed tomography is one such tech-
nique. However, it has undergone limited
evaluation in the pediatric population. Dual-
energy computed tomography perfusion imaging
is attractive as it can provide both standard ana-
tomic sequences, which can depict CT findings
of acute and chronic embolism, and physiologic
perfusion imaging demonstrating pulmonary
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embolism-associated perfusion abnormalities.
This additional information can be acquired
without significantly increasing patient radiation
dose. However, dual-energy CT angiography/CT
perfusion can have many potential diagnostic pit-
falls, leading to a false-positive diagnosis for
pulmonary embolism. Thus, there is incomplete
evidence to suggest that dual-energy computed
tomography perfusion imaging should be rou-
tinely utilized in pediatric pulmonary embolism
imaging.

Supporting Evidence Currently, no randomized,
highly generalizable study has been performed
evaluating standard pulmonary CT angiography
with dual-energy CT angiography/CT perfusion.
However, there are a number of recent review and
technical innovation manuscripts expressing the
benefits of dual-energy pulmonary CT angiogra-
phy/CT perfusion in pediatric pulmonary embo-
lism imaging [67-70]. Additionally, Zhang et al.
recently evaluated 32 pediatric patients who
received dual-energy CT angiography/CT perfu-
sion of the pulmonary arteries. Nine (28.1%)
were found to have a positive study for pulmo-
nary embolism utilizing a comprehensive dual-
energy CT angiographic evaluation including
standard anatomic, perfusion, and vascular
images. In comparison to standard anatomic
imaging, this comprehensive scanning technique
found significantly more segmental and subseg-
mental pulmonary emboli. However, despite
these promising findings, clinical experience is
currently limited, and further evidence is needed
to support its incorporation into routine clinical
practice.

Take-Home Tables and Figures

Table 16.1 summarizes the sensitivity and speci-
ficity of the various imaging modalities discussed
above. The values in Table 16.1 are derived from
studies with a wide range of evidence strength,
and consequently comparison between imaging
modalities must be done with caution.

Diagnostic algorithms for evaluation of sus-
pected pulmonary embolism in adults (Fig. 16.1)
and in pregnancy (Fig. 16.2) are presented.

Imaging Case Studies
Case 1

History

A 77-year-old woman presents with new onset
right-sided chest pain, left leg pain and swelling,
and shortness of breath.

Imaging

A portable chest radiograph was performed and
compared with a radiograph from 6 weeks earlier
(Fig. 16.3a, b). The new radiograph demonstrates
a peripheral airspace opacity in the right lower
lobe and a small right pleural effusion. The right
hilum is prominent. A chest CT with contrast was
performed for suspected pulmonary embolism
and demonstrated pulmonary emboli in the right
and left pulmonary arteries (Fig. 16.3c, d). There
is a small pleural effusion and right lower lobe
peripheral parenchymal opacities with a broad
pleural base, a truncated apex, internal lucencies,
and regions of diminished enhancement typical

Table 16.1 Summary of various imaging modalities in detection of pulmonary embolism

Modality Sensitivity (%) Specificity (%) References
Chest radiography® 12% 82% [33]
Ventilation-perfusion scintigraphy 82%" 97%¢ [34]
CT pulmonary angiography 83% 96% [43]
Echocardiography! 77% 94% [55]

*For a normal radiograph

°For patients with high or intermediate probability V/Q scan result

‘For patients with a high probability V/Q scan

dFor McConnell sign—echocardiographic finding of normal wall motion at the apex of the heart and abnormal wall

motion in the mid-free wall
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Fig. 16.3 (a—¢) A 77-year-old woman presents with new
onset right-sided chest pain, left leg pain and swelling, and
shortness of breath. (a) Portable chest radiograph demon-
strates a peripheral airspace opacity in the right lower lobe
and a small right pleural effusion. The right hilum is promi-
nent. (b) Normal chest radiograph 6 weeks prior to presenta-
tion. (¢, d) A chest CT with contrast demonstrates pulmonary
emboli in the right and left main pulmonary arteries and

occlusive emboli in the right lower lobe branch pulmonary
arteries. There is a small pleural effusion and right lower lobe
peripheral parenchymal opacities with a broad pleural base, a
truncated apex, internal lucencies, and regions of diminished
enhancement typical for pulmonary infarction. (e) Duplex
ultrasound of the lower extremities demonstrates a noncom-
pressible left femoral vein with absent venous flow and inter-
nal hypoechoic foci consistent with deep vein thrombosis
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Fig.16.3 (continued)

for pulmonary infarction. Duplex ultrasound of
the lower extremities (Fig. 16.3e) demonstrated a
noncompressible left femoral vein with absent
venous flow and internal hypoechoic foci consis-
tent with deep vein thrombosis.

Discussion

This case exemplifies the fact that thromboem-
bolic disease including deep vein thrombosis
and pulmonary embolism is a single disease
process. The initial imaging test was a chest
radiograph, which demonstrated abnormalities
that are nonspecific, but typical for pulmonary

L.B. Haramati et al.

=Cm's

embolism with infarction. The choice of chest
radiography as an initial imaging test is appro-
priate and most useful to triage patients with
normal findings to further imaging with V/Q
scan and those with abnormal radiographs to
CT, as was done in this case. The CT scan then
showed the presence and extent of pulmonary
embolism, the pulmonary infarcts and pleural
effusion as well as right heart stain. Because the
patient had pain and swelling in her left leg,
duplex ultrasound of the lower extremity was
performed which demonstrated the deep vein
thrombosis. Although treatment with anticoagu-
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Fig. 16.4 (a, b) 18-year-old woman with antiphospho-
lipid antibody syndrome and a right femoral deep vein
thrombosis diagnosed as an outpatient and developed
shortness of breath. (a) Posteroanterior chest radiograph
is normal. (b) V/Q scan demonstrates lobar ventilation

Seiect B

lation was not altered by the additional diagno-
sis of deep vein thrombosis, post thrombotic
syndrome is common, occurring in 15% to 50%
of patients with deep vein thrombosis [71]. A
definitive diagnosis of deep vein thrombosis in
this elderly lady may provide insight in her fol-
low-up care.

Case 2

History

An 18-year-old woman with antiphospholipid
antibody syndrome and a right femoral deep vein
thrombosis diagnosed as an outpatient, devel-
oped shortness of breath.

Imaging

A chest radiograph was performed and was nor-
mal (Fig. 16.4a). A V/Q scan (Fig. 16.4b) was
then performed. It was positive for pulmonary

i
i

perfusion mismatches in the right upper lobe, much of the
right lower lobe (except for its medial basal segment) and
in the apicoposterior segment of the left upper lobe, diag-
nostic of pulmonary embolism

st B

embolism and demonstrated lobar ventilation
perfusion mismatches in the right upper lobe,
much of the right lower lobe, except for its medial
basal segment and in the apicoposterior segment
of the left upper lobe.

Discussion

This young woman presented with symptoms of
deep vein thrombosis and pulmonary embolism.
Antiphospholipid syndrome is a hypercoagulable
state and well-recognized risk factor for throm-
boembolic disease. Her young age and known
hypercoagulable state suggest a high likelihood
of recurrent disease and repeat imaging over her
lifetime. Therefore particular attention should be
paid to choosing imaging modalities that mini-
mize exposure to ionizing radiation. Duplex of
the lower extremity, which was performed as an
outpatient, is an excellent choice. Because this
was her initial presentation for pulmonary embo-
lism, a decision was made to image her lungs. In
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light of the normal chest radiograph, a V/Q scan,
which confers a lower radiation dose, was an
appropriate choice for diagnosing pulmonary
embolism. Because of the increased risk of recur-
rent disease, the choice of a lower-dose imaging
modality, to serve as a reference, will make it
easier to follow her course using this lower-dose
modality, should her symptoms recur in order to
minimize her lifetime exposure to medical
radiation.

Future Research

e Refine the diagnostic algorithms in various
populations in order to gu