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Foreword

We are in the midst of a health-care transformation that has accelerated the

need for providers to be able to defend the consequences of their decisions.

The costs of care in the United States and in many other countries continue to

escalate at unsustainable paces. With health care already consuming over

17 % of our GDP, the rate of increase frightens those who appreciate that we

are approaching the limits of economic tolerance.

Superimposed on the affordability conundrum is an urgency to deal with

health issues associated with an aging population. Congress and governmen-

tal agencies are bent on removing costs and imposing barriers to limit

expenses. The clear mantra in health care is to do more with less. How to

provide quality care and improve the health of our country becomes

a formidable challenge in such a demanding environment.

A particular component of this struggle is the focus on imaging. Its success

in the past 30-plus years has dramatically improved the lives of millions.

When I began my career in 1973, it was common to perform exploratory

neurosurgery, myelography, direct carotid puncture angiography, and

pneumoencephalography. Today, cross-sectional imaging has obviated such

painful and frequently fruitless procedures, while also enabling remarkable

increases in diagnostic acumen.

The imaging revolution has also created much consternation, however.

I have been on a number of health-care panels where media and government

functionaries have railed at “unnecessary” imaging and its associated costs.

Of course, it is more difficult to actually define what is “unnecessary.” A case

in point was my exposure to triage for CT (then a scarce resource) in the

1970s. It was about 10 pm when I was asked by a neurology resident to do an

emergency CT on a patient with headache, slight fever, and normal neuro-

logic examination – with only a hunch that there was a significant intracranial

problem. He was concerned about a brain abscess, but with a normal exam it

was difficult to imagine there was a developing emergency. It seemed to me

that the case could wait to the following morning, which it did, with the

subsequent scan revealing a large brain abscess pointing to the ventricle. So

much for triaging!

Yet today, the concept of triage in the proper use of valuable resources

looms larger than ever. And while, arguably, nothing will ever replace the

intuition of the gifted physician, there is an unquestionable need to counter

the practice of “defensive medicine” – the widespread ordering of tests that

serve not to elucidate, but merely to document. Whether the impetus is the
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physician’s quest for self-protection or the patient’s insistence on “proof,” the

only antidote to unnecessary imaging studies is evidence-based medicine.

A major stumbling block to embracing evidence-based approaches is

the common assumption that patient well-being and the exigencies of the

“bottom line” are intrinsically at odds. On the contrary, employing the most

appropriate diagnostic algorithm is cost effective and patient centered simul-

taneously. There are innumerable examples of imaging examinations that

provide virtually the same information. CT andMR examinations of the brain

for this or that generally duplicate findings. There are instances, however,

where one studymay perhaps bemore sensitive, e.g., the superiority of CT for

the detection of calcification in a tumor or the detection of acute subarachnoid

hemorrhage. Mastery of these nuances enables the neuroradiologist to be

a worthy consultant.

Of course, the value of evidence-based medicine hinges above all on the

quality of the evidence itself, leading to the fundamental question of how

much evidence is truly available. There must be not only reliable, significant

data but an accompanying interpretation of that information in the actual

clinical context. Onemust diagnose the potential stroke, for instance, and then

request the appropriate imaging study, a prerequisite that – however obvious

it sounds – in many cases fails to occur.

Evidence is also a dynamic that changes as discoveries are made and

additional knowledge is acquired. The essential need to incorporate the latest

knowledge into the guidelines has lagged. In many instances, this is related to

studies and results that are underpowered. In other circumstances, it is linked

to the reluctance on the part of groups that have a particular interest or bias to

participate in well-controlled large clinical trials.

Such disinclination is going to dissipate as payers demand real data. With

an underpinning of robust economic incentives, CMS and insurance payers

are signaling that they will not accept ad hoc decision making, necessitating

institutions and providers to demand proper evidence for particular diagnostic

and therapeutic decisions. It is baffling that so little incontrovertible evidence,

including data on major and expensive medical conditions, exists today.

There are many obvious examples of this issue, but the one that perhaps

most dramatically demonstrates the point is the treatment of prostate cancer.

First, what is the appropriate therapy for definite prostate cancer: watchful

waiting, prostatectomy, radioactive seeds, external radiation, proton beam

therapy, high frequency ultrasound, etc.? Even if one decides on surgery, is

the costlier robotic surgery that much better than standard surgery? The

discussion is further complicated by the PSA test itself, which lacks specific-

ity, leading to the recent recommendation by the US Preventive Services Task

Force that widespread PSA testing did not save enough lives to justify the

considerable medical consequences of treatment. Even for such a common

condition, in other words, there is disturbingly little data available.

An equally crucial yet less recognized and more difficult problem is the

inability to effect change in the face of strong evidence. This

failure – attributable to inertia and lack of knowledge on the part of both

physicians and institutions – is bound to improve, at least in part, with the
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implementation of the electronic health record, where evidence-based med-

icine will be embedded in alerts and accountability for decisions will be

demanded.

This book will play a major positive role by informing clinicians about the

quality of information they can depend on to enable evidence-based decision

making. Neuroclinicians should welcome its publication. Strong outcome

measures provide happy ways of doing things. Vigorous outcome measures

support the value and utility of imaging. This is essential in the face of the

increasing scrutiny by payers: the more available the information is, the easier

the justification for the expense of imaging and the role of imagers will be.

Evidence-Based Neuroimaging Diagnosis and Treatment presents its

readers with a logical introduction to understanding the foundation of evi-

dence in medicine and then focuses on specific issues related to neuroradiol-

ogy. It will begin an obligatory confrontation with the data that clinicians

must gather in order to facilitate value-based decisions. Readers will gain

significant appreciation of the data as it exists today, making the case for

particular algorithms as well as the precise role of imaging. This is a major

accomplishment and one that will benefit neuroradiologists, neurologists,

neurosurgeons, and others with interests in clinical neuroscience.

Hats off to the authors who have presciently identified a need and who,

with solid expertise and trenchant analysis, have produced a most worthy and

requisite addition to the literature. This book will be the beginning of an ever-

increasing torrent of texts and manuscripts focused on value and evidence.

The era of evidence-based medicine has arrived – thank goodness!

Robert I. Grossman M.D.

The Saul J. Farber Dean and CEO

NYU Langone Medical Center
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Preface

All is flux, nothing stays still.
Nothing endures but change.
Heraclitus, 540–480 B.C.

Medical imaging has grown exponentially in the last three decades with the

development of many promising and often noninvasive diagnostic studies and

therapeutic modalities. In no other area have these changes been more

dramatic than in neuroimaging. The corresponding medical literature has

also exploded in volume and can be overwhelming to physicians. In addition,

the literature varies in scientific rigor and clinical applicability. The purpose

of this book is to employ stringent evidence-based medicine criteria to

systematically review the evidence defining the appropriate use of medical

imaging and to present to the reader a concise summary of the best medical

imaging choices for patient care.

The initial book chapters discuss the principles of evidence-based imaging

and critical assessment of the literature. This book also includes important

chapters on the economic impact, regulatory impact, and medicolegal impli-

cations of evidence-based imaging. Given the increased awareness and con-

cern of radiation exposure from medical imaging, a dedicated chapter

discussing the current evidence and its implications is presented. The rest of

this book covers the most prevalent central nervous system, spine, and neck

diseases in developed countries. Most of the chapters have been written by

radiologists and imagers in close collaboration with clinical physicians and

surgeons to provide a balanced perspective of the different medical topics. In

addition, we address in detail both adult and pediatric issues. We cannot

answer all questions – medical imaging is a delicate balance of science and

art, often without adequate data for guidance – but we can empower the reader

with the current evidence supporting medical imaging.

To make this book user friendly and to enable fast access to pertinent

information, we have organized all of the chapters in the same format. The

chapters are framed around important and provocative clinical questions

relevant to the 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. Key points and summarized answers to the impor-

tant clinical issues are provided at the beginning of the chapters, so the busy
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clinician can understand the most important evidence-based imaging data in

seconds. Each important question and summary is followed by a detailed

discussion of the supporting evidence so that the physician seeking greater

depth can have a clear understanding of the science behind the evidence.

In each chapter, the evidence discussed is presented in tables and figures

that provide an easy review in the form of summary tables and flowcharts. The

imaging case series highlights the strengths and limitations of the different

imaging studies with vivid examples. Toward the end of the chapters, the best

imaging protocols are described to ensure that the imaging studies are well

standardized and done with the highest available quality. The final section of

the chapters is Future Research, in which provocative questions are raised for

physicians and nonphysicians interested in advancing medical imaging.

Not all research and not all evidence are created equal. Accordingly,

throughout this book, we use a four-level classification detailing the strength

of the evidence based on the Oxford 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 parenthesis throughout

the chapter, and so the reader gets immediate feedback on the weight of the

evidence behind each topic.

Finally, we had the privilege of working with a group of outstanding

contributors from major medical centers and universities in North America,

Europe, Asia, and Australia. 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. Finally, regardless of the endless hours spent

researching the multiple topics in depth, evidence-based imaging remains

a work in progress. 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 evidence over the years.

February 2013 L. Santiago Medina, Miami, USA

Pina C. Sanelli, New York, USA

Jeffrey G. Jarvik, Seattle, USA
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Medicine is a science of uncertainty and an art of probability.
Sir William Osler

Discussion of Issues

What Is Evidence-Based Imaging?

The standard medical education in Western med-

icine has emphasized skills and knowledge

learned from experts, particularly those encoun-

tered in the course of postgraduate medical edu-

cation, 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, par-

ticularly a specialist devoting extensive time to

a given discipline, can arrive at the best approach

to a problem through his or her experience. The

practitioner builds up an experience base over

years and digests information from national

experts who have a greater base of experience

due to their focus in a particular area. The

evidence-based imaging (EBI) paradigm, in con-

tradistinction, is based on the precept that a single

practitioner cannot through experience alone

arrive at the best course of action. Assessment of

appropriate medical care should instead be derived

through an evidence-based process. The role of the

practitioner, then, is not simply to accept informa-

tion from an expert but rather to assimilate and

critically assess the research evidence that exists in

the literature to guide a clinical decision [2–4].

Fundamental to the adoption of the 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 USA 50th

in life expectancy and 72nd in overall health. The

United States spent at least 15.2 % of the gross

domestic product (GDP) in order to achieve this

life expectancy. This was significantly more than

the United Kingdom and Australia, which spent

about half that (Table 1.1). In addition, the US per

capita health expenditure was $6,096, which was

twice the expenditure in the United Kingdom or

Australia. In short, the United States spends sig-

nificantly 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 methodolog-

ical quality. EBI is a promising method of iden-

tifying appropriate information to guide practice

and to improve the efficiency and effectiveness 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

sciences of medicine. In EBI, however, the

basic science knowledge has been translated

into patient-centered clinical research, which

determines the accuracy and role of 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

4 L.S. Medina et al.



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

important because each individual has values

and preferences that should be integrated into

the clinical decision making [3]. When these

three components of medicine come together,

clinicians, imagers and patients form a diagnostic

team, which will optimize clinical outcomes and

quality of life for our patients.

The Evidence-Based Imaging Process

The EBI process involves a series of steps:

(a) formulation of the clinical question, (b) iden-

tification 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 appro-

priate 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 pro-

cess. Chapter 2, “Assessing the Imaging Litera-

ture: 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 neuroimaging issues. Each

chapter addresses common disorders encountered

by the neuroradiologist evaluating the brain,

spine, and head and neck. Relevant clinical ques-

tions are delineated, and then each chapter dis-

cusses 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.

(a) Formulating the Clinical Question

The first step in the EBI process is formu-

lation of the clinical question. The entire pro-

cess 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 challenging

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 radi-

ography. 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 tech-

nique 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 radiography, to

exclude the presence of unstable cervical

Table 1.1 Life expectancy

and health-care spending in

three developed countries

Life expectancy at

birth (2009)
Percentage of

GDP in health

care (2008) (%)

Per capita health

expenditure (2008)Male Female

United States 75.7 80.6 16.4 $7,720

United Kingdom 78.3 82.5 8.8 $3,281

Australia 79.3 83.9 8.7 $3,445

Source: Organization for Economic Cooperation and Development: http://stats.oecd.

org/Index.aspx?DataSetCode¼HEALTH

Reprinted, with revisions, with kind permission of Springer Science+Business Media.

Medina LS, Blackmore CC, Applegate KE. Principles of evidence-based imaging.

In: Medina LS, Applegate KE, Blackmore CC editors. Evidence-based imaging

in pediatrics: optimizing imaging in pediatric patient care. New York: Springer

Science+Business Media; 2010.

GDP gross domestic product
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spine fracture? This book addresses questions

that commonly arise when employing an EBI

approach for conditions encountered by neu-

roradiologists. 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, Out-

come) format. This method provides struc-

ture to formulate the necessary elements for

a good clinical question that includes infor-

mation 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

interest (e.g., what the patient wants, or is

concerned about).

(b) Identifying the Medical Literature

The process of EBI requires timely access

to the relevant medical literature to answer

the question. Fortunately, massive on-line

bibliographical references such as PubMed,

Embase, Cochrane, and the Web of Science

databases are available. In general, titles,

indexing terms, abstracts, and often the com-

plete text of much of the world’s medical

literature are available through these on-line

sources. Also, medical librarians are a poten-

tial resource to aid identification of the

relevant imaging literature. A limitation of

today’s literature data sources is that often

too much information is available and too

many potential resources are identified in

a literature search. There are currently over

50 radiology journals, and imaging research

is also frequently published in journals from

other medical subspecialties. We are often

confronted with more literature and informa-

tion than we can process. The greater chal-

lenge is to sift through the literature that is

identified to select that which is appropriate.

(c) Assessing the Literature

To incorporate evidence into practice, the

clinician must be able to understand the

published literature and to critically evaluate

the strength of the evidence. In this introduc-

tory chapter on the process of EBI, we focus

on discussing types of research studies.

Chapter 2, “Assessing the Imaging Litera-

ture: Understanding Error and Bias” is

a detailed discussion of the issues in deter-

mining the validity and reliability of the

reported results.

1. What Are the Types of Clinical Studies?

An initial assessment of the literature

begins with determination of the type of

clinical study: descriptive, analytical, or

experimental [7]. Descriptive studies are

the most rudimentary, as they only sum-

marize disease processes as seen by imag-

ing, or discuss how an imaging modality

can be used to create images. Descriptive

studies include case reports and case

series. Although they may provide impor-

tant information that leads to further

investigation, descriptive studies are not

usually the basis for EBI.

Analytic or observational studies

include cohort, case–control, and cross-

sectional studies (Table 1.2). Cohort stud-

ies 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 distribu-

tion of variables within that sample [7]. The

structure of a cross-sectional study is simi-

lar to that of a cohort study except that all

pertinent measurements (i.e., number 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, provid-

ing estimates of such parameters as the

prevalence of stroke, brain tumors, and

congenital anomalies [7, 10].

In experimental studies or clinical tri-

als, a specific intervention is performed
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and the effect of the intervention is mea-

sured 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 ther-

apy [7, 11]. Clinical trials are epidemio-

logic designs that can provide data of high

quality that resemble the controlled exper-

iments done by basic science 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 retrospective 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 investigations are not

possible. If the disease process is consid-

ered rare, retrospective studies facilitate

the collection of enough subjects to have

meaningful data. For a pilot project, retro-

spective studies facilitate the collection of

preliminary data that can be used to

improve the study design in future pro-

spective studies. The major drawback of

a retrospective study is incomplete data

acquisition and resultant bias [10].

Case–control studies are usually retro-

spective 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 hem-

orrhage (e.g., hypertension, duration of

symptoms, presence of prior neurologic

deficit) [10].

In prospective studies, the event of

interest transpires after study onset. Pro-

spective studies, therefore, are the pre-

ferred mode of study design, as they

facilitate better control of the design

(accounting for potential bias) and the

quality of the data acquired [7]. Prospec-

tive studies, even large studies, can be

performed efficiently and in a timely fash-

ion if done on common diseases at major

institutions, as multicenter trials with ade-

quate study populations [12]. The major

drawback of a prospective study is the

need to make sure that the institution and

personnel comply with strict rules

concerning consents, protocols, and data

acquisition [11]. Persistence and dogged

determination are crucial to completing a

prospective study. Cohort studies and clin-

ical trials are usually prospective. For

example, a cohort study could be

performed in children with sickle-cell dis-

ease who are poorly compliant with their

transfusion therapy in which the risk factor

of positive transcranial Doppler studies is

correlated with neurocognitive complica-

tions, as the patients are followed prospec-

tively over time [10].

The strongest study design is the pro-

spective randomized, blinded clinical trial

(Table 1.2) [7]. The randomization pro-

cess helps to distribute known and

Table 1.2 Study design

Prospective

follow-up

Randomization

of subjects Controls

Case report or

series

No No No

Cross-sectional

study

No No Yes

Case–control

study

No No Yes

Cohort study Yes/no No Yes

Randomized

controlled trial

Yes Yes Yes

Reprinted with the kind permission of Springer Science

+Business Media from Medina LS, Blackmore CC.

Evidence-based imaging: optimizing imaging in patient

care. New York: Springer Science+Business Media;

2006
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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 prospectively. This is par-

ticularly true in rare conditions and in

studies to determine causes or predictors

of a particular condition [9]. Finally, ran-

domized clinical trials are expensive and

may require many years to conduct. Not

surprisingly, randomized clinical trials are

uncommon in radiology. The evidence

that supports much of radiology practice

is derived from cohort and other observa-

tional 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 radiology to generate more rel-

evant EBI data.

2. 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 standard 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

approximation to the truth [13].

In evaluating diagnostic tests, we rely

on the statistical calculations of sensitivity

and specificity (see Appendix 1). Sensitiv-

ity and specificity of a diagnostic test are

based on the two-way (2 � 2) table

(Table 1.3). Sensitivity refers to the pro-

portion of subjects with the disease who

have a positive test and is referred to as the

true positive rate (Fig. 1.1a, b). Sensitivity,

therefore, indicates how well a test iden-

tifies the subjects with disease [7, 14].

Specificity is defined as the proportion

of subjects without the disease who have

a negative index test (Fig. 1.1a,b) and is

referred to as the true negative rate. Spec-

ificity, therefore, indicates how well a test

identifies the subjects with no disease

[7, 11]. It is important to note that the

sensitivity and specificity are characteris-

tics of the test being evaluated and are

therefore usually independent of the prev-

alence (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 only deals with the nondiseased

subjects. However, sensitivity and speci-

ficity both depend on a threshold point for

considering a test positive 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 specificity. Given exactly

the same diagnostic test, and exactly the

same subjects confirmed with the same

reference test, the sensitivity with a low

threshold is greater than the sensitivity

with a high threshold. 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

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.

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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predictive value (NPV) refers to the prob-

ability that a group of patients that test

negative for a disease or condition will

actually not have the disease. It is impor-

tant 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 ofwhat happens to

the PPV and NPV with a change in disease

prevalence. When there is concern about

large prevalence effects, the likelihood

ratio can be used to estimate the posttest

probability of disease. This issue is

discussed in the next section.

The effect of threshold on the ability of

a test to discriminate between disease and

nondisease can be measured by a receiver

operating characteristic (ROC) curve

[11, 15]. The ROC curve is used to indi-

cate 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 diag-

nostic performance of a test can be esti-

mated by the area under the ROC curve.

The steeper the ROC curve, the greater the

area and the better the discrimination of

the test (Fig. 1.2a–c). 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 threshold selected

[11, 15]. The ROC curve is threshold inde-

pendent because it is generated by using

varied thresholds of sensitivity and

specificity. Therefore, when evaluating

a new imaging test, in addition to the sen-

sitivity and specificity, an ROC curve

analysis should be done so that the thresh-

old-dependent and threshold-independent

diagnostic performance can be fully deter-

mined [10].

3. What Are Cost-Effectiveness and

Cost–Utility Studies?

Cost-effectiveness analysis (CEA) is a

scientific technique used to assess alterna-

tive health-care strategies on both cost and

effectiveness [16–18]. It can be used to

develop clinical and imaging practice

guidelines and to set health policy [19].

However, it is not designed to be the final

answer to the decision-making process;

rather, it provides a detailed analysis of

the cost and outcome variables and how

they are affected by competing medical

and diagnostic choices.

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

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 Neuroradiol-

ogy from Medina L. AJNR Am J Neuroradiol 1999;

20:1584–96)
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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 inter-

vention) in relation to its cost. Health-care

resources should be allocated so the max-

imum 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 decisions

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 med-

ical literature [20]. To say that a diagnostic

test is truly cost-effective, a comprehen-

sive analysis of the entire short- and

long-term outcomes and costs needs to be

considered. Cost-effectiveness analysis is

a technique used to determine which of the

available tests or treatments are worth the

additional costs [21].

There are established guidelines for

conducting 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

recommendations were published as a

book in 1996 [21].

(d) Types of Economic Analyses in Medicine

There are four well-defined types of

economic evaluations in medicine: cost-

minimization studies, cost–benefit analyses,

cost-effectiveness analyses, and cost–utility

analyses. They are all commonly lumped

under the term cost-effectiveness analysis.

However, significant differences exist

among these different studies.

Cost-minimization analysis is a compari-

son of the cost of different health-care strat-

egies that are assumed to have identical or

similar effectiveness [16]. In medical prac-

tice, few diagnostic tests or treatments have

identical or similar effectiveness. Therefore,

relatively few articles have been published 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 sim-

ilar effectiveness for language lateralization,

but the latter is 3.7 times more costly than the

former [23].

Cost–benefit analysis (CBA) uses mone-

tary units such as dollars or euros to compare

the costs of a health intervention with its

health benefits [16]. It converts all benefits

to a cost equivalent and is commonly used

in the financial world where the cost and

benefits of multiple industries can be

changed to only monetary values. One

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 (c) has an AUC between 0.5 and 1.

The greater the AUC (i.e., excellent > good > poor), the

better the diagnostic performance (Reprinted with

permission of the American Society of Neuroradiology

from Medina L. AJNR Am J Neuroradiol. 1999;20:

1584–96)
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method of converting health outcomes into

dollars 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 indi-

viduals 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 out-

comes and benefits are difficult to transform

to monetary units; hence, CBA has had lim-

ited acceptance and use in medicine and diag-

nostic imaging [16, 25].

Cost-effectiveness analysis (CEA) refers

to analyses that study both the effectiveness

and cost of competing diagnostic or treatment

strategies, 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 identi-

fied, 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 interventions

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 prefer-

ences [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 substan-

tial morbidity. The QALY model uses pref-

erences with weight for each health state on

a scale from 0 to 1, where 0 is death and 1 is

perfect health. The utility score for each health

state is multiplied by the length of time the

patient spends in that 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 malforma-

tion 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, discom-

fort, and pain into the effectiveness mea-

surements of the different 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

newborns with intergluteal dimple suspected

of having occult spinal dysraphism, ultra-

sound 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 ultra-

sound at an incremental cost-effectiveness of

$1,000 per QALY [27].

Assessment of Outcomes: The major chal-

lenge to cost–utility analysis is the quantifi-

cation 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 func-

tional independence, their freedom from

pain, and any number of other facets of health

and well-being that are referred to as

domains, one can summarize their overall

health status. Instruments designed to mea-

sure 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 disease states, such as

the Roland scale for back pain. These various

scales enable the quantification of health ben-

efit. 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.
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Assessment of Cost: All forms of eco-

nomic analysis require assessment of cost.

However, assessment of cost in medical

care can be confusing, as the term cost is

used to refer to many different things. The

use of charges for any sort of cost estimation,

however, is inappropriate. Charges are arbi-

trary and have no meaningful use. Reim-

bursements, 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

reimbursements may be most appropriate.

For analyses from the institutional perspec-

tive or in situations where there are no mean-

ingful Medicare reimbursements, assessment

of actual direct and overhead costs may be

appropriate [30].

Direct cost assessment centers on the

determination of the resources that are con-

sumed in the process of performing a given

imaging study, including fixed costs such as

equipment and variable costs such as labor

and supplies. Cost analysis often utilizes

activity-based costing and time motion

studies to determine the resources consumed

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 mainte-

nance that cannot be easily assigned to one

particular imaging study. Institutional cost

accounting systemsmay be used to determine

both the direct costs of an imaging study and

the amount of institutional overhead costs

that should be apportioned to that particular

test. For example, Medina et al. [31] studied

the total direct costs of the Wada test

($1,130.01 � $138.40) and of functional

MR imaging ($301.82 � $10.65) that were

significantly different (P < .001).

The cost of the Wada test was 3.7 times

higher than that of functional MR imaging.

(e) Summarizing the Data

The results of the EBI process are a sum-

mary of the literature on the topic, both quan-

titative 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, and the sub-

tleties 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. How-

ever, the underlying 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

clinical subjects upon whom the results are to

be applied or may be able only to reliably

estimate a range of possible values for

the data.

Often, there is abundant information avail-

able to answer an EBI question. Multiple

studies may be identified that provide meth-

odologically 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 statistically

valid manner to determine a summary mea-

sure of accuracy or effectiveness [32, 33]. For

diagnostic studies, the summary estimate is

generally a summary sensitivity and specific-

ity, or a summary ROC curve.

The process of performing meta-analysis

parallels that of performing primary research.

12 L.S. Medina et al.

http://dx.doi.org/10.1007/978-1-4614-3320-0_3
http://dx.doi.org/10.1007/978-1-4614-3320-0_3


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 litera-

ture search engines. Critical information

from each of the selected studies is then

abstracted usually by more than one investi-

gator. For a meta-analysis of a diagnostic

accuracy study, the numbers of true positives,

false positives, true negatives, and false neg-

atives would be determined for each of the

eligible research publications. The results of

a meta-analysis are derived not just by simply

pooling the results of the individual studies

but instead by considering each individual

study as a data point and determining a sum-

mary estimate for accuracy based on each of

these individual investigations. There are

sophisticated statistical methods of combin-

ing such results [34].

Like all research, the value of a meta-

analysis is directly dependent on the validity

of each of the data points. In other words, the

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 selec-

tion 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

measure. 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 het-

erogeneity 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.

(f) 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 cervical spine fracture in

patients with minor trauma? Commonly, the

answers to EBI questions are expressed as

some measure of accuracy. For example,

how good is MRI for detecting acute ischemic

infarction (<6 h)? The answer is that MRI has

an approximate sensitivity of 91 % and spec-

ificity of 95 % [35]. However, to guide prac-

tice, EBI must be able to answer questions

that go beyond simple accuracy; for example,

should MRI then be used for the early detec-

tion of acute infarct? To answer this question,

it is useful to divide the types of literature

studies into a hierarchical framework [36]

(Table 1.4). At the foundation in this hierar-

chy is assessment of technical efficacy:
studies that are designed to determine if

a particular proposed imaging method or

application has the underlying ability to pro-

duce an image that contains useful informa-

tion. Information for technical efficacy would

include signal-to-noise ratios, image resolu-

tion, 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 imaging 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 evalu-

ation of the imaging intervention by evaluat-

ing the effect of the use of the particular

imaging intervention on physician certainty

of a given diagnosis (physician decision mak-

ing) and on the actual management of the

patient (therapeutic efficacy). Finally, to be

of value to the patient, an imaging procedure

must not only affect management but also

improve outcome. Patient outcome efficacy

is the determination of the effect of a given

imaging intervention on the length and qual-

ity of life of a patient. A final efficacy level
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is that of society, which examines the ques-

tion 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-effectiveness [36].
Some additional research studies in imag-

ing, 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 competing imaging strategies [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,

however, the only reliable information that is

available is that of diagnostic accuracy. It is

incumbent upon the user of the imaging literature

to determine if a test with a given sensitivity and

specificity is appropriate for use in a given clin-

ical 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

actually have the disease and more likely that

the positive test result is a false positive. The

relationship between the sensitivity and specific-

ity of the test and the prevalence (pretest proba-

bility) can be expressed through the use of Bayes’

theorem (see Appendix 2) [11, 14] and the likeli-

hood ratio. The positive likelihood ratio (PLR)

estimates the likelihood that a positive test result

will raise or lower the pretest probability,

resulting in estimation of the posttest probability

[where PLR ¼ 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 ¼ (1 � sensitivity)/specificity] [38].

The likelihood ratio (LR) is not a probability but

a ratio of probabilities. The positive predictive

value (PPV) refers to the probability that a person

with a positive test result actually has the disease.

The negative predictive value (NPV) is the prob-

ability 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 specificity), it actu-

ally represents a posttest probability; hence, the

posttest probability is determined by both the

prevalence (pretest probability) and the test

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

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
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information (i.e., sensitivity and specificity).

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 0.16 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

discussed above can be summarized by incorpo-

rating the data from Appendix 2 into a nomogram

for interpreting diagnostic test results (Fig. 1.3).

For example, two patients present to the emer-

gency department complaining of left-sided weak-

ness. 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 clinically to be in a low-risk category

for carotid artery disease-induced stroke and

hence with a low pretest probability of 0.05

(5 %). Conversely, the second patient is 65 years

old and is complaining of acute onset of severe

left-sided weakness. Because of the patient’s older

age and acute history, hewas determined clinically

to be in a high-risk category for carotid artery

disease-induced stroke and hence with a high

pretest probability of 0.70 (70 %). The available

diagnostic imaging test was unenhanced head

CT followed by CT angiography. According to

the radiologist’s available literature, the sensitivity

and specificity of these tests for carotid artery

disease and stroke were each 0.90. The positive

likelihood ratio (sensitivity/1� specificity) calcu-

lation derived by the radiologist was 0.90/

(1 � 0.90) ¼ 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

Fig. 1.3 Bayes’ theorem nomogram for determining

posttest probability of disease using the pretest proba-

bility of disease and the likelihood ratio from the imag-

ing 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)
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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. [38] have proposed a rule of

thumb regarding the interpretation of the LR. For

PLR, tests with values greater than 10 have

a large difference between pretest and posttest

probability with conclusive diagnostic impact;

values of 5–10 have a moderate difference in

test probabilities and moderate diagnostic

impact; values of 2–5 have a small difference in

test probabilities and sometimes an important

diagnostic impact; and values less than 2 have

a small difference in test probabilities and seldom

have important diagnostic impact. For NLR, tests

with values less than 0.1 have a large difference

between pretest and posttest probability with con-

clusive diagnostic impact; values of 0.1 and less

than 0.2 have a moderate difference in test prob-

abilities and moderate diagnostic impact; values

of 0.2 and less than 0.5 have a small difference in

test probabilities and sometimes an important

diagnostic impact; and values of 0.5–1 have

small difference in test probabilities and seldom

have important diagnostic impact.

The role of the clinical guidelines is to increase

the pretest probability by adequately

distinguishing low risk from high-risk groups.

The role of imaging guidelines is to increase

the likelihood ratio by recommending the diagnos-

tic test with the highest sensitivity and specificity.

Comprehensive use of clinical and imaging guide-

lines will improve the posttest probability, hence

increasing the diagnostic outcome [10].

How to Use This Book

As these examples illustrate, the EBI process can

be lengthy [39]. The literature is overwhelming in

scope and somewhat frustrating in methodologi-

cal 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

challenges in the use of EBI and make the EBI

accessible to all imagers and users of medical

imaging.

This book is organized by major diseases and

injuries. In the table of contents within each

chapter, you will find a series of EBI issues pro-

vided as clinically relevant questions. Readers

can quickly find the relevant clinical question

and receive guidance as to the appropriate rec-

ommendation based on the literature. Where

appropriate, these questions are further broken

down by age, gender, or other clinically impor-

tant circumstances. Following the chapter’s table

of contents is a summary of the key points deter-

mined from the critical literature review that

forms the basis of EBI. Sections on pathophysi-

ology, epidemiology, and cost are next, followed

by the goals of imaging and the search method-

ology. The chapter is then broken down into the

clinical issues. Discussion of each issue begins

with a brief summary of the literature, including

a quantification of the strength of the evidence,

and then continues with detailed examination of

the supporting evidence. At the end of the chap-

ter, the reader will find the take-home tables and

imaging case studies, which highlight key imag-

ing recommendations and their supporting evi-

dence. Finally, questions are included where

further research is necessary to understand the

role of imaging for each of the topics discussed.

Take-Home Appendix 1: Equations

Outcome

Test result Present Absent

Positive a (TP) b (FP)

Negative c (FN) d (TN)

(a) Sensitivity a/(a + c)

(b) Specificity d/(b + d)

(c) Prevalence (a + c)/(a + b + c + d)

(d) Accuracy (a + d)/(a + b + c + d)

(e) Positive

predictive

valuea

a/(a + b)

(f) Negative

predictive valuea
d/(c + d)

(continued)
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(g) 95 % confidence

interval (CI)
p� 1:96

ffiffiffiffiffiffi

1�n
n

q

p ¼ proportion

n ¼ number of subjects

(h) Likelihood ratio Senstivit y

1� Senstivit y
¼ aðbþ dÞ

bðaþ cÞ
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.
aOnly correct if the prevalence of the outcome is estimated

from a random sample or based on an a priori estimate of

prevalence in the general population; otherwise, use of

Bayes’ theorem must be used to calculate positive predic-

tive value (PPV) and negative predictive value (NPV). TP
true positive, FP false positive, FN false negative, TN true

negative

Take-Home Appendix 2: Summary of
Bayes’ Theorem

1. Information before test � Information from

test ¼ Information after test

2. Pretest probability (prevalence) sensitivity/

1 � specificity ¼ posttest probability (predic-

tive 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

values (posttest probability) having the same

information in two different study groups.

Equations for calculating the results in the previ-

ous examples are listed in Appendix 1. As the

prevalence of carotid artery disease increases

from 0.16 (low) to 0.82 (high), the positive predic-

tive value (PPV) of a positive contrast-enhanced

CT increases from 0.67 to 0.98, respectively. The

sensitivity and specificity remain unchanged at

0.83 and 0.92, respectively. These examples

also illustrate that the diagnostic performance

of the test (i.e., sensitivity and specificity) does

not depend on the prevalence (pretest probabil-

ity) of the disease. CTA, CT angiogram.

Example 1: Low prevalence of carotid artery disease

Disease (carotid

artery disease)

No disease

(no carotid

artery disease) Total

Test positive

(positive CTA)

20 10 30

Test negative

(negative CTA)

4 120 124

Total 24 130 154

Example 2: High prevalence of carotid artery disease

Disease (carotid

artery disease)

No disease

(no carotid

artery disease) Total

Test positive

(positive CTA)

500 10 510

Test negative

(negative CTA)

100 120 220

Total 600 130 730

Results: sensitivity ¼ 500/600 ¼ 0.83; specificity ¼
120/130 ¼ 0.92; prevalence ¼ 600/730 ¼ 0.82; positive

predictive value ¼ 0.98; negative predictive value ¼ 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
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The keystone of the evidence-based imaging (EBI)

approach is to critically assess the research data

that are provided and to determine if the informa-

tion is appropriate for use in answering the EBI

question. Unfortunately, the published studies are

often limited by bias, small sample size, and meth-

odological inadequacy. Further, the information

provided in published reports may be insufficient

to allow estimation of the quality of the research.

Two recent initiatives, the CONSORT [1] and the

STARD [2], aim to improve the reporting of clin-

ical trials and studies of diagnostic accuracy,

respectively. However, these guidelines are only

now being implemented and are not well known to

readers of the medical literature.

This chapter summarizes the common sources

of error and bias in the imaging literature. Using

the EBI approach requires an understanding of

these issues.

Discussion of Issues

What Are Error and Bias?

Errors in the medical literature can be divided

into two main types. Random error occurs due

to chance variation, causing a sample to be dif-

ferent from the underlying population. Random

error is more likely to be problematic when the

sample size is small. Systematic error, or bias, is

an incorrect study result due to nonrandom distor-

tion of the data. Systematic error is not affected by

sample size but is rather a function of flaws in the

study design, data collection, and analysis.

A second way to think about random and system-

atic error is in terms of precision and accuracy [3].

Random error affects the precision of a result

(Fig. 2.1). The larger the sample size, the more

precision in the results and themore likely that two

samples from truly different populations will be

differentiated from each other. Using the bull’s-

eye analogy, the larger the sample size, the less the

random error and the larger the chance of hitting

the center of the target (Fig. 2.1). Systematic error,

on the other hand, is a distortion in the accuracy of

an estimate. Regardless of precision, the underly-

ing estimate is flawed by some aspect of the

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 I, or alpha error, occurs when an investiga-

tor concludes that an effect or a difference is

present when in fact there is no true difference.

Type II, or beta error, occurs when an investigator

concludes that there is no effect or no difference

when in fact a true difference exists in the under-

lying population [3].

Type I Error
Quantification of the likelihood of alpha error is

provided by the familiar p value. A p value less

than 0.05 indicates that there is a less than 5 %

chance that the observed difference in a sample

would be seen if there was in fact no true differ-

ence in the population. In effect, the difference

observed in a sample is due to chance variation

rather than a true underlying difference in the

population.

There are limitations to the ubiquitous p

values seen in imaging research reports [4]. The

p values are a function of both sample size and

magnitude of effect. In other words, there could

be a very large difference between two groups

under study, but the p value might not be signif-

icant if the sample sizes are small. Conversely,

there could be a very small, clinically

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 signifi-

cant. Because of these limitations, many journals

are underemphasizing the use of p values and

encouraging research results to be reported by

way of confidence intervals (CIs).

Confidence Intervals
Confidence intervals are preferred because they

provide much more information than p values.

CIs provide information about the precision of
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an estimate (how wide are the CIs), the size of an

estimate (magnitude of the CIs), and the statisti-

cal significance of an estimate (whether the inter-

vals include the null) [5].

If you assume that your sample was randomly

selected from some population (that follows

a normal distribution), you can be 95 % certain

that the CI includes the population mean. More

precisely, if you generate many 95 % CIs from

many data sets, you can expect that the CI will

include the true population mean in 95 % of the

cases and not include the true mean value in the

other 5 % [4]. Therefore, the 95 % CI is related to

statistical significance at the p ¼ 0.05 level,

which means that the interval itself can be used

to determine if an estimated change is statistically

significant at the 0.05 level [6]. Whereas the p

value is often interpreted as being either statisti-

cally significant or not, the CI, by providing

a range of values, allows the reader to interpret

the implications of the results at either end [6, 7].

In addition, while p values have no units, CIs are

presented in the units of the variable of interest,

which helps readers to interpret the results. The

CIs shift the interpretation from a qualitative

judgment about the role of chance to

a quantitative estimation of the biologic measure

of effect [4, 6, 7].

CIs can be constructed for any desired level of

confidence. There is nothing magical about the

95 % that is traditionally used. If greater confi-

dence is needed, then the intervals have to be

wider. Consequently, 99 % CIs are wider than

95, and 90 % CIs are narrower than 95 %. Wider

CIs are associated with greater confidence but

less precision. This is the trade-off [4].

As an example, two hypothetical transcranial

Doppler vascular ultrasound studies of the circle

of Willis in patients with sickle-cell disease

describe mean peak systolic velocities of

200 cm/s associated with 70 % of vascular diam-

eter stenosis and higher risk of stroke. Both arti-

cles reported the same standard deviation (SD) of

50 cm/s. However, one study had 50 subjects,

while the other one had 500 subjects. At first

glance, both studies appear to provide similar

information. However, the narrower CIs for the

larger study reflect greater precision and indicate

the value of the larger sample size. For a smaller

sample

95%CI ¼ 200� 1:96
50
ffiffiffiffiffi

50
p

� �

95%CI ¼ 200� 14 ¼ 186� 214

For a larger sample

95%CI ¼ 200� 1:96
50
ffiffiffiffiffiffiffiffi

500
p

� �

95%CI ¼ 200� 4 ¼ 196� 204

In the smaller series, the 95 % CI was

186–214 cm/s, while in the larger series, the

95 % CI was 196–204 cm/s. Therefore, the larger

series has a narrower 95 % CI [4].

Type II Error
The familiar p value alone does not provide

information as to the probability of a type II or

beta error. A p value greater than 0.05 does

not necessarily mean that there is no difference

in the underlying population. The size of the

sample studied may be too small to detect an

important difference even if such a difference

does exist. The ability of a study to detect an

important difference, if that difference does in

fact exist in the underlying population, is called

the power of a study. Power analysis can be

performed in advance of a research investigation

to avoid type II error. To conclude that no

difference exists, the study must be powered

sufficiently to detect a clinically important differ-

ence and have p value or CI indicating no signif-

icant effect.

Power Analysis
Power analysis plays an important role in deter-

mining what an adequate sample size is, so that

meaningful results can be obtained [8]. Power

analysis is the probability of observing an effect

in a sample of patients if the specified effect size,

or greater, is found in the population [3]. Mathe-

matically, power is defined as 1 minus beta

(1 � b), where b is the probability of having
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a type II error. Type II errors are commonly

referred to as false negatives in a study popula-

tion. Type I errors, in contrast, are analogous

false positives in a study population [7]. For

example, if b is set at 0.10, then the researchers

acknowledge that they are willing to accept

a 10 % chance of missing a correlation

between abnormal computed tomography (CT)

angiographic findings in the diagnosis of carotid

artery disease. This represents a power of

1 minus 0.10, or 0.90, which represents a 90 %

probability of finding a correlation of this

magnitude.

Ideally, the power should be 100 % by setting

b at 0. In addition, ideally a should also be 0.

By accomplishing this, false-negative and false-

positive results are eliminated, respectively.

However, to do so would require a prohibitively

large sample size. Therefore, in practice, power

near 100 % is rarely achievable, so, at best,

a study should reduce the false negatives (b)
and false positives (a) to a minimum [3, 9].

Achieving an acceptable reduction of false nega-

tives and false positives requires a large subject

sample size. Optimal power, a and b, settings are
based on a balance between scientific rigor and

the issues of feasibility and cost. For example,

assuming an a error of 0.10, your sample size

increases from 96 to 118 subjects per study arm

(carotid and noncarotid artery disease arms) if

you change your desired power from 85 % to

90 % [10]. Studies with more complete reporting

and 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

sensitivity of 10 % between CT angiography and

Doppler ultrasound in carotid artery disease.

What Is Bias?

The risk of an error from bias decreases as the

rigor of the study design and analysis increases.

Randomized controlled trials (RCTs) are consid-

ered the best design for minimizing the risk of

bias because patients are randomly allocated.

This random allocation allows for unbiased

distribution of both known and unknown

confounding variables between the study groups.

In nonrandomized studies, appropriate study

design and statistical analysis can control only

for known or measurable bias.

Detection of and correction for bias, or sys-

tematic error, in research is a vexing challenge for

both researchers and users of the medical litera-

ture alike. Maclure and Schneeweiss [11] have

identified ten different levels at which biases can

distort the relationship between published study

results and truth. Unfortunately, bias is common

in published reports [12], and reports with iden-

tifiable biases often overestimate the accuracy of

diagnostic tests [13]. Careful surveillance for

each of these individual bias phenomena is criti-

cal but may be a challenge. Different study

designs are also susceptible to different types of

bias, as will be discussed in this section as well.

Well-reported studies often include a section on

limitations of the work, spelling out the potential

sources of bias that the investigator acknowl-

edges from a study as well as the likely direction

of the bias and steps that may have been taken to

overcome it. However, the final determination of

whether a research study is sufficiently distorted

by bias to be unusable is left to the discretion of

the user of the imaging literature. The imaging

practitioner must determine if results of a partic-

ular study are true, are relevant to a given clinical

question, and are sufficient as a basis to change

practice.

A common bias encountered in imaging

research is that of selection bias [14]. Because

a research study cannot include all individuals in

the world who have a particular clinical 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

performing 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
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occurs when the diagnostic test is evaluated on

subjects with severe disease and on normal con-

trols. In an evaluation of the effect of bias on

study results, Lijmer et al. [13] found the greatest

overestimation of test accuracy with this type of

spectrum bias.

A second frequently encountered bias in imag-

ing literature is that of observer bias [15, 16], also

called test-review bias and diagnostic-review

bias [17]. Imaging tests are largely subjective.

The radiologist interpreting an imaging study

forms an impression based on the appearance of

the image, not based on an objective number or

measurement. This subjective impression can

be biased by numerous factors including the

radiologist’s experience; the context of the inter-

pretation (clinical vs. research setting); the infor-

mation about the patient’s history that is known

by the radiologist; incentives that the radiologist

may have, both monetary and otherwise, to pro-

duce a particular report; and the memory of

a recent experience. But because of all these

factors, it is critical that the interpreting physician

be blinded to the outcome or gold standard when

a diagnostic test or an intervention is being

assessed. Important distortions in research results

have been found when observers are not blinded

versus blinded. For example, Schulz et al. [18]

showed a 17 % greater outcome improvement in

studies with unblinded assessment of outcomes

versus those with blinded assessment. To obtain

objective scientific assessment of an imaging test,

all readers should be blinded to other diagnostic

tests and final diagnosis, and all patient-

identifying marks on the test should be masked.

Bias can also be introduced by the reference
standard used to confirm the final diagnosis.

First, the interpretation of the reference standard

must be made without knowledge of the test

results. Reference standards, like the diagnostic

tests themselves, may have a subjective compo-

nent 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 ref-

erence 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 [13, 16]. Of course, sometimes it is not

possible or ethical to perform the same reference

standard procedure on all subjects. For example,

in a recent meta-analysis of imaging for appendi-

citis, Terasawa et al. [19] found that all of the

identified studies used a different reference stan-

dard for subjects with positive imaging (appen-

dectomy and pathologic evaluation) than for

those with negative imaging (clinical follow-

up). It simply would not be ethical to perform

appendectomy on all subjects. Likely, the sensi-

tivity and specificity of imaging for appendicitis

were overestimated as a result.

What Are the Inherent Biases in
Screening?

Investigations of screening tests are susceptible

to an additional set of biases. Screening

case–control trials are vulnerable to screening

selection bias. For example, lung cancer

case–control studies have been performed in

Japan, where long-running tuberculosis control

programs have been in place. This allowed for the

analysis of those who were screened to be matched

with a database of matched unscreened controls to

arrive at a relative risk of dying from lung cancer in

screened and unscreened populations. Because

screening is a choice in these studies, selection

bias plays a prominent role. That is, people who

present for elective screening tend to have better

health habits [20]. In assessing the exposure history

of cases, the inclusion of the test on which the

diagnosis is made, regardless of whether it is truly

screen or symptom detected, can lead to an odds

ratio greater than 1 even in the absence of benefit

[21]. Similarly, excluding the test on which the

diagnosis is made may 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

screening for lung cancer, and follow them for
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many years. These studies can give information on

the stage distribution and survival of a screened

population; however, these measures do not allow

an accurate comparison to an unscreened group

due to lead time, length time, and overdiagnosis

bias [22] (Fig. 2.3). Lead-time bias results from the

earlier detection of the disease, which leads to

longer time from diagnosis and an apparent sur-

vival advantage, but does not truly impact the date

of death. Length-time bias relates to the virulence

of tumors.More indolent tumors are more likely to

be detected by screening, whereas aggressive

tumors are more likely to be detected by symp-

toms. This disproportionally assignsmore indolent

disease to the intervention group and results in the

appearance of a benefit.Overdiagnosis is the most

extreme form of length-time bias in which

a disease is detected and “cured,” but it is so

indolent that it would have never caused symp-

toms during life. Thus, survival alone is not an

appropriatemeasure of the effectiveness of screen-

ing [23].

For this reason, a RCT with disease-specific

mortality as an end point is the preferred meth-

odology. Randomization should even out the

selection process in both arms, eliminating the

bias of case–control studies and allowing direct

comparison of groups that underwent the inter-

vention and those that did not, to see if the inter-

vention 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

biases that can occur in RCTs and are important

to understand: sticky diagnosis and slippery link-

age [24]. 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, such as a myocardial infarction dur-

ing surgery with death several months later, the

linkage of the cause of death to the screening may

no longer be obvious (slippery linkage). Because

the death is not appropriately assigned to the

target disease, the value of screening may be

overestimated. For this reason, in addition to dis-

ease-specific mortality, all-cause mortality should

also be evaluated in the context of screening trials

[24]. Ultimately, to show the effectiveness of

screening, not only more early-stage cancers need

to be found in the screened group but also there

must be fewer late-stage cancers (stage shift) [22].

Qualitative Literature Summary

The potential for error and bias makes the process

of critically assessing a journal article complex

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 book

is derived from that of Kent et al. [25] 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.

One such tool for the critical assessment of the

literature on diagnostic accuracy is called

STARD: Standards for Reporting of Diagnostic

Accuracy [26]. These consensus-based standards

were developed based on previously published

checklists to aid authors, reviewers, and editors

improve the quality of manuscripts. Readers are

encouraged to use the 25-item checklist to assess

for themselves the strengths and limitations of

these types of publications.

Another tool for the assessment of systematic

reviews of diagnostic accuracy studies is called

QUADAS: Quality Assessment of Diagnostic

Accuracy Statement [27]. This tool is essentially

a checklist of items and methods that a systematic

review should include for standard reporting of

these diagnostic accuracy reviews.

Take-Home Tables and Figures

Table 2.1 and Figs. 2.1, 2.2, and 2.3 serve to

highlight key recommendations and supporting

evidence.
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Fig. 2.1 Random and systematic errors. Using the

bull’s-eye analogy, the larger the sample size, the less

the random error and the larger the chance of hitting the

center of the target. In systematic error, regardless of the

sample size, the bias would not allow the researcher to hit

the center of the target (Reprinted with kind permission of

Springer Science+Business Media from Blackmore CC,

Medina LS, Ravenel JG, Silvestri GA. Critically

assessing the literature: understanding error and bias. In

Medina LS, Blackmore DD (eds) Evidence-based imag-

ing: optimizing imaging in patient care. New York:

Springer; 2006)

Table 2.1 Evidence classification for evaluation of a study

Level I: strong evidence

Studies with broad generalizability to most patients suspected of having the disease of concern: a prospective, blinded

comparison of a diagnostic test result with a well-defined final diagnosis in an unbiased sample when assessing

diagnostic accuracy or blinded randomized control trials or when assessing therapeutic impact or patient outcomes.

Well-designed meta-analysis based on level I or II studies

Level II: moderate evidence

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

described so that their impact can be assessed but still requiring a blinded study of diagnostic accuracy on an unbiased

sample. This includes well-designed cohort or case–control studies and randomized trials for therapeutic effects or

patient outcomes

Level III: limited evidence

Diagnostic accuracy studies with several flaws in research methods, small sample sizes, or incomplete reporting, or

nonrandomized comparisons for therapeutic impact or patient outcomes

Level IV: insufficient evidence

Studies with multiple flaws in research methods, case series, descriptive studies, or expert opinions without

substantiating data

Reprinted with kind permission of Springer Science+Business Media from Blackmore CC, Medina LS, Ravenel JG,

Silvestri GA. Critically assessing the literature: understanding error and bias. In Medina LS, Blackmore DD (eds)

Evidence-based imaging: optimizing imaging in patient care. New York: Springer; 2006
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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 evident 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 clinically evident. Even if the growth and

outcome of the cancer is unaffected by screening, merely

detecting the cancer earlier will increase apparent sur-

vival. This is the screening lead time. In addition, slower

growing cancers (such as C) will exist in the preclinical

screen-detectable phase for longer than do faster

growing cancers (such as B). Therefore, screening is

more likely to detect more indolent cancers, a phenome-

non 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 imag-

ing: optimizing imaging in patient care. New York:

Springer; 2006)

Target Population Study
Population

Study
Sample

Generalizability

Selection BiasStatistics

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

subjects with abdominal pain are at risk for appendicitis.

The sample population is the group of eligible subjects

available to the investigators. These may be at a single

center or group of centers. The sample is the group of

subjects who are actually studied. Selection bias occurs

when the sample is not truly representative of the study

population. How closely the study population reflects the

target population determines the generalizability of the

research. Finally, statistics are used to 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 imag-

ing: optimizing imaging in patient care. New York:

Springer; 2006)
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Conclusion

Critical analysis of a research publication can be

a challenging task. The reader must consider the

potential for type I and type II random errors, as

well as systematic error introduced by biases

including selection bias, observer bias, and refer-

ence standard bias. Screening includes an addi-

tional set of challenges related to lead time,

length bias, and overdiagnosis. These challenges

may seem daunting, yet without an understanding

of them, a medical practitioner cannot learn effi-

ciently from the literature and, in so doing, help

their patients with the best evidence we have to

offer them.
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Key Points

• Incidental findings are apparently asymptom-

atic intracranial abnormalities of potential
clinical significance.

• Incidental findings are common. For every

100 apparently normal asymptomatic subjects

scanned, on average about 3 will have an inci-

dental finding, giving a “number needed to

scan” (NNS) of 37 (strong evidence).

• Nonneoplastic incidental findings in apparently

normal subjects (excluding leukoaraiosis) have

a prevalence of 2.0% (95% CI 1.13–3.10) and

neoplastic incidental findings have a preva-

lence of 0.7% (95% CI 0.47–0.98%) (strong

evidence).

• Including silent infarcts increases the inci-

dence to above 10% (moderate evidence).

• The frequency of incidental findings increases

with age (even after excluding leukoaraiosis)

and with the use of more sensitive imaging

sequences (sensitive imaging techniques

reveal an incidence of 4.3% [CI 3.0–5.8%]

versus 1.7% [CI 1.1 to 2.4%] with conven-

tional imaging) (strong evidence).

• Detection of incidental findings is increasing

due to overzealous investigation in clinical

practice, increasingly easy access to more

and more complex neuroimaging, the rise in

easy access by the public to commercial imag-

ing health centers (for-profit health screening),

and widespread use of neuroimaging in

research (moderate evidence).

• Incidental findings vary in their importance,

from those that are worth noting in a report but

are unlikely to be of any clinical consequence

(e.g., small temporal arachnoid cyst) (limited

evidence) to those which may be imminently

life threatening (8-mm diameter basilar tip

aneurysm) (strong evidence).

• Many incidental findings, regardless of

whether they are an immediate threat to

health, carry implications for insurance

(travel, employment, life) as well as ability to

obtain a mortgage and other financial risk

ramifications (moderate evidence).

• For many incidental findings, there are inad-

equate data on appropriate management.

These require sympathetic management to

minimize anxiety in the subject and to mini-

mize their impact on health status (insuffi-

cient evidence).

Definition and Pathophysiology

The definition of an incidental finding is an

apparently asymptomatic intracranial abnormal-

ity of potential clinical significance. Common

examples include both non-neoplastic lesions

such as arachnoid cysts, pineal cysts, cavernous

hemangiomas, developmental venous anomalies,

aneurysms, inflammatory white matter lesions,

and neoplastic lesions such as meningiomas,

gliomas, pituitary adenomas, and vestibular

schwannoma (Table 3.1) [1].

The pathophysiology varies from lesions that

are unlikely ever to be clinically significant to

those which are likely to cause symptoms or may

already have done so, but that the subject has

ignored to those which could be imminently life

threatening. Examples of the first group include

small temporal arachnoid cysts, of the second

group include demyelination or an arteriovenous

malformation, and of the third group include large

intracranial aneurysms or gliomas. Figures 3.1 and

3.2 show examples of abnormalities discovered in

control subjects for research studies.

Epidemiology

Incidental findings are not new [2–4], but aware-

ness has increased in recent years. The likelihood

of detection has increased due to a combination

of factors which include greater availability of,

and referral for, imaging in clinical practice,

improved quality of clinical imaging protocols,

availability of multiple images through PACS

(compared with more limited imaging available

on printed films) [5], increased use of imaging in

research, and the availability of imaging-based

for-profit screening programs.
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Some studies have found the prevalence of

incidental findings on research brain scans to be

as high as 10–28%, ([4, 6, 7]; however, these

included all incidental findings, including age-

related white matter changes and findings with

little or no clinical significance (Table 3.1). Most

studies indicate that incidental findings of

potential clinical significance are present on

neuroimaging in approximately 3% of the

apparently normal population [8–11]. In a meta-

analysis of 16 studies (published up until May

2008) comprising 19,559 apparently normal

asymptomatic subjects, the prevalence of brain

neoplasms, silent infarcts, and white matter

lesions all increased with age but of

nonneoplastic lesions (excluding silent infarcts

and white matter lesions) was similar across age

groups from 10–29 to 70–89 years [8] (strong

evidence). The neoplasms identified were menin-

giomas (0.29%, 95% CI 0.13–0.51%), pituitary

adenomas (0.15%, 95% CI 0.09–0.22%),

low-grade gliomas (0.05%, 95% CI 0.02–0.09%),

vestibular schwannomas, lipomas and epider-

moids (all around 0.03%, 95% CI 0.01–0.07%),

and other unspecified neoplastic lesions

(0.09%, 95% CI 0.03–0.17). The prevalence of

demyelination (definite or possible) was 0.06%

(95% CI 0.02–0.15) and 0.03% (95% CI

0.00–0.07%), respectively. Aneurysms (0.35%,

95% CI 0.13–0.67), arachnoid cysts (0.50%, 95%

CI 0.21–0.87%), and Chiari malformations

(0.24%, 95% CI 0.04–0.58%) were the most fre-

quent non-neoplastic lesions (excluding silent

infarcts and leukoaraiosis). Other findings

included colloid cysts (0.04%), hydrocephalus

(0.10%), extra-axial collections (0.04%), and

arteriovenous malformations (0.05%). Two

papers published since the systematic review

found similar prevalences of neoplastic and

non-neoplastic incidental findings. Hartwigsen

et al. [10] found incidental findings in 19 of 206

young healthy volunteers (9.2%) undergoing

research neuroimaging on a 3-T magnet, of

which about half had some clinical implication

(pituitary or pineal lesions, cavernomas, or

AVMs). Orme et al. [9] reviewed 231 head

scans on which they identified 136 incidental

findings (42.9%). Of these, five cases (2.2%)

were of sufficient significance to required further

action.

Silent infarcts occur in 20% of healthy elderly

people and increase in prevalence with age [12].

One large study of 1,890 normal elderly subjects

described a slightly higher prevalence of 13% in

subjects aged 60–64 and 23% in those between 65

and 70 [13]. White matter lesions (WMLs) attrib-

uted to cerebral small vessel disease

(leukoaraiosis) are not usually present in people

under the age of 40–50 years (at least not more

than three to five small lesions) but increase in

number and extent thereafter. Morris et al. [8]

found a prevalence of 2.5% of people aged

30–49, 7% of people aged 50–69, and 17% of

people aged 70–89 years. When the amount of

WMLs is expressed as a volume of affected

tissue, most people aged 45–59 years had less

than 5 ml (median 1.8, IQR 1.06–3.17 ml); of

those aged 60–74 years, most had less than

7.5 ml (median 3.05, IQR 1.87–5.49 ml); and

of those aged 75–97 years, most had less than

15 ml (median 7.74, IQR 2.64–16.49 ml) but

some had as much as 50 ml [6].

Microhemorrhage is also described in normal

subjects; a recent meta-analysis including 4,641

normal subjects found a prevalence of 5%

(95% CI 4–6%) in apparently healthy adults

increasing with advancing age [14] (moderate

evidence); however, these studies showed sig-

nificant variation in the scanning sequences

employed, and true incidences may be higher

with currently available susceptibility imaging

sequences [15, 16].

In spinal imaging, there may be incidental

findings outside the spinal column or cord, in

addition to common findings such as disc degen-

eration that may not be relevant to the patient’s

symptoms [5]. Incidental findings on body imag-

ing may be even more frequent than on brain

imaging, but a detailed discussion of this is out-

side the scope of this chapter [11, 17–19].

The prevalence of incidental findings varies

with the sensitivity of the investigative process.

Thus, studies using higher sensitivity sequences

found more clinically significant incidental
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findings (4.3%) than did studies using less

sensitive MR sequences (1.7%) [8] (strong evi-

dence). Prospective studies using angiographic

sequences found higher prevalences of asymptom-

atic intracranial aneurysms than studies with

conventional MRI protocols or comparable post-

mortem studies (0.35% for conventional MRI,

3.6% for autopsy studies, and 6% for MR angiog-

raphy studies) [8, 20–22].

Finally, incidental findings are apparently

more common in imaging studies performed in

research subjects (3.4%) than for inpatients

undergoing for-profit screening examinations

(2%), or in research controls (1.0%), Chi squared

p < 0.001.8 (moderate evidence). The reason for

this is unknown.

Use of neuroimaging in research is increasing

[23]. Incidental findings are not uncommon in

research, as one would expect from the above

summary, and this raises important ethical and

management issues [24–28]. The problem of

what to do about incidental findings in research

is discussed in a later section.

Overall Cost to Society

No studies have addressed the cost of incidental

finding to society which depends on the balance

between the benefits of early treatment and the

risks associated with the investigation and treat-

ment, plus the impact on the subject’s ability to

work, drive, obtain insurance, anxiety levels, etc.,

and the costs incurred by all those steps.

The health-care cost implications will vary in

different countries depending on the health-care

funding model. In social systems such as the UK

National Health Service, there is no financial

incentive for the physician to overinvestigate or

overtreat the finding. In for-profit health-care

systems, there is a possible temptation to perform

further investigations and to treat, even when

the evidence for intervention may be poor. Exam-

ples include the current vogue for stenting of

asymptomatic intracranial arterial atheromatous

stenosis [29] or for asymptomatic internal carotid

stenosis. The danger is that increasing use of imag-

ing to reassure the patient (or the doctor) that there

is nothing wrong increases the risk of identifying

incidental and irrelevant findings that the patient

(and doctor) then worry about. However, there is

little evidence that performing investigations is

reassuring, even when the results are resoundingly

negative [30–33] (moderate evidence).

Many of the consequences and the impact of

an incidental finding are outside mainstream

medical practice and would be even harder to

quantify [34]. These include both direct and indi-

rect factors. The individual’s ability to obtain life,

health, and travel insurance may be affected with

serious consequences. The individual’s employ-

ment may be put at risk either through increasing

time off work due to their anxiety at the discovery

or directly because of the loss of insurance or

other liability [35, 36]. They may not be able to

drive or obtain a mortgage. Their health may

suffer through anxiety at knowing they have

a “time bomb” through the consequences of

overinvestigation or the complications of unnec-

essary treatment [37, 38].

Goals of Imaging

A physician portrayed by Groucho Marx in A
Day at the Races was described by his patient

(in the film) as “One of the finest doctors

I have known. Why, I didn’t know there was
anything wrong with me until I met him.” The

overall goal in the management of incidental

findings must be to manage them without

harm to the subject. Nonmaleficence is a basic

guiding principle of all medical care and can be

stated as:

given an existing problem, it may be better not to

do something, or even to do nothing, than to risk

causing more harm than good.

Some of these findings will have been present

since birth or for many years prior to discovery

and would be unlikely to cause the subject harm.

More harm may be caused to the subject through

overzealous reaction to the finding, investigation,

and treatment. Referring the anxious only makes

them more anxious [39]. Until better evidence is

available from more long-term epidemiology
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studies and intervention randomized clinical tri-

als, the authors believe that the approach should

be cautious [34].

Methodology

We updated a recent systematic review of inci-

dental findings in neuroimaging [8], by searching

from end of December 2008 to end of December

2010 in MEDLINE using PubMed (National

Library of Medicine, Bethesda, Maryland) for

original research publications on incidental find-

ings in the brain or spinal cord on imaging. We

also identified studies on potential adverse effects

of neuroimaging used in research and commercial

applications through two related projects, the first

on the wider societal implications of neuroimag-

ing held at the Scottish Universities Insight Insti-

tute in 2010 (http://www.scottishinsight.ac.uk/,

details of organizations involved provided in

report) and the second on the management

of incidental findings in research imaging held

at the Wellcome Trust, London, in 2010

(http://www.sinapse.ac.uk/media/events/ethics_

management. asp; report available at http://www.

rcr.ac.uk/docs/radiology/pdf/BFCR(11)8_Ethics.

pdf ) [40]. The search therefore covered the years

1950 to December of 2010. The search strategy

employed different combinations of the follow-

ing terms: (1) neuroimaging, (2) radiography OR

imaging OR computed tomography OR CT OR

MR OR MRI OR magnetic resonance imaging,

(3) cranial OR brain OR spine OR neuro,

(4) brain OR brain diseases OR spine diseases,

(5) humans, and (6) ethics. Reviewing the refer-

ence lists of relevant papers identified additional

articles. This review was limited to human studies

and mainly the English language literature. The

authors performed an initial review of the titles

and abstracts of the identified articles followed by

review of the full text in articles that were relevant.

Articles identified in the review presented

above or in the related projects [8] were handled

in a similar way by the investigators of those pro-

jects, and as both authors were lead organizers

of one or both of those projects, we did not repeat

that work.

Discussion of Issues

How to Minimize the Chances of
Incidental Findings in Clinical Practice
and Why Is this Important?

Summary
The more investigations health-care providers

do, the more likely they are to identify incidental

findings. Incidental findings have adverse effects:

they worry the patient, often unnecessarily [41];

they divert attention away from the original

suspected disease of interest, potentially leading

to mismanagement of the latter; and they use up

additional health-care resources through further

investigations and consultations, increasing the

cost of health care [34]. These risks are encapsu-

lated in the term “victims of modern imaging

technology (VOMIT)” coined by Hayward in

2003 [41].

Consequently, in clinical practice, patients

should be referred for neuroimaging only if clin-

ical indications for the presence of the disease of

concern, or the need to exclude it, are strong.

Evidence-based guidelines help to focus the use

of neuroimaging on patients who are, according

to the best current evidence, likely to benefit

from and not be harmed by the results. Utiliza-

tion guidelines are provided by radiological

societies and by disease-oriented organizations.

A comprehensive list of national and interna-

tional sources for imaging guidelines is avail-

able through the NHS National Library of

Guidelines (http://www.library.nhs.uk/) and

the Agency for Healthcare Research and Quality

(http://www.guidelines.gov/). Performing scans

only for reassurance increases the risk of inciden-

tal findings, encourages the patient to expect

investigations the next time they consult [33]

(moderate evidence), and there is little evidence

that use of investigations in this situation is anxi-

olytic [32].

Imaging-based for-profit screening is increas-

ingly available [37], and use of imaging in

research is common. In both situations, subjects

should be warned in advance of the likely risk and

the medical and non-medical implications of an
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incidental finding [27]. Imaging-based for-profit

screening is likely to remain a significant factor

because the activities of commercial screening

organizations and the widespread media attention

given to high-profile scientific publications, such

as the paper by Vernooij and colleagues in the

New England Journal of Medicine, [6] risk rais-

ing concern among the public [42]. People,

concerned about their health and personal well-

being, may develop the impression that they too

should seek reassurance that they do not have

a “ticking time bomb” [43].

Supporting Evidence

Until recently, access to investigationswas limited

so that only patients with good justification for the

test were referred; in addition, investigations were

less sensitive for the identification of small or

subtle incidental findings. This is all changing.

Investigations are now widely available, and the

barrier to advanced imaging investigation of

suspected disease has been lowered [43, 44]. In

1993, the American College of Radiology issued

the ACR appropriateness criteria, scientific based

guidelines for referring physicians about the

appropriate use of diagnostic radiology in given

situations [45]. A study, 15 years later, showed

that the uptake and application of these guidelines

and of other formal guidelines among referring

clinicians were very low [46]. Unfortunately

there is little firm evidence on how many patients

are now referred for neuroimaging investigation

solely for reassurance.

Most national colleges and organizations pro-

duce guidelines on the use of imaging investiga-

tions for clinical purposes based on the best

evidence available at the time and regularly

update these recommendations. The American

College of Radiology (ACR) in the USA and

the Royal College of Radiologists (RCR) in the

UK produce guidelines on who to refer for imag-

ing, what type, and when (Table 3.2). Readers

should refer to their relevant national guidance,

as that is most likely to be geared to the resources

and practices in their country. Referral to guide-

lines may also help explain to the patient why

investigations should be avoided unless there is

very good reason.

The stress of being screened is difficult to

quantify and probably depends in part upon the

seriousness (in the mind of the screened popula-

tion) of the disease being sought. Getting

a normal test result is not necessarily as anxio-

lytic as some doctors might assume, although

opinion concerning this remains mixed.

McDonald et al. [30] assessed patient reassurance

after a normal test result in patients undergoing

echocardiography for symptoms or an asymp-

tomatic murmur. All those presenting with symp-

toms remained anxious despite the normal test

result and 39/52 people (75%) presenting with

an asymptomatic murmur became anxious after

detection of the murmur. Over half of these

(21/39) remained anxious despite the normal

echocardiogram result [30]. Similarly, a study

of the effects of investigating cases of possible

and probable MS, where diagnosis would not

affect management, found that although anxiety

seemed to be reduced by testing, overall anxiety

levels did not decrease as much as anticipated.

Patients also became less optimistic about their

future health after testing. Subgroups of patients

differed in their response to diagnostic informa-

tion. Those in whom no definitive diagnosis

emerged tend to be more anxious rather than

being reassured by the “negative” workup. Indi-

viduals with “positive” workups became less

anxious and expressed favorable feelings about

the diagnostic workup even though they often

faced a chronic disease [47]. In contrast, Sox

et al. [48] measured clinical outcomes of 176

patients thought clinically to have nonspecific

chest pain who were randomly allocated either

to have a routine electrocardiogram and serum

creatine phosphokinase tests (test group) or to

have all diagnostic tests withheld (no-test

group). Fewer patients in the tests group (20%)

reported short-term disability than patients in the

no-test group (46%) (p ¼ 0.001). The use of

diagnostic tests was an independent predictor of

recovery. Patients in the test group felt that care

was “better than usual” more often (57%) than

patients in the no-test group (31%) (p ¼ 0.001).

Some commercial screening organizations

provide results of investigations in an unhelpful

way to the individual, for example, which suggest
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that there may be an abnormality of concern

when in fact there is not, which the screened

individual then has to take to their family doctor

for advice and treatment [38].

What Is the Expectation of Research
Studies in Identifying and Reporting
Incidental Findings?

Summary

Use of imaging in research is a common source of

incidental findings and the subject of much

debate about how best to manage them.

Guidance on how to manage incidental find-

ings detected during research imaging is less well

developed. Advice from national and interna-

tional ethics and regulatory research bodies is

limited and variable [27] and likely to change

with evolving attempts to minimize the adminis-

tration burden involved in research [49]. A large

group of imaging experts, professional, grant

funding, ethics, and regulatory bodies recently

formulated guidance on best practice for the UK

[40]. However, the evidence on which to base

much practice related to incidental findings in

research is lacking.

Points for consideration requiring further eval-

uation methods include the following. Full radio-

logical review of all research examinations,

preferably by a specialist neuroradiologist, is

attractive but carries significant cost implica-

tions. Neuroradiology and radiology resource is

finite and limited so that full review of all

research scans is impractical in most institutions.

Indeed, many imaging-based research studies are

conducted in nonclinical centers with principal

investigators who are not necessarily clinically

qualified. Despite this, some legal authorities

have stated that the reactive model, where inci-

dental findings noted by investigators are referred

for further assessment, ignores the duties owed to

the subject of research and may invite litigation

[50]. In addition, studies in the US showed that

the institutional review board at 22% of research

centers required involvement of a neuroradiolo-

gist in neuroimaging studies [51]. A further

issue of importance is that many research scans,

such as those used for functional MRI, would be

considered entirely inadequate for diagnostic

use [27]. Current opinion varies considerably

[27, 52], and review of current practice reveals

a wide range of methods for dealing with inci-

dental findings in research studies. Management

models range from no radiology reporting at all

through “reactive radiology” where suspicious

findings noticed by investigators are referred

to a radiologist for an opinion, “proactive

radiology” where all research images are

reported, and “very proactive radiology,” where

images additional to those required for the

research may be acquired routinely to improve

detection or characterization of any incidental

findings [27].

Whatever model is employed, it is important

to understand that many volunteers will expect

expert examination of research images to be rou-

tine. In one study which sought research volun-

teers opinion, the majority of volunteers expected

that their images would be examined and medical

anomalies would be disclosed to them, regardless

of the written information they were given during

the consent process or whether the research took
place in a medical on nonmedical environment

[53]. There is currently no consensus on the

appropriate model to employ, and clear legal

and ethical guidance is either conflicting or

incomplete [27].

Supporting Evidence

Researchers have a clear and legally binding duty

of care to their research subjects that includes

dealing with problems arising from incidental

findings [40, 54]. It has been stated that systems

which rely on the identification of significant

incidental findings by inadequately qualified per-

sonnel ignore the duties owed to the subject by

the investigator [40, 55] and may invite litigation

[50]. A review of legal precedent in the USA

found only two cases related to incidental find-

ings [56]. In the first, a control group participant

in a neuroimaging study was found to have

a severe AVM; the patient was referred for

treatment which was unsuccessful and led to

a lawsuit aimed at the treating clinicians rather

than the researchers who identified the original
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abnormality. In the second case, failure to iden-

tify an incidental finding on a liver scan led to

delayed treatment and the successful prosecution

of the radiologist. The authors conclude that these

legal holdings do not dictate that a researcher

who fails to detect or report a potentially danger-

ous incidental finding on a research scan can be

held to the same standard of care as radiologists

or other physicians who read clinical scans for

specific patients in a clinical setting. However,

they do suggest that individuals whose condition

worsens, or their survivors, may seek to impose

liability on the person who first reviewed the scan

if earlier treatment would have yielded a better

clinical outcome. Other legal opinions have

concluded that the relationship between the

investigator and subject does not carry the same

degree of fiduciary responsibility as that between

clinician and his patient [55, 57], although the

legal position remains relatively untested in case

law [58].

Current guidance for researchers, ethics com-

mittees, and institutional review boards on how to

manage incidental findings is rare or difficult to

find with little or no consensus. National and

supranational ethics and human rights guidance

is given in various research documents but is also

hard to find [27, 40].

Having a radiologist review images is likely to

provide the most accurate interpretation. In gen-

eral, nonradiological researchers are not used to

identifying lesions that are outside their immedi-

ate sphere of knowledge (or even within it) and in

addition are prone to mistaking artifacts or

completely insignificant findings (e.g., falx calci-

fication) for clinically significant abnormalities.

Thus, they may cause undue alarm to research

subjects. Despite this there is evidence of wide-

spread use of variations of the “reactive radiol-

ogy” approach that have been widely supported

[52, 59] and implemented. Some workers have

suggested that reporting of incidental findings is

unnecessary or inappropriate [60, 61], whereas

others believe that all research scans on healthy

controls should undergo expert review [50].

Cramer and colleagues [52] described a system

for the management of incidental findings in neu-

roimaging studies where investigators who

suspected an abnormality would refer the images

on a web-based system for specialist review.

Over a 5-year period, 27 scans were submitted

to review from an estimated 5,000. Interestingly,

the abnormalities identified by the investigators

showed only limited agreement with the special-

ist review. The authors argue that this is a cost-

effective ($50 per scan reviewed) system for the

management of suspected incidental findings.

However, the referral rate of half a percent

observed in this study must raise significant anx-

ieties that the referral process overlooked other

and potentially significant incidental findings.

Interestingly, the authors state, “some investiga-

tors at our institution used this facility more than

others,” raising the possibility that there is wide

variation in the ability of nonradiological inves-

tigators to identify potentially important inciden-

tal findings.

There is clear evidence that most research

subjects expect that their images will be looked

at by a competent trained individual [62]. Fur-

thermore, this belief is not affected by informa-

tion given in the consent process. However, most

imaging research is not done by radiologists or

even near to a radiology department and not

looked at by a radiologist, so there are genuine

practical difficulties and costs in obtaining review

of the images. In fact, one survey showed that the

most senior person who examined any images

obtained during neuroimaging research examina-

tions was usually a junior postdoctoral assistant

[51]. It is somewhat unlikely that someone who

has only recently completed a PhD in a focused

scientific aspect of neuroimaging (e.g., fMRI or

tractography) will be adequately trained to rec-

ognize or accurately interpret and manage inci-

dental findings.

Thus, while publications from many countries

suggest that many agree that research imaging

should be reported by radiologists [24, 28, 53,

63–65] (strong evidence), it is less clear as to

how this should be achieved in practice [66].

Although it seems unlikely that any would dis-

agree that abnormal scans should be reviewed by

specialist radiologist, there is a clear problem in

developing systems that will allow sufficiently

sensitive and appropriately specific identification
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of those examinations that need specialist review.

Having a protocol in place for recognition,

review and management of incidental findings is

important, and this must include clear guidelines

on construction of consent, the consent process

and methods, and policies for disclosure [40, 59].

These issues were discussed at a UK national

(with international participants) meeting on

management of incidental abnormalities found

on research scans held on 1st June 2010 [40]

and further information, including videos and

transcripts, can be accessed at http://www.

sinapse.ac.uk/media/events/ethics_management.

asp and the report at http://www.rcr.ac.uk/docs/

radiology/pdf/BFCR(11)8_Ethics.pdf.

How to Manage Incidental Findings

Summary

Discovery of an incidental finding whose man-

agement experience is outside the expertise of the

investigator should be referred for an expert

opinion. It is worthwhile doing this at an early

stage since it may preempt the need for further

investigation and resolve anxiety. The situation

should be discussed with the patient as early as

possible, and subsequent investigations should be

expedited.

With a few exceptions (intracranial aneurysms

[67], internal carotid stenosis [68]), the manage-

ment of many incidental findings is not guided by

good evidence, often because the natural history

of the condition is not adequately understood. In

some cases, there is guidance available in litera-

ture about the management of individual condi-

tions, which may commonly be found as

incidental findings. However, the majority of

these studies do not deal with the management

of potentially asymptomatic incidental findings

but rather with the management of the same dis-

ease when it has been discovered due to clinical

presentation.

The potential negative impact on the individual

subject with an incidental finding whose potential

importance is unclear, or incorrectly assessed, must

also be considered [24, 60]. For example, Royal

et al.[60] illustrate an example of a normal subject

with an abnormality of unknown significance,

thought most likely to be a normal variant, which

led to the participant being advised to undergo

a course of periodic additional MRI exams with

significant associated expense and anxiety.

Supporting Evidence
In the majority of cases, there are no randomized

clinical trials describing the natural history or

optimal management of asymptomatic incidental

findings so that the majority must be managed on

an individual basis. Table 3.3 gives a brief

description of the clinical management appropri-

ate to common asymptomatic incidental findings,

together with appropriate references where pos-

sible. However, the majority of these are retro-

spective case reviews of symptomatic cases and

may not be directly applicable in the case of an

incidental finding.

There is often considerable debate in the liter-

ature concerning the optimal treatment of appar-

ently asymptomatic disorders. One interesting

example is in the management of minimally

or apparently asymptomatic arachnoid cyst. Typ-

ically, surgeons have been reluctant to decom-

press arachnoid cyst in the absence of significant

or dramatic symptoms. However, in recent years

there have been a number of studies suggesting

that cyst decompression improved the function of

adjacent brain tissue, supporting the view that

patients with clinically silent cysts may profit

from decompression [69–71]. Partly in response

to this, some neurosurgeons have adopted a far

more aggressive approach with apparently sub-

stantial clinical benefits and a low risk of compli-

cations [72] (limited evidence).

Special Case: Applicability to Children
Summary

The majority of neuroimaging research is

performed in adults, although this may change

with the rising interest in use of neuroimaging

to study behavioral responses and educational

abilities that might predict future antisocial

behavior, learning difficulties, or job-related

skills [73]. Although there are relatively few

studies specific to the detection of incidental

findings in children, it has been shown that there
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is a higher prevalence of incidental findings relat-

ing to otitis, mastoid items, and sinusitis in the

pediatric population (approximately 20–25%).

Furthermore, investigation of the subjects shows

that many are suffering from clinically significant

but unsuspected pathology so that identification

of signal abnormalities within the ear and mas-

toid cavity should stimulate referral for ENT

review [74, 75]. Other pathologies appear to

have similar incidence to adults so that similar

concerns apply. However, the range of intracere-

bral incidental findings in children is less well

documented than in adults, and management

strategies for many pathologies differ signifi-

cantly. Under these circumstances, it would

seem reasonable to propose a more active form

of review for studies in pediatric populations.

Supporting Evidence
There is very little information about

incidental neuroradiological findings specifically

in children. One small retrospective study

(n ¼ 225) found that the prevalence of those

requiring clinical referral was low (around 7%)

and only one required urgent referral [76] (mod-

erate evidence). Other studies have identified

a higher prevalence in the pediatric population.

In a Japanese cohort study of 110 children, inci-

dental findings were seen in 36.4%; however,

26.4% were due to sinusitis and/or otitis media

[61]. The prevalence of incidental findings when

these are excluded was 10.9%, but only one

patient required urgent referral for assessment.

A similar study of 666 children with a mean age

of 9.8 years found incidental findings in 25.7%;

17% represented normal variants and only one

patient required referral for further assessment

[77]. A study of 953 children aged 5–14 years

suffering from sickle-cell disease found a 6.6%

prevalence of incidental findings, but again only

three patients required urgent referral and over

half were considered normal variants which did

not require further assessment [78]. The high

prevalence of middle ear and mastoid abnormal-

ities in children, usually represented as high sig-

nal on T2-weighted images, has also been studied

by two groups [74, 75], both of whom found

significant prevalence of MR abnormalities

(12% and 27%). Both found that in a significant

proportion of these groups MR findings were

paralleled by previously unidentified clinical

symptoms, and both concluded that incidental

findings of this kind should prompt a referral for

clinical assessment. Incidental findings in the

pediatric age group are likely to be little different

from the prevalence of non-neoplastic findings in

young adults, that is, 2.0% [8]. A major differ-

ence to adults is that most neoplasms that present

in childhood need to be treated, so there is likely

to be less uncertainty about whether or not to treat

and when than with, for example, meningiomas

in adults. Here the issue is that there are three

parties affected by the finding – doctor, patient,

and their parents, with substantially more anxio-

lytic potential.

Special Case: What Benefits Arise from
Detection of Incidental Findings?
Summary
There is little evidence about the potential bene-

fits from detention of incidental findings on

brain imaging. Although early detection of

abnormalities such as cerebral aneurysms or

neoplastic lesions would appear to be desirable,

the incidence of these is small, and definitive

evidence-based guidance concerning optimal

management of asymptomatic lesions is com-

monly unavailable. Even the benefits of identify-

ing unruptured cerebral aneurysms are uncertain,

and the benefit of treatment continues to be con-

tentious. A large study published in 1998 showed

that the annual rate of rupture of unruptured

aneurysms was lower than had previously been

believed [79]. Following this, the Stroke Council

of the American Heart Association issued guide-

lines in 2000, [80] which concluded that screening

for cerebral aneurysms was not warranted even in

subjects where a family member had died from

aneurysmal subarachnoid hemorrhage. When

unruptured cerebral aneurysms are identified inci-

dentally, current practice suggests that those less

than 5 mm should be managed conservatively,

those greater than 5 mm in patients below

60 years of age should be considered for surgery,
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and only those greater than 10 mm in diameter

should be treated under any circumstances [80].

Supporting Evidence

In their large meta-analysis, Morris et al. [8]

examined only the prevalence of incidental find-

ings but reviewing the subsequent impact was

beyond the remit of the study. Other studies

also provide only limited information concerning

the benefits or harm derived from the identifica-

tion of incidental findings. Orme et al. [9] found

abnormalities in 136 of 231 scans but referred

only five of these for further investigation, of

whom one had a sphenoid sinus aspergillus

infection and the other a cerebral ependymoma.

Vernooij and colleagues [6] described a particu-

larly high incidence of brain abnormalities in

a sample of 2,000 normal individuals over the

age of 45. The most common abnormalities were

asymptomatic infarction (7.2%), cerebral aneu-

rysm (1.8%), meningioma (1.6%), and arachnoid

cyst (1.1%). It is interesting therefore to note that

of almost 250 patients with reported abnormali-

ties surgery was performed in only two [6].

These were a single patient with a subdural

hematoma and one of 35 patients with cerebral

aneurysms. Although other details concerning

treatment and further management are not

given, the authors do state that all aneurysms

except for three were less than 7 mm in diameter.

Special Case: Should Image Based
For-Profit Health Screening Be Avoided
Summary

Over the past 10 years, an increasing number of

companies have begun to offer for-profit clinical

screening services using either whole-body CT or

increasingly MRI. These services have been par-

ticularly popular in the USA and are increasingly

available in Europe. They have been highly con-

tentious largely due to the paucity of evidence

showing benefit but also due to the risks of over-

investigation that we have described above. In

particular, whole-body CT has been heavily crit-

icized for its radiation dose which has led to

increasing availability of whole-body MRI.

There has also been extensive criticism of the

increasing social inequality arising from the

availability of improved health care to those

who can afford to pay for screening.

Supporting Evidence
The arguments concerning the potential benefit/

hazards of screening, which have been discussed

extensively above, apply equally to commercial

screening procedures. Many correspondents

[37, 81] and national organizations, including

the FDA and the USNational Institutes of Health,

have been cautious or even critical of these ser-

vices [82, 83]. Particular criticism has been

directed at the use of screening investigations in

the brain. Several authors have examined the

potential benefits and hazards of an incidental

finding of cerebral aneurysm, cerebral tumor, or

common incidental findings such as Chiari

malformations [37, 81]. Each has reached the

conclusion that the benefits, if any, are

outweighed by the potential risks of investigation

and treatment. In a commentary in the Mayo

Clinic Proceedings, Komotar, and colleagues

state [81]:

In New York City, brain MRI screening can be

performed for less than $200, regardless of age or

medical history, so that brain lesions can be

detected at an earlier stage. Although this program

appears to have great benefits, closer analysis

shows that brain MRI scans should not be

recommended for screening healthy populations

because of unequal accessibility, disproportionate

allocation of health care resources, screening bias,

low prevalence, poor predictive value, and limited

need and effectiveness of intervention. Further,

early detection programs often have negative con-

sequences, and benefit that justifies possible

sequelae has not been demonstrated.

There has been little published concerning the

incidence of incidental findings in attendees of

commercial screening services. The available

data suggest that the reported incidence is lower

than in research cases with a prevalence of 2%

compared to 3.4% in research subjects (weak

evidence). The reason for this is extremely

unclear. Dr Barnett Kramer, director of the US

National Institutes of Health Office of Disease

Prevention, said:
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for every 100 healthy people who undergo a scan,

somewhere between 30 and 18 of them will be told

that there is something that needs a workup and it

will turn out to be nothing.

This represents a major apparent dichotomy

between the reported incidence of incidental

findings and the apparent detection rate of

abnormalities which may represent a trend to

overinvestigate insignificant incidental findings

in patients attending screening programs. Inter-

estingly, popularity for these services appears to

have waned in the USA with closure of some

companies [84].

Take-Home Tables

Tables 3.1 through 3.3 highlight prevalence of

incidental findings, guidelines on use of imaging

investigations from radiological societies and

disease-oriented organizations, and options for

management of common incidental findings,

respectively.

Imaging Case Studies

Case 1: Asymptomatic 64-year-old scanned as

a control subject in a study of vascular depression

(Fig. 3.1a, b)

Case 2: A 56-year-old woman scanned as

a control subject in a study of cerebral vascular

disease (Fig. 3.2a, b)

Table 3.1 Prevalence of incidental findings

Incidental finding Prevalence (%)

Arachnoid cyst 0.5

Aneurysm 0.35

Meningioma 0.29

Cavernous malformation 0.16

Hydrocephalus 0.1

White matter lesions suggestive of an

inflammatory disorder

0.06

Low-grade glioma 0.05

Arteriovenous malformation 0.05

Common developmental variants, rarely

of medical importance

Precise

unknown

Adapted with permission from Morris Z, Whiteley WN,

Longstreth WT, Jr et al. Incidental findings on brain

magnetic resonance imaging: systematic review and

meta-analysis. Br Med J. 2009;339:b3016

Table 3.2 Guidelines on use of imaging investigations from radiological societies and disease-oriented organizations

Radiological Societies

American College of Radiologists http://www.acr.org/secondarymainmenucategories/quality_safety/guidelines.aspx

Royal College of Radiologists http://www.rcr.ac.uk/content.aspx?PageID¼995

Canadian Association of Radiologists http://www.car.ca/en/standards-guidelines/guidelines.aspx

British Society of Paediatric Radiologists http://www.bspr.org.uk/guidelines.htm

National Organizations

Scottish Intercollegiate Guidelines Network (SIGN) http://www.sign.ac.uk/guidelines/published/index.html

National Institute for Clinical Excellence http://guidance.nice.org.uk/

UK National Guideline on Management of Incidental Findings in Research Imaging http://www.rcr.ac.uk/docs/

radiology/pdf/BFCR(11)8_Ethics.pdf [40]

Disease-Oriented Organizations

European Stroke Organization http://www.eso-stroke.org/recommendations.php?cid¼9&sid¼1

American Heart Association (cardiac disease and stroke) http://www.americanheart.org/presenter.jhtml?

identifier¼2158

European Federation of Neurological Societies http://www.efns.org/Guideline-Archive-by-topic.389.0.html
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Table 3.3 Summary of the management options for common incidental findings

Incidental finding

Commonest potential

complications Treatment of asymptomatic findings

Arachnoid cyst Pressure on adjacent brain

structures

Neurosurgical decompression is not indicated for

asymptomatic cysts (no RCTs [72])

Aneurysm Hemorrhage (risk

influenced by aneurysm

site and size)

Endovascular coiling or neurosurgical clipping is available,

but there is uncertainty about their use because of the lack of

published RCTs comparing treatment with conservative

management for asymptomatic aneurysms

Meningioma Pressure on adjacent brain

structures

Neurosurgical excision and radiotherapy tend to be used

when meningiomas cause symptoms (no RCTs [85])

Cavernous malformation Hemorrhage and epileptic

seizure(s)

Neurosurgical excision and stereotactic radiosurgery are

available, but there are no case series or RCTs supporting

their use for asymptomatic cavernous malformations [86]

Hydrocephalus Headache and drowsiness Intervention is often not indicated for people without

symptoms [87]

White matter lesions

suggestive of an

inflammatory disorder

Later development of

multiple sclerosis

Immunological treatments are not indicated. Cautious

medical review and advice may be needed [88]

Low-grade glioma Pressure on adjacent brain

structures and epileptic

seizure(s)

Neurosurgical excision may be used, but who to treat and

when are uncertain (no RCTs). Occasionally moremalignant

primary brain tumors like glioblastomas have been reported

as first presenting during scanning for other purposes

Arteriovenous malformation Hemorrhage and epileptic

seizure(s)

Endovascular embolization, neurosurgical excision, and

stereotactic radiosurgery are available. There is an ongoing

RCT comparing treatment with conservative management

for unruptured AVMs

Common developmental

variants, rarely of medical

importancea

May alarm nonexpert

RCT randomized controlled trial
aAdditional common developmental or normal variants that are of little health relevance but may alarm the untrained

observer include mega cisterna magna, callosal lipoma, asymmetrical ventricles, and enlarged perivascular spaces.

Other anomalies that may sometimes be of health relevance and that are not listed above include Arnold Chiari

malformations, cerebellar atrophy, and pineal cysts
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Future Research

It should be clear from the forgoing that there are

many unanswered questions concerning the inci-

dence and management of incidental findings

in clinical practice, health services or commercial

screening, and research. The incidence of many

incidental findings varies with age, as some con-

ditions are simply more common at some ages

than others, but as yet there are too few age-

specific studies that published this data.

Fig. 3.2 Images from a 56-year-old woman scanned as

a control subject in a study of cerebral vascular disease.

The scans show a large intraventricular tumor thought

most likely to be a colloid cyst. The patient was referred

for a neurosurgical opinion, and although she was entirely

asymptomatic, the lesion was treated by surgical excision,

largely due to the patient’s underlying anxiety concerning

the diagnosis

Fig. 3.1 (a) An asymptomatic 64-year-old scanned as

a control subject in a study of vascular depression. The

scan reveals a large long-standing left-sided cerebral

infarction. (b) A 24-year-old normal volunteer for

a functional MR study. Scan shows a large left-sided

posterior abnormality believed to represent a long-

standing ischemic insult. The patient was referred for

clinical assessment and no significant neurological deficit

could be demonstrated
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Population-based imaging studies, health-care

providers, and other organizations should

endeavor to record and publish information on

their incidental finding rates, the medical conse-

quences, and any personal consequences for the

patients or volunteers.

For many incidental findings, there is a lack of

evidence from well-conducted population studies

on the natural history or the finding, the likeli-

hood of progressing to symptoms, or any life-

threatening consequences. More information on,

for example, vascular malformations such as

cavernomas, aneurysms, and developmental

lesions should continue to be collected. Central-

ized health-care statistics could play a key role in

facilitating this, where such exist. Consideration

should be given to establishing incidental find-

ings registries, making use of internet and image

banking expertise that is now emerging. Without

better information on natural history, it will be

difficult to provide good advice and appropriate

medical management.

As a result of the lack of the above, and for

many other reasons, there is also a lack of infor-

mation on the best medical management in rela-

tion to specific treatment or the need for regular

monitoring if it is decided that no treatment is

necessary at the time of detection. This is not

a problem that is unique to incidental findings

but also affects other conditions like prostate

cancer where it is still unclear whether early

detection of marginally raised prostate-specific

antigen by screening and then treatment is bene-

ficial for the majority or not.

The impact of the additional workload gener-

ated by injudicious requests for imaging by clini-

cians, or use by for-profit screening companies,

or in research, on private or publicly funded

health-care services has not been quantified but

is likely to be considerable. It is also likely to

further overload already overloaded health-care

providers, detracting from the evidence-based

care that they are funded to provide to symptom-

atic patients, particularly in publicly funded

health-care systems. Imaging requests should

always be kept to a minimum to help avoid spu-

rious findings and, in the case of CT scanning, to

reduce radiation doses. Cost estimates of the

likely impact of incidental findings would help

health-care providers to manage their use of

imaging investigations better.

There is little information on volunteers and

patients attitudes toward, or awareness of, inci-

dental findings. It is probably fair to assume that

most people would rather not have an incidental

finding as it is likely to raise anxieties even if it

turns out to be of no medical consequence. None-

theless, how best to manage these from the

patient or volunteer’s point of view is currently

largely based on speculation and a few case

reports. Further studies are needed to determine

the best ways of managing incidental findings to

minimize anxiety to patients or volunteers as this

would help develop policies for imaging research

and clinical practice.

The true full extent of the wider implications

of incidental findings, such as employment,

insurance (health, travel, life, etc.), and mort-

gages for house purchase, is not well known and

probably varies. However, with the increasing

use of imaging, it will be important for insurance

companies and employers to develop thoughtful,

equitable, and sensible approaches to otherwise

healthy individuals.
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Key Points

• To improve quality of care and reduce waste in

healthcare, broad system change is sorely

needed. Health information technology (HIT)

solutions will be core components and

enablers of this change.

• Knowledge-enabled HIT tools that deliver

point-of-care, context-specific, decision sup-

port (DS) can encourage evidence-based prac-

tice, improving quality and reducing waste

(limited to moderate evidence).

• The meaningful use of a computerized physi-

cian order entry (CPOE) system with clinical

DS can help guide appropriate use of imaging

studies. Despite growing evidence of its ben-

efits, CPOE adoption has been slow, with

only 9.6 % of US hospitals having CPOE

completely available as of 2002 (limited

evidence).

• An imaging CPOE system with embedded DS

can be integrated into an organization’s

healthcare information technology infrastruc-

ture and be broadly accepted in clinical prac-

tice (moderate evidence).

• There is substantial opportunity for CPOE

to contribute to imaging services, including

gains in quality of care as well as patient

safety and reduction in waste. CPOE with

embedded DS can help reduce inappropriate

testing, thereby decreasing unnecessary

radiation exposure and costs. Real-time

capture of relevant clinical information at

the time of order entry can help improve the

quality of radiologist’s interpretation. As

demonstrated in a case study, the implemen-

tation of an integrated computerized DS

into CPOE is associated with a decrease in

overall use and increase in yield of computed

tomography (CT) angiograms in the evalua-

tion of pulmonary embolism (moderate

evidence).

Definition

Computerized physician order entry (CPOE) is

a process of order entry where physicians and

other providers communicate instructions for

the care of patients electronically over a computer

network. A physician may indicate diagnostic

tests, such as imaging studies, they want to order

by choosing from a predetermined set of menus.

Information regarding patient’s symptoms, past

medical history, and probable diagnoses are col-

lected through a series of check boxes and free text

fields. One important feature of CPOE is patient-

centered decision support (DS). DS is an iterative

interaction of a user with a computer using brief,

automated, actionable, context-specific, real-time

feedback to optimize user decisions and actions.

DS is designed to educate, encourage, and enforce

the use of evidence in day-to-day practice. It edu-

cates physicians through technology with the most

updated, evidence-based guidelines. It encourages

new approaches to improve quality of healthcare

delivery. Lastly, it also can enforce appropriate

ordering patterns through accountability.

Trends and Use

Over the past four decades, advances in diagnos-

tic imaging have revolutionized the practice of

medicine. These advances have enhanced physi-

cians’ understanding of diseases, improved diag-

nostic accuracy, and contributed tremendously to

patient care [1]. Along with these benefits, imag-

ing studies also lead to harm, such as increased

cancer risk from radiation exposure and contrast-

associated adverse effects, and carry substantial

financial costs [2]. In the report, Crossing the

Quality Chasm, the Institute of Medicine identi-

fied waste as an unwanted but ever-present fea-

ture of our healthcare delivery system [3].

Heterogeneity and variability in clinical practice
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patterns contribute to this waste. Unwarranted

practice variation has resulted in underuse, mis-

use, and overuse of care, thus compromising

overall quality of healthcare delivery [4]. Some

estimates suggest that 30–40 % of all imaging

studies performed in the United States may be

unnecessary [5].

Overall Cost to Society

The financial cost of medical imaging has grown

rapidly over the past decade. In 2008, imaging

services expenditures totaled $11.7 billion among

Medicare beneficiaries [6]. Between 1998 and

2001, utilization of high-cost imaging studies,

including magnetic resonance (MR), computed

tomography (CT), and ultrasonography (US),

increased by 8.3–16.6 % annually per Medicare

enrollee [7]. Similar trendswereobserved inprivate

insurance groups and individual institutions [8, 9].

Medical imaging is now estimated to account for

5–10 % of healthcare expenditures [10].

The use of a computerized physician order

entry (CPOE) system has been proposed as

a means to improve quality and efficiency and

to reduce health disparities [11–15]. To stimulate

its adoption, the federal government has allocated

$19 billion through the Health Information Tech-

nology for Economic and Clinical Health Act

[16]. Yet, it is estimated that the creation of

a national health information network may cost

as much as $156 billion in capital investment and

$48 billion in annual operating costs [17].

Goals of CPOE

Using decision support (DS), HIT solutions are

not only capable of automating workflow pro-

cesses to improve efficiency but also of deliver-

ing knowledge at the point of care to inform

clinical decision making [18].

Methodology

A MEDLINE search was performed using

PubMed research publications discussing the use

of computerized decision support on imaging uti-

lization, quality, and clinical outcomes. The search

covered the years January 2000 to June 2011.

Additional articles were identified by reviewing

the reference lists of all relevant papers.

Discussion of Issues

Why Is Decision Support Important in
Radiology?

Summary

Significant variations in diagnostic radiology

practices exist, resulting in underuse, overuse,

and misuse of technology (limited to moderate

evidence). System-wide HIT solutions are

needed to cross the quality chasm.

Supporting Evidence

Patients, healthcare providers, healthcare delivery

systems, and payers would agree that safety, qual-

ity, and efficiency are the key features of an optimal

healthcare system. Yet in Crossing the Quality

Chasm [3], waste was identified by the Institute of

Medicine as an unwanted but ever-present feature

of our current healthcare delivery system. It is also

clear that even when scientific evidence exists, the

practice of medicine lags behind the knowledge

base by several years [3, 19]. Lomas et al. [19]

found that the adoption of published guidelines

into routine practice may take an average of

5 years. Furthermore, the adoption of evidence

into practice is often heterogeneous [20, 21].

Unwarranted practice variation has resulted in

underuse of effective care, misuse of preference-

sensitive care, and overuse of supply-sensitive care,

compromising the overall healthcare quality [4].
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Variations in diagnostic radiology practices

are well documented. A study using Medicare

claims from 1999 through 2006 found substantial

differences in radiology ordering patterns across

US regions, which were considered unlikely

related to patient characteristics [22]. Arnold

et al., using the Pediatric Health Information

System database, found that diagnostic imaging

utilization and costs vary widely across 40 US

children’s hospitals despite case-mix adjustment

[23]. This practice variation has resulted in

suboptimal quality and waste.

Over the past 20 years, the utilization of

imaging studies has increased significantly, with

associated financial burdens. In one university-

affiliated quaternary care emergency department

(ED), the intensity of abdominal imaging exam-

inations per 1,000 ED visits increased by 2.7-fold

in relative value units (RVUs) between 1990 and

2009 [24]. The prevalence of CT or MRI use

during US ED visits for injury-related conditions

increased from 6 % in 1998 to 15 % in 2007,

without an equal increase in the prevalence of

life-threatening conditions [25]. Not only does

this increase in imaging utilization result in

higher cost of healthcare, it also poses potentially

unnecessary radiation exposure risk to patients. It

is estimated that as many 29,000 cancers could be

related to CT scans alone in the United States

annually [26].

Although the overall use of imaging has

increased, many pockets of underuse persist.

Technology underuse is defined as the portion

of eligible patients who could benefit from

a procedure but who do not receive it. Screening

mammography is an example of underuse in radi-

ology. Studies identified that the use of screening

mammography over extended periods of time is

rare [27]. The average number of mammograms

received during a 10-year period was 5.06, 51 %

of what the American Cancer Society

recommended. In the overall population, only

6 % of women received annual mammography

as recommended over a decade.

Potential driving forces for radiology practice

variation may include “defensive medicine,”

knowledge gap about evidence and appropriate-

ness, information gap regarding availability of

prior images, poor understanding of the risks of

recurrent radiation exposure, and accountability

gap in the current healthcare financial model.

As suggested by the Institute of Medicine’s

report, inefficient and suboptimal quality of care

will not be resolved by working harder; system-

wide changes will be necessary to cross the qual-

ity chasm. These changes include HIT solutions

that can (1) automate workflow processes to

improve efficiency and productivity, (2) deliver

knowledge at the point of care to inform clinical

decision making, and (3) improve patient

safety and quality of care [18]. Electronic health

records (EHRs) and CPOE have been proposed as

a means to improve quality and efficiency and to

reduce some of the aforementioned gaps [11–15].

Why the Urgency?

Summary

Financial issues, physicians’ resistance, and con-

cern about HIT system interoperability are some

barriers to the widespread adoption of healthcare

information technology (insufficient evidence).

Supporting Evidence

The widespread adoption of EHR and CPOE has

become important cornerstones of national

healthcare policy [28]. Their use in clinical prac-

tice has been associated with improvements in

medication safety, efficiency, physician ordering

patterns, and cost reduction [12–15, 29]. To cat-

alyze the national adoption of EHR, Congress

passed the Health Information Technology for

Economic and Clinical Health (HITECH) Act as

part of the American Recovery and Reinvestment

Act (ARRA) of 2009. The ARRA authorized the

Centers for Medicare and Medicaid Services to

provide financial incentives for providers who

successfully implement “meaningful use” of

technology, including CPOE [30].

Initial experience shows promising CPOE

impact on some physician imaging ordering prac-

tices [31]. Despite growing evidence of its bene-

fits, CPOE adoption has been slow, with only

9.6 % of US hospitals having CPOE completely

available [32]. Financial barriers, physicians’
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resistance, and concern about interoperability

have been cited as potential obstacles to adoption

[33]. The meaningful use of healthcare IT can

improve patient safety, efficiency, and quality of

care. For example, with DS, the percentage of

low-utility imaging studies may decrease by as

much as 57 % [34].

What Types of Radiology Decision
Support Systems Are Available?

Summary
Types of radiology decision support systems

include imaging appropriateness, patient safety,

and reporting quality (insufficient evidence).

Supporting Evidence

In its broadest definition, DS can help enhance user

actions and decisions across every component of

the imaging care delivery process, including order-

ing, scheduling, planning, performance, interpre-

tation, results communication, and follow-up

imaging results, to ensure optimal quality of care.

Several arbitrary categories of decision support

below illustrate potential capabilities of DS.

Appropriateness Decision Support
Appropriateness DS provides evidence about the

appropriateness of a test to a requesting physician

at the time of ordering with advice to either

cancel the inappropriate examination or follow

an alternate, more appropriate recommendation.

Unlike radiology benefits management programs

in which companies utilize ancillary personnel

to manually review orders, CPOE can be inte-

grated into an EHR to deliver appropriateness

DS in real time [35–38]. Figure 4.1a–c illustrates

an example of this type of DS when ordering an

abdominal radiograph for a patient with

suspected appendicitis. DS triggers a low-utility

message with recommendations for a higher yield

examination.

Various sources of evidence for this type of

DS exist. The strength of evidence [39] presented

in DS is likely to have a substantial impact on its

adoption into clinical practice. The optimal evi-

dence is peer-reviewed literature, particularly

research using decision analytic, decision rule,

or cost-effective analysis [40–50]. Practice

guidelines, such as the American College of

Radiology (ACR) Appropriateness Criteria [51]

may potentially be useful [52, 53]; however,

critics have argued that these criteria are not

evidence based, but rather, they are based on

consensus of expert panels [54]. Local best prac-

tices, if established, could also serve as a source

of content that reflects the organization’s own

practice pattern.

Patient Safety Decision Support
Patient safety DS can help address key safety

concerns in radiology. DS can incorporate real-

time access to a healthcare organization’s clinical

data repository in order to deliver advice based on

patient allergy information, renal function, or

other relevant data. Examples of safety DS may

include messages to premedicate a patient with

a prior mild to moderate reaction to intravenous

contrast. Alternatively, radiation safety, particu-

larly for pregnant patients and children, as well

as repeat imaging, has also elicited increasing

interest. Figure 4.2a–d shows a patient safety

DS example for the use of MRI intravenous con-

trast in a patient at risk for nephrogenic systemic

fibrosis (NSF).

Reporting Quality Decision Support
Reporting quality DS can be delivered to radiol-

ogists at the time of interpretation to improve

the quality of the report. There are many

such examples, some of which are described

below to illustrate the opportunities for perfor-

mance improvement.

One potential use of DS is to help radiologists

make evidence-based follow-up recommenda-

tions. It has been reported that substantial

variation exists in radiologists’ follow-up rec-

ommendations when reporting cystic pancreatic

lesions, which may contribute to suboptimal care

[55, 56]. DS derived from the American College

of Radiology recommendations for follow-up

of incidental findings [57] may help guide the

reporting of these incidental findings. DS can

also deliver automatic reminders regarding rele-

vant Physician Quality Reporting System
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(PQRS) measures established by the Centers for

Medicare & Medicaid Services (CMS). One

radiology-specific metric is Measure 10, “Stroke

and Stroke Rehabilitation: Computed Tomogra-

phy (CT) or Magnetic Resonance Imaging (MRI)

Reports.” The reporting component of Measure

10 assesses documentation of presence or

absence of hemorrhage, mass, and acute infarc-

tion. DS with the ability to remind users when

a component of reporting is missing may enhance

rates of adherence to the measure and help

improve report quality and enhance reimburse-

ment. Evidence-based guidelines are a critical

first step in establishing best practice. DS embed-

ded in structured reporting solutions or enabled

by natural language processing tools can help

ensure optimal format and content of radiology

reports [58].

What Are the General Features of
Effective Radiology Decision Support?

Summary
A system’s speed, usability, need for duplicate

data entry, integration into workflow, and

actionability are important technical features in

the success of DS implementation (insufficient

evidence).

Supporting Evidence

A number of features associated with effective

decision support tools have been described [59].

From a radiology perspective, they include the

following:

• Speed. The time it takes to access DS is critical

to users [60, 61]. Speed is characterized as

(1) “screen refresh rate,” or the time elapsed

in moving from one screen to next, and (2) the

number of “mouse clicks” needed to perform

a function. The effectiveness of DS delivery

and adoption of the technology will be seri-

ously challenged if issues of speed are not

sufficiently addressed [62–64].

• Usability. Simple, intuitive design is critical

to maintaining credibility with users [59].

Online help tools and tutorials can be useful.

The need to minimize scrolling and mouse

clicks is essential in clinical areas. Extensive

predeployment testing in an environment that

mimics its intended function serves great

importance to improve usability.

• Eliminate duplicate data entry. Integration of

various applications and databases are often

necessary and can be done using standards-

based technology such as that supported by

the Integrating the HealthCare Enterprise

(IHE) initiative [65]. The need to log in indi-

vidually to different applications or repeatedly

enter clinical information will reduce the

adoption of these technologies. As it is

unlikely that a single vendor is capable of

delivering all the functionality necessary to

automate a complex healthcare delivery orga-

nization, integration is key to success, which

may require significant resource allocation.

• DS must be embedded in workflow. Simply

making information available electronically

has little effect on clinical practice [66]. Prac-

titioners are likely to ignore DS unless it is

concise, context specific, and relevant to their

current decision, delivered at the point of care.

• DS must be actionable. Messages such as “the

opinion on this topic is varied” are useless.

Such DS is likely to result in user fatigue

[67]. Effective DS must be easily translatable

to specific actions. When actionable DS is

presented, physicians can either accept or

override DS, unless the test will pose

a patient safety risk.

• DS must be evidence based, referenced, and
up to date. Evidence-based DS helps build

credibility in the application. It is important

to provide users with references to online

abstracts, as well as the methodology used to

maintain the knowledge base. There should

also be opportunities for users to send feed-

back to those who manage the applications

and its content.

• Monitor use, feedback, and modify as neces-
sary. Constant monitoring and modifications

as needed are critical to ensure DS has the

desired effects. It often is important to identify

predetermined metrics and potential down-

stream effects of the DS. For example, it may
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be useful to monitor the proportion of radiol-

ogy orders entered electronically by physi-

cians if the DS is designed to target

physician users.

• Nonphysician use. Care should be taken to

assess the needs of nonphysician users when

designing DS. If a practice has administrative

staff that enters radiology orders as proxy for

physicians, the language of DS should be

targeted to suit the knowledge base of those

staff.

• Bundle DS with other tools designed to impact

physician behavior. Education alone is often

not enough to change physician behaviors

[68]. Use of complimentary tools may have

synergistic effects in helping change physi-

cian behavior. Peer-to-peer review, in which

a physician who ignored DS when ordering

a test is required to discuss the case with a

peer before being allowed to proceed, is an

example. Quarterly reports publishing indi-

vidual providers’ rates of guideline adherence

and financial incentive are other examples.

• Managing change. The most well-designed

DS delivery software will fail without atten-

tion to organizational processes and corporate

culture [69]. A culture emphasizing quality

and safety and a clearly stated vision from

the highest levels of the organization are

essential elements in the success of HIT.

What Is the Current State of Decision
Support in Imaging?

Summary

There is substantial opportunity for CPOE to

contribute to imaging services, including gains

in quality of care as well as patient safety and

reduction in waste (moderate evidence).

Supporting Evidence

The balance of this chapter focuses on the use and

impact of appropriateness decision support in

imaging. In 2001, Khorasani highlighted effi-

ciency gains, improved test selection, and test

appropriateness along with cost savings as poten-

tial benefits of CPOE in radiology [10]. While

there is still much to accomplish, significant pro-

gress has been made. A recent systematic review

of the impact of CPOE on medical imaging ser-

vices identified 14 relevant articles in the past

10 years. In the majority of studies, findings sug-

gest that significant imaging efficiency gains can

be achieved, particularly in promoting adherence

to existing guidelines. A time-series study was

conducted in the medical emergency departments

of two French teaching hospitals. During the

intervention periods, DS was displayed, with

focus on chest radiographs, abdominal plain

radiographs, and brain CT. The proportion of

orders that did not adhere to guidelines decreased

from 33.2% to 26.9% (p< 0.0001) when DSwas

activated [70]. Peer management through a

resource utilization committee using CPOE

reduced provider variability in test-ordering behav-

iors [71]. In addition, a retrospective study con-

cluded that CPOE and a simple change in the

business logic resulted in a substantial decrease in

the ordering of low-yield imaging exams [72].

Blackmore et al. implemented evidence-based DS

for selected high-volume imaging procedures that

include lumbar MRI, brain MRI, and sinus CT; the

use of DS was associated with large decreases in

the utilization of these targeted studies [73].

Preliminary data regarding the impact of the

imaging CPOE on quality has been encouraging.

However, it is important to emphasize that the

success of DS relies heavily on institutionalizing

change in the organizational culture [74]. Peer-

to-peer review of orders and distribution of

practice pattern variation reports comparing phy-

sicians with similar specialties and case mix

[75] are also important complements in

addressing the unwarranted variation in use of

healthcare resources. A time-series study exam-

ined the imaging utilization of a commercial

patient population compared to Medicare benefi-

ciaries from 2003 to 2007 at an institution who

had implemented CPOE with embedded decision

support. In addition to CPOE with DS, the inter-

vention for the commercial population included

targeted peer-to-peer review for examinations in

which testing appropriateness remained ambigu-

ous, as well as the distribution of a quarterly

practice pattern variation report to physicians
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responsible for the care of the commercial

population being studied. While the number of

advanced imaging tests per Medicare beneficiary

increased by 24.2 %, from 0.33 studies per ben-

eficiary in 2003 to 0.41 in 2007 [76], high-cost

imaging utilization in the commercial population

decreased by 9.3 % (Fig. 4.3).

Case Study 1: Implementation and
Adoption of CPOE with Embedded
Decision Support
At Brigham and Women’s Hospital, an imaging

CPOE was implemented in 1998. After a period

of design, prototype development, pilot testing,

user feedback, and integration planning, radiol-

ogy CPOE was gradually phased into clinical

practice in 2000.

The CPOE system is a Web-enabled tool

(Percipio™, Medicalis Corp., San Francisco,

CA). Without any financial incentives to encour-

age use, CPOE adoption rose steadily during

the implementation, from 0.5 % in 2000 to

94.6 % in 2010 (p < 0.005). During the same

time span, CPOE meaningful use (defined as the

proportion of imaging studies performed with

orders electronically created or electronically

signed by an authorized provider) also increased

significantly (p < 0.005). Figure 4.4 illustrates

the adoption of CPOE over time. Based on this

experience, an imaging CPOE system with

embedded DS can be broadly accepted and used

in clinical practice.

Case Study 2: Utilization of CT for
Evaluation of Pulmonary Embolism
Data from multiple clinical trials, including the

Prospective Investigation of Pulmonary Embo-

lism Diagnosis II (PIOPEP II) trial, have previ-

ously validated a diagnostic algorithm in patients

suspicious for PE that emphasizes the use of

a clinical decision rule, known as the Wells

criteria, along with D-dimer testing and CTs.

Using this simple clinical model and D-dimer

testing, it was found that further testing with CTs

can be avoided in low-risk patients, thereby

preventing unnecessary exposure to intravenous

contrast and radiation [77, 78]. Yet, in recent

years, the use of CTs in the emergency room has

increased significantly, reportedly fivefold at one

large academic institution between 2001 and 2006

[79]. Therefore, at Brigham and Women’s Hospi-

tal, a DS intervention was implemented on CT

performed in the ED for PE [80].

The appropriateness DS tool required ordering

clinicians to input both a D-dimer level

(“elevated,” “normal,” and “not done”) and the

clinical suspicion of pulmonary embolus (“high,”

“intermediate,” and “low”). Depending on the

inputted data, a DS message was automatically

displayed in patients with a medium or low level

of suspicion and in whom a D-dimer was not

performed: “Measuring a D-dimer value in

patients with a low/intermediate clinical suspi-

cion of pulmonary embolism is an appropriate

first step in the workup of acute PE and will

exclude the need for CT in some patients.” In

addition, in patients who had a normal D-dimer

and medium or low suspicion, another DS mes-

sage informed the ordering physician of its low

yield: “Based on current evidence as well as our

experience, diagnosing an acute pulmonary

embolism by CT pulmonary angiography in low

or intermediate risk patients with a normal

D-dimer is extremely unlikely.” At each stage,

clinicians could either cancel the imaging order

or ignore the advice.

The simple implementation of the DS tool into

CPOE at the time of order entry resulted in a

significant decrease in utilization and improve-

ment in the yield of CTs. The quarterly use of CT

rose 82.1 % before implementation of DS, from

14.5 to 26.4 CTs/1,000 patients (p < 0.0001).

After implementation of DS, quarterly use

decreased by 20.1 %, from 26.4 CTs/1,000

patients to 21.1 CTs/1,000 patients (p ¼ 0.04).

Of all the CTs performed during this 6-year period,

686 (10.0%)were positive for PE, and the yield by

quarter increased from 5.8 % to 9.8 % subsequent

to the implementation of DS (p ¼ 0.03) [80].

Take-Home Figures

Figures 4.1a–c and 4.2a–d show examples of

decision support systems. Figures 4.3 and 4.4

demonstrate trends in imaging utilization.
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Fig. 4.1 Screenshots of the computerized physician order entry (CPOE) system of exam selection (a), indication menu

(b), and decision support (c) (Percipio™, Courtesy of Medicalis Corporation, San Francisco, CA)

4 Decision Support in Diagnostic Radiology 57



Fig. 4.2 (continued)
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Fig. 4.2 Example of patient safety decision support.

General safety decision support: educating users on MRI

safety (a), safety decision support for MRI contrast use

and nephrogenic systemic fibrosis (b–d) (Percipio™,

Courtesy of Medicalis Corporation, San Francisco, CA)
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Conclusion and Future Research

In conclusion, significant gaps exist in effi-

ciency, clinical decision making, patient safety,

and quality of care for diagnostic radiology.

Broad system changes are necessary and infor-

mation systems will be core features of this

needed change.

Knowledge-enabled IT tools are needed to

deliver real-time, context-specific, decision sup-

port to optimize the process of healthcare deliv-

ery. There is substantial opportunity for CPOE to

contribute to imaging services, including gains in

quality of care as well as patient safety and reduc-

tion in waste. CPOE with embedded DS can help

reduce unnecessary testing, thereby decreasing

unnecessary radiation exposure and costs. Pre-

liminary impact of the imaging CPOE on quality

has been encouraging.

With incentives such as those in the HITECH

legislation, widespread adoption of EHR and

CPOE is likely. As they become increasingly

important cornerstones of national healthcare

policy, more research will be needed regarding

the drivers of adoption, meaningful use, and their

clinical impact. Furthermore, radiologists, radi-

ology as a specialty, and industry partners must

lead in developing the necessary base of evidence

and knowledge that is needed to be delivered at

the point of care.
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Key Points

• Medical radiation currently accounts for an

increasing percentage (approximately 50%)

of the total radiation exposure for the US pop-

ulation (30 years ago about 15%) (Moderate

Evidence).

• Children are 2–5 times more sensitive to

radiation exposure than adults (moderate

evidence).

• There are no data that prove a direct link

between low-level radiation from diagnostic

imaging and the development of cancer in

adults. The best data regarding the long-term

effects of low-level radiation exposure

(100–150 mSv) come from the longitudinal

survivor study (LSS) of atomic bomb survi-

vors (Moderate Evidence).

• Most major medical and scientific organiza-

tions accept the linear, no-threshold model as

the preferred model for low-level radiation

and cancer risk estimation; however, direct

evidence linking medical use of low-level

radiation with cancer induction is lacking,

with the exception of a recent study which

found an increased incidence of leukemia

and brain tumor in pediatric patients who

underwent CT with a cumulative dose

>50 mGy (Limited Evidence).

• The estimated lifetime risk of developing

cancer from a single, noncontrast head CT at

age 40 is approximately 1:8,100 for women

and 1:11,080 for men (Limited Evidence). The

estimated lifetime risk for a child with

a similar exposure is expected to be somewhat

higher given the increased radiosensitivity of

children and the longer lifetime over which to

develop cancer, and for children exposed to

higher cumulative doses (>50 mGy for leuke-

mia and >60 mGy for brain cancer), their

risk of cancer may increase up to threefold

(Limited Evidence).

• While newer CT techniques in neuroradiology

(such as CT angiography and CT perfusion)

are associated with higher radiation doses,

they are often performed in situations in

which the potential clinical benefit outweighs

the risk (Insufficient Evidence).

Definition and Pathophysiology

Medical radiation is used for both diagnostic and

therapeutic purposes. The X-ray is an invisible

beam of light that passes through the body and is

altered by different tissues to create images.

Imaging tests that use ionizing radiation include

radiographs, fluoroscopy, nuclear imaging, and

computerized tomography (CT) scans. Diagnos-

tic imaging uses low-level radiation, defined as

an effective dose (ED) <100–150 milli Sieverts

(mSv).

Radiation Terminology

Measurements are presented in standard interna-

tional units (SI ¼ Systeme Internationale) [1]

(Table 5.1). Incident X-ray radiation intensity

can be characterized by exposure in coulombs/

kilogram (ionizations in coulombs per mass), or

the preferred air kerma in Gray (Gy) (kinetic

energy transferred per unit mass). The absorption

of this radiation intensity is then, simply, the

absorbed dose, also measured in Gy. The energy

transfer will depend on factors including the

physical properties of the material as well as

depth in the body, including skin and other

organ doses. The biological impact to tissue is

represented by the equivalent dose in Sieverts

(Sv), represented as the product of the absorbed

dose and a weighting factor (value depends on

the type of radiation that causes ionization in

tissue with the factor being 1.0 for diagnostic

medical imaging). Finally, the effective dose

equivalent (alternatively, effective dose) in Sv

is the sum of products of dose equivalents multi-

plied by weighting factors depending on the

radiosensitivity of the organs exposed. Effective

doses represent a whole body equivalent

(as if the whole body was exposed) for exposures

that may be regional. Because absorbed dose and

effective dose represent energy deposition and
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ionization in tissues, these terms are typically

used in discussions of radiation risk estimations

in humans. Effective dose is a more often

discussed, but less accurate measure of assigning

risk estimations as absorbed organ dose is

impractical in clinical practice.

Radiation Mechanisms of Effect

Ionizing radiation particles include X-rays

(photons). These high-energy photons interact

with tissue depositing energy at the nuclear

level causing ionizations. Ionizations then dam-

age DNA either directly or secondarily through

generation of free radicals, especially hydroxyl-

free radicals. Single-stranded DNA damage is

usually repaired but double-stranded damage is

more difficult to repair completely. Biological

effects may be immediate causing cell death

(such as radiation necrosis), which may lead to

organism death, or consist of cell damage leading

to other effects such as birth defects or cancer.

Cell damage could be due to direct DNA damage,

but may also be due to other effects such as

genomic instability (with additional DNA

aberrations in cell progeny) and cellular regula-

tory mechanisms. For diagnostic imaging

levels of radiation dose, the most pertinent

bioeffect is carcinogenesis. The development of

radiation-induced cancer is a multistep process

and genetic factors may also play a role in deter-

mining susceptibility [2] (Table 5.2).

Types of Biological Effects

There are two types of biological effects: stochas-

tic and deterministic. Deterministic effects have

a threshold below which the effect is not seen

(Table 5.3). These effects include cataracts, skin

burns, and epilation (hair loss). These types of

effects were traditionally almost all seen when

interventional procedures were performed with

doses well above the low-level radiation seen in

diagnostic imaging. However, recently epilation

in a band-like distribution has been reported with

diagnostic CT perfusion (CTP) studies, and

a series of articles in the lay press have brought

the issue of radiation risk from diagnostic imag-

ing to the forefront [3]. Stochastic effects on the

other hand do not have a threshold. The risk of

a particular effect increases with increasing radi-

ation dose; however, the severity of the effect is

independent of dose. Radiation carcinogenesis

and radiation-induced genetic damage are sto-

chastic phenomena. While other biological

effects of low-level radiation have been assessed

[4, 5], the overwhelming majority of investiga-

tions regarding low-level radiation are focused

on cancer risk. For the purposes of this chapter,

the stochastic effects of radiation exposure,

specifically carcinogenesis, will be the primary

focus.

Radiation Doses in Medical Imaging

Radiation doses for the imaging modalities of

radiography, fluoroscopy/angiography, and com-

puted tomography vary depending on the type of

dose measurement, age of the patient, examina-

tion, and techniques used. A detailed discussion

of dose ranges for these various modalities is

beyond the scope of this chapter; however,

readers are referred to the UNSCEAR report [6]

for a comprehensive review of dose ranges for

many of these modalities.

Fluoroscopy including angiography proce-

dures are better described in terms of dose rates,

since the dose from these procedures will depend

on imaging time, as well as the number of radio-

graphs (CR, DR, or conventional screen film) [7].

For the purposes of clinical practice, it can be

helpful to describe these common fluoroscopic

(and other diagnostic imaging) procedures in

terms of dose equivalents compared with natu-

rally occurring background radiation (Table 5.4)

or compared to more commonly encountered

sources, such as airplane travel or living at high

altitude (Table 5.5). It is worth mentioning, since

CT is a relatively large component of total radi-

ation dose from medical imaging, that there are

methods for estimating patient dose based on the

5 Radiation Exposure from Medical Imaging 65



CT dose index (CTDI) in mGy and the dose

length product (DLP) in mGy.cm (the product

of CTDI and the length of the scan). It is impor-

tant to realize that this dose represents only the

determination from acrylic phantoms and has

nothing to do with the individual patient on the

scanner. However, conversion factors to change

the dose length product into an effective dose

estimate are available and have been well

reviewed [8–10].

Epidemiology and Medical Utilization
of Ionizing Radiation

Everyone is exposed to small amounts of radia-

tion from soil, rocks, building materials, air,

water, and cosmic radiation. This naturally occur-

ring background radiation dose is about 3.0 mSv

annually in the USA, although this partly depends

on geography. When medical radiation is added

to this background, the average dose for the US

population is about 6.2 mSv [11]. The largest

contributors to medical radiation dose are CT

scanning (up to one-half of medical exposure)

followed by nuclear medicine (about one-quarter

of medical exposure). Medical imaging is pre-

dominantly used in developed as opposed to

developing nations.

Medical imaging is an extremely important

diagnostic tool. In a recent survey, leaders in

internal medicine ranked CT and MR imaging

as the most important medical innovations in

the twentieth century [12]. With continued tech-

nologic advances and new potential applications,

the benefits to patients and society will continue

to increase and become more diverse over time.

However, there are inherent risks with modalities

that depend on ionizing radiation for image for-

mation. In the context of this chapter, radiogra-

phy, fluoroscopy/angiography, and computed

tomography are most relevant. One risk that has

been debated and publicized most vigorously is

the potential for cancer development. While there

are clearly established relationships between

cancer development and radiation exposure from

studies of atomic bomb survivors who were

exposed to medium and high levels of radiation

(>100–150 mSv), the risks in the lower range are

debated. In general, the model accepted by most

medical and scientific organizations is that this

risk follows a linear no-threshold model. There

are no data from medical exposures in the low-

level range that directly link diagnostic imaging

with cancer development. Our understanding of

this potential link comes from the atomic bomb

data, with some additional contribution from

epidemiologic studies from doses of radiation

used for both diagnostic and therapeutic purposes,

as well as some unfortunate nuclear accidents.

This adds support for subscribing to the ALARA

principle (as low as reasonably achievable)

meaning that we should strive to use the lowest

radiation dose possible while maintaining image

quality and diagnostic performance to answer the

clinical question. However, a reasonable balance

must be sought with the concurrent desire for

imaging exams and procedures to also be as

diagnostic as reasonably achievable. There is

little benefit to reducing the level of radiation

for a particular exam to such a degree as to

make the images nondiagnostic. Widespread

application of these principles may help alleviate

the concerns of physicians and other healthcare

providers as well as patients and families regard-

ing cancer induction from medical imaging that

may bias their selection of the most appropriate

imaging study.

Increased Dose from Medical Imaging

CT scans contribute the highest dose from med-

ical radiation in developed nations. Worldwide,

there are an estimated 260,000,000 CT examina-

tions performed annually. The USA accounts for

an estimated 25% of all CT exams worldwide,

representing 70,000,000 CT exams each year [6].

Up to 75% of radiation exposure from medical

imaging is now attributed to CT scans [13]. The

rising numbers of CT scanners in use and the

improved speed and throughput on the scanners

themselves have led to markedly increased

patient access to CT scans in the USA. While

this availability has certainly had a positive impact

on patient care, with indicated studies performed
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without any undue delay, the sheer increase in the

number of exams also represents an increase in the

number of scans which are performed for ques-

tionable clinical indications. In addition to the

radiation exposure associated with these exams,

there are the related false-positive studies and sub-

sequent interventions that may accompany these

findings. Careful clinical evaluation and appropri-

ate imaging utilization are a key part of managing

the overall CT dose to the population. The

American College of Radiology (ACR) publishes

“appropriateness criteria” for each imaging

modality for the most commonly encountered

clinical scenarios (Table 5.6). These criteria can

be used as a starting point for clinical decision

making when it comes to imaging.

While increased frequency of use is partly

responsible for increasing radiation exposure to

the population, technical advances have also

resulted in some increase in radiation exposure.

For example, newer CT techniques such as CT

angiography (CTA) and CT perfusion (CTP)

have improved the diagnostic utility of CT in

evaluating cerebrovascular diseases. However,

these newer procedures also may further increase

radiation exposure to patients because of the

scanning parameters used, such as thinner slice

acquisition or slice increased number of images

compared to a standard head CT. Another con-

tributing factor is the general lack of guidelines

for utilization of these new imaging techniques in

specific populations, perhaps leading to

overutilization of these specialized imaging

tools in clinical practice [14].

Assessing Risk Versus Benefit When
Using Medical Imaging

Medical imaging is often now the first-line inter-

vention in the diagnosis of injury and illness

in both children and adults. The information

obtained from imaging alone can be life altering

or lifesaving [15]. However, the decision to

obtain imaging examinations needs to balance

this potential benefit with both established and

potential risks, including exposure to ionizing

radiation. As will be discussed later, the radiation

dose from imaging can vary and may be rela-

tively high. This is particularly important since

imaging use has grown. This increased use has

not occurred without scrutiny; Brenner and

Hall outlined the growing use of CT with

respect to potential cancer development late in

2007 [16], and a number of more recent articles in

the lay press have focused on the increased use

of CT.

This chapter will discuss radiation risks

associated with medical imaging by primarily

addressing what is known about low-level

radiation – less than 100–150mSv [17] – resulting

from diagnostic imaging rather than oncologic

radiation treatment. In targeted radiotherapy for

oncologic purposes, radiation bioeffects are

clearly present and risks more definitively

established due to doses that may be orders of

magnitude greater. While cumulative doses from

diagnostic imaging may exceed the “low-level”

threshold, especially with repeated scans, most

material focuses on low-level doses from a single

exposure.

The topic of radiation and biological impact is

extensive and discussion will be focused primar-

ily on diagnostic imaging in neuroradiology.

Information will be provided from a perspective

of diagnostic radiology rather than radiation biol-

ogy, health or radiation physics, or epidemiology.

More extensive information on radiation and the

potential effects can be found in other compre-

hensive sources [18]. Finally, discussion will not

include strategies for further dose management

with radioprotectants [19, 20].

Cost to Society

The American healthcare system costs more than

$2.3 trillion annually, more money per capita

than any other developed nation. The cost of

medical imaging is estimated at $100 billion per

year and is the fastest growing segment of the

healthcare system, growing at approximately

10–15% annually.

Medical imaging and particularly CT utiliza-

tion occurs primarily in the USA and developed

nations. Compared to the USA, other developed
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nations have much lower use and spending on

healthcare in general and imaging in particular,

yet have similar life expectancy. There is

a growing debate among both physicians and

government about the number of either

unindicated or questionably indicated studies

performed in the USA that utilize ionizing (CT,

radiography, fluoroscopy, nuclear medicine) and

nonionizing (MRI, sonography) imaging tech-

niques. The benefit from true-negative imaging

tests and the harm from false-positive imaging

tests have not been fully addressed. Furthermore,

there is the potential cost to society associated

with radiation-induced sequelae such as cataract

formation or cancer induction. However, these

costs are difficult to directly measure and have

yet to be well studied.

Goals of Imaging

The goal of diagnostic imaging is to diagnose or

exclude medical conditions that are necessary for

the healthcare of the patient. Imaging, like any

test, should ideally improve patient health out-

comes and reduce the intensity and use of

resources, including cost of care. Diagnostic

imaging guides clinicians in the management of

patients. Imaging tests have both risks and bene-

fits that must be carefully considered for each

patient individually.

Methodology

Information for this chapter was obtained primar-

ily through a MEDLINE search using PubMed

(National Library of Medicine, Bethesda,

Maryland http://www.ncbi.nlm.nih.gov/sites/

entrez) from 1968 to March 2011. Keywords

were ALARA (As Low As Reasonably Achiev-

able), radiation, radiation risk, CT, diagnostic
imaging, neuroradiology, and the resultant

related fields from this original database. The

authors performed a critical review of the title

and abstracts of the indexed articles followed by

a review of the full text of articles that were

relevant.

Discussion of Issues

Is There a Cancer Risk from Low-Level
Radiation Found in Medical Imaging?

Summary

There is strong research evidence for cellular and

organism damage from high levels of ionizing

radiation (strong evidence). At lower levels

of radiation (<100–150 mSv), the linear

no-threshold model suggests an increased cancer

risk. Although most major medical and scientific

organizations accept the linear, no-threshold

model as the preferred model for low-level radi-

ation and cancer risk estimation, consistent direct

evidence linking medical use of low-level radia-

tion with cancer induction is lacking in adults.

Pediatric radiation exposure from medical imag-

ing will be discussed separately below (insuffi-

cient evidence).

Supportive Evidence
Assumptions in Estimating Radiation Risks One

of the difficulties in determining if there is a

significant risk of cancer development or mortal-

ity from low-level radiation exposure is that the

radiation-induced cancer often follows a lengthy

(decades) latency period, and studies to evaluate

the marginal increased risk from medical imag-

ing would require a very large population study

over a long period of time. For example, solid

tumors may take more than three decades to

develop. To confirm a statistically significant

effect may require a long-term study of an exposed

population of several million individuals with

doses near the 10 mSv range [21]. According to

Kleinerman [22], a large population size is usually

required to evaluate the risk of cancer induction

because cancer from low-level radiation is a very

low probability compared with the overall inci-

dence of cancer (about 40%). In addition, the

lower the radiation dose, the larger the population

size required in order to detect a radiation effect.

The data that are currently discussed arise

largely from other sources, predominantly the

atomic bomb longitudinal survivor study (LSS).

Brenner et al. summarize the atomic bomb LSS
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data stating that the epidemiologic study with the

highest statistical power for evaluating low-dose

risk is the LSS cohort of atomic bombs survivors.

In this cohort, there was evidence of an increase

in cancer risks for protracted doses >100 mSv

and acute doses above approximately 50 mSv

[21, 23]. However, the exposure to this popula-

tion differs from medical imaging exposure in

that the atomic bomb radiation consisted of radi-

ation types other than gamma radiation (X-ray

equivalent), the radiation exposure occurred in

a single acute dose compared to protracted expo-

sure (such as with multiple CT examinations),

and the exposure occurred to the whole body

compared to regional exposure as is commonly

seenwithmedical imaging. Prasad also argues that

health risks of doses <100 mGy (absorbed dose)

in humans depend not only on dose but a host of

other factors (including dose rate, DNA repair

mechanisms, and others), making accurate estima-

tion by mathematical models challenging [24].

In general, medium- and high-level radiation

dose effects are linear although reports suggest

that there may be some nonlinearity at higher

effects [25]. Radiation from diagnostic imaging

tends to involve doses that are low level

(<100–150 mSv), and because of potentially

small effects, the data have been less conclusive.

There are several possible extrapolation models

for cancer risk with low-level radiation. The

linear, no-threshold model is in general the most

widely accepted model, being supported by

scientific committees, major imaging organiza-

tions, and other scientific bodies including the

Committee to Assess Health Risks from Expo-

sure to Low Levels of Ionizing Radiation, Bio-

logical Effects of Ionizing Radiation of the

National Academy of Sciences (BEIR VII),

National Council on Radiation Protection and

Measurements (NCRP), International Commis-

sion on Radiological Protection (ICRP), Radio-

logical Society of North America (RSNA), and

the Society for Pediatric Radiology (SPR).

Cancer Risk and Radiation Following Diagnostic

Medical Imaging Berrington de Gomez and

Darby estimated cancer risk from diagnostic

imaging and concluded that the attributable risk

in developed countries varied from 0.6% to as

high as 3.2% [26], similar to projections reported

by Brenner [27]. However, the projections in this

study also based conclusions on the LSS Hiro-

shima data and may not reflect contemporary

imaging techniques. In addition, there is no pro-

vision for the benefit achieved by diagnostic

imaging. Ron et al. discuss the development of

leukemia, thyroid, and breast cancer from diag-

nostic X-rays [28], and these data are generally in

agreement with those of atomic bomb survivors.

Other reviews of fluoroscopic and angiographic

procedures have shown mixed results in terms of

cancer risk in both the pediatric and adult

populations [27, 29–32].

However, radiation dose from CT represents

the largest contribution from medical imaging to

populations in the developedworld andwill be the

primary focus of this chapter. CT examinations

provide a relatively high dose per examination

compared with some other techniques used in

diagnostic medical imaging; however, the risk of

radiation-induced cancer from CT should be put

into context against the statistical risk of develop-

ing cancer in the entire population. The average

risk of fatal cancer developing over a person’s

lifetime is approximately 22%. So, for every

1,000 individuals, 220 will develop fatal cancer

in their lifetime regardless of radiation exposure

from medical imaging. The estimated increased

risk of cancer over a person’s lifetime from

a single CT scan is controversial but has

been estimated to be a fraction of this risk. For

example, the estimated risk from a single CT of

the head will be discussed below, but is estimated

to be on the order of 1 in 8,100 women or 1 in

11,080 men. It is also important to remember that

these estimates are population-based rather than

estimates for an individual patient.

In response to concerns about radiation over-

exposure with these studies, the US Food and

Drug Administration (FDA) issued an initial

warning in October 2009 and subsequent updates

in December 2009 and November 2010

recommending a review of radiation dosing pro-

tocols for all CT perfusion exams to ensure that

patient doses are correctly planned. Additionally,

the FDA recommended multiple steps to insure
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that exams are performed appropriately by ade-

quately trained technologists with radiologist

oversight. The Medical Imaging and Technology

Alliance (MITA) along with the American Asso-

ciation of Physicists in Medicine (AAPM) have

worked with other regulatory and industry orga-

nizations to create a set of recommended notifi-

cation values for CT scans – otherwise called the

“Dose Check” standard [33]. These values are

CTDIvol or DLP doses above which the CT tech-

nologist receives a message in a pop-up window

that a specific scan will exceed a prescribed

dose limit.

What Is the Estimated Risk from
a Single CT Scan of the Head?

Summary
The effective dose from a single CT of the head is

as much as 100 times higher than a plain X-ray

but still low (2–3 mSv). The ACR appropriate-

ness criteria define “low” as 1–10 mSv in an adult

[34–36]. The estimated lifetime risk of develop-

ing cancer from a single head CT at age 40 is

approximately 1:8,100 for women and 1:11,080

for men (limited evidence). In the setting of

trauma or other acute clinical situations that

require rapid information about a potentially life-

threatening condition, a CT of the head is readily

available and rapidly performed providing valu-

able diagnostic information. Therefore, there is

generally little concern in these settings regarding

radiation exposure as the clinical benefit clearly

outweighs the potential risk from radiation.

Furthermore, the risks of the clinical concern

that prompted the performance of the CT are

immediate, whereas the potential risks associated

with radiation from the CT are unlikely to occur

until years in the future. Some have proposed that

the absolute risks of cancer quoted by the litera-

ture be “discounted” due to the inherent ambigu-

ity of a future event using the same calculations

that other industries use to value future events.

For example, a 1 in 100 chance of an immediate

adverse event as a result of a diagnostic exam

performed today intuitively has a much different

impact on a patient’s decision making than a 1

in 100 chance of that same adverse event in

30–40 years. While these concepts should not

be used to oversimplify the risks associated with

ionizing radiation, they can potentially be

a relevant part of the risk-benefit discussion

between a patient and the ordering physician.

As mentioned above, the expected lifetime

risk of radiation-induced cancer is higher in the

pediatric population due to their increase radia-

tion susceptibility and significantly longer poten-

tial latency period. According to Brenner et al., of

the over 600,000 patients under the age of 15 who

undergo CT examinations of the head or abdo-

men, an estimated 500 (0.08%) will ultimately

die from radiation-induced cancer [27]. How-

ever, it is also pointed out that this absolute risk

is only 0.35% increase over the natural back-

ground rate of cancer mortality for patients who

have had no additional radiation from medical

imaging. These risks were estimated from higher

CT doses than current pediatric head CT tech-

niques employed today. Pearce et al. [37] studied

pediatric patients who received CT scans prior to

age 22 and found that doses above 50 mGy or

60 mGy could triple a patients risk for leukemia

or brain cancer respectively in the patient’s life-

time. However, the absolute risk remained small,

with one excess case of either leukemia or brain

tumor per 10,000 head CTs performed.

Supportive Evidence
According to the Biological Effects of Ionizing

Radiation (BEIR) VII Phase 2 report, epidemio-

logic data support an increased risk of cancer

in individuals who received exposures between

10 and 100 mSv among the survivors of the

Hiroshima and Nagasaki atomic bombs [38].

Exposures from diagnostic and therapeutic med-

ical procedures can certainly (and often do) reach

this level. For example, single and multiphase CT

exams of the abdomen often deliver an effective

dose>10 mSv, and CT angiography of the lungs,

heart, and brain can all deliver effective doses

well above 20 mSv [36, 39, 40].

Radiation exposure to the brain tends to result

in a somewhat lower effective dose because of

the brain’s relative lower radiosensitivity as

well as the smaller area imaged. For example,
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a noncontrast CT of the head is typically on the

order of 2–3 mSv, while a standard noncontrast CT

of the abdomen and pelvis is closer to 10mSv [39].

Smith-Bindman et al. utilized data from the BEIR

VII (2006) report to estimate the lifetime attribut-

able risk (LAR) of cancer based on the average

effective dose for a given diagnostic imaging study

and concluded that the estimated risk for a 40-year-

old man who receives a standard noncontrast CT

of the head is approximately 1 in 11,080. In

other words, on average, 11,080 head CT exams

would need to be performed before a cancer would

be caused.

However, modern techniques go well beyond

a standard noncontrast CT of the head, and newer

techniques such as CT angiography and CT per-

fusion studies provide potentially lifesaving

information, but at the cost of higher radiation

doses. Some publications suggest that the aver-

age exposure from a single stroke workup is in

the range of 10 mSv [41] while others suggest

that most literature actually underestimates the

actual doses and accurate doses for a stroke

workup including a CTA and CTP exam are

closer to 18 mSv. In the later case, the estimated

LAR of cancer induction following a CT workup

of suspected stroke was as high as 1 in 660 female

patients and 1 in 1,120 male patients [34]. How-

ever, as will be discussed below, the patient pop-

ulation generally being imaged for suspected

stroke is an older morbid population, with the

risks of delayed diagnosis potentially resulting

in catastrophic sequelae. The benefits of imaging

due to potentially life-altering information pro-

vided in this acute setting outweigh the potential

risks from imaging studies.

Understanding Benefit Versus Risk of
Imaging Tests in Well-Indicated
Studies Compared to Studies with Very
Low Probability of Disease

Summary

It is critical to weigh both the benefits and the

risks when using any test, including medical

imaging with ionizing radiation. The benefit to

a patient should outweigh its risks. In addition to

considering the lifetime cancer risk, the overall

risk from an imaging test must also include the

potential risks of other agents, such as contrast

media, as well as associated risks with a false-

positive and false-negative test result that may

lead to unnecessary intervention and anxiety as

well as the consequences of not detecting a dis-

ease. However, there is insufficient evidence in

the literature estimating these risks for different

patient populations.

In general terms, patients with a high risk of

a particular disease, such as head injury from

a high-speed motor vehicle accident, are consid-

ered at relatively low risk for the potential effects

of radiation exposure from CT imaging because

of its benefit for an accurate and rapid diagnosis.

However, in patients with a low risk for disease,

such as head injury from a low-impact trauma,

there is often little benefit in using CT when con-

sidering the risk of false-positive results and radi-

ation exposure that may outweigh any true benefit.

In clinical practice, this benefit-risk analysis is

ultimately performed on an individual basis by

the physicians providing care for the patient.

Supportive Evidence

Health benefit or lifesaving use of CT has been

shown in several populations, including but not

limited to acute motor vehicle trauma, head

trauma, suspected stroke, acute infection, and

acute abdominal pain. Traditionally, the appropri-

ate use of imaging has not been well researched or

well funded by research agencies. However, this is

beginning to change as medical and public aware-

ness about radiation safety grows and governmen-

tal reimbursement for imaging begins to be tied to

appropriateness criteria.

An Example: The Use of Head CT in
Children with Headache
Medina and colleagues investigated the clinical

role and cost of head CT and MR in children with

headache utilizing a decision-analytic Markov

model [42]. They compared three diagnostic

strategies: (a) magnetic resonance imaging

(MRI), (b) computed tomography followed by

MRI for positive results (CT-MRI), and (c) no

neuroimaging with close clinical follow-up in the
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evaluation of children suspected of having a brain

tumor. The children were grouped into low,

medium, and high risk for brain tumor prior to

imaging based on a combination of physical

exam findings and clinical history. With a high

pretest probability of brain tumor (4% risk), MR

imaging of the head was the recommended and

cost-effective imaging strategy. When there was

an intermediate pretest probability of brain tumor

(0.4%), imaging was very expensive (CT then

MR if CT was positive).

When children had chronic headache, the pre-

test probability of tumor was low (0.01%), and

neither CT norMRwas recommended. Even with

high sensitivity and specificity of CT (95%,

95%), the posttest probability of tumor was only

16%. In the short term, this means children are

being submitted to a false-positive rate (low pos-

itive predictive value). MR imaging would

have the same results but avoid ionizing radiation

exposure to the child. On the other hand, there

is a small risk from sedation or anesthesia in

young children undergoing MR that would not

be needed with CT. If, however, the study is

well indicated, CT has more benefit than risk in

the high-risk group of children with headache.

CT may reduce short-term morbidity and

mortality.

Kuppermann et al. utilized age-specific pre-

diction rules to estimate the risk of death from

traumatic brain injury, performance of neurosur-

gery, intubation for greater than 24 h, or hospital

admission of two or more nights and potentially

obviate the need for routine CT. Their “prediction

rule” for children younger than 2 years was nor-

mal mental status, no scalp hematoma (except

frontal), nonsevere injury mechanism, no loss of

consciousness, no palpable skull fracture, and

acting normally according to parents. This set of

criteria had a negative predictive value for clini-

cally important traumatic brain injury of 100%

(CI 99.7–100.0%) in patients less than 2 years

old. For children over 2 years and less than

18 years, their criteria included normal mental

status, no loss of consciousness, no vomiting,

nonsevere injury mechanism, no signs of basilar

skull fracture, and no headache. These criteria

had a negative predictive value for clinically

important traumatic brain injury of 99.95%

(CI 99.81–99.99% Pearce et. al, studied pediatric

patients who received CT scans prior to age 22

and found that doses above 50 mGy or 60 mGy

could triple a patients risk for leukemia or brain

cancer respectively in the patient’s lifetime.

However, the absolute risk remained small, with

one excess case of either leukemia or brain tumor

per 10,000 head CTs performed.%). The

authors concluded that these prediction rules

could identify children at very low risk for clin-

ically significant traumatic brain injury and thus

allow clinicians to avoid exposing these children

to the radiation dose associated with a head

CT [43].

How Should I Communicate Radiation
Risk from Imaging to Patients?

Summary

There are growing numbers of web sites and

published literature that provide both appropriate

language and data to discuss the benefits and risk of

medical imaging to consumers. There are survey

data that suggest that patients and families both

want to know and can understand these issues [44].

Supportive Evidence
The Internet has revolutionized access to scien-

tific and medical information for consumers.

There are growing numbers of both scientific

and medical web sites that target consumers and

include the Image Gently Campaign (www.

imagegently.org) for children, the National

Cancer Institute (www.cancer.gov/cancertopics/

causes/radiation-risks-pediatric-CT), the Health

Physics Society (http://hps.org), and the collabo-

rative sites of the American College of Radiology

and the Radiological Society of North America

(www.radiologyinfo.org) and the Image Wisely

Campaign (www.imagewisely.org).

The Image Gently Campaign is an educational

and awareness campaign created by the Alliance

for Radiation Safety in Pediatric Imaging that

was formed in July 2007 for radiation protection
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in medical imaging in children. It is a coalition of

healthcare organizations dedicated to providing

safe, high quality pediatric imaging nationwide.

There are four founding members – Society for

Pediatric Radiology, American Association of

Physicists in Medicine, American College of

Radiology, and the American Society of Radio-

logic Technologists – including over 55 national

and international societies in this coalition

representing over 750,000 healthcare profes-

sionals in radiology, pediatrics, medical physics,

and radiation safety. The site provides informa-

tion for all stakeholders in medicine including

relative radiation doses to children for common

imaging examinations. Another element of this

campaign is “Step Lightly,” which is an educa-

tional program focusing on radiation safety in

pediatric interventional radiology. For adults,

the “Image Wisely” campaign is a collaboration

between the American College of Radiology, the

Radiological Society of North America, the

American Association of Physicists in Medicine,

and the American Society of Radiologic Tech-

nologists, which formed the Joint Task Force on

Adult Radiation Protection to address concerns

about the rapidly rising public exposure to radia-

tion from medical imaging.

Information about radiation and the role of

all stakeholders to improve radiation safety in

medicine is summarized in a Blue Ribbon Panel

article [45]. ACR guidelines also now include

dose estimates for imaging tests and reference

levels for acceptable doses in all appropriateness

criteria.

However, patients are still often unaware of

both the radiation dose delivered by CT and the

potential risks associated with that radiation. Lee

and colleagues surveyed patients in the emer-

gency department about their understanding of

the radiation dose from a CT versus a standard

chest radiograph and found that patients were

significantly more likely than expected to under-

estimate the CT dose; 28% of patients actually

believed that a CT scan delivered less radiation

than a chest radiograph [46]. However, there is

also evidence that patients can be educated about

ionizing radiation and the associated risks and

more often than not are still willing to agree

to the exam [44]. Patient education opportuni-

ties offer the ordering physician or radiologist a

chance to dispel some of the potential

misinformation regarding ionizing radiation in

medical imaging.

The risk of radiation-induced cancer from

CT should also be put into context against

the statistical risk of developing cancer in the

entire population. As mentioned above, the aver-

age risk of fatal cancer developing over a

person’s lifetime is approximately 22%. So, the

development of cancer is not uncommon.

The estimated increased risk of cancer over

a person’s lifetime from a single CT scan remains

controversial, but is still estimated to be low,

and should be weighed against the potential for

clinical benefit. With this information, the

physician-patient team can make an educated

decision about the appropriateness of a proposed

imaging exam.

Special Situation: Radiation Exposure
from CT Perfusion

Summary

Advanced multislice CT techniques such as

dynamic computed tomography perfusion (CTP)

can provide vital information in the setting of

acute stroke or aneurysmal subarachnoid hemor-

rhage; however, the current lack of standardized

technique or utilization guidelines has led to the

potential for radiation overexposure.

Supportive Evidence

In the setting of acute stroke, the information

provided by modern imaging techniques can be

assist in decision making regarding the use of

thrombolytic therapy. CTP generates parametric

maps of the cerebral hemodynamics by gathering

information about the flow of contrast media

through the cerebral vasculature and tissue beds

[47]. These findings are more sensitive and more

accurate than standard unenhanced CT [48, 49].

Similarly, in the setting of aneurysmal subarach-

noid hemorrhage, imaging is a critical part of
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immediate and accurate diagnosis. CTA and CTP

may improve the diagnostic accuracy of vaso-

spasm detection, leading to improved risk-benefit

analysis when debating potential therapies

[50–52]. These exams are generally reserved for

a highly “at-risk” population, where the clinical

question is both crucial and time sensitive.

However, there is considerable debate about

the safety of CTP given several well-publicized

incidents of radiation overexposure. A compre-

hensive stroke CT protocol can deliver radiation

exposure up to six times that of a standard

noncontrast CT of the head when CTA and CTP

are included, even when performed according

to FDA recommendations [53]. A July 2010

New York Times report outlined several cases

from across the country where patients had been

exposed to levels of radiation far above what

would be considered standard practice, resulting

in hair loss and skin erythema in multiple

instances [54–56]. Doses reported for CTP stud-

ies in the literature vary widely across institu-

tions, with Smith-Bindman et al. recording a

range from 4 to 56 mSv across four San Francisco

Bay Area institutions. Hypothesized reasons for

this wide variation are a relative unfamiliarity by

technologists who may overrely on automated

scanner settings (which have been demonstrated

to paradoxically increase radiation dose rather

than decrease it in certain situations), inappropri-

ate protocols (which may increase the dose by

trying to improve image quality beyond the level

clinically necessary in the setting of stroke or

aneurysmal subarachnoid hemorrhage), and an

overall lack of active monitoring of patient

dose. Furthermore, patients may receive several

such scans over the course of a single hospitali-

zation, leading to high cumulative doses in cer-

tain clinical settings [14].

Public concerns about the potential for radia-

tion overexposure with this CT technique led to

a safety investigation by the US Food and Drug

Administration (FDA) in October 2009 and

updated recommendations in December 2009

and November 2010 which suggested that all

CTP scan protocols should be reviewed to

ensure correct doses are planned and also

recommended documentation that technologists

are trained for the specific imaging protocols

being utilized.

The American Association of Physicists in

Medicine (AAPM) has recently published a set

of open access brain CTP protocols that are ven-

dor specific to provide basic requirements of the

exam and reconstruction parameters. This infor-

mation is timely, given the increase in clinical use

of CTP, the lack of standardized protocols, and

ongoing concerns about its high radiation doses

and risks to patients [57].

Lowering CT Dose in CT Perfusion
There is a need for increased knowledge and

awareness among radiologists and technologists

regarding radiation doses and potential mecha-

nisms for reducing patient exposure. Protocol

selection should be carefully monitored to pre-

vent accidental overexposure, and monitoring of

actual doses received by patients should be regu-

larly performed. Dose reduction techniques that

may prove beneficial in further reducing radiation

dose from CT include iterative reconstruction

algorithms that can supplement or potentially

replace filtered back projection (although itera-

tive reconstruction holds great promise for radia-

tion dose reduction, the technique is not yet

routinely applied to CTP datasets) and protocols

utilizing lower kVp and mAs. The effective dose

associated with a CTP exam can potentially be

approximately equal to that of an unenhanced

head CT (2–3 mSv), when these techniques are

performed [58–60].

In addition, structured imaging guidelines for

the appropriate utilization of CTP in a given dis-

ease can further reduce cumulative radiation

exposure over the course of a hospitalization

by encouraging imaging at clinically optimal

time-points and discouraging unnecessary or

suboptimal imaging periods [14].
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Take-Home Tables

Tables 5.1 through 5.7 serve to highlight key

recommendations and supporting evidence.

Table 5.3 Deterministic effects: relatively high radiation

doses needed compared to what is used in diagnostic

imaging

Tissue injury Approximate threshold

(a) Skin

Transient erythema 2 Gy (200 rad)

(b) Eyes

Cataracts (acute) >2.0 Gy (>200 rad)

Reprinted and adapted from Frush, DP ST. Biological

effects of diagnostic radiation on children. In: Slovis TL,

editor. Caffey’s pediatric diagnostic imaging. Philadelphia:

Elsevier; 2007. p. 29–41; and from Hall EJ. Radiobiology

for the radiologist. Philadelphia: Lippincott Williams &

Wilkins; 2000. p. 45, with permission

Table 5.4 Effective radiation doses relative to back-

ground radiation

Procedure

Estimated

effective

radiation dose

Comparable to

background

radiation

Computed tomography

(CT) of the abdomen

and pelvis

10 mSv 3 years

Computed tomography

(CT) of the head

2 mSv 8 months

Computed tomography

(CT) of the spine

6 mSv 2 years

Myelography 4 mSv 16 months

Data fromwww.radiologyinfo.org (RSNA) andwww.acr.org

(ACR Appropriateness Criteria®)

Table 5.5 Relative radiation doses for adults

Source

Estimated effective

dose (mSv)

Natural background radiation 3 mSv per year

Airline passenger (cross-country) 0.03 mSv

Chest X-ray (single view) 0.01 mSv

Head CT 2 mSv

Chest CT Up to 7 mSv

Abdominal CT 15 mSv

Based on USA data and data from www.imagewisely.org

Table 5.1 Radiation dose units

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

1 Gy ¼ 100 rad

1 cGy ¼ 1 rad

1 mGy ¼ 100 mrad

Equivalent dose – Sievert (Sv) – rem (rem) is prior unit,

Sv ¼ Gy � quality factor (¼1)

1 Sv ¼ 100 rem

10 mSv ¼ 1 rem

1 mSv ¼ 100 mrem

Reprinted with permission from Frush, DP ST. Biological

effects of diagnostic radiation on children. In: Slovis TL,

editor. Caffey’s pediatric diagnostic imaging. Philadelphia:

Elsevier; 2007. p. 29–41

Table 5.2 Inherited human syndromes associated with

sensitivity to X-rays

Ataxia–telangiectasia

Basal cell nevoid syndrome

Cockayne’s syndrome

Down syndrome

Fanconi’s anemia

Gardner’s syndrome

Nijmegan breakage syndrome

Usher’s syndrome

Reprinted and adapted from Frush, DP ST. Biological

effects of diagnostic radiation on children. In: Slovis TL,

editor. Caffey’s pediatric diagnostic imaging. Philadelphia:

Elsevier: 2007. p. 29–41; and from Hall EJ. Radiobiology

for the radiologist. Philadelphia: Lippincott Williams &

Wilkins; 2000. p. 45, with permission
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Table 5.6 Appropriateness

of common radiologic exams

and associated radiation risk
Indication Modality

ACR appropriateness

criteria

Radiation

risks

Suspected stroke (new neurological deficit)

Head CT 8 (usually appropriate) “Low”

CTA 8 (usually appropriate) “Low”

Head trauma (minor injury without focal neurological deficit)

Head CT 7 (usually appropriate) “Low”

Head trauma (minor injury with focal deficit)

Head CT 9 (usually appropriate) “Low”

Cervical trauma (does not meet NEXUS criteria)

Cervical

spine CT

1 (usually NOT

appropriate)

“Low”

Cervical trauma (meets NEXUS criteria)

Cervical

spine CT

9 (usually appropriate) “Low”

Suspected child abuse (no focal symptoms)

Skeletal

survey

9 (usually appropriate) “Low”

Head CT 7 (usually appropriate) “Low”

Suspected child abuse (suspected head trauma)

Head CT 9 (usually indicated) “Low”

(ACR literature defines “low” as

1–10 mSv)

Data from ACR Appropriateness Criteria®; www.acr.org

Rating scale: 1, 2, 3 usually not appropriate; 4, 5, 6 may be appropriate; 7, 8, 9 usually

appropriate

Table 5.7 Atomic bomb (longitudinal survivor study) data showing excess solid cancers linked to radiation exposure

doses (dose in Sv)

Observed and expected solid cancer deaths 1950–1997 by dose group

Dose People

1950–1997 1991–1997

Deaths Expected background Fitted excess Deaths Expected background Fitted excess

<0.005 37,458 3,833 3,844 0 742 718 0

0.005–0.1 31,650 3,277 3,221 44 581 596 12

0.1–0.2 5,732 668 622 39 137 109 10

0.2–0.5 6,332 763 678 97 133 118 24

0.5–1 3,299 438 335 109 75 62 28

1–2 1,613 274 157 103 68 31 27

2+ 488 82 38 48 20 8 13

Total 86,572 9,335 8,895 440 1,756 1,642 114

Reprinted with permission from Preston DL et al. Radiat Res. 2003;32:700–706

Atomic bomb (longitudinal survivor study) data 1950–1997
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Future Research

• Increase multicenter outcomes research on the

health benefits/risks of imaging for common

conditions (trauma, abdominal pain, infection,

and cancer)

• Increase understanding of the trend in utiliza-

tion of imaging, in particular those with rela-

tively high ionizing radiation doses (e.g., CT,

PET) and potential nonionizing radiation

alternative imaging (e.g., sonography, MRI)

• Increase development of dose reduction strat-

egies for ultra low-dose CT examinations,

particularly CT angiography and perfusion

techniques

• Development of cumulative radiation dose

records for patients
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Key Points

• Serum creatinine as an absolute measure is an

unreliable indicator of kidney function. GFR

is considered to be a more appropriate index of

kidney function and can be estimated from the

serum creatinine [1] (strong evidence).

• Patients with impaired renal function should

be identified in advance of contrast adminis-

tration by assessment of risk factors, measure-

ment of serum creatinine, and calculation of

eGFR (strong evidence).

• Prehydration and administration of N-
acetylcysteine and sodium bicarbonate are

beneficial in optimizing renal function in

patients with impaired renal function (strong

evidence).

• Gadolinium-based contrast agents have vari-

able risk profiles in patients with renal

impairment. High-risk agents – Optimark

(gadoversetamide), Magnevist (gadopentetate

dimeglumine), andOmniscan (gadodiamide) –

are unsafe in patients with impaired renal

function. Their use in this patient group should

be avoided [2] (strong evidence).

• Life-threatening anaphylactic reactions due to

iodinated contrast media are rare. Anaphylaxis

related to gadolinium-based compounds is

even more uncommon. In unselected patients,

the usefulness of premedication is doubtful.

There is no convincing evidence supporting

the use of premedication in patients with

a history of allergic reactions [3] (strong

evidence).

Definition and Pathophysiology

Contrast-induced nephropathy is defined as

a serum creatinine level increase of at least

0.5 mg/dL within 3 days of contrast medium

administration without an alternative cause [4].

The exact mechanism of contrast-induced

nephropathy is uncertain, but certain patient

groups are at a higher risk. Many potential mech-

anisms have been proposed. A vasoconstrictive

effect leading to hypoxic or ischemic tubular cell

injury and a direct tubulotoxicity mediated by the

generation of reactive oxygen species are cur-

rently considered to be implicated [5]. The free

radical mechanism of direct tubular toxicity

has led several investigators to focus on the use

of N-acetylcysteine (NAC) for the prevention of

CIN, as NAC has been previously shown to have

antioxidant properties (15).

Nephrogenic systemic fibrosis (NSF) is

a fibrosing disorder that has occurred exclusively

among patients with renal impairment. The first

case of NSF was observed in 1997, and the dis-

ease was initially reported in 2000 in a case series

of 14 patients undergoing hemodialysis who had

developed characteristic skin lesions on their

trunk and extremities [6]. The mechanism of

NSF induction by gadolinium has not yet been

fully elucidated; however, transmetalation with

dissociation of free gadolinium from its chelate

has been suggested to be involved [7].

Gadolinium is a member of the lanthanide

series of transition metals. It has strong hydrogen

proton spin–lattice relaxation effects that can be

exploited to provide enhanced contrast between

healthy and diseased tissue [8].

Gadolinium in the free ionic form (Gd3+) is

highly toxic. To prevent deleterious effects of

Gd3+, it needs to be sequestered by nontoxic

substances. This is achieved by binding Gd3+ to

another agent. The newly created complex is the

chelate complex. Two categories of gadolinium

chelate exist: (a) macrocyclic molecules where

Gd3+ is caged in the preorganized cavity of

a ligand and (b) linear molecules [9].

Metals such as iron are capable of inducing the

dissociation of gadolinium from its chelate

(transmetalation). Some patients with renal insuf-

ficiency may have a heightened susceptibility

to iron mobilization which may contribute to

gadolinium toxicity and nephrogenic systemic

fibrosis [7].

Epidemiology

In Europe and the United States, contrast-induced

nephropathy accounts for more than 10 % of all

cases of hospital-acquired acute renal failure [10].
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Particular attention should be paid to patients

over 70 years old, patients who are dehydrated

or with cardiac failure, diabetics, patients

on nephrotoxins, or those with gout. These

patients are more likely to have impaired renal

function.

Solomon and Barrett [11] reviewed the avail-

able literature to examine the prognosis and clin-

ical course of patients having an acute decline in

the glomerular filtration rate following contrast

exposure. Most of the data in the series was from

cohorts having percutaneous coronary interven-

tion. A number of short- and long-term outcomes

were studied, including kidney function, need for

dialysis, major adverse cardiovascular events,

and death during the index hospitalization, as

well as death rates by 1 or 5 years postcontrast.

Dialysis for CIN was required in 0.15–12 % of

cases. There was some variability regarding

whether the patients involved required short-

term dialysis alone or proceeded to long-term

dialysis. Gruberg et al. [12] reported that almost

13 % of patients dialyzed remained dialysis

dependant in the long term, whereas McCullough

et al. reported that 50 % did so in their earlier

cohort [13]. Whether patients recover to

become dialysis independent may depend on the

severity of the acute insult, as well as how close

to end-stage renal disease they are at the time of

exposure to contrast. Patients having coronary

intervention may also be particularly likely to

have multiple mechanisms of kidney injury,

including hemodynamic instability and

atheroembolism.

The studies analyzed in the report also consis-

tently found an association of acute increase in

serum creatinine after contrast with higher death

rates both during the index hospitalization and in

the longer term. The reason for this was unclear.

A proposed possibility is that acute renal injury

initiates or aggravates pathologies (including

vascular) such that later death ensues even though

kidney function improves. If this is true, then

interventions that reduce the risk of CIN may

also improve longer-term prognosis.

Nephrogenic systemic fibrosis appears to

affect males and females in approximately equal

numbers. It affects middle-aged adults most

commonly [14]. It has been identified in patients

from a wider variety of ethnic backgrounds and

from North America, Europe, and Asia [15].

NSF has a chronic and unremitting course in

most patients. In a review of the published liter-

ature, 28 % of the patients had no improvement,

20 % had modest improvement, and 28 % of

patients died [16]. More severe and rapid pro-

gression of the skin disease is associated with

a poor prognosis and death.

A fulminant form of NSF, with development

of flexion contractures and loss of mobility, has

been described in 5 % of patients [14]. Such

patients may become wheelchair bound within

weeks. It is possible that some of these patients

had received repeated administrations of

gadolinium.

Improvement in or remission of NSF has been

described, primarily in patients who recovered

renal function [14, 16]. In such patients, the

improvement in renal function seems to slow or

stop disease progression and, in many patients,

results in gradual reversal of the disease. In the

review by Mendosa, less than 40 % of patients

underwent complete remission following the

cessation of dialysis.

Overall Cost to Society

The cost to society of contrast reactions does not

appear, from our review of the literature, to have

been studied extensively. This is likely because it

is a side effect, not a primary disease process.

There are no cost-effectiveness or feasibility

studies that evaluate protocols for aggressive

identification of high-risk patients undergoing

contrast radiography and utilization of standard-

ized hydration protocols to reduce radiocontrast-

induced nephropathy. Two studies suggest

most patients with normal renal function can be

easily identified by simple questionnaire,

resulting in significant cost savings from a reduc-

tion in the number of routine serum creatinine

levels obtained prior to imaging [17, 18]. The

cost-effectiveness of using pharmacologic

pretreatment with N-acetylcysteine has not been

studied.

6 Intravenous Contrast in CT and MR Imaging: Risks 83



Goals of Imaging

To achieve diagnostic quality imaging while

optimizing imaging protocols such that renal

function is not adversely affected and the patient

safety and well-being is maintained.

Methodology

The PICO methodology was used to design

a focused clinical question for CT and for MR

[19, 20]. A MEDLINE search was performed

using PubMed (National Library of Medicine,

Bethesda, Maryland) for original research publi-

cations discussing iodinated contrast media and

gadolinium-based contrast media used in CT and

MR in the last 10 years (from January 1, 2001 to

March 30, 2011). An additional search of these

topics was also performed using PubMed limited

to guidelines in English in the last 5 years.

An initial review of the titles and abstracts of

the identified publications was performed by the

first and second author. Inclusion criteria were

primary research studies, systematic reviews,

and meta-analyses addressing contrast-induced

nephropathy, contrast-induced anaphylaxis, and

nephrogenic systemic fibrosis. Exclusion criteria

included articles for which no abstract was avail-

able and letters and publications not in English.

Any disagreements between the authors were

resolved by discussion or by consulting with the

senior author. This was followed by review of the

full text in relevant publications.

The AGREE instrument [21] was used to

appraise the relevant guidelines. All other data

was ranked as Level 1–4 using the system

recommended by the editors of this textbook.

This process found the most reliable guidelines

were those recently produced by the European

Society of Urogenital Radiology (Version 7.0,

2011) [4]. Other strong guidelines used were

those from the American College of Radiology

[22] and The Canadian Association of Radiolo-

gists [23]. A search of the primary literature

following the release of these guidelines did not

yield additional useful information.

Discussion of Issues

Issues relating to CT and MR are dealt with

separately in this section. They are each

discussed under the following subheadings:

method of administration, mechanism of reac-

tion, subdivision of reactions, risk factors for

reactions, prevention of reactions, and manage-

ment of reactions. Prior to this discussion,

the benefit of sodium bicarbonate versus

N-acetylcysteine versus hydration in the preven-

tion of contrast-induced nephropathy is

addressed.

What Is the Role of Hydration Versus
Sodium Bicarbonate Versus
N-Acetylcysteine in the Prevention of
Contrast-Induced Nephropathy?

Regarding prevention of contrast-induced nephrop-

athy, the evidence basis for preprocedure hydration

versus sodium bicarbonate versus N-acetylcysteine

has been the subject of much controversy.

A review of the primary and secondary litera-

ture regarding the benefit of preprocedural

N-acetylcysteine with hydration revealed multi-

ple large-scale meta-analyses in favor of NAC.

Many of these were affected by significant clini-

cal heterogeneity; however, the most recent

large-scale study was homogenous and found a

statistically significant benefit in using NAC [24].

While much of this data pertained to patients

undergoing coronary angiography who are high

risk from a cardiovascular and a renal point of

view, NAC was demonstrated to be beneficial.

This inexpensive drug with a low side effect

profile should be used for high-risk patients

undergoing CT, at a recommended dose of

1,200 mg twice daily for 2 days beginning the

day before contrast administration.

There have been a number of large-scale stud-

ies reviewing the benefit of periprocedural

sodium bicarbonate. Similarly, early meta-

analyses were limited by heterogeneity. How-

ever, a large meta-analysis analyzing 17 trials

including 2,633 subjects found that sodium
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bicarbonate-based hydration was found to be

superior to normal saline in prevention of con-

trast-induced nephropathy [25].

Another large-scale meta-analysis analyzed

12 trials with 1,854 participants [26]. Sodium

bicarbonate significantly decreased the risk of

contrast-induced nephropathy, without a signifi-

cant difference in need for renal replacement

therapy, in hospital mortality, or in congestive

cardiac failure compared with controls. Similar

results were seen for the risk of contrast-induced

nephropathy when sodium bicarbonate was com-

pared with normal saline alone but not when

sodium bicarbonate/N-acetylcysteine combina-

tion was compared with N-acetylcysteine/normal

saline combination.

Regarding hydration, review of the secondary

literature recommended that intravenous hydra-

tion is superior to oral hydration. Oral hydration

with water alone should not be used. Hydration

with isotonic saline solution is superior to one-

half normal saline (UpToDate®) [27].

CT: Iodinated Contrast Media

What Is the Method of Administration?
Intravenous

What Is the Mechanism of Reaction?
General frequency of adverse events related to

administration of contrast media has decreased

considerably, with changes in usage from high-

osmolality contrast media to low-osmolality con-

trast media.Most side effects are mild and non-life

threatening. Almost all life-threatening reactions

occur immediately or within the first 20 min after

contrast media injection. The precise pathologic

mechanism is unclear, and in general, accurate

prediction of a contrast reaction is not possible.

How Are Reactions Subdivided?
Contrast reactions can be classified into nonrenal,

renal, and miscellaneous types.

Nonrenal

Nonrenal reactions can be further subclassified

depending on their acuity. Acute nonrenal

reactions are regarded as those occurring within

1 h of contrast media injection. These can be mild

(nausea, vomiting, urticaria, itching), moderate

(severe vomiting, marked urticaria, broncho-

spasm, facial/laryngeal edema, vasovagal

attack), or severe (hypotensive shock, respiratory

arrest, cardiac arrest, convulsions). Late reactions

are those that occur between 1 h and 1 week after

contrast media injections. These include nausea,

vomiting, headache, musculoskeletal pain, fever,

and skin reactions or drug eruptions. Thyrotoxi-

cosis is a reaction that is considered to occur very

late, i.e., 1 week or more after contrast media

administration.

Renal

The two principal renal reactions after contrast

media administration are contrast medium-

induced nephropathy and lactic acidosis in

patients taking metformin.

Miscellaneous

A range of miscellaneous reactions are recog-

nized. These relate to pulmonary effects (bron-

chospasm, increased pulmonary vascular

resistance, and pulmonary edema); extravasation

of contrast into tissues; and effects of iodinated

contrast media on blood and endothelium, such as

thrombosis and increased risk of thromboembolic

events. Further, contrast media have the potential

to interact with other drugs and clinical tests.

What Are the Risk Factors for the
Reactions?
Nonrenal

Certain risk factors for nonrenal reactions can

again be categorized according to the chronicity

of the reaction. In acute reactions, a previous

history of a moderate or severe acute contrast

reaction is a strong risk factor. High-osmolality

ionic contrast media also increase the risk of an

acute reaction, but these agents are rarely, if ever,

used intravenously nowadays. Further, a history

of asthma and allergy requiring medical treat-

ment are considered risk factors to acute reac-

tions. Any severity of previous contrast reaction

is considered a risk factor for late reactions.

Current treatment with interleukin-2 is also
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a recognized risk factor for late reactions. Very

late reactions, i.e., thyrotoxicosis, are more likely

in patients with untreated Graves’ disease and

patients with multinodular goiter and thyroid

autonomy.

Renal

The principal risk factors for renal complications

are an eGFR of less than 60 mL/min/1.73 m2;

dehydration; congestive heart failure; gout; age

over 70; concurrent administration of nephro-

toxic drugs, e.g., NSAIDs; treatment with

aminoglycosides; or ACE inhibitors. In addition,

high-osmolality contrast agents and large doses

of contrast medium increase the risk.

Miscellaneous

Contrast Medium Extravasation

Several factors increase the risk of contrast

extravasation: use of a power injector, less opti-

mal injection sites, large volume of contrast

medium, high-osmolar contrast media, patient

inability to communicate, fragile/damaged

veins, arterial insufficiency, compromised lym-

phatic and/or venous drainage, and obesity.

Pulmonary Effects

The three main risk factors for patients to suffer

pulmonary reactions from contrast administra-

tion are asthma, pulmonary hypertension, and

incipient cardiac failure.

Effects on Blood and Endothelium

The use of high-osmolar contrast media is the

only recognized significant risk factor for reac-

tions relating to blood and endothelium.

How Are Contrast Reactions Best
Prevented?
Nonrenal Acute

Several preventative measures are recommended

to avoid nonrenal reactions: Where possible,

a nonionic contrast medium should be used. The

patient should be kept in the Radiology Depart-

ment for 30 min after contrast medium injection.

Drugs and equipment for resuscitation should be

readily available. Further, an alternative test not

requiring iodinated contrast should be consid-

ered. If this is not an option, the use of

a different iodinated agent should be sought.

Premedication can be considered. Clinical evi-

dence of the effectiveness of premedication is

limited. If used, a suitable premedication is pred-

nisolone 30 mg (or methylprednisolone 32 mg)

orally 12 and 2 h before contrast medium is given

in some centers.

Nonrenal Late

For late reactions, prophylaxis is generally not

recommended, but patients who have had

a previous serious late adverse reaction can be

given steroid prophylaxis.

Nonrenal Very Late

Iodinated contrast media should not be given to

patients with manifest hyperthyroidism. Prophy-

laxis is generally not necessary. However, in

selected high-risk patients, prophylactic treat-

ment may be given by an endocrinologist. This

is more relevant in areas of dietary iodine defi-

ciency. Patients at risk should be closely moni-

tored by an endocrinologist after iodinated

contrast medium injection. Intravenous cholan-

giographic contrast media should not be given to

patients at risk.

Renal: At the Time of Referral

Elective Examination

What Is the Best Method to Calculate the

eGFR? The most common methods utilized to

estimate the GFR in adults are the serum creati-

nine concentration, the creatinine clearance, and

estimation equations based on the serum creati-

nine concentration: the Cockcroft-Gault equation

and Modification of Diet in Renal Disease.

However, the estimation equations have not

been validated and may be less accurate in some

populations. These include children, certain eth-

nic groups, pregnant women, and those with

unusual muscle mass, body habitus, and weight

(e.g., morbid obesity or malnourished). Some,

therefore, recommend measuring the creatinine

clearance to estimate the GFR in these patients

with stable renal function (UpToDate).
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How Is eGFR Used to Stratify the Risk of

Nephrotoxicity in Iodinated Contrast? For

elective examinations, firstly, patients with an

eGFR of less than 60 mL/min/1.73 m2 (or raised

serum creatinine) should be identified, and

their eGFR (or serum creatinine) measured

within 7 days of contrast medium administration.

Other patients at risk are diabetic patients taking

metformin, patients who will receive intra-

arterial contrast medium, and patients who have

a history suggesting the possibility of reduced

GFR. This includes renal disease, renal surgery,

proteinuria, diabetes mellitus, hypertension,

gout, and recent nephrotoxic drugs.

Secondly, diabetic patients taking metformin

should be identified. Depending on their eGFR/

serum creatinine level, metformin will have to be

stopped either before or at the time of contrast

medium administration.

Emergency Examination

Patients with a known eGFR of less than 60 mL/

min/1.73 m2 (or raised serum creatinine) should be

identified where possible. Diabetic patients taking

metformin should be identified and eGFR (or serum

creatinine) measured if the procedure can be

deferred until the result is available without harm

to the patient. In extreme emergency, if eGFR (or

serum creatininemeasurement) cannot be obtained,

follow the protocol for patients with eGFR less than

60 mL/min/1.73 m2 (or raised serum creatinine) as

closely as clinical circumstances permit.

Renal: Prior to the Examination

Elective Examination

For patients with eGFR less than 60 mL/min/

1.73 m2 and those at increased risk of nephrotox-

icity, an alternative imaging method not using

iodinated contrast media should be considered.

Nephrotoxic drugs, mannitol, and loop diuretics

should be stopped at least 24 h before contrast

medium administration. Hydration, e.g., 1 mL/kg

body weight per hour of normal saline for at least

6 h before and after the procedure should be

commenced.

Regarding diabetic patients, taking metfor-

min, if eGFR >60 mL/min/1.73 m2, the patient

can continue to take metformin. If eGFR

30-60 mL/min/1.73 m2 (or serum creatinine is

raised), metformin should be stopped 48 h before

contrast medium administration. These patients

should remain off metformin for 48 h after con-

trast medium.Metformin should only be restarted

if serum creatinine is unchanged 48 h after con-

trast medium. In cases of eGFR <30, metformin

is not approved in most countries, and iodinated

contrast medium should be avoided if possible.

Emergency Examination

For patients at increased risk of nephrotoxicity,

consider an alternative imaging method not using

iodinated contrast media. Intravenous hydration

should be started as early as possible before con-

trast medium administration.

In diabetic patients taking metformin with an

eGFR >60 mL/min/1.73 m2, proceed as for elec-

tive patients. In case of eGFR 30–60 mL/min/

1.73 m2 or serum creatinine raised or unknown,

the risks and benefit of contrast medium admin-

istration should be weighed against each other

and an alternative imaging method considered.

If contrast medium is deemed essential, take the

following precautions: Stop metformin; hydrate

the patient, e.g., at least 1 mL per hour per kg b.w.

of IV normal saline up to 6 h after contrast

medium administration; monitor renal function

(eGFR/serum creatinine), serum lactic acid, and

pH of blood; and look for symptoms and bio-

chemical markers of lactic acidosis: vomiting,

somnolence, nausea, epigastric pain, anorexia,

hyperpnea, lethargy, diarrhea and thirst, and

blood pH< 7.25 with plasma lactate>5 mmol/L.

Renal: At the Time of the Examination

How Can Patients Be Optimized in Order to

Prevent Contrast-Induced Nephropathy?

For patient at increased risk, low/iso-osmolar

contrast media and the lowest dose of contrast

medium consistent with a diagnostic result

should be used.

For patients with no increased risk of

contrast-induced nephropathy, the lowest dose

of contrast medium consistent with a diagnostic

result should be used.
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Miscellaneous

Contrast Medium Extravasation

Meticulous IV technique is necessary using an

appropriate sized plastic cannula placed in

a suitable vein to handle the flow rate used during

the injection. A test injection with normal saline

should be performed. The use of nonionic con-

trast medium is preferred.

Pulmonary Effects

Low- or iso-osmolar contrast media should be

used, and large doses of contrast media avoided.

Blood and Endothelium

Meticulous angiographic technique using low- or

iso-osmolar contrast media is necessary.

What Is the Management of Contrast
Reactions?
Nonrenal

Acute

Transient Nausea and Vomiting Supportive

treatment is needed only. For severe, protracted

cases, consider appropriate antiemetic drugs.

Urticaria Scattered, transient urticaria requires

supportive treatment, including observation.

Scattered, protracted cases warrant appropri-

ate H1-antihistamine intramuscularly or intrave-

nously. Drowsiness and/or hypotension may

occur. For profound cases, consider adrenaline

1:1,000, 0.1–0.3 mL (0.1–0.3 mg) intramuscu-

larly in adults (50 % of adult dose to children

between 6 and 12 years old; 25 % of adult dose to

children below 6 years old). Repeat as needed.

Bronchospasm The treatment of bronchospasm

comprises of oxygen by mask (6–10 L/min)

a beta-2-agonist metered dose inhaler (2–3 deep

inhalations) and adrenaline. In case of normal

blood pressure, intramuscular adrenaline should

be administered: 1:1,000, 0.1–0.3 mL

(0.1–0.3 mg). A smaller dose should be used in

patients with coronary artery disease or in elderly

patients. Pediatric patients require a dose of

0.01 mg/kg up to 0.3 mg maximally. In case of

decreased blood pressure, intramuscular

adrenaline – 1:1,000, 0.5 mL (0.5 mg) – should

be administered. Pediatric patients, 6–12 years,

require a dose of 0.3 mL (0.3 mg) intramuscu-

larly. Children less than 6 years require 0.15 mL

(0.15 mg) intramuscularly.

Laryngeal Edema Give oxygen by mask

(6–10 L/min) and intramuscular adrenaline

(1:1,000), 0.5 mL (0.5 mg) for adults. Repeat as

needed. In pediatric patients, 6–12 years, 0.3 mL

(0.3 mg) intramuscularly should be administered.

Pediatric patients less than 6 years require

0.15 mL (0.15 mg) intramuscularly.

Isolated Hypotension In cases of isolated hypo-

tension, elevate the patient’s legs and administer

oxygen by mask (6–10 L/min). Administer intra-

venous fluid rapidly, normal saline or lactated

Ringer’s solution. If the patient is unresponsive,

adrenaline 1:1,000, 0.5 mL (0.5 mg) intramuscu-

larly, should be administered. Repeat as needed.

In pediatric patients 6–12 years, 0.3 mL (0.3 mg)

intramuscularly should be administered. Pediat-

ric patients less than 6 years should receive

0.15 mL (0.15 mg) intramuscularly.

Vagal Reaction (Hypotension and Bradycar-
dia) Elevate patient’s legs. Administer oxygen

by mask (6–10 L/min). Administer atropine

0.6–1.0 mg intravenously; repeat if necessary

after 3–5 min, to 3 mg total (0.04 mg/kg) in

adults. Regarding pediatric patients, 0.02 mg/kg

intravenously (max. 0.6 mg per dose) should be

given; repeat if necessary to 2 mg total. Intrave-

nous fluids should be given rapidly, normal saline

or lactated Ringer’s solution.

Generalized Anaphylactoid Reaction Call for

the resuscitation team. Suction the airway as

needed. Elevate the patient’s legs if hypotensive.

Administer oxygen by mask (6–10 L/min). Intra-

muscular adrenaline should be given (1:1,000),

0.5 mL (0.5 mg) in adults. Repeat as needed. In

pediatric patients 6–12 years old, give 0.3 mL

(0.3 mg) intramuscularly. Children less than

6 years old should receive 0.15 mL (0.15 mg)

intramuscularly.
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Late

Treat symptomatically and in a similar manner to

the management of other drug-induced skin

reactions.

Very Late

Patients at risk should be closely monitored by an

endocrinologist after contrast medium injection.

Renal

After the Examination

For patients with eGFR less than 60 mL/min/

1.73 m2 (or raised serum creatinine), continue

hydration for at least 6 h. For diabetic patients

taking metformin with eGFR less than

60 mL/min/1.73 m2, measure eGFR (or serum

creatinine) at 48 h after contrast medium adminis-

tration. If there has been no deterioration,

metformin can be restarted. Metformin is not

approved in most countries for patients with

abnormal renal function.

Miscellaneous

Contrast Medium Extravasation

Conservative management is adequate in most

cases. This includes limb elevation, application of

ice packs, and careful monitoring. If compartment

syndrome is suspected, seek the advice of a surgeon.

Pulmonary Effects These are treated

symptomatically.

MRI: Gadolinium-Based Contrast
Media

What Is the Method of Administration?
Intravenous

What Is the Mechanism of Reaction?
This is discussed in the section on

“Pathophysiology.”

What Are the Types of Reactions?
Acute

The risk of an acute reaction to a gadolinium

contrast agent is significantly lower than the risk

with an iodinated contrast agent. Similar reac-

tions can occur as with iodinated contrast.

Late

Reactions are not documented.

Very Late Reactions: Nephrogenic Systemic

Fibrosis

Clinical Features

Onset: From the day of exposure for up to 2–3

months, sometimes up to years after exposure.

Initially this presents with pain, pruritus, swelling,

and erythema. It usually starts in the legs. Later,

thickened skin and subcutaneous tissues with

“woody” texture and brawny plaques arise. Fibro-

sis of internal organs, e.g., muscle, diaphragm,

heart, liver, and lungs, follows. The results are

contractures, cachexia, and death in some patients.

Risk Factors for Reactions
Acute

Risk factors for acute reactions include a patient

history of previous acute reaction to a gadolinium

contrast agent and asthma aswell as allergy requir-

ing medical treatment. The risk of reaction is not

related to the osmolality of the contrast agent. The

low doses used make the osmolar load very small.

Late

Reactions to gadolinium are not documented.

Very Late

Patients are divided into high, intermediate, and

low risk based on patient-specific risk factors and

the type of gadolinium used.

Higher Risk

• Patients with CKD4 and 5 (GFR <30 mL/

min), patients on dialysis, and patients with

reduced renal function who have had or are

awaiting liver transplantation.

• Gadodiamide (Omniscan). Ligand: nonionic

linear chelate (DTPA-BMA). Incidence of

NSF: 3–7 % in at-risk subjects.

• Gadopentetate dimeglumine (Magnevist).

Ligand: ionic linear chelate (DTPA). Inci-

dence of NSF: 0.1–1 % in at-risk subjects.
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• Gadoversetamide (Optimark). Ligand: non-

ionic linear chelate (DTPA-BMEA). Inci-

dence of NSF: Unknown.

• In September 2010, the FDA issued a news

release describing Omniscan, Magnevist, and

Optimark as inappropriate for use among

patients with acute kidney injury or chronic

severe kidney disease [2].

Intermediate Risk

• Gadobenate dimeglumine (Multihance).

Ligand: ionic linear chelate (BOPTA). Inci-

dence of NSF: No unconfounded cases have

been reported. Special feature: Similar diag-

nostic results can be achieved with lower

doses because of its 2–3 % protein binding.

• Gadofosveset trisodium (Vasovist). Ligand:

ionic linear chelate (DTPA-DPCP). Incidence

of NSF: No unconfounded cases reported but

experience is limited.

Special feature: It is a blood pool agent with

affinity to albumin. Diagnostic results can be

achieved with 50 % lower doses than extracellu-

lar Gd-CM. Biological half-life is 12 times longer

than for extracellular agents (18 h compared to

1.5 h, respectively).

• Gadoxetate disodium (Primovist). Ligand: ionic

linear chelate (EOB-DTPA). Incidence of NSF:

No unconfounded cases have been reported, but

experience is limited. Special feature: organ-

specific gadolinium contrast agent with 10 %

protein binding and 50 % excretion by hepato-

cytes. Diagnostic results can be achieved with

lower doses than extracellular Gd-CM.

Lower Risk

• Patients with CKD3 (GFR 30–59 mL/min);

children under 1 year, because of their imma-

ture renal function.

• Gadobutrol (Gadovist). Ligand: nonionic

cyclic chelate (BT-DO3A). Incidence of NSF:

No unconfounded cases have been reported.

• Gadoterate meglumine (Dotarem). Ligand:

ionic cyclic chelate (DOTA). Incidence of

NSF: No unconfounded cases have been

reported.

• Gadoteridol (Prohance). Ligand: nonionic

cyclic chelate (HP-DO3A). Incidence of

NSF: No unconfounded cases have been

reported.

• Note: If two different Gd-CM had been

injected, it is impossible to determine with

certainty which agent triggered the develop-

ment of NSF and the situation is described as

“confounded.”

Not at risk are patients with normal renal

function.

What Are Recommended Preventative
Measurements?
Acute

• Keep the patient in the Radiology Department

for 30 min after contrast medium injection.

Have drugs and equipment for resuscitation

readily available.

• Consider an alternative test not requiring gad-

olinium. Use a different gadolinium agent for

previous reactors to contrast medium.

• Consider the use of premedication. There is no

clinical evidence regarding the effectiveness

of premedication. If used, a suitable

premedication regime is prednisolone 30 mg

(or methylprednisolone 32 mg) orally given

12 and 2 h before contrast medium.

Late

These are not documented.

Very Late

Risk stratifies according to the particular contrast

agent used.

How Is eGFR Used to Stratify the Risk of
Nephrotoxicity in MRI Contrast?
High Risk

High-risk agents are contraindicated in:

• Patients with CKD4 and 5 (GFR < 30 mL/

min), including those on dialysis

• Patients with reduced renal function who have

had or are awaiting liver transplantation

High-risk agents should be used with

caution in:
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• Patients with CKD3 (GFR 30–60 mL/min)

• Children less than 1 year old

• Serum creatinine (eGFR) measurement before

administration: mandatory

Intermediate Risk

• Serum creatinine (eGFR) measurement before

administration: not mandatory

Low Risk

• Serum creatinine (eGFR) measurement before

administration: not mandatory

The European Medicines Agency in 2009 [28]

recommended that for high-risk gadolinium-

containing contrast agents:

• They should not be used in:

• Patients with severe kidney problems.

• Patients around the time of liver

transplantation.

• Newborn babies less than 4 weeks of age.

• Dose should be restricted to the minimum

recommended dose in patients with moderate

kidney problems and infants up to 1 year of

age.

• There should be a period of at least 7 days

between scans.

• Breast-feeding should be discontinued for at

least 24 h after the patient has received a high-

risk agent.

• All patients should be screened for kidney

problems using laboratory tests before receiv-

ing these agents.

Management of Reactions

As for iodinated contrast media.

Take-Home Tables and Figures

CT

See Tables 6.1 and 6.2 for renal insufficiency

questions and general screening questionnaire,

respectively.

See Fig. 6.1 for an algorithm for prevention of

contrast-induced nephropathy.

Table 6.1 Choyke renal insufficiency questions

1. Have you ever been told that you have renal problems?

2. Have you ever been told that you have protein in your

urine?

3. Do you have high blood pressure?

4. Do you have diabetes?

5. Do you have gout?

6. Have you ever had kidney surgery?

Reprinted with permission from Choyke et al. [18]

Table 6.2 General screening questionnaire to be com-

pleted by referring clinician

For iodine-based contrast media administration

History of moderate or severe reaction to an iodinated

contrast medium?

History of allergy requiring treatment?

History of asthma?

Hyperthyroidism?

Heart failure?

Diabetes mellitus?

History of renal disease?

Previous renal surgery?

History of proteinuria?

Hypertension?

Gout?

Most recent serum creatinine?

Is the patient currently taking any of the following drugs:

Metformin for diabetes/IL2/beta blockers/

aminoglycosides/NSAIDS?

Modified with permission from Ref. [4]

Table 6.3 General screening questionnaire to be com-

pleted by referring clinician

For MRI contrast media administration

History of moderate or severe reaction to an MRI contrast

medium?

History of allergy requiring treatment?

History of asthma?

Does the patient have end-stage renal failure or is the

patient on dialysis?

Recent serum creatinine?

Modified with permission from Ref. [4]
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Fig. 6.1 Algorithm for prevention of contrast-induced nephropathy

Fig. 6.2 Algorithm for prevention of nephrogenic systemic fibrosis
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MR

See Table 6.3 for general screening

questionnaire.

See Fig. 6.2 for an algorithm for prevention of

nephrogenic systemic fibrosis.

In All Patients

• Use the smallest amount of contrast medium

necessary for a diagnostic result.

• Always use an agent that leaves the smallest

amount of gadolinium in the body.

• Never deny a patient a clinically well-

indicated enhanced MRI examination.

Suggested Imaging Protocols

Regarding iodinated contrast media:

• Avoid iodinated contrast media wherever

possible.

• Avoid nephrotoxic drugs 48 h before contrast

media.

• Avoid high-osmolar contrast media. Use iso-

osmolar or low-osmolar contrast media.

• Minimize contrast volume and avoid repeat

contrast injection within 72 h.

• Consider N-acetylcysteine and/or sodium

bicarbonate.

• Follow up GFR assessment 48 h postcontrast

media injection in patients with GFR

0–60 mL/min.

Regarding gadolinium-based contrast agents, the

FDA recommends that health-care professionals:

• Estimate kidney function through laboratory

testing for patients at risk for chronically

reduced kidney function.

• Avoid use of gadolinium-based contrast

agents in patients suspected to have impaired

drug elimination unless the imaging is essen-

tial and not available without contrast.

• Monitor for signs and symptoms of NSF if

a gadolinium-based contrast agent is adminis-

tered to a patient with acute kidney injury or

chronic, severe kidney disease.

• Administer a gadolinium-based contrast agent

once during an imaging session.

Future Research

• Large-scale robust studies are necessary to eval-

uate the role of N-acetylcysteine and sodium

bicarbonate specifically in a population under-

going CT.

• The precise pathologic mechanism of idiosyn-

cratic “allergic” reaction to iodinated contrast

media is poorly understood. Further research

in this area would be of significant benefit.

• Nephrogenic systemicfibrosis is a relatively new

disease entity which is not entirely understood.
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Key Points

• US health-care expenditures have nearly con-

tinuously increased over the past 40 years not

only in real dollars but also in almost every

other measurable term.

• If current rates of increase were to continue,

long-term growth in medical spending would

eventually consume all growth in per capita

income, and, in 30 years, more than one-third

of the US gross domestic product (GDP)

would be devoted to health-care costs http://

www.whitehouse.gov/assets/documents/CEA_

Health_Care_Report.pdf.

• According to some analyses, much of the stag-

nation of standard of living of the working-

class can be explained by the continued rise in

medical costs, without which American

working families would continue to enjoy a

rising standard of living.

• Most other industrialized countries routinely use

cost-effectiveness analysis (CEA) to improve

the value of medical care, decreasing both inap-

propriate underutilization and overutilization.

• Example of overutilization: self-referral.

From 2001 to 2006, the volume of CT imaging

performed at in-office facilities owned by

radiologists rose by 85 %. The volume of

imaging performed at in-office facilities in

which non-radiologist referring clinicians

had a financial stake rose by 263 %.

• Some physician groups have had success both

lowering costs and improving quality. What-

ever their organizational structure, so-called

accountable care organizations tend to have

certain elements in common: physicians and

hospitals tend to have a close working rela-

tionship, most of them use electronic medical

record systems to track and improve care, and

they generally encourage a culture of

restrained spending and collaboration with

competitors for the benefit of patients.

• The two main thrusts of policy makers’ efforts

are (1) to pay for appropriate care that, based

on the evidence, is most likely to improve

health outcomes and (2) to encourage pro-

viders to work more closely together to make

sure that evidence-based care is provided con-

sistently and efficiently. Ideas that are taking

root include decreasing reimbursement, using

third parties to help decrease inappropriate

imaging, and changing the reimbursement

incentive structure.

• The recently enacted US health-care reform

statute has two main priorities: to expand cov-

erage and control costs. While the coverage

provisions of the act have received the major-

ity of the attention in the press, the second

priority of the statute, that of cost control,

probably has more potential to affect radiolo-

gists and other physicians.

• The challenge has been issued to the medical

community, including radiology, to move evi-

dence-based imaging from a theory or

a collection of anecdotes to one that can be

effectively implemented on a broad scale.

Introduction

Over the last few decades, medical care has

grown from a relatively small sector of the world-

wide economy to one of the most dominant sec-

tors, with no end in sight to its unsustainable

growth. Much of this can be attributed to an

explosion in technology, which is now far beyond

what an individual practitioner can master. How-

ever, a large percentage of costs are often attrib-

uted to inefficiencies of the system; health care

still behaves much like a cottage industry, built

upon loosely networked individual practitioners

whose practices are both highly variable and

opaque, resulting in inconsistent, fragmented

care. Growth in health-care costs and dissatisfac-

tion with service and outcomes have pushed the

debate into the public sphere like never before.

Subsequently, the issue of health-care reform has

become a subject of bitter partisan politics. At the

same time, worldwide recession and mounting

public debts have prompted austerity measures,

limiting the resources available for the provision

and improvement of medical care. There has

never been a greater need to build systems that

efficiently incorporate evidence-based care into

care processes.
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Discussion of Issues

What Political and Economic Forces
Influence the US Health-Care System?

Summary

Internationally, the US health-care system is

a clear outlier in the low proportionate contribu-

tion of government to health-care expenditures.

Therefore, the US system is widely perceived to

be a “free-market” system. However, two major

factors substantially limit the efficiency of the

US health-care market: employer-based health

insurance and the sizeable role of government

payers.

On one hand, many US voters strongly

oppose government involvement in the regulation

and administration of medical care. On the other

hand, many of the same voters adamantly support

current government-sponsored programs.

This has led to political division and, in the

absence of consensus, has resulted in a system

in which no single payer or set of cohesive

market rules control health-care expenditures [1].

Supporting Evidence

The US health-care system is based on a disparate

mix of private and government payers. The

health-care system is widely perceived to be

a “free-market” system. However, two major fac-

tors substantially limit the efficiency of the US

health-care market. First, the majority of individ-

uals with private health insurance (150 million

out of a population of 311 million Americans)

obtain it through an employer [2]. Thus, at least

two intermediaries – the employer and the insur-

ance company – are placed between the customer

(the patient) and the supplier (the provider). This

profoundly alters the normal interaction

between supply and demand that is expected in

a free market. Second, US government sources

contribute 48 % of all health expenditure

payments in the United States (Fig. 7.1) [3]. The

governments of other high-income countries

cover, on average, 72 % of their citizens’ total

health-care expenditures; in the United Kingdom,

New Zealand, and most of the Nordic countries,

the contribution exceeds 80% [4], funded through

tax or mandatory social insurance as well as

contributions from citizens and employers.

Thus, the perception that the United States is the

only major industrialized country without a gov-

ernment-sponsored universal health-care system

is misleading. Only the governments of two other

major industrialized countries, Norway and

Denmark, pay more for their citizens’ health

care on a per capita basis [5].

The disconnect between the perception of

a market-based US health-care system versus

the reality of a government- and insurance-

financed system has created predictable prob-

lems. On one hand, many voters strongly oppose

government involvement in the regulation and

administration of medical care. On the other

hand, many of the same voters adamantly

support current government-sponsored programs.

President Barack Obama articulated the conflict

by quoting a constituent, who reportedly told him,

“I don’t want government-run health care, I don’t

want socialized medicine, and don’t touch my

Medicare” [6]. Compounded by the dispropor-

tionate influence of special-interest groups, poli-

ticians find themselves facing incompatible

demands to ensure widespread access to advanced

medical care while at the same time limiting gov-

ernment intervention and expenditures. This has

led to political division and, in the absence of

consensus, has resulted in a system in which no

single payer or set of cohesive market rules

control health-care expenditures [1].

What Is the Impetus Driving US
Health-Care Reform Now?

Summary

US health-care expenditures have nearly contin-

uously increased over the past 40 years not

only in real dollars but also in almost every

other measurable term. Especially since 1985,

growth in US health-care costs has substantially

exceeded that of any other comparable nation.

If current rates of increase were to continue,

long-term growth in medical spending would

eventually consume all growth in per capita
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income [7], and, in 30 years, more than one-third

of the US GDP would be devoted to health-

care costs [8] http://www.whitehouse.gov/assets/

documents/CEA_Health_Care_Report.pdf.

Supporting Evidence

Sustained market-style demand without the usual

market-style constraints has led to continued

increases in spending. US health-care expendi-

tures as a percentage of GDP are nearly double

those of any other major developed country, and

the per capita expenditures are more than double.

At the same time, US health outcomes are not

significantly better, and, in many cases are worse,

than those of other major developed countries [9].

US health-care expenditures have nearly

continuously increased over the past 40 years

not only in real dollars but also in almost every

other measurable term. Figure 7.2 demonstrates

US national health expenditures from 1965 to

2018 (2008–2018 projected). National health

expenditures increased 57-fold from $42 billion

in 1965 to $2.4 trillion in 2008 and are projected

to reach $4.4 trillion in 2018. This represents an

average yearly increase of 9.6 % from 1965 to

2008, which is 4.9 % greater than the rate of

inflation [10]. Adjusted for population growth,

the annual increase is 3.9 % [11]. This indicates

that the portion of economic output spent on

health care for the average person in the United

States is five times that of the amount spent for

a person in 1965.

All countries struggle to contain health-care

costs to some extent, and real increases in health-

care expenditure are the norm as societies get

wealthier. But, the US system appears to be partic-

ularly vulnerable to unsustainable cost increases.

Since 1985, the annual increases seen in the United

States have been more than double those seen in

other high-income countries [12]. The large influ-

ence that other countries can exert through govern-

ment budgeting (as in the United Kingdom) or

government negotiation with a small number of

nonprofit social insurers (as in France) undoubtedly

factors into their relatively stable health-care costs.

Spending in the United States is expected to

continue to escalate in the coming years. If cur-

rent rates of increase were to continue, long-term

growth in medical spending would eventually

consume all growth in per capita income [7],

and, in 30 years, more than one-third of the US

GDP would be devoted to health-care costs [8]

http://www.whitehouse.gov/assets/documents/CEA_

Health_Care_Report.pdf. Economists, business

executives, and government officials are urgently

reporting that this constitutes a major threat to the

United States’ economic well-being and ability to

compete in a global marketplace [13].

How Are Rising Costs of Health Care
Affecting Governments and
Individuals?

Summary

According to some analyses, much of the stagna-

tion of standard of living of the working-class can

be explained by the continued rise inmedical costs,

without which American working families would

continue to enjoy a rising standard of living [14].

In its summary of the 2009 annual report, the

Medicare trustees projected that, unless changes

to the revenue or payment system or both are

made, the Hospital Insurance (HI) trust fund,

which has already begun to contract, will be

exhausted by 2017 while spending commitments

will continue to increase.

Supporting Evidence
Escalating costs are increasingly impacting indi-

vidual American families. The total annual med-

ical cost for the average family of four is

approximately $16,771, of which the employee

pays $6,824 and the employer pays $9,947 [15].

For a family with a median income of approxi-

mately $52,233, health insurance premiums and

out-of-pocket costs make up approximately 13 %

of household take-home salary. However, when

benefits paid by the employer are taken into con-

sideration, health costs for the median worker

account for approximately 25 % of total compen-

sation ($17,000 of $66,570) [14].

Adjusting for inflation, after-medical-cost

compensation of households in the median

income level and below has essentially remained

flat for the last 30 years, and is projected to
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decrease in coming years. According to some

analyses, much of this stagnation of standard of

living of the working-class can be explained by

the continued rise in medical costs, without

which American working families would con-

tinue to enjoy a rising standard of living [14].

Costs that are burdensome for healthy fami-

lies with medical insurance can be financially

devastating for those with a family member

who becomes ill. Medical costs for hospitalized

individuals quickly reach the hundreds of thou-

sands of dollars, and those without insurance can

expect to be charged, on average, two to three

times that of a person with insurance [16]. Fam-

ilies of those without insurance or with insuffi-

cient insurance are commonly held liable for

most, if not all, of this amount. In 2007, 62 %

of all bankruptcies were linked to medical

expenses. Nearly 80 % of persons involved in

such bankruptcies had health insurance [17].

Furthermore, each year approximately 1.5 mil-

lion US families lose their homes to foreclosure

due to medical crises [18].

In addition to the increasing financial burden

on individual families, rising health-care costs

are also increasingly straining government

budgets. Medicare, the US federal government’s

insurance program for the elderly, is financed

from two trust funds: the Hospital Insurance

(HI) fund, which pays for hospital services and

related inpatient care, and the Supplemental

Medical Insurance (SMI) fund, which pays for

physician and outpatient services (part B) and

prescription drugs (part D). In its summary of

the 2009 annual reports, the Medicare trustees

projected that, unless changes to the revenue or

payment system or both are made, the Hospital

Insurance (HI) trust fund, which has already

begun to contract, will be exhausted by 2017

while spending commitments will continue to

increase. The Supplemental Medical Insurance

(SMI) fund is more difficult to project, since the

projections incorporate two unlikely assump-

tions. First, current law calls for continued phy-

sician reimbursement rate cuts of more than

20 %; Congress has overridden adjustments to

the sustainable growth rate for the past 7 years

and will likely do so again. Second, premium

increases for most enrollees are disallowed

under the current law, and the deficit is compen-

sated by unusually large premium increases for

the unprotected minority of enrollees; the

resulting disparity would likely be very unpopu-

lar. Therefore, while the trustees do not directly

project the Supplemental Medical Insurance

(SMI) fund status, it is likely to follow a similar

course as the Hospital Insurance (HI) fund, with

depletion by around 2017 [19].

Increasing health-care expenditures have been

the main driving force behind the 2009 legislative

efforts to overhaul health care. In a White House

speech in March 2009, President Obama

remarked, “the greatest threat to America’s fiscal

health is not Social Security, though that’s

a significant challenge; it’s not the investments

that we’ve made to rescue our economy during

this crisis. By a wide margin, the biggest threat to

our nation’s balance sheet is the skyrocketing

cost of health care. It’s not even close” [20].

In his address to a joint session of Congress in

September 2009, he stated, “If we do nothing to

slow these skyrocketing costs, we will eventually

be spending more on Medicare and Medicaid

than every other government program combined.

Put simply, our health-care problem is our deficit

problem. Nothing else even comes close” [13].

While rising health-care costs have been a source

of concern by policy makers for many years, the

recently passed health-care reform law indicates

that we have finally reached the point that such

concerns outweigh the considerable political

resistance to changing the system. Though much

of what is contained in the law is rejected by

Republicans, President Obama’s sentiment that

health-care expenditures are too high and must be

addressed is generally accepted by both parties.

While policy shifts in the United States have

been driven by cost concerns, improving access

to care has been a more important motive for

change in countries with heavily publically

funded systems. In Sweden, often cited as the

archetypical system of socialized medicine,

about one-quarter of primary care facilities are

now privately operated [21]. In the United

Kingdom, lengthy and seemingly intractable

waiting times for elective surgical procedures at
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public hospitals eventually led to the government

opening up the market and purchasing care from

privately run treatment centers [22]. In both

cases, the dominant role of the government in

funding care has not been seriously questioned,

but the monopoly of public hospitals and

clinics in providing that care has been removed

in an attempt to increase capacity, stimulate

competition, and provide care more efficiently.

Do Increased Health Expenditures
Lead to Better Care?

Summary

Wide regional variation in US health-care expen-

ditures cannot be adequately explained by illness

severity, cost of living, quality of care, or

improved health outcomes.

Because of this apparent overutilization, many

experts believe that the opportunity exists to simul-

taneously improve quality and decrease costs.

Most other industrialized countries routinely

use cost-effectiveness analysis (CEA) to improve

the value of medical care, decreasing both inap-

propriate underutilization and overutilization.

Supporting Evidence
While rising health-care costs are the major

driver for the recent health-care reform initiative

in the United States, an additional major cause of

concern for payers and policy makers is that

much of the health-care spending is not contrib-

uting to improved health outcomes. Awareness of

this possibility was first raised by Dr. John

Wennberg and his group at Dartmouth Medical

Center. Beginning in the 1970s, Wennberg and

his colleagues demonstrated that Medicare

spending varied considerably by region [23].

This finding naturally led to questions of appro-

priateness of care and medical spending, which

has been summed up by Princeton health econo-

mist Uwe Reinhardt, who asks, “How can it be

that ‘the best medical care in the world’ costs

twice as much as the best medical care in the

world?” [24]. Further research has shown that

this variation cannot be adequately explained by

illness severity, cost of living, quality of care, or

improved health outcomes. Fisher found that, at

the regional level, increased spending on health

care is actually associated with worse health

outcomes [25]. Because of this apparent

overutilization, many experts believe that the

opportunity exists to simultaneously improve

quality and decrease costs. Peter Orszag, then

the director of the Congressional Budget Office,

stated in 2008 that “researchers have estimated

that nearly 30 % of Medicare’s costs could be

saved without negatively affecting health out-

comes if spending in high- and medium-cost

areas could be reduced to the level in low-cost

areas – and those estimates could probably be

extrapolated to the health-care system as

a whole” [26]. In other words, the US health-care

system does not necessarily need to look to foreign

countries for examples of how to decrease costs,

but can look at regions within its own borders.

The causes for the wide variation in health-

care expenditures have been elusive. The factor

that seems to best explain variation in health-care

utilization is capacity [25]. The most reliable way

to predict the per capita health-care expenditures

in a region is to measure the per capita availabil-

ity of hospital beds, specialists, and capital equip-

ment. Given high health-care expenditures, it is

perhaps not surprising that the United States has

twice as many MRI and CT scanners per head of

population as other high-income countries, being

outdone in imaging capacity only by Japan The

other predictor, which is more difficult to mea-

sure, is the local “culture.” In other words, in

terms of recommending more office visits, order-

ing more tests, and directing longer hospital

admissions, physicians tend to behave similarly

to other physicians in his or her region [27]. These

are likely highly correlated with one another and

neither is especially surprising to many authors,

given the current reimbursement environment that

financially rewards increased utilization, punishes

decreased utilization, and virtually ignores quality

and appropriateness of care [25].

Not only does the system reward more care

rather than better care, it is further flawed in that

physicians and physician groups are rewarded for

working alone and in competition rather than as

members of cooperative teams. It is not
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surprising that the result is an expensive,

fragmented health-care system. In an article in

The New Yorker magazine in June 2009, Atul

Gawande [28] likens the provision of health

care to the building of a house in which the

electrician, plumber, and carpenter are paid for

each outlet, faucet, and cabinet they install, with-

out a subcontractor to oversee the project. You

would not be surprised, he contends, if the final

product resulted in a home containing “a thou-

sand outlets, faucets, and cabinets, at three times

the cost you expected, and the whole thing fell

apart a couple of years later.” This lack of coor-

dination remains a major problem, he argues, no

matter how competent the providers are or who

pays for their work. Contrast this with the UK

system where patient access to most specialist

and hospital care is regulated by the general prac-

titioner, a subcontractor in the analogy above,

who has no financial incentive to refer for

unneeded specialist care.

From the perspective of the federal govern-

ment and other US payers, misaligned provider

incentives result in inappropriate overutilization

of care much more often than inappropriate

underutilization. However, some screening pro-

cedures and other public health initiatives are inap-

propriately underutilized, even though they have

proven to be cost-effective. For example,mammo-

graphic screening has a very competitive cost-

effectiveness ratio (CER) of $10,000 to $25,000

per quality-adjusted life-years; interventions with

a CER of less than $100,000 are generally consid-

ered to be worthwhile. However, utilization rates

of mammography are only 50–70 %, well below

the 80 % plus rates that have been achieved in

Finland, the Netherlands, and Spain ([1, 29]).

Osteoporosis screening has similar CER but even

lower implementation of 35 % [1].

Most other industrialized countries routinely

use cost-effectiveness analysis (CEA) in an

attempt to improve the value of medical care,

decreasing both inappropriate underutilization

and overutilization [1] (see Chap. 1, “Evidence-

Based Imaging: Principles”). However, the Cen-

ter for Medicare and Medicaid Services (CMS)

has deliberately avoided CEA, largely due to

political considerations [30]. The current CMS

remits to pay for all care that meets the ill-defined

criteria of being “reasonable and necessary” is in

sharp contrast to the UK National Institute of

Health and Clinical Excellence (NICE)

established in 1999 explicitly to “appraise the

clinical benefits and the costs of. . . interventions”

[31]. As we will discuss later in this chapter, this

US avoidance of CEA may change with recently

enacted health-care reform legislation.

How Does Supplier-Driven Demand
Influence Imaging Utilization?

Summary

From 2001 to 2006, the volume of CT imaging

performed at in-office facilities owned by radiol-

ogists rose by 85 %. The volume of imaging

performed at in-office facilities in which non-

radiologist referring clinicians had a financial

stake rose by 263 % [32].

Supporting Evidence

One of the most obvious examples of so-called

supplier-driven demand, where the sales of goods

or services are highly influenced by the seller,

occurs when physicians refer patients for imaging

in which the same physician stands to gain

financially from the imaging study. Radiologists

refer to this as “self-referral.” It has been

a recognized conflict of interest for many years,

and legislation has been enacted to prevent this

from occurring (known as Stark laws). However,

imaging performed in the physician’s own office

is exempted from the restriction. Imaging volume

in these offices has increased substantially in the

past few years. For example, from 2001 to 2006,

while the volume of CT imaging performed at

in-office facilities owned by radiologists rose by

85 %, it rose by 263 % in facilities owned by

non-radiologists [32]. Another study showed that

physicians who referred patients to themselves or

those of the same specialty were up to twice as

likely to refer a patient for imaging as those

who referred patients to radiologists [33]. The

June 2009 Medicare Payment Advisory Commis-

sion (MedPAC) report to Congress found that

self-referring physicians ordered between 5 %
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and 104 % more imaging than nonself-referring

physicians [34].

Not surprisingly, self-referral is a controver-

sial issue. The issue of self-referral has been a

focus of discussion by the ACR leaders on Capitol

Hill for years, but no significant changes have

occurred in regulations. Self-referral has typically

been viewed by lawmakers as a turf battle

between radiologists and other imaging pro-

viders. The Patient Protection and Accountability

Act only indirectly addresses self-referral, with a

provision that requires physicians to inform

patients that they may obtain imaging services

from other providers and to supply patients with

a list of such providers [35].

While it is unclear whether self-referral will be

more regulated in the near future, judging from the

number of times the subject has been highlighted

in recent policy reports and major news articles, it

at least has gained increasing attention by law-

makers. An entire report from the Government

Accountability Office in June 2008 was dedicated

to the subject, which urged CMS to consider fur-

ther expansion of imaging management practices

or utilization of intermediary companies to restrict

overutilization [36]. Private insurers have already

realized the role of self-referral in increased utili-

zation and, through radiology benefit management

(RBM) companies, are beginning to limit self-

referral, which may obviate the need for further

legislative action.

Self-referral for imaging in the United States is

an egregious example of supplier-driven demand,

but it is far from unique to the US system of care;

in fact much of the empirical data on this phenom-

enon comes from Europe and beyond [37]. In

particular, it is likely to be a problem wherever

reimbursement methods, such as fee for service,

designed to incentivize clinicians to provide more

care known to be effective also inadvertently stim-

ulate care of little or no benefit to the patient.

What Can Be Learned from
“High-Value” Systems?

Summary
Whatever their organizational structure, so-

called accountable care organizations tend to

have certain elements in common: physicians

and hospitals tend to have a close working rela-

tionship, most of them use electronic medical

record systems to track and improve care, and

they generally encourage a culture of restrained

spending and collaboration with competitors for

the benefit of patients.

Supporting Evidence

Historically, research on variation in care has

highlighted examples of overuse of health-care

services, like self-referred imaging. However, by

documenting variation, researchers at Dartmouth

and elsewhere recently have begun to highlight

regions that consistently demonstrate improved

health outcomes at lower costs than the national

average. Increasing attention has been paid to

these regions to discover how they are able to

achieve such remarkable results. The theme that

commonly resurfaces is that they are dominated

by groups of clinicians who work together in

a cooperative way to study and systematically

improve care from the perspective of the patient.

Elliott Fisher has termed these types of organiza-

tions “accountable care organizations” (ACOs)

[38]. They may be highly organized into an inte-

grated delivery system, like the Mayo Clinic in

Rochester, or they may be a community of

unaffiliated care providers like that in Grand

Junction, Colorado [39].

Whatever their organizational structure, these

groups of providers tend to have certain elements

in common: physicians and hospitals tend to have

a close working relationship, most of them use

electronic medical record systems to track and

improve care, and they generally encourage a cul-

ture of restrained spending and collaboration with

competitors for the benefit of patients. They also

are dominated by nonprofit health systems [40].

Under the fee-for-service system, organiza-

tions that achieve improved outcomes at lower

costs often do so at their own financial peril.

For example, large investments that improve

coordination of care, like implementation

of a multi-hundred-million-dollar electronic

medical record system, have been borne by the

hospital or health system. When physicians

choose to avoid unnecessary imaging and
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procedures, they forgo the potential income. And

when hospitals work together to discharge

patients sooner, arranging better post-discharge

care, resulting in decreased readmission rates, all

of the savings are retained by the payer, and lost

to the care provider [28]. Hence, the fee-for-

service payment structure incentivizes behavior

that is not necessarily optimal for the patient.

Cost-Control Strategies: Rationing
Versus Reducing Inappropriate Care

Summary

The twomain thrusts of policymakers’ efforts are

(1) to pay for appropriate care that, based on

the evidence, is most likely to improve health

outcomes and (2) to encourage providers to

work more closely together to make sure that

evidence-based care is provided consistently

and efficiently. Ideas that are taking root include

decreasing reimbursement, using third parties

to help decrease inappropriate imaging, and

changing the reimbursement incentive structure.

Supporting Evidence

Spiraling health-care costs in the face of budget

constraints have finally pushed lawmakers to

tackle this issue legislatively. While this is not

the first attempt at health-care cost control, it dif-

fers in significant ways from prior attempts. Policy

makers have realized that simply limiting access

to health care or attempting to pay providers less

for the same service is not politically palatable,

does nothing to address inefficiencies in the sys-

tem, and is not sustainable. While across-the-

board reimbursement cuts are likely to be used in

some cases, policymakers are beginning to realize

the perversity of the financial incentives inherent

in the current reimbursement structure and are

seeking payment systems that reward appropriate

care and discourage inappropriate care [26].

In general, the two main thrusts of their efforts

are (1) to pay for appropriate care that, based on

the evidence, is most likely to improve health

outcomes and (2) to encourage providers to

work more closely together to make sure that

evidence-based care is provided consistently

and efficiently. While there are many ideas cir-

culating regarding how to accomplish these

objectives as they relate to imaging, ideas that

are taking root include decreasing or refining

reimbursement, using third parties to help

decrease inappropriate imaging, and changing

the reimbursement incentive structure.

(a) Reimbursement Cuts and Refinements

In its annual report to Congress in March

2009, MedPAC specifically examined reimburse-

ment rates for diagnostic imaging. While recog-

nizing the rapid technological progress in

diagnostic imaging which enables physicians to

more rapidly and precisely diagnose and treat

illness, the Commission expressed concern that

“the rapid volume growth of costly imaging ser-

vices over the past several years may signal that

they are mispriced” [36].

CMS reimburses providers separately for

performing imaging studies (technical compo-

nent) and interpreting the studies (professional

component). The technical component is gener-

ally larger than the professional component, often

much larger; for example, for MRI of the brain,

the technical component accounts for 88 %,

and the professional component accounts for

12 % of the total reimbursement. Under a fee-

for-service arrangement, a practice is reimbursed

according to the volume of imaging performed.

Therefore, once a practice has invested in

a scanner, it has a strong incentive to perform as

many scans as possible to recoup the investment

and then to make a profit. MedPAC argues that

the technical component for expensive services

such as MRI and CT scans likely are too high,

encouraging practices that would otherwise have

insufficient volume to justify purchasing

a scanner to make the investment and overutilize

it. The Commission believes that, if the reim-

bursement were lowered, fewer scanners would

be purchased, decreasing the pressure for

overutilization.

CMS sets reimbursement rates based on the

estimation that equipment is utilized 25 h per

week. MedPAC states in its report that this esti-

mate was not based on empirical data and is not

accurate [36]. In 2006, MedPAC sponsored

a survey that found that CT scanners are in
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operation an average of 42 h per week (median

40 h) and MRI scanners 52 h per week (median

46 h). In order to discourage the purchase of

excessive equipment, MedPAC recommended

that the equipment-use factor be changed. This

was incorporated into the Patient Protection and

Accountable Care Act [35], which changed the

utilization factor from one based on 25 h per

week to one based on 37.5 h per week [35]. This

had the effect of decreasing the technical compo-

nent by 33 % when the provision took effect on

January 1, 2011.

The act also decreases continuous body part

reimbursement. Currently, when an imaging

study is performed on two continuous body

parts, the technical component of the examina-

tions is discounted by 25 %. Under the new

law, this discount will be increased to 50 %

[35]. This continues a trend of recent reimburse-

ment cuts and limitations, including those

imposed under the Deficit Reduction Act of

2005, recent imaging-based RVU adjustments,

and Medicare conversion factor changes [41].

This process reflects the rather crude nature of

price setting in CMS and, in fact, the wider world.

A survey of reimbursement levels for MRI of the

brain across four countries revealed 400 %

variation [42].

These sweeping cuts do not address the fun-

damental problem that the current payment level

for any diagnostic imaging procedure is based

loosely on the cost of providing the procedure,

not its value to patients. If we wish to use reim-

bursement to promote evidence-based imaging,

a value-based pricing systemmight be preferable.

To date, the value-based pricing debate has

mainly focused on the pharmaceutical industry.

One form of value-based pricing implemented in

the United Kingdom is flexible pricing. [43]

Under flexible pricing, the price of the drug may

depend on the indication it is being used for,

for example, a higher price for indications

where the effect size is larger or more clearly

demonstrated. The concept of value-based pric-

ing has been explored in diagnostic imaging [44].

However, a key barrier to implementation is the

lack of evidence on the value of, for instance, the

use of FDG-PET in a patient with possible

Alzheimer’s disease vis à vis any other

indication.

(b) Intermediaries (Radiology Benefit Manage-

ment Organizations)

Responding to escalating costs, many payers

have contracted with third-party radiology bene-

fit management (RBM) organizations that assist

in decreasing inappropriate utilization on a case-

by-case basis. The RBM model is derived from

the pharmacy benefit management (PBM) pro-

grams that emerged in the 1990s to control the

growth of spending on prescription medications.

RBM programs attempt to limit overutilization of

imaging in a variety of ways. For more expensive

imaging procedures, most RBMs utilize prior

authorization to approve or deny payment on

the basis of predetermined criteria. RBM organi-

zations also may grant privileges to physicians

and sites based on training and equipment, espe-

cially for in-office imaging. Many RBMs estab-

lish their own network of imaging providers,

independently negotiating discounts with and

processing medical claims from physicians and

physician groups and then passing on those dis-

counts and claims to the payer. RBM organiza-

tions also evaluate the practice patterns of

ordering clinicians compared to a standard or

benchmark and provide feedback and incentives

to change ordering behavior [34].

RBMorganizations have been effective in con-

trolling imaging utilization and associated costs

[45, 46], making the model an extremely attrac-

tive option for payers and regulators. To the extent

that they are able to do this using evidence-based

guidelines makes them even more attractive. The

model gives payers an option to decrease spend-

ing by decreasing inappropriate utilization rather

than cutting reimbursement rates [36].

The American College of Radiology (ACR)

has responded to the growth of such organiza-

tions by issuing a set of best practices guidelines

for the organizations [47]. The report calls for

judicious use of preauthorization (including an

after-hours approval process), simplification of

administrative processes, and transparency of

decision-making and reporting procedures. The

ACR does not, however, endorse the RBM

model; rather, it believes that cost and quality
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goals can be reached through alternative pro-

cesses, including order entry decision support

and referring physician education, without the

added administrative complexity of third-party

RBM organizations. There is some trial evidence

to support this stance, suggesting that educational

reminder messages can reduce requests for radio-

logical tests by as much as 20 %, at least in the

short term [48].

Despite the position of the ACR, payers are

increasingly embracing the RBM model. In

2007, at least five major firms provided RBM

service in the United States, covering an

estimated 88 million persons [46]. In a 2008

report, the Government Accountability Office

(GAO) recommended that CMS either adopt prac-

tices used by RBMs, including privileging and

prior authorization, or simply contract with

RBM companies directly [36]. This was not

included in the health-care reform act, but, as we

will see, this could very quickly become a reality

without the approval of Congress.

The RBM model is likely to have a mixed

effect on individual radiologists. On one hand,

RBM organizations constitute an extra layer of

administration between the ordering physician

and the radiologist. On the other hand, if using

an RBM leads tomore consistent use of evidence-

based ordering practices, then this loss of indi-

vidual control may be worth the potential to

decrease costs in a way that is not detrimental to

health outcomes. At the same time, RBM organi-

zations provide an infrastructure for limiting

inappropriate imaging by prospectively applying

evidence in individual cases. RBM organizations

also are able to objectively argue against costly

self-referral practices – an argument that is often

perceived as turf protection when delivered by

radiologists.

Radiology benefit management organizations

are likely to increase in prevalence, at least in the

short run. Radiologists have essentially three

options for dealing with RBM growth: do nothing

with the hope that market forces will naturally

encourage RBM organizations to behave in

patients’ best interest (which is not inconceiv-

able), attempt to replicate the functions of RBM

organizations (preventing their penetration into

local markets) through processes such as comput-

erized physician order entry and physician feed-

back, and either form partnerships with RBM

organizations that are more receptive to radiolo-

gists’ input or become involved with the selection

of an RBM organization before the decision is

made for them. Active opposition to the

RBM model without a viable alternative is not

likely to be successful at this point, given the

track record of decreasing costs and the level of

market penetration already achieved by RBM

organizations.

(c) Change inReimbursement Structure (Accoun-

table Care Organizations)

The idea of the accountable care organization

(ACO) was first proposed in 2006 [38] and was

included in expanded form in MedPAC’s annual

report to congress in 2009 [34]. The overall

objective is to find a way to provide financial

incentives for greater cooperation between

physician groups and hospitals by rewarding

them for minimizing cost increases and

maintaining quality. As proposed by MedPAC,

each ACO would be centered around an individ-

ual hospital or local hospital network. Primary

care physicians and specialists would be assigned

to the same ACO as the hospital caring for most

of their patients. The size of the organization

might range from a single hospital with

local physicians to a large hospital network and

affiliated physician groups. The relationships

could also vary, from unaffiliated physician

groups and hospitals to staff-model integrated

delivery systems. Regardless of the affiliation,

the ACO would need to meet two criteria:

have a minimum number of patients – in order to

distinguish improvement from random variation,

MedPAC recommends a minimum of 5,000

patients – and have a formal organizational

structure that would allow it to make decisions

regarding capacity. Once the ACO is recognized,

eachmember would accept joint responsibility for

the quality and cost of care received by the ACO’s

panel of patients.

The underlying philosophy of the account-

able care organization is that organizations

should share in the savings when they make

appropriate utilization decisions that save costs
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and preserve quality of care. MedPAC proposed

that 80 % of those savings be given to the orga-

nizations and 20 % retained by Medicare.

A fixed dollar amount of spending growth

targets would be established for all organiza-

tions. A bonus would be allotted to physicians

and hospitals in those ACOs with lower-than-

average spending increases [34]. The MedPAC

report provides an example of a low-use, aver-

age-use, and high-use ACOwith baseline spend-

ing per capita of $7,000, $10,000, and $12,000,

respectively. Each would be given an allowance

for growth of $500. Therefore, in order to meet

the spending targets, they would need to spend

less than $7,500, $10,500, and $12,500 per ben-

eficiary, respectively. This is a percent increase

of 7.1 %, 5.0 %, and 4.2 %, respectively. As

shown in the example, while the opportunity to

meet the spending target is equal from the per-

spective of dollar growth, the low-use ACO

enjoys an advantage from the perspective of

percentage growth.

The ACOmodel attempts to balance the incen-

tives of capitation and fee-for-service plans.

A major criticism of the capitation plans common

in the 1990s was that they created incentives for

providers and hospitals to underutilize services,

since spending for care financially penalized the

provider, regardless of necessity. On the other

hand, the currently predominant fee-for-service

model incentivizes overutilization, with reim-

bursement dependent on the volume of services

provided. The ACO model combines elements of

both capitation and fee-for-service,with additional

rewards for provision of evidence-based care.

In addition to spending targets, accountable

care organizations would also need to meet qual-

ity targets. Initially, these would be based on

process measures, with more limited outcomes

measures. Eventually, outcomes measures

would be incorporated, which might include mor-

tality rates, avoidable hospital admissions,

readmissions, and patient satisfaction.

A weighted quality score would likely be

established, and the ACO would need to meet

the target to be eligible for the bonus. Quality

measures would likely include assessments of

how well their organizations adhere to

evidence-based guidelines. Rather than micro-

manage utilization behavior, the objective of the

ACO structure is to provide incentives for the

practice of evidence-based medicine at the level

at which clinicians make decisions – at the local,

regional, or health system level – and let the

clinicians and hospitals work together to deter-

mine how to make it happen. The desired result

is that when clinicians and hospitals work

together to provide the best care for the lowest

cost, the care will naturally become more evi-

dence based.

The Patient Protection and Affordable Care

Act provides for the establishment of ACO pilot

projects by organizations that meet certain

criteria. If they meet cost and quality criteria,

they will share in the Medicare savings averaged

over a 3-year period [35].

How Is the Recently Passed US
Health-Care Reform Initiative Expected
to Influence Cost and Quality?

Summary
The US health-care reform statute has two main

priorities: to expand coverage and control costs.

While the coverage provisions of the act have

received the majority of the attention in the

press, the second priority of the statute, that of

cost control, probably has more potential to affect

radiologists and other physicians.

The Patient Protection and Affordable Care

Act provides for the establishment of a large

number of demonstration projects and initiatives

that will be carried out over the next few years.

The question of whether the provisions

contained in the Patient Protection and Afford-

able Care Act will go forward likely depend to

a great extent on the current administration’s

ability to execute its provisions.

Supporting Evidence
Concepts of simultaneous cost control have

played a prominent role in the Patient Protection

and Affordable Care Act signed into law on

March 30, 2010. It was passed by a narrowmajor-

ity in the US Congress after more than a year of
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bitter partisan politics, having been nearly

defeated on several occasions. It represents

a considerable political risk on the part of the

President and Democratic lawmakers; it is now

in their interest to make it work.

The statute has two main priorities: to expand

coverage and control costs. The Democrats felt

that it was important to expand coverage first,

since without that protection, cost-control mech-

anisms would likely exclude large elements of

the population. The statute expands coverage

through a variety of mechanisms, including

health insurance exchanges, penalties for nonpar-

ticipants, assistance for low-income individuals,

increases in insurance oversight, and expansion

of Medicaid [35]. While the coverage provisions

of the act have received the majority of the

attention in the press, the second priority of

the statute, that of cost control, probably has

more potential to affect radiologists and other

physicians.

(a) Learning What Works

The cost-control provisions reflect the desire

to move beyond across-the-board reimbursement

cuts and to change the incentive structure to one

that rewards quality rather than quantity. How-

ever, there are few examples of practical ways to

accomplish this. Therefore, the Act provides for

the establishment of a large number of demon-

stration projects and initiatives that will be car-

ried out over the next few years. Examples are

listed in Table 7.1.

Most of these projects and initiatives will

involve a limited number of health-care net-

works, providers, and patients at first. However,

evidence gathered from these projects will guide

implementation of changes that will affect

a broader cross-section of the US population.

Therefore, while the effects of cost-control ini-

tiatives are not likely to be felt immediately, after

a few years of study, we may witness waves of

sweeping changes driven by research that is cur-

rently getting underway.

(b) Coming Changes

A comprehensive discussion of the projects

and initiatives included in the PPACA is beyond

the scope of this chapter. Several of these pro-

visions have already been discussed. One more

deserves special attention: the Independent Pay-

ment Advisory Board (IPAB).

The IPAB provision was a relatively low-

profile element of PPACA that has high-potential

impact on the future of the US health-care system.

In 1997, Congress established the Medicare

Payment Advisory Commission and tasked them

with advising Congress on issues affecting Medi-

care, primarily dealing with access, cost, and

quality [35]. MedPAC has provided many recom-

mendations to Congress since that time. However,

once they are put before Congress, they are

subjected to political processes that make it diffi-

cult to enact the unpopular changes that are often

put forth. Having witnessed this for over a decade,

authors of the health-care reform act saw the need

for a body that not only was independent of con-

gress, but whose recommendations could be insu-

lated from the political process.

The IPAB will be made up of 15 members,

nominated by the President and confirmed by

Congress to 6-year terms. Beginning in 2014,

any year in which the Medicare per capita finan-

cial growth rates exceed targeted rates (which is

likely to occur most years), the board will be

required to recommend Medicare spending

reductions. These recommendations will auto-

matically become law unless Congress passes

an alternative. Furthermore, the President can

veto Congress’ alternative. While the board has

some limitations – it may not recommend pro-

visions that ration care, raise taxes or beneficiary

premiums, or change Medicare benefits, eligibil-

ity, or cost-sharing standards – it may have sig-

nificant authority to quickly enact politically

charged changes needed to control costs.

(c) Political Outlook

The Patient Protection and Affordable Care

Act is widely considered to be one of the most

sweeping, but politically divisive, US legislative

initiative in decades. Legal challenges to several

provisions in the law are already wending their

way through the US legal system, with mixed

results to date. Most of the beneficial provisions

take effect relatively soon, while implementation

of many of the controversial decisions has been

intentionally delayed. The authors of the statute

hope that this will help garner political support for
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the act before legal or legislative challenges can

overturn it [49]. It is widely believed that the law

will be reviewed by the SupremeCourt, whichwill

decide its fate. While the Supreme Court may not

overturn the entire statute, if it rules unconstitu-

tional the mandate that individuals purchase insur-

ance, then it will likely render much of the law

ineffectual, as mandatory participation is a key

element in preventing individuals from waiting

until they are sick to purchase insurance [50].

Given the current political makeup of Con-

gress and the White House, it is unlikely that the

bill will be overturned legislatively during

the Obama Administration. Even if opponents

of the bill were able to overturn the statute,

the task of controlling escalating health-care costs

that dominate the US budget deficit would not

go away. Whether cost control will evolve

along the lines of the Accountable Care Act as

described above or by limiting access to care or

through other means will likely depend to a great

extent on the current administration’s ability to

execute its provisions as well as the political

makeup of future congresses and presidential

administrations.

What Are the Challenges and
Opportunities for Evidence-Based
Imaging?

Summary

The common element of nearly all of the con-

cepts discussed in this chapter is a desire to

encourage and enable the use of evidence-based

medical care and to discourage use of care that is

not evidence-based. Policy makers have learned

that it is not sustainable to enforce blunt cuts in

reimbursement and services, and have placed

their faith in what they have been told by quality

and evidence-based practiced advocates – that we

can both decrease costs and improve health-care

quality at the same time.

The challenge has been issued to the medical

community, including radiology, to move evi-

dence-based imaging from a theory or

a collection of anecdotes to one that can be effec-

tively implemented on a broad scale.

Supporting Evidence
While it may not be obvious now, these devel-

opments provide a significant opportunity for

the advancement of evidence-based medicine.

The common element of nearly all of the con-

cepts discussed in this chapter is a desire to

encourage and enable the use of evidence-

based medical care and to discourage use of

care that is not evidence based. Policy makers

have learned that it is not sustainable to enforce

blunt cuts in reimbursement and services, and

have placed their faith in what they have been

told by quality and evidence-based practiced

advocates – that we can both decrease costs

and improve health-care quality at the same

time. The next few years will provide an oppor-

tunity for organizations to demonstrate whether

that can be achieved. The challenge has been

issued to the medical community, including radi-

ology, to move evidence-based imaging from

a theory or a collection of anecdotes to one that

can be effectively implemented on a broad scale.

This will require research to determine how to do

this effectively. In other words, wide adoption of

evidence-based imaging (EBI) will require evi-

dence-based EBI implementation.

Relative to other specialties, radiology finds

itself in a favorable position. The American

College of Radiology (ACR) has taken a role in

terms of evidence-based image utilization with

the ACR Appropriateness Criteria®. These

guidelines, and international equivalents [51],

were developed to assist referring physicians

and other providers in making the most appropri-

ate imaging or treatment decision. While they

have their shortcomings, they constitute a rela-

tively objective and comprehensive set of criteria

that can serve as the basis for local implementa-

tion of image utilization [52, 53]. For example,

Appropriateness Criteria® are established

through committee consensus through the modi-

fied Delphi process – a valuable technique for

group decision making [52]. However, consensus

methodology renders the distillation of evidence

susceptible to political influences. Nevertheless,

although the appropriateness criteria are not

formed through accepted EBI methods,

a critical review of the evidence forms the basis
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for many of the panel recommendations. The

evidence tables and narrative literature reviews

prepared by the panel leaders thus constitute

a valuable starting point for EBI [54]. Further-

more, what the appropriateness criteria lack in

depth they make up for in breadth, covering over

170 topics [54]. The appropriateness criteria have

been incorporated into at least some RBM algo-

rithms and into the computerized physician order

entry system of at least one large academic med-

ical center, with resultant decreased growth in

utilization of imaging [55].

An alternative method for guideline genera-

tion is that used by the NICE in the United King-

dom through the recently established diagnostics

assessment program (DAP). NICE commissions

an independent academic group to prepare

a review of the clinical and cost-effectiveness of

selected diagnostic technologies. The evidence

assessment is based on a systematic review of

the literature including data supplied by the man-

ufacturers. The final guidelines reflect the stake-

holder input only at the discretion of the guideline

developers [52]. With few exceptions, imaging

strategies recommended by most radiology text-

books do not incorporate accepted EBI method-

ology. The purpose of this text is to provide

systematic reviews of clinical issues in imaging,

presenting concise summaries of the best imaging

choices for patient care, along with evaluations of

the strength of the evidence [54].

Government and private payers are likely to

continue to encourage incorporation of such

criteria, guidelines, and protocols into local

health-care information systems. Under such

a financial incentive structure, those providing

and interpreting imaging services are likely to

be in a better financial position if they follow

evidence-based guidelines. One could argue that

radiologists are at an advantage in that, since they

only rarely refer patients for imaging, radiolo-

gists themselves are rarely the direct cause of

overutilization.

As these initiatives move forward, radiologists

have an opportunity to take a strong position

locally and (inter)nationally in promoting the

use of evidence-based imaging. On a national

level, the simultaneous efforts of radiology

researchers in investigating the effects of self-

referral on image utilization with the develop-

ment of evidence-based appropriateness criteria

place radiologists in a favorable light as an inter-

ested but relatively objective party. By continu-

ing to develop the evidence base and continually

refining imaging criteria, radiology can continue

to be a recognized leader in this regard.

A similar opportunity exists at the local

level. Financial incentive structures are likely

to move increasingly toward rewarding radiolo-

gists who actively cooperate with other physi-

cians to implement evidence-based guidelines

and ordering systems in local health networks.

Radiology groups who are active in promoting

such guidelines and implementing such systems

within their own hospitals are likely to be pre-

pared for such an evolution. However, they may

find it difficult spending the time and effort on

such activities that do not provide direct reim-

bursement in the short run. Even simple efforts

such as standardization of imaging protocols and

increased coordination with ordering clinicians

are likely to be well received as financial incen-

tives increasingly move toward rewarding

a more teams- and evidence-based practice of

medicine.

Take-Home Tables and Figures

Figure 7.1: Government sources pay for 48 % of

all national health expenditures in the United

States, for a total of $1.2B in 2010. Only the

governments of two other major industrialized

countries, Norway and Denmark, pay more for

their citizens’ health care on a per capita basis.

Thus, the perception that the United States with-

out a government-sponsored universal healthcare

system is misleading.

Figure 7.2: US health-care expenditures have

nearly continuously increased over the past

40 year not only in real dollars but also in almost

every other measurable term. The portion of eco-

nomic output spent on health care for the average

person in the United States is five times that of the

amount spent per person in 1965.
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Fig. 7.1 Source of payment of US health expendi-

tures, 2010 (Source: Created from data at http://www.

cms.gov/NationalHealthExpendData/downloads/proj2009.

pdf. Reprinted with permission from Larson DB. The

economic and regulatory impact of evidence-based medi-

cine on radiology. InMedinaLA,BlackmoreCC,Applegate

KE, editors. Evidence-based imaging: improving the quality

of imaging in patient care. New York: Springer; 2011

$5,000

NHE
NHE as a percent of GDP

National Health Expenditures

$4,500

$4,000

$3,500

$3,000

B
ill

io
ns

 o
f d

ol
la

rs

$2,500

$2,000

$1,500

$1,000

$500

1965 1970 1975 1980 1985 1990
Year

1995 2000 2005 2010 2015

25.00%

20.00%

15.00%

10.00%

P
er

ce
nt

5.00%

0.00%$-

Fig. 7.2 US national health expenditures, in dollars and as

a percent of GDP. Data for 2008 and greater are projections

(Source: Created from data from Centers for Medicare and

Medicaid Services, US Department of Health and Human

Services, National Health Expenditure Projects: forecast

summary 2008–2018. Baltimore: Centers for Medicare

and Medicaid Services; 2008. http://www.cms.hhs.gov/

NationaHealthExpendData/downloads/proj2008.pdf; and

Center for Medicare and Medicaid Services, National

Health Expenditure Data. “NHEHistorical and Projections,

1965–2018 (ZIP, 32 KB).” https://www.cms.gov/National-

HealthExpendData/03_NationalHealthAccountsProjected.

asp; (Reprinted with permission from Larson DB. The

economic and regulatory impact of evidence-based medi-

cine on radiology. In Medina LA, Blackmore CC,

Applegate KE, editors. Evidence-based imaging: improv-

ing the quality of imaging in patient care. New York:

Springer; 2011
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Key Points

• Most medical malpractice cases do not

proceed to trial, but are withdrawn, go into

arbitration, or are settled.

• To date, there are limited reported legal opinions

regarding EBM or use of clinical or imaging

guidelines in neuroimaging.

• Relative to general radiologists, neuroradiolo-

gists and interventional neuroradiologists may

be at enhanced risk of litigation arising from

use of medical devices or products.

• Proof related to evidence-based diagnostic

imaging has been admissible in US courts in

malpractice, products liability, and denial of

benefits claims.

Overall Cost to Society

Claims in the USA from state and federal

courts under theories of medical malpractice,

products liability, the Emergency Medical

Treatment and Active Labor Act (EMTALA)

[1], Federal Tort Claims Act (FTCA) [2],

and the Employee Retirement Insurance

Security Act (ERISA) [3] are substantial.

A recent study estimates the annual medical

liability system costs the USA $55.6 billion

in 2008 dollars, of which approximately 80 %

($45.59 billion) is attributable to defensive

medicine [4].

Methodology

Searches were conducted on Medline, PubMed,

LexisNexis Academic, Westlaw, and HeinOnline

(10/20/2011). Terms included are evidence-based

medicine (EBM), evidence-based radiology,

neuroradiology, neuroimaging, interventional

neuroradiology, clinical guidelines, best practices,

practice parameters, and PPACA.

Background and Discussion of Issues

• Does evidence-based medicine (EBM)

differ from evidence in law?

• How is EBM introduced as evidence in

a legal proceeding?

• Does deviation from EBM principles or

clinical practice guidelines constitute

breach of the applicable standard of care?

• In what areas of law is evidence-based

diagnostic imaging likely to become the

subject of litigation?

Adoption of the principles of evidence-based

medicine into health-care practice and policy in

the USA has been uneven [5]. Although separate

constructs, evidence in science and law are

routinely conflated, resulting in vigorous debate

in and out of the courtroom [6]. Evidence in

law is a distinct discipline whose function is

to ensure only trustworthy and relevant facts

are admitted as proof in a case or controversy.

Sources for rules of evidence include federal

and state statutory, legislative, case, and

common law, and may take the form of tangible,

oral, or recorded testimony [7]. Scientific and

medical evidence are usually subject to in limine,

or evidentiary hearings, which precede acceptance

by the court as evidence in a case. This includes

hearings for expert witness testimony in

medical malpractice cases and the introduction of

scientific and medical evidence, including prac-

tices using evidence-based medicine (EBM) [8].

Evidentiary rules regarding the admissibility

of EBM in federal and state courts vary by juris-

diction. Litigants most frequently attempt to intro-

duce clinical practice guidelines (CPGs), or an

analogue, as direct and indirect evidence of

the standard of care. Clinical practice guidelines

can be, but are not necessarily, within the penumbra

of EBM and can vary widely in quality and
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timeliness [9]. CPGs are often used synony-

mously in medical and legal literature as

“algorithms,” “clinical pathways,” “best prac-

tices,” and “practice parameters” [10]. Clinical

practice guidelines rely increasingly on EBM

methodology to produce more robust, empirical

evidence in support of recommendations. Never-

theless, evidence-based CPGs promulgated by

third-party payers to control costs of health care

do not necessarily improve patient outcomes, can

be rife with conflict of interest, and some practices

claiming to be EBM lack scientific rigor [11].

The federal government and agencies such as

the Institute of Medicine (IOM) and Health and

Human Services (HHS) are currently at the fore-

front of advancing CPGs that are developed using

EBM methodology [12]. Current federal support

of evidence-based practice and guidelines, such as

the National Guideline Clearinghouse, has

resulted in a systematic collection of guidelines

[13]. The IOM has released two consensus reports:

Clinical Practice Guidelines We Can Trust [14]

and Finding What Works in Health Care: Stan-

dards for Systematic Reviews [15]. The American

College of Radiology (ACR) issues and routinely

updates its Practice Guidelines, Technical Stan-

dards, and Appropriateness Criteria [16].

The appropriation and distribution of 1.1

billion dollars in federal funding under Title

VIII of American Recovery and Reinvestment

Act (ARRA) to conduct comparative effective-

ness research (CER) underscores a commitment

to EBM [17]. The 2010 Patient Protection and

Accountable Care Act (PPACA) provided funding

for the creation of the Patient-Centered Outcomes

Research Institute (PCORI). The PCORI is cur-

rently in the process of defining its mission; by

statute, it is required to disseminate research find-

ings related to clinical effectiveness and appropri-

ateness rapidly. The statute also states that the

research findings from the institute shall, “. . . not

be construed as mandates for practice guidelines,

coverage recommendations, payment or policy

recommendations” [18]. There is, however, pend-

ing federal legislation in the House of Represen-

tatives entitled “Empowering Patients First Act,”

which creates an affirmative defense and limita-

tion of damages, to a claim of medical malpractice

if a health-care provider is in compliance with best

practices guidelines [19].

It is likely that evidence-based practice

guidelines promulgated by the federal govern-

ment and viewed as codified standards of medical

care will be controversial. In an earlier effort to

contain health care and insurance costs, several

jurisdictions – Maine [20] Minnesota [21],

Vermont [22], Kentucky [23], Florida [24] –

passed prescriptive legislation to limit the use of

CPGs in litigation. Most are now repealed,

and these statutes are problematic, raising

constitutional issues implicating the right to a

jury trial, due process, and equal protection. The

American Bar Association (ABA) sets its position

in 2011, issuing a formal resolution that (1) it

supports development and use of EBM or medical

practice guidelines or standards and recognizes that

such guidelines are not necessarily the applicable

standard of care, and (2) it opposes federal or state

legislation that creates an evidentiary presumption

that a health-care provider is either presumptively

negligent or not negligent, or responsible, for an

adverse outcome solely on the basis that the

health-care provider either practiced, or failed to

practice, in conformity with EBM, clinical or

medical practice guidelines or standards [25].

EBM as a Legal Standard of Care

Summary

The standard of care to which a physician

practicing in the specialty of neuroimaging is

held varies by jurisdiction. Whether an

evidence-based CPG constitutes evidence of, or

is the legal standard of care to which a physician

may be held, is a developing area of law.

8 Evidence-Based Neuroimaging in Medical-Legal Cases and its Developing Role 115



Supporting Evidence
Standards of care are practices or services

considered medically necessary that a health-

care provider is required to render under same

or similar circumstances [26]. The legal standard

of care to which a physician is held is defined in

each of the 50 states and the District of Columbia

by statute or case law. Approximately 40 % of

states adhere to the locality rule, i.e., that is the

standard of care practiced by physicians in the

same community, or a variation such as the “same

or similar locality,” or within the entire state [27].

For example, in defining the elements necessary

to prove medical malpractice, the state of

Washington defines breach of the accepted

standard of care to be the failure, “. . . to exercise
that degree of care, skill, and learning expected of

a reasonably prudent health care provider at that

time in the profession or class to which he or she

belongs, in the state of Washington, acting in the

same or similar circumstances” [28]. A majority

of states and entities under federal jurisdiction

have some form of national standard. Whether

an evidence-based CPG (or analogue) constitutes

evidence of, or is the legal standard of care to

which a physician may be held, is an open debate

[29]. Compliance with a CPG does not necessar-

ily assure the best medical care; deviating from

a CPG does not always indicate poor care [30].

Litigants routinely attempt to offer guidelines,

or a functional equivalent, as substantive

evidence of the standard of care [31], indirect

evidence of standard of care [32], for impeach-

ment of witnesses or rebuttal [33], and as learned

treatises [34]. Regardless, introduction of

scientific or medical evidence is subject to pretrial

review by the court (judge) functioning as gate-

keeper in pretrial hearings to review proffered

evidence using expert witness testimony in state

and federal jurisdictions [35]. In federal court,

pretrial evidentiary Daubert hearings are

conducted to establish (1) whether the scientific/

medical evidence or testimony is reliable (defined

as scientific validity) and also (2) whether the

evidence or testimony is relevant [36]. As an

alternative, a CPG or analogue might be admissi-

ble as a government standard/public record under

Federal Rules of Evidence (Fed. R. Evid.) 803

(8) or, under Fed. R. Evid. 201, the court may

simply take judicial notice and no testimony.

This presupposes that particular guidelines or

the practice of EBM become recognized as

beyond factual dispute, thereby requiring no

expert testimony for admissibility [37].

Neuroimaging and EBM

Summary

There is little legal precedent in the area of

evidence-based diagnostic imaging. Those

practicing neuroimaging may be likely to be

codefendants in lawsuits with neurosurgeons or

neurologists, or in liability cases associated with

medical devices and products.

Supporting Evidence
Evidence employing or related to evidence-based

diagnostic imaging has been admissible as proof

in US courts primarily in three situations: (1) the

tort of medical malpractice, (2) products liability

[38], and (3) entitlement to benefits claims [39].

Medical Malpractice
To date, there are limited reported cases

specifically against radiologists that involve

EBM or use of clinical or imaging guidelines in

neuroimaging. Facts and results of medical-legal

cases in the USA are reported in official

published opinions if there is an appeal from

a lower court or tribunal ruling. Most medical

malpractice cases do not go to trial, but are

withdrawn, go into arbitration, or are settled in

some fashion [40]. Selected cases of interest,

although officially not reported, are published in

proprietary practitioners’ publications that

lack public access. These cases do not

have precedential value, but are highly instruc-

tive and guide practice [41]. Neuroimaging

evidence in medical malpractice cases most

often involves physicians in the neurosciences

against whom lawsuits are brought as a result of

an alleged diagnostic or therapeutic mishap [42].

Diagnostic radiologists are often swept into the fray

as codefendants, consultants, or expert witnesses in

cases against surgeons and neurologists.
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In Jerden v. Klamath [43], an Oregon

neurosurgeon performed an unnecessary craniot-

omy based on his interpretation of the plaintiff’s

magnetic resonance imaging (MRI) andmagnetic

resonance angiogram (MRA). The defendant

neurosurgeon failed to read and consider

the interpretation by the defendant hospital

radiologist that had stated, “Scattered white

matter lesions bilaterally suggesting changes of

demyelinating disease.” The plaintiff did, in

fact, have multiple sclerosis, not a brain tumor.

Although multiple medical experts for the

defendant and plaintiff testified at trial regarding

the proper interpretation of the MRI and MRA

reports, none was a radiologist [44].

The standard of care for treatment of

subarachnoid hemorrhage (SAH) and cerebral

vasospasm (VSP) was explored in Haines vs.
Gifford, a 2001 California case not officially

reported but instructive [45]. During the period

at which the plaintiff, Ms. Haines, was at

high risk for VSP after SAH surgery by

a defendant neurosurgeon, she was left

unmonitored, underwent VSP, and suffered

permanent neurological damage. The plaintiff

sued the community hospital where treatment

had occurred, the staff radiologist, and staff

neurosurgeons. Claims included failure to meet

the then standard of care in (1) misdiagnoses of

the patient’s computed tomography (CT) scans,

(2) not monitoring the patient when she was at

high risk for VSP, and (3) failing to transfer

the plaintiff to another facility that employed

interventional radiologists and neurosurgeons

qualified to diagnose and treat SAH with

advanced procedures such as coiling and

angioplasty.

Liability and Medical Products
Relative to general radiology, the subspecialties

of neuroradiology and interventional neuroradi-

ology may to be at enhanced risk of litigation

arising from use of medical devices and products.

Increasing numbers of individual and class action

lawsuits are being filed on behalf of patients

injured by defective or misapplied medical

devices such as stents, or pharmaceuticals such

as gadolinium.

Stents

Mrs. Waldt, the 52-year-old plaintiff inWaldt vs.

UMMSC, was diagnosed with an aneurysm in the

middle cerebral artery (MCA) [46]. Three

treatment options were presented to her: monitor

the status of the aneurysm, undergo surgical

clipping, or endovascular coiling. After lengthy

consultation with the defendant neuroradiologist,

the plaintiff elected the coiling procedure.

The plaintiff also agreed to the defendant’s use

of a Neuroform stent, a device used in Europe

but pending approval by the US Food and

Drug Administration (FDA). During the

procedure, a coil became ensnared in the mesh

stent, and the neuroradiologist spent over two

hours attempting to remove it. The MCA

perforated and the plaintiff suffered a stroke

resulting in severe impairment. Although

Mrs. Waldt brought a lawsuit alleging negligence

and lack of informed consent against the neuro-

radiologist and his employer, she did not prevail

at trial or at the Maryland Court of Appeals [47].

Gadolinium

In 2006, it was reported that patients with severe

renal disease can develop nephrogenic systemic

fibrosis (NSF) after undergoing gadolinium-

enhanced MRI exams [48]. The precise etiology

is unknown. The well-publicized issues around

NSF, its relationship to gadolinium-based

contrast agents, and the FDA’s requirement of

“black box warnings” appear to have effected

a reduction in new cases of NSF and appropriate

changes in radiology practice [49]. Litigation by

advocates of patients who developed NSF has

resulted in hundreds of claims filed in state and

federal courts against gadolinium-based contrast

agent (GBCA) manufacturers. In excess of 500

cases were consolidated as multi-district

litigation (MDL) in the Northern District of

Ohio, Eastern Division, for the pretrial discovery

and gatekeeper phases. In May 2010, the US

District Court judge issued a ruling permitting

expert witnesses for the class action plaintiffs

and defendants to testify for, and against, the

“free gadolinium theory” of NSF causation [50].

This has prompted settlements with plaintiffs by

GBCA manufacturers.
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Off-Label Use

Although the FDA has not approved the GBCAs

for MRA, gadolinium-based contrasts have

also been used for fistulography, arthrography,

and in patients where iodinated contrast is

contraindicated [51]. Off-label use of pharma-

ceuticals poses risks for patients and providers.

The 2009 US Supreme Court case, Wyeth vs.

Levine, holds that FDA labeling regulations do

not preempt state labeling regulations. Therefore,

plaintiffs may seek recourse for injury in

state courts for “failure to warn” in off-label and

improper application of pharmaceuticals [52].

A subsequent US Supreme Court case, Pliva,

Inc., et al. vs. Mensing, however, limits

Wyeth vs. Levine to nongeneric pharmaceuticals

approved by the FDA [53].

CT Perfusion Scans

The issue of overutilization and exposure to

unnecessarily high radiation doses in patients

undergoing computed tomography is well

documented [54]. In 2009, the FDA issued an

alert regarding instances of excessive radiation

delivered to patients undergoing CT perfusion

studies for diagnosis and treatment of stroke

[55]. After investigation, the FDA found there

are at least six hospitals involving almost

385 patients exposed to excessive radiation

during CT perfusion studies. Recommendations

made by the FDA in its investigation suggest that

the scanners in issue functioned properly.

However, information and training for imaging

professionals by manufacturers, particularly about

automatic exposure controls (AEC) settings, was

stressed [56]. Class action lawsuits were filed by

injured patients and are pending in California

and Alabama.

Denial of Benefits
Centers for Medicare & Medicaid Services

(CMS) and other insurers often deny patients

desiring to undergo experimental or controversial

medical therapies or diagnostic testing; this has

led to costly litigation [57]. More problematic are

denials of insurance coverage for procedures that

are widely disseminated and may enhance

the quality of health care yet lack supporting

scientific evidence. Recent EBM-based studies

and health technology assessment (HTA)

programs have encouraged some states and

CMS to limit or deny coverage for imaging

procedures where evidence does not support

efficacy or effectiveness. This includes computed

tomography colonography (CTC) or virtual

colonoscopy (VC) for colorectal cancer

screening [58], upright or positional MRI, and

discography, kyphoplasty, and sacroplasty [59].

The Washington State Health Care Authority,

and its Health Technology Assessment Program,

has been a national leader in this area [60].

Nevertheless, decisions by CMS to not reimburse

certain procedures, such as CTC, have propelled

advocates, industry, and physician groups to

support federal legislation to mandate group,

individual, and federal employees’ health

benefits plans to provide coverage [61]. It is

likely that politicization of similar insurance

coverage decisions for other procedures, medical

treatment or therapy, will not diminish.

Future Research

• Future research should review the ongoing

development of EBM-based diagnostic neuro-

imaging practice guidelines promulgated by

federal agencies such as HHS and PCORI.

• Whether and to what degree EBM-based

guidelines affect the legal standard of care,

or become the standard of care overtime, will

be of interest to researchers.
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Key Points

• There is limited evidence that MRI improves

diagnostic accuracy for MS, with several recent

reviews providing differing conclusions (lim-

ited evidence). However, MRI-based measures

have been formally incorporated into widely

accepted clinical diagnostic criteria for MS for

nearly a decade. Experts perceive that use of

MRI in these patients serves multiple clinical

purposes beyond diagnosis, including the exclu-

sion of other pathologies (limited evidence).

• There is insufficient evidence to suggest that

MRI findings can distinguish MS from ADEM

(insufficient evidence).

• Regarding prognostic utility of MRI in MS,

observational studies have yielded inconsis-

tent results with regard to correlations

between MRI-based measures and cognitive

performance or disability in MS patients (lim-

ited evidence). However, use of MRI-based

measures in recent clinical trials suggest that

some imaging-based measures (especially the

number of new T2 lesions and number of

enhancing lesions) may correlate with both

relapse rate and risk of disability progression

(moderate to strong evidence).

• There is insufficient evidence to suggest that

advanced MRI techniques improve the diag-

nostic accuracy of MRI for MS (insufficient

evidence).

• Studies involving advanced MRI techniques in

MS patients have largely contributed to a better

understanding of the pathophysiology of the

disease. There is early evidence that advanced

techniques could be prognostically useful:

based on one recent RCT of a new treatment,

rate of cerebral atrophy (a semiautomated vol-

umetric MRI-based measure) may correlate

with relapse rate (moderate to strong evidence).

Definition and Pathophysiology

Among the demyelinating diseases (character-

ized by destruction of normal myelin with rela-

tive preservation of the axon) affecting the CNS,

multiple sclerosis is the most common [1, 2].

While the etiology of multiple sclerosis remains

uncertain, the current most widely held view is

that MS is an autoimmune process resulting from

the interplay of environmental factors in those

with a genetic predisposition [3]. The mechanism

of injury includes inflammation, focal demyelin-

ation, and variable degrees of axonal destruction

[4, 5]. At pathologic evaluation, the microscopic

appearance will vary based on the activity of

disease, with active lesions demonstrating

perivascular and parenchymal inflammation

with associated macrophage and lymphocyte

infiltration, and inactive lesions demonstrating

hypocellularity, astrogliosis, and loss of oligo-

dendrocytes [1]. Remyelination may occur with

early MS lesions (“shadow plaques”), though

histologically, the myelin density in these areas

is diminished with sparse or absent remyelination

seen in chronic MS plaques [6]. MS lesions are

distributed throughout the CNS with a predilec-

tion for involvement of the periventricular white

matter, corpus callosum, optic nerves, spinal

cord, brain stem, and cerebellum [5]. MS exhibits

a wide diversity of neurologic signs and symp-

toms, with the clinical presentation largely based

on location of the demyelinating lesion[s].

The clinical presentation of MS is quite het-

erogeneous, but common clinical manifestations

include deficits in sensory or motor pathways,

brain stem, and cerebellar structures, as well as

autonomic function. Individuals that initially pre-

sent with an acute focal neurologic disturbance

referred to as a clinically isolated syndrome (CIS)

are at risk for developingMS [7]. In adult patients

with optic neuritis, the 10-year risk of developing

MS is 38 % but increases to 56 % when one or

more lesions typical for MS are present on MRI.

The disease course varies from a single acute

monophasic attack to the more common relaps-

ing-remitting or progressive phases [8]. Relapses

reflect worsening of neurologic function second-

ary to a new inflammatory lesion or reactivation

of an existing lesion, with a relapse defined by

symptom duration of at least 24 h [7]. Progression

is defined as continual worsening of clinical signs

and symptoms over a minimum of 6–12 months

[9]. For standardization of nomenclature, the
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various clinical courses have been defined in

1996 by Lublin et al. [10]:

1. Relapsing-remitting MS (RRMS) – relapses

with full recovery or with sequelae and resid-

ual deficit upon recovery; periods between

disease relapses characterized by a lack of

disease progression.

2. Secondary progressive MS (SPMS) – initial

relapsing-remitting disease course is followed

by progression with or without occasional

relapses, minor remissions, and plateaus.

3. Primary progressiveMS (PPMS) – disease pro-

gression from onset with occasional plateaus

and temporary minor improvements allowed.

4. Progressive-relapsingMS(PRMS)–progressive

disease from onset, with clear acute relapses,

with or without full recovery; periods between

relapses characterized by continuing

progression.

Treatment is aimed at preventing neurologic

disability. Acute relapses are typically treated with

intravenous or oral corticosteroids with several dis-

ease-modifying agents currently approved by the

Food and Drug Administration for use in reducing

the number of attacks in relapsing-remitting MS

including immunomodulating injectable and more

recently emerging oral therapies [11–13].

Acute disseminated encephalomyelitis

(ADEM) is an immune-mediated disorder of the

CNS resulting in perivascular inflammation and

demyelination [14]. ADEM usually presents in

individuals within weeks following a viral ill-

ness, after vaccination, or in some cases may

occur spontaneously [2]. Pathologic evaluation

demonstrates inflammatory infiltrates consisting

of lymphocytes and macrophages along

a perivenular distribution, with preservation of

the axon [15]. ADEM typically involves white

matter of the cerebrum and spinal cord as well as

cerebral cortex and deep gray structures. In con-

trast to multiple sclerosis, ADEM is typically

a monophasic, self-limited disease lasting 2–4

weeks, although relapses have been reported

[16]. ADEM is more frequently seen in children

but can occur at any age. Prodromal symptoms of

fever, headache, malaise, and myalgias com-

monly occur prior to the onset of neurologic

signs. Like MS, neurologic signs and symptoms

are manifested based on location of the demye-

linating lesion, with severity ranging from irrita-

bility to depressed consciousness and coma.

Neurologic abnormalities include unilateral or

bilateral long tracts signs, hemiparesis, ataxia,

optic neuritis, cranial nerve palsies, and seizures.

Despite the lack of placebo-controlled, double-

blinded studies evaluating efficacy of treatment

options, steroids are the primary treatment for

ADEM with patients typically receiving an intra-

venous course of therapy for 3–5 days followed

by a taper of oral steroids. Treatment options also

include IV acyclovir in combination with ste-

roids, IV immunoglobulin with or without ste-

roids, or plasmapheresis in those who fail initial

treatment courses [14].

Epidemiology

Multiple sclerosis is the most common

nontraumatic neurologic disorder resulting in dis-

ability in young and middle-aged people in the

developed world, affecting approximately

350,000 people in the United States and 1–2

million people worldwide [7, 11, 12, 17, 18].

Risk factors for developing MS include both

genetic and environmental factors. Genetic fac-

tors include those that are familial, with first-

degree relatives at 10–25 times increased risk of

developing MS over the general population; eth-

nic, with whites having the greatest prevalence

and near absence of the disease in Chinese; and

sex related, with the disease being more common

in women [19]. Environmental risk factors

include history of positive Epstein-Barr virus

serology, smoking history and geography, with

a general trend of increasing latitude conferring

increased risk of developing MS [19]. MS has the

greatest incidence in Europe, North America,

southern Australia, and New Zealand (prevalence

rate of 30 or more per 100,000), with the country

of origin persisting as a risk factor despite later

migration to a region with a lower prevalence

[3, 17, 19]. The reported protective effect of

vitamin D in the prevention of MS may help

explain the link between latitude and develop-

ment of MS [limited evidence] [20].
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Of the various clinical courses of MS, the

relapsing-remitting type is the most common,

representing approximately 85 % of cases, while

progressive forms comprise the remaining 15 %

[21]. Females are affected more frequently than

males (ranging from 2:1 to 3:1) with a peak age of

onset at 30 years [3, 9, 11, 22, 23]. Onset after the

age of 55 is rare, with greatest proportion of cases

presenting between 20 and 40 years of age.

Females tend to have a younger age at disease

onset, and the female preponderance over males

declines with increasing age at initial diagnosis.

Predominantly small, retrospective studies

reporting the incidence of MS in the pediatric

population estimate that 2.7–5 % of all MS

patients have disease onset before the age of 16,

while onset before the age of 10 is rare

(0.2–0.7 %) [24, 25]. Over time, most cases of

relapsing-remitting MS will convert to secondary

progressive form, with a median of 19 years

disease duration [9, 26]. Time between the first

and second neurologic attacks has a mean of

6 years and median of 2 years [21]. The primary

risk factor for conversion from the relapsing-

remitting to secondary progressive forms is

age at the time of disease onset, with more

advanced age correlating with a shorter time

to progression [27]. Females and those with

a longer interval between the first and second

neurologic attacks are more likely to experience

a later evolution of the progressive phase [26].

Accumulative disability varies between individ-

uals, with overall life expectancy only marginally

reduced [21, 28].

ADEM is relatively uncommon with inci-

dence in children less than 15 years of age

reported to be 0.64/100,000 persons per year in

a Japanese study between 1998 and 2003 [29].

Similar results were obtained in a San Diego

County-based population with an incidence of

0.4/100,000 persons per year among individuals

<20 years of age, with increased incidence in

children aged 0–4 (0.6/100,000) and in children

aged 5–9 (0.8/100,000) [30]. In contrast to MS,

a slight male preponderance has been described

with the mean age at presentation ranging

between 5 and 8 years of age [31–34]. Seasonal

variation has been reported with increased

incidence in winter and spring months [31].

Long-term outcome is excellent with full recov-

ery reported in 57–94 % [16, 35, 36].

Overall Cost to Society

The economic burden to society secondary to

multiple sclerosis is substantial and based largely

on loss of work capacity in younger individuals

who are in the early phases of their careers [37].

The estimated annual combined direct and indi-

rect costs of multiple sclerosis in the United

States are $6.8 billion and in the United King-

dom, £1.2 billion [38, 39]. Physical disability

impacts the ability to conduct activities of daily

living and often necessitates skilled assistance.

The need for hospitalization with disease exacer-

bations and the development and increased utili-

zation of disease-modifying agents are directly

related to increased costs of MS in the health-care

system. The costs related to MS increase with

disease progression. A cross-sectional cost-

of-care study in patients with mild, moderate,

and severe MS (grouped according to the

Expanded Disability Status Score) revealed total

3-month cost estimates ranging from $1,928 to

$5,678 in France, $2,772 to $5,701 in Germany,

and $5,125 to $14,622 in the United Kingdom,

with increased cost associated with greater dis-

ability [39]. In the United States, annual expen-

ditures were reported as $7,677 per privately

insured enrollee with MS versus $2,394 for all

privately insured enrollees [40]. Asche et al. esti-

mated the total mean 12-month all-cause costs

were $18,829 for MS patients versus $4,038 for

healthy comparisons, including higher rates of

hospitalization, radiology services, ER, outpa-

tient visits, and mean cost of $8,839 for use of

an MS injectable drug [41].

Goals of Neuroimaging

• MRI is a sensitive paraclinical study (defined

as a test that can identify a nonclinically evi-

dent lesion in the CNS) for detecting white
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matter lesions that in the appropriate clinical

context provides supporting evidence for

predicting or confirming the diagnosis of mul-

tiple sclerosis (limited to moderate evidence).

MRI is also useful to diagnose alternative

pathology that could mimic a demyelinating

disease (limited evidence).

• MRI can potentially help to differentiate

ADEM from the first presentation of MS

based not only on the initial distribution of

lesions but also on follow-up imaging (insuf-

ficient evidence).

• MRI is used as a surrogate marker for evalu-

ating disease progression (moderate to strong

evidence), predicting cognitive and physical

disability (limited evidence), and as an out-

come measure in clinical trials.

• Advanced MR imaging techniques, likely

the focus of future research, have contrib-

uted to our knowledge of the pathophysi-

ology of MS and may correlate with

disease relapse (moderate to strong

evidence).

Methodology

A comprehensive MEDLINE search was

performed using PubMed (National Library of

Medicine, Bethesda, Maryland) for original

research publications relating to the accuracy of

test used to diagnose multiple sclerosis and acute

disseminated encephalomyelitis performed

between 1966 and December 2010. The search

strategy employed different combinations of the

following terms:multiple sclerosis, acute dissem-

inated encephalomyelitis, demyelinating disease,
clinical criteria, imaging criteria, MRI, gadolin-

ium enhancement, fMRI, DTI, spectroscopy, per-

fusion, CSF, oligoclonal bands, and evoked
potentials. Review of the reference lists of rele-

vant papers identified additional articles. This

review was limited to human studies and the

English language literature. The authors

performed initial reviews of the titles and

abstracts of the identified articles followed by

review of the full text in articles that were

relevant.

Discussion of Issues

How Accurate Are the Diagnostic
Criteria for Multiple Sclerosis?

Summary

There have been numerous studies investigating

the diagnostic utility of MRI (conventional imag-

ing techniques) in MS, most of which have pro-

vided limited strength of evidence that MRI

improves diagnostic accuracy for this disease

(limited evidence). Three reviews (two from

expert groups and one systematic) of the avail-

able literature in 2003–2004 presented various

conclusions (limited to moderate evidence)

about the diagnostic accuracy of MRI or partly

MRI-based diagnostic criteria, but all acknowl-

edged that the clinical utility of MRI scanning in

these patients involves more complex issues than

basic measures of sensitivity and specificity (e.g.,

excluding other diseases, possibly facilitating

earlier diagnosis, providing patient reassurance,

providing a baseline for monitoring disease pro-

gression). MRI-based measures have been for-

mally incorporated into the most widely

accepted clinical diagnostic criteria for MS

(Table 9.1); therefore, it seems unlikely that

future strong or moderate evidence studies of

the diagnostic accuracy ofMRIwill be performed

in the future.

Supporting Evidence

No single clinical or diagnostic test is sufficient to

establish the diagnosis of multiple sclerosis.

Evaluation requires both detailed clinical history

and neurologic examination with objective evi-

dence of demyelinating lesions involving the

CNS. Because it is not feasible to have histologic

confirmation to definitively diagnose patients

suspected of having MS, various diagnostic

models have evolved over the past several

decades. While the criteria have changed over

time, certain features among the various itera-

tions have remained constant including (1) the

diagnosis of multiple sclerosis can be based

solely on clinical evidence of demyelinating

lesions involving the CNS and (2) the diagnosis
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requires that there is no better alternative expla-

nation of the patient’s signs and symptoms [4].

A hallmark of clinically definite MS is that

lesions are disseminated in time and space.

While this characteristic feature can be

ascertained by clinical history and evaluation,

patients presenting initially with a clinically iso-

lated syndrome (CIS) have some delay until the

second neurologic attack. In one of the longest

follow-up studies of patients with optic neuritis,

the estimated 15-year risk of developing MS was

40 % (95 % CI 31–52 %) with 60 % of patients

diagnosed with MS within 3 years from onset of

optic neuritis [42]. A definitive diagnosis of MS

is desirable after this first neurologic episode

since the institution of early therapy with disease

modifying treatment can delay the onset of future

attacks [moderate to strong evidence] [43–46].

Criteria established by Poser et al. in 1983

were the reference standard for diagnosing MS

for nearly 20 years and were applied not only to

clinical practice but also to experimental trials as

inclusion criteria (e.g., by which other tests were

evaluated). The criteria included categories of

(1) clinically definite MS, (2) laboratory-

supported definite MS (dependent on CSF

analysis for oligoclonal bands/increased IgG),

(3) probable MS (supported by clinical or labo-

ratory evidence), and (4) possible MS [47].

Because MRI was relatively new at this time,

Poser classified it as a supporting paraclinical

study, but no specific imaging criteria were

described. Inconsistencies exist among even neu-

rologists in differentiating clinical symptoms

caused by one or more separate lesions in the

CNS, potentially misclassifying patients with

clinically definite MS [48]. While clinical diag-

nosis of MS remains the gold standard for diag-

nosis, inherent inconsistencies in clinical

evaluation support the use of paraclinical studies

to aid in the diagnosis of MS [48, 49].

Multiple studies have suggested that MRI is

a valuable paraclinical test to demonstrate ana-

tomic evidence of discrete lesions separated in

space at the time of initial clinical presentation

(Table 9.2). Paty et al. reported a high sensitivity

of MRI in detecting T2 signal abnormalities in

patients with clinically definite MS, although

a study by Lee et al. demonstrated a relatively

low specificity when followed prospectively

(57 %) [49, 50]. Fazekas et al. applied retrospec-

tive criteria to review patients with an established

diagnosis of MS in order to improve specificity

(100 %); however, specificity decreased when

applied to subsequent prospective studies

[51, 52]. Tas et al. demonstrated that contrast

enhancement of white matter lesions improves

specificity (80 %) in diagnosing multiple sclero-

sis [52]. Furthermore, because enhancement of an

MS lesion may be visible for 2–8 weeks, MRI can

establish dissemination in time even at the initial

clinical presentation by virtue of identifying both

new (enhancing) and old (non-enhancing) lesions

on a single study [52, 53].

McDonald et al. updated the Poser criteria in

2001 to include MRI specific imaging-based

criteria [43, 54, 55]. The MRI criteria adopted

by McDonald were established largely based

on data from Barkhof et al. and Tintore et al.,

which showed improved specificity of MRI,

particularly with inclusion of enhancement

criteria [52, 54–56]. Dalton et al. validated the

use of the McDonald criteria in clinical settings

with reasonably good sensitivity (83 %), speci-

ficity (83 %), positive predictive value (75 %),

and negative predictive value (89 %) for

predicting development of clinically definite MS

at 1 year with an overall accuracy of 83 % at

3 years [57].

While MRI is a major component in the cur-

rent diagnostic algorithm for MS, several reviews

have been recently published on the utility of

MRI in diagnosing suspected MS. In 2003,

Frohman et al. presented a review and recom-

mendations undertaken by the Therapeutics and

Technology Assessment Subcommittee of the

American Academy of Neurology, based upon

their review of the literature to date [58]. Based

upon this group’s review of the literature (in

which they found serious concerns about the

validity of some study results), they concluded

that there was strong evidence that, in patients

with CIS, the presence of three or more T2 WM

lesions is a sensitive predictor (>80 %) of the

development of MS within the next 7–10 years.

Other imaging-based features that they
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concluded were predictive included two or more

enhancing lesions at baseline and new T2 lesions

or enhancing lesions three or more months after

the CIS episode. Miller et al. in 2004 presented

the review and recommendations of the European

Magnetic Resonance in MS Group, which they

based on the available literature at that time, in

which they focus especially on limitations of the

McDonald 2001 criteria [59]. They conclude that

longer term follow-up studies suggest that the

presence of T2 lesions in CIS does not guarantee

the development of MS but that MRI can provide

a more accurate prediction of the likelihood of

MS. Following these two reviews, a systematic

review by Whiting et al. concluded that MRI is

a relatively poor test for either ruling in or ruling

out MS and the disease remains predominantly

a clinical diagnosis, suggesting that previous

studies have not focused on the more relevant

question of what added value MRI has in diag-

nosing MS compared with history and clinical

examination alone [60]. Nevertheless, in 2005,

the McDonald criteria were revised specifically

to provide clarification of MRI criteria in order to

show dissemination in time and for spinal cord

lesions [61] (Tables 9.1, 9.3). Though these

revised criteria have not been prospectively

validated formally, a recent expert panel

included a consensus statement that MRI has an

important role in the diagnosis of MS and a

recommendation for adopting protocols

and reporting based on the revised McDonald

criteria [62].

Despite the widespread acceptance of the

McDonald criteria to diagnose adult MS, its

validity in children with possible MS has been

called into question. In a retrospective cohort

study by Hahn et al., a significant number of

children with MS did not meet established

McDonald criteria for diagnosis, with dissemina-

tion in space criteria only met in 53 % of children

at the time of their first neurologic attack and in

67 % of children at the time of their clinical MS

defining attack [63]. Potential explanations for

reduced sensitivity of the McDonald criteria in

children include inherent age-related differences

in disease pathology with shorter time for

accrual of clinically silent white matter lesions,

age-related differences in lesion distribution, or

differing reparative mechanisms in children lim-

iting overall lesion burden [64]. While evidence

evaluating the McDonald criteria in children with

MS is limited, a subsequent consensus report by

the International Pediatric MS Study Group in

2007 used the McDonald MRI criteria to define

a diagnosis of pediatric MS [65]. In 2009,

a retrospective cohort study by Callen et al. pro-

posed pediatric modifications to the McDonald

criteria including at least two of the following:

(1) total of five or more T2 lesions, (2) two or

more periventricular lesions, and (3) one or more

brain stem lesions [64]. These criteria yielded

improved sensitivity compared to McDonald

criteria (85 % vs. 76 %, respectively) and similar

specificity (98 % vs. 100 %) but have not been

prospectively validated [64].

CSF analysis is another paraclinical test used

in the diagnosis of MS. Typical abnormalities

include the presence of oligoclonal bands and

increased IgG synthesis in the CSF. CSF analysis

is also important for excluding other infectious or

inflammatory disorders that could mimic MS, or

to confirm MS when clinical evaluation and MRI

are inconclusive (limited evidence). Jin et al.

showed that detection of oligoclonal bands is

a prognostic marker (hazard ratio ¼ 5.39, 95 %

CI 1.56–18.61) for the development of clinically

definite MS in patients initially presenting with

optic neuritis (moderate evidence) [66]. How-

ever, CSF analysis may be normal in 30 % of

patients early in MS [11]. Tintore et al. demon-

strated greater specificity (70 %, CI 0.61–0.79 vs.

43 %, CI 0.34–0.52) and accuracy (69 %, CI

0.6–0.78 vs. 52 %, CI 0.43–0.61) for Barkhof’s

MRI criteria when compared to oligoclonal

bands for predicting conversion to clinically

definite MS in patients initially presenting

with an isolated syndrome (moderate evidence)

[67]. Both oligoclonal bands andMRI had similar

negative predictive values, 88 % and 87 %,

respectively. However, the greatest specificity

(77 %, CI 0.69–0.85) and accuracy (73 %,

CI 0.65–0.81) were achieved when both MRI

criteria and oligoclonal bands were used together,

which more closely mirrors common clinical

practice.
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Evoked potentials are another paraclinical

study traditionally used in the diagnosis of MS,

with the most common being visual (VEP), brain

stem auditory (BAEP), and sensory (SEP). Alter-

ations in conduction pathways due to demyelin-

ation cause slowing of electrical activity. The

VEP is the most valuable measure and can detect

subclinical evidence of optic nerve involvement,

particularly at the onset of a clinically isolated

optic neuritis [4]. Various studies have demon-

strated sensitivity of VEP ranging from 26 %

(odds ratio 0.6, CI 0.2–1.6) to 72 % (odds ratio

0.9, CI 0.3–2.2) with specificities of 25 % (odds

ratio 0.9, CI 0.3–2.2) to 77 % (odds ratio 2.9, CI

0.8–10.8) [43]. However, data from evidence-

based reviews do not substantiate the inclusion

of evoked potentials in MS diagnostic criteria

(moderate evidence) [43, 68].

Can Clinical and MRI Studies
Differentiate ADEM from the First
Initial Onset of MS?

Summary
There is insufficient evidence to suggest that MRI

findings can distinguish ADEM from MS (insuf-

ficient evidence).

Supporting Evidence

Unlike for the diagnosis of MS, there are no

established clinical criteria used as a reference

standard in the diagnosis of acute disseminated

encephalomyelitis. The diagnosis of ADEM is

generally presumptive based on excluding dis-

ease mimickers by means of clinical history, neu-

rologic evaluation, neuroimaging findings, and

CSF analysis, with the differential diagnosis pri-

marily including an acute viral encephalitis or

MS [14, 30]. Characteristically, ADEM is

a monophasic demyelinating process with clini-

cal findings usually occurring within weeks

(mean latency 2 weeks) following an infection

or vaccination, or symptoms may occur sponta-

neously [33, 69]. A clinical relapse in patients

with ADEM which is thought to be related to

the initial demyelinating event is termed

multiphasic disseminated encephalomyelitis

(MDEM); however, if the demyelinating events

are separated in time and space, a diagnosis of

MS is made. In the absence of a clearly definable

preceding cause typical for ADEM, differentia-

tion between the onset of MS and ADEM

becomes a clinical conundrum with significant

implications for long-term prognosis and for

instituting immunomodulating therapy [34].

Certain clinical features may help differentiate

ADEM from MS. Patients with ADEM

commonly present with encephalopathy includ-

ing headache, vomiting, drowsiness, and

meningismus, which are uncommon in MS

[33, 69]. Seizures may be seen in 13–35 % of

patients with ADEM, whereas seizures are rare in

MS [69]. Alteration in consciousness is more

common in ADEM (45–75 %) versus MS

(13–15 %) [69]. Patients with ADEM are more

often polysymptomatic (reported as high as 91%)

versus a more typical monosymptomatic presen-

tation of MS (62 %) [35].

There is significant overlap between the MR

imaging findings of ADEM and MS. The most

common imaging findings of ADEM are areas of

abnormal high T2 signal in the supratentorial

white matter, basal ganglia, brain stem, cerebel-

lum, and spinal cord. A longitudinal observa-

tional study of 48 children presenting with

one or more episodes of demyelination by Dale

et al. demonstrated a greater propensity for

periventricular distribution with MS compared

to ADEM, whereas ADEM had a greater propen-

sity for involvement of the thalamus and basal

ganglia (Table 9.4) [35]. A retrospective review

by Murthy et al. demonstrated lesion distribution

similar to Dale’s findings in 18 patients with

ADEM [33].

In a cohort study, Mikaeloff et al. defined

a brain MRI suggestive of ADEM when lesions

were indistinct and also involved the thalamus

and/or basal ganglia, while an MRI suggestive

of MS showed multiple well-delineated lesions

with periventricular and/or subcortical involve-

ment [70]. In this study, MRI criteria suggestive

of MS accurately diagnosed 57 % of patients

diagnosed with clinically definite MS, while

only 11 % of patients with MRI criteria
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suggestive of ADEMwere ultimately reclassified

as having clinically definite MS [70]. A different

cohort study by Mikaeloff et al. used MRI find-

ings to predict the likelihood of a second neuro-

logic attack following an initial demyelinating

episode, revealing that lesions oriented perpen-

dicular to the long axis of the corpus callosum

and/or the presence of well-defined lesions were

very specific criteria (100 %), but not as sensitive

(21 %) as Barkhof’s MS criteria in predicting

a second neurologic attack [71]. A retrospective

review by Callen et al. reviewed MRI exams at

the time of initial presentation in 28 children

subsequently diagnosed with MS and 20 children

diagnosed with ADEM [72]. Based on Callen’s

analysis, diagnostic criteria predicting progres-

sion to clinically definite MS included any two

of the following: (1) two or more periventricular

lesions, (2) presence of T1 black holes, and

(3) absence of diffuse and bilateral lesion distri-

bution, resulting in 81 % sensitivity, 95 % spec-

ificity, 95 % positive predictive value, and 79 %

negative predictive value.

Two retrospective observational studies have

suggested that lesion size is a poor discriminator

between MS versus ADEM with both small (less

than 1.0 cm) and large (greater than 2.0 cm)

lesions identified in both entities [69, 72]. Overall

lesion number also does not differentiate ADEM

versus MS, although in ADEM, lesions are often

more asymmetric [72]. Both MS and ADEM

lesions show contrast enhancement [73]. Case

reports have suggested that restricted diffusion

in lesions of patients with ADEM was associated

with poor clinical outcome based on the presence

of cytotoxic edema; however, subsequent reports

have not substantiated these findings [74, 75].

Spinal cord lesions in ADEM have been reported

as usually larger than in MS, associated with cord

swelling, and more commonly present in the tho-

racic cord, while MS lesions are more common in

the cervical cord [69]. Follow-up imaging is help-

ful to establish complete (37 %) or at least partial

(53 %) resolution of initial MRI abnormalities in

ADEM, whereas in MS, new lesions can often be

expected [35].

According to the longitudinal study by Dale

et al., CSF analysis in ADEM typically shows

evidence of inflammation with increased protein

(60 %) and lymphocytosis (64 %), while intra-

thecal oligoclonal bands were entirely absent in

47 % of ADEM patients studied [35]. In contrast,

CSF analysis in patients with MS showed that

82 % had evidence of intrathecal oligoclonal

bands at some point during their course, though

in their study, there was not a statistically

significant difference in the detection of CSF

oligoclonal bands in ADEM versus MS [35].

A summary of significant differentiating features

of ADEM versus MS based on this study can be

found in Table 9.5.

Do Conventional MRI Sequences
Correlate with or Predict Disease
Progression and Acquired Disability
in Multiple Sclerosis?

Summary

Multiple observational studies have yielded

inconsistent results with regard to the correlation

between MRI-based measures and cognitive per-

formance or EDSS scores (limited evidence).

However, some of the MRI-based measures

have been used in recent clinical trials of new

treatments for MS, with results suggesting that

these imaging-based measures – particularly the

number of new T2 lesions and number of enhanc-

ing lesions – may correlate with both relapse rates

and risk of disability progression (moderate to

strong evidence).

Supporting Evidence

The majority of patients presenting initially with

a clinically isolated syndrome (CIS) suggestive

of multiple sclerosis will go on to develop clini-

cally definite MS. Studies that have supported the

use of the McDonald criteria and subsequent

revision to predict the development of MS at the

time of first clinical onset have been based on the

presence of T2-weighted signal abnormalities

and T1-weighted enhancing lesions [61]. MRI is

an established paraclinical study to diagnose MS

and is supported by long-term longitudinal stud-

ies revealing that up to 88 % of patients with

a CIS and abnormal T2 lesions on MRI at the
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time of presentation may develop MS [76, 77].

MRI is also used to predict the natural history of

patients with MS and as a measure of clinical

disability; however, the association between

degree of MRI abnormalities and development

of disability is relatively weak [45, 46, 78, 79].

Conventional T2-weighted MRI is highly sen-

sitive for detecting demyelinating lesions dissem-

inated in the CNS at the time of a CIS and also

reveals clinically silent lesions between relapses

[80]. However, T2 lesions lack specificity, and

similar appearing lesions may be caused by

inflammation, gliosis, edema, or axonal loss due

to other pathologic entities [78, 81]. Despite the

lack of specificity, the number and volume of T2

lesions have been used as a surrogate marker for

clinical disability. Brex et al. demonstrated that

the volume of T2 lesions acquired in the first

5 years following a CIS shows only moderate

correlation with long-term disability at 14 years

(r¼ 0.45) as measured by the expanded disability

status score (EDSS), concluding that the T2

lesion volume alone may not be an adequate

marker for instituting therapy with disease-

modifying agents [77, 82]. Filippi et al. found

a weak correlation between EDSS and the num-

ber of new (r¼ 0.13) and enlarging (r¼ 0.18) T2

lesions [83]. Tintore et al. demonstrated

a moderate correlation between EDSS at year 5

and the number of T2 lesions at baseline as well

as the number of Barkhof criteria fulfilled

(r ¼ 0.40 and r ¼ 0.46, respectively) [84].

Because the EDSS is weighted more heavily

toward motor dysfunction, Riahi et al. not unex-

pectedly demonstrated a slightly greater correla-

tion between EDSS and T2 lesions specifically

involving the corticospinal tracts (r ¼ 0.67) ver-

sus overall T2 volume load (r ¼ 0.60) [85].

Minneboo et al. evaluated the significance of T2

lesion location in order to predict EDSS score

progression and found that 2 or more

infratentorial lesions were the best predictor for

disability (hazard ratio, 6.3) [86]. A 20-year

follow-up study again demonstrated only moderate

correlation between T2 lesion volume at all time

points and disability by EDSS (r range ¼ 0.48 to

0.67) [87]. Unlike the moderate correlation dem-

onstrated by the preceding authors, the Optic

Neuritis Study Group found no correlation

between baseline MRI and disability at 10 years

of follow-up in patients with a CIS presenting with

optic neuritis [88]. Foong et al. also found no

correlation between T2 lesion load and physical

disability based on the EDSS, but lesion load did

correlate with various neuropsychological and

cognitive scores [89].

Gadolinium enhancement reflects blood–brain

barrier breakdown and serves as a marker for the

active, inflammatory phase of MS lesions.

Enhancing lesions can precede new T2 lesions

by hours or days [90]. Most enhancing lesions

persist for 2–6 weeks, but are rare beyond

6 months [91, 92]. He et al. demonstrated that

enhancing lesions are most commonly small with

a nodular pattern of enhancement (68 %), while

23 % show ring-like enhancement, and 9 %

showed neither of these patterns (arc-like) [91].

The presence of a single enhancing lesion on

baseline MRI has been positively correlated

with subsequent relapse in the following

6 months; however, most newly enhancing MRI

lesions are clinically silent [92, 93]. A small

study by Molyneux et al. found no correlation

between the presence of newly enhancing lesions

and changes in EDSS [94]. A meta-analysis by

Kappos et al. in 1999 also concluded that while

enhancing lesions on MRI predict subsequent

relapses, enhancement is not a strong predictor

for developing disability [95].

A number of T2 hyperintense MS lesions

(5–20 %) will appear hypointense to normal-

appearing gray matter on T1-weighted sequences

[96]. In the acute phase, the T1 hypointensity

may reflect elements of edema related to inflam-

mation and demyelination, with subsequent nor-

malization of isointense T1 signal as the

inflammation resolves and as remyelination may

ensue. Chronic T1 “black holes” are thought to

reflect more severe injury with greater loss of

axonal density than T1 lesions that are not

hypointense [97]. Chronic black holes are defined

by their persistence for at least 6 months, but in

the absence of serial examinations for compari-

son, a T1 black hole is assumed by the lack

of associated contrast enhancement [96, 98].

Various studies have evaluated progressive
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whole-brain or central cerebral atrophy associ-

ated with an increased volume of T1 black

holes, which may contribute to worsening cogni-

tive and physical decline [99]. Paolillo et al.

found a significant correlation between T1

hypointense lesion load and supratentorial brain

volume (r ¼ 0.48), but not with T2 hyperintense

lesion load [100]. Bermel et al. found that brain

parenchymal fraction was lower in patients with

MS and correlated inversely with T1 hypointense

lesion volume, but not T2 lesion volume [101].

Conversely, Rudick et al. found no correlation

with measurable progressive whole-brain atrophy

and clinical manifestations [102].

Despite the sometimes inconsistent findings

on these multiple observational studies (predom-

inantly providing limited strength of evidence),

multiple investigators have utilized MRI

parameters in prospective clinical trials of vari-

ous medications used in the treatment of MS.

Trials involving interferon beta-1b and interferon

beta-1a have generally failed to show the

expected correlation of MRI measures and treat-

ment effects [103–106]; however, trials of newer

treatments have shown more promising results.

Using imaging data from an RCT evaluating the

efficacy of treatment with glatiramer acetate

(GA), Filippi et al. found that the relapse rate

was 33 % lower in GA-treated patients compared

with placebo patients [107]. MRI findings corre-

lated with clinical findings in this study, with

a significant decrease in the number of new T2

lesions, the number of new enhancing lesions,

and the percentage of new T2 lesions that evolved

into T1 black holes in GA-treated patients com-

pared with placebo patients [107, 108]. Large

RCTs involving oral fingolimod as a treatment

for MS have provided evidence that MRI param-

eters correlate with clinical endpoints of disease

activity in clinical trial settings. Kappos et al.

found that the annualized relapse rate was 0.77

in the placebo group, as compared with 0.35 in

the lower dose fingolimod-treated group and 0.36

in the higher dose fingolimod group, and also

found a corresponding decrease in the median

number of enhancing lesions on MRI in the

fingolimod groups compared with the placebo

group [109]. In testing the efficacy of fingolimod

compared with interferon beta-1a, Cohen et al. in

a large RCT found that fingolimod treatment was

associated with lower relapse rates, fewer new T2

lesions, and fewer enhancing lesions compared

with interferon beta-1a treatment [110]. In

a 2-year double-blind RCT, Kappos et al. found

that relapse rate, risk of disability progression,

number of new T2 lesions, and number of enhanc-

ing lesions were all decreased in the fingolimod

group compared with the placebo group [111].

Do Advanced Imaging Techniques
Offer Clinical Utility
over Conventional MRI in Evaluating
MS Patients?

Summary

There is insufficient evidence to suggest that

advanced MRI techniques improve the accuracy

of MRI in diagnosing MS (insufficient evidence).

Table 9.6 summarizes areas of research in which

advanced MRI techniques may yet prove to be

useful. Studies involving advanced techniques

have to date largely contributed to a better under-

standing of the pathophysiology of the disease

and have provided direction for future research;

Table 9.6 summarizes areas in which early

research has suggested potential usefulness

beyond pathophysiology. Few of these tech-

niques have been used in recent clinical trials,

but one RCT has shown that rate of cerebral

atrophy (by semiautomated volumetric MRI-

based measurement) correlates with relapse rate

(moderate to strong evidence). There is insuffi-

cient evidence of the effectiveness of these tech-

niques in improving the clinical care of MS

patients (insufficient evidence).

Supporting Evidence
There has been much interest in the use of

advanced MRI techniques in the setting of MS,

including especially magnetization transfer

(MT), diffusion-weighted (DWI) or diffusion

tensor imaging (DTI), volumetric measurements,

MR spectroscopy (MRS), and perfusion imaging.

However, there have not been studies that have

evaluated the effect of these techniques on the
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accuracy of MRI in diagnosing MS. Rather, most

studies have attempted to use advanced MRI

techniques to better understand the pathophysiol-

ogy of the disease, to predict prognosis, or to

monitor response to therapy.

Magnetization transfer (MT) imaging is

a technique based on the magnetization interac-

tion between bulk water protons and macromo-

lecular protons so that diseased tissues with

altered protein-water interactions become more

conspicuous with MT technique [112]. Most

studies utilizing MT imaging have contributed

to an improved understanding of the pathophysi-

ology of MS. Some studies have been more clin-

ically focused, however, with most providing

limited evidence given study design issues. In

a 5-year study, Pike et al. found that a decline in

MT ratio was present not only within T2 lesions

in MS patients but also in areas in normal-

appearing white matter (NAWM) that later

became focal lesions, with the MT ratio abnor-

malities being detectable up to 18 months before

the lesions appeared on T2-weighted images

[113]. Cercignani et al. found that MT ratio met-

rics were lower in NAWM in MS patients com-

pared with NAWM in healthy controls, finding

similar MT ratio metric differences in normal-

appearing gray matter (NAGM) in MS patients

compared with healthy controls. Summers et al.

found that MT ratio in NAWM in MS patients

predicts cognitive decline over 5 years in relaps-

ing-remitting multiple sclerosis (RRMS) [114].

However, different studies have shown inconsis-

tent results with regard to correlations between

MT ratio metrics and disease-related disability

[115–118].

Diffusion and DTI techniques have been

widely used in research involving MS patients,

with Ge et al. providing an inclusive review of

interesting findings as of 2005 [119]. Most have

been small studies (limited evidence) that have

sought to contribute to an improved understand-

ing of the pathophysiology of MS. Multiple

investigators have found that plaque-like T2

lesions in MS patients have increased mean dif-

fusivity (MD) compared with NAWM in patients

and healthy controls [120–126]. Multiple studies

have suggested that NAWM in MS patients

shows increased MD and decreased fractional

anisotropy (FA) compared with NAWM in

healthy controls [124, 125, 127–133]. In two

very small observational studies (limited evi-

dence), investigators found some evidence that

either diffusivity or ADC changes preceded

development of gadolinium-enhancing focal

lesions [129, 134]. Multiple studies have shown

differences in diffusion-based measures by dis-

ease phenotype [123, 135–139]. One of the larger

of these focused on GM involvement, finding that

GM diffusivity was not different between con-

trols and patients with RRMS, but finding that

diffusivity was different between RRMS and

SPMS, and between SPMS and PPMS [136].

Recent studies have found correlations between

diffusion-based measures and contemporaneous

measures of cognitive performance or disability

[140, 141]. A prospective observational study of

RRMS patients being treated with GA found that

there were decreases in MD and entropy in

patients at 2 years compared with baseline mea-

sures [142].

Although not based on advanced acquisition

techniques, volumetric measurements have been

investigated as a newer post-processing method

(i.e., automated or semiautomated) that might be

useful in MS patients, given the common clinical

finding of global atrophy in these patients. Mul-

tiple investigators have found correlations

between atrophy measures by MRI and disease

disability or disease progression in MS patients

[143, 144], with several finding that measures of

GM atrophy correlate better than measures of

WM volume or lesion load [145–148], and

some finding that T1 hypointense lesion volume

correlates with clinical disability [149, 150].

A few longitudinal studies have found that vari-

ous volumetric measures may actually predict

future disease progression, but these methods

have not been tested prospectively (limited to

moderate evidence). Summers et al. found that

global atrophy rate over the first year from base-

line as well as T1 lesion volume at baseline could

predict cognitive decline over 5 years in RRMS

patients [114]. Horakova et al. found that percent
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brain volume change as early as 6 months could

predict clinical progression versus stability in

RRMS over 5 years and that GM volume loss in

the first 24 months predicted disability progres-

sion over 5 years [151]. Lukas et al. suggested

that the rate of ventricular enlargement could

predict disease progression after medium term

follow-up in early MS [99]. In the 2-year dou-

ble-blind RCT by Kappos et al., the rate of

atrophy was found to be lower in those treated

with fingolimod compared with the placebo

group; the fingolimod-treated group also showed

decreased relapse rates and risk of disability pro-

gression [111].

MR spectroscopy (MRS) has also been

fairly widely used in research settings involving

MS patients. Various investigators have sought

to find a relationship between decreased NAA or

NAA/Cr ratio and T2 lesions or NAWM or dis-

ability measures; results have been inconsistent

across studies [133, 152–158]. Saindane et al.

found that metabolite profiles of high-grade

gliomas and tumefactive MS lesions were similar

overall, with central NAA/Cr ratio being some-

what lower in high-grade gliomas [159].

MR perfusion imaging techniques have been

tried in recent years in MS research. Law et al.

found decreased perfusion and prolongedMTT in

lesions and NAWM in MS patients compared

with controls and found that enhancing lesions

showed highly variable CBV [160]. Subsequent

studies have found variable-decreased CBF and/

or CBV in NAWM, lesions, and GM of patients

compared with controls, suggesting that perfu-

sion abnormalities may exist in a continuum

beginning in WM and spreading to GM with

disease progression [161, 162]. However, these

techniques have not been tested prospectively

(limited evidence).

Take-Home Tables

Table 9.1 summarizes the combined MRI and

clinical criteria established for the 2005

“McDonald Revisions,” which is currently the

most widely used diagnostic paradigm for MS.

Table 9.2 summarizes the sensitivity and speci-

ficity of conventional MRI criteria used in diag-

nosing clinically definite multiple sclerosis.

Table 9.3 summarizes the criteria required by

MRI to establish dissemination in time of MS

lesions, according to the 2005 “McDonald Revi-

sions.” Table 9.4 summarizes the common distri-

bution of lesions in ADEM/MDEM versus MS as

reported by Dale et al. Table 9.5 summarizes

differentiating features between ADEM/MDEM

and MS clinical presentations based on data by

Dale et al. Table 9.6 summarizes the potential

areas of clinical usefulness of advanced MRI

techniques.

Imaging Case Studies

Case 1: Typical MRI Findings of Multiple

Sclerosis (Fig. 9.1a–e)

History: A 34-year-old female diagnosed

with multiple sclerosis 4 years earlier now

presenting with worsening gait. Patient has had

multiple hospitalizations and treatment with IV

steroids, currently managed with monthly

natalizumab.

Case 2: Enhancing MS Lesions with Resolu-

tion at Follow-Up (Fig. 9.2a–d)

History: A 48-year-old female with 10-year

history of relapsing-remitting MS currently man-

aged on interferon beta-1a.

Case 3: Acute Disseminated Encephalomyeli-

tis (Fig. 9.3a–c)

History: A 4-year-old male presented to the

Emergency Department with seizure and history

of recent fever and leukocytosis.

Case 4: Tumefactive Multiple Sclerosis

(Fig. 9.4a–e)

History: A 38-year-old female with 9-year

history of relapsing-remitting MS, now with

rapidly worsening left hemiparesis and

hemianesthesia. Patient was treated with intrave-

nous steroids and plasmapheresis during hospi-

talization. Due to aggressive nature of patient’s

MS, she was started on injectable mitoxantrone

for therapy.
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Table 9.1 2005 McDonald criteria for diagnosing multiple sclerosis

MR imaging criteria Clinical presentation Additional data for diagnosis

1. Requires three of the following:

(a) At least 1 gadolinium-enhancing

lesion or 9 T2 hyperintense

lesions if there is no gadolinium-

enhancing lesion

(b) At least 1 infratentorial lesion

(c) At least 1 juxtacortical lesion

(d) At least 3 periventricular lesions

Note: A spinal cord lesion can be

considered equivalent to a brain

infratentorial lesion: An enhancing

spinal cord lesion is considered to be

equivalent to an enhancing brain

lesion, and individual spinal cord

lesions can contribute together with

individual brain lesions to reach the

required number of T2 lesions

1. Two or more attacks;

objective evidence of �2

lesions

2. Two or more attacks;

objective evidence of 1

lesion

3. One attack; objective clinical

evidence of �2 lesions

4. One attack; objective clinical

evidence of 1 lesion

(monosymptomatic

presentation; CIS)

5. Insidious neurologic

progression suggestive

of MS

1. None

2. Dissemination in space, demonstrated by:

(a) MRI or
(b) �2 MRI-detected lesions consistent

with MS plus positive CSF or
(c) Await further clinical attack implicating

different site

3. Dissemination in time, demonstrated by:

(a) MRI or
(b) Second clinical attack

4. Dissemination in space, demonstrated by:

(a) MRI or
(b) �2 MRI-detected lesions consistent

with MS plus positive CSF and
(c) Dissemination in time, demonstrated by

MRI or
(d) Second clinical attack

5. One year of disease progression

(retrospectively or prospectively

determined) and two of the following:

(a) Positive brain MRI (9 T2 lesions or �4

T2 lesions with positive VEP)

(b) Positive spinal cord MRI (2 focal T2

lesions)

(c) Positive CSF

Reprinted with permission from [61]

Table 9.2 Sensitivity and specificity of conventional MR imaging in diagnosing clinically definite multiple sclerosis

Author

No. of

patients

Sensitivity

(%)

Specificity

(%) Comments

Quality of

study

Paty et al. [49] 200 94 57 Prospective, lesions classified as hyperintense on

T2WI and at least 3 mm in size; strongly

suggestive of MS defined by total # of 4 white

matter lesions or 3 lesions, one of which is

periventricular

Limited

evidence

Fazekas et al. [51] 91 88 100 Retrospective review; defined by 3 lesions with at

least two of following criteria: (1) infratentorial

lesion, (2) periventricular lesion, or (3) a lesion

>6 mm

Limited

evidence

Tas et al. [52] 57 59 80 Prospective at 1st presentation; criteria defined as

at least 1 enhancing and 1 non-enhancing lesion

Moderate

evidence

Barkhof et al. [55] 74 82 78 Criteria defined by three of the four following

findings: (1) 1 gadolinium-enhancing lesion or 9

T2 hyperintense lesions, if there is no gadolinium-

enhancing lesion, (2) at least 1 infratentorial

lesion, (3) at least 1 juxtacortical lesion, and (4) at

least 3 periventricular lesions

Limited

evidence
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Table 9.3 Establishing dissemination in time

2005 MRI criteria requires the following

1. Detection of gadolinium enhancement at least 3 months

after the onset of the initial clinical event, if not at the

site corresponding to the initial event

2. Detection of a new T2 lesion if it appears at any time

compared with a reference scan done at least 30 days

after the onset of the initial clinical event

Reprinted with permission from [61]

Table 9.4 Distribution of lesions in ADEM/MDEM

versus MS

ADEM/MDEM (%) MS (%)

Periventricular WM 44 92

Deep and subcortical WM 91 92

Brainstem 50 56

Thalamus 41 25

Basal ganglia 28 8

Spinal cord 28 25

Data from [35]

Table 9.5 Differentiating features between ADEM/

MDEM and MS clinical presentations

Finding ADEM/MDEM (%) MS (%)

Prodromal illness 74 38

Polysymptomatic

presentation

91 38

Encephalopathy 69 15

Seizure 17 0

Serum pleocytosis 64 22

Periventricular WM

lesions on MRI

44 92

Data from [35]

Table 9.6 Potential clinical usefulness of advanced MRI

techniques

MRI

Technique Potential clinical usefulness

Strength of

evidence

MT Predicting cognitive decline Limited

DWI/DTI Distinguishing phenotypes,

correlating with cognitive

decline/disability

Limited

Volumetrics Predicting disease

progression/cognitive decline,

correlating with treatment

response

Limited to

moderate

MRS Correlating with disability Limited

Perfusion Correlating with or predicting

disease progression

Limited

9 Multiple Sclerosis and Acute Disseminated Encephalomyelitis 137



Fig. 9.1 (a–e) Paramidline sagittal FLAIR (a) shows

numerous abnormal hyperintense lesions in the

pericallosal white matter, many of which have an ovoid

configuration radiating away from the ventricular margin.

Axial T2 sequences demonstrate numerous round and

ovoid hyperintense lesions in the supratentorial (b) and

infratentorial (c) white matter with involvement of the

corpus callosum, pons, and cerebellar white matter.

Axial T1 FLAIR (d) shows multiple “T1 black holes”

(arrows). Axial T2 of the cervical spine (e) reveals

a hyperintense lesion in the left dorsolateral aspect of the

cord (arrow)

138 M.E. Zapadka and A.J. Johnson



Fig. 9.2 (a–d) Axial T2 at the level of the brainstem (a)
demonstrates globular hyperintense signal in the posterior

right pons (arrow). Accompanying postcontrast T1 (b)
shows corresponding incomplete ring enhancement

(arrow). Follow-up MRI 4 weeks later shows residual,

but improved T2 hyperintensity (c) and complete resolu-

tion of enhancement (d)
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Fig. 9.3 (a–c) Coronal FLAIR (a) demonstrates multiple

hyperintense lesions within the subcortical white matter

(arrow) and involving the thalamus bilaterally

(arrowhead). Postcontrast coronal T1 (b) shows enhance-
ment of some of these lesions, with the largest irregular

focus of enhancement in the right parietal white matter

(arrow). Coronal FLAIR (c) obtained 5 weeks later after

course of intravenous and oral steroids shows resolution of

previous regions of hyperintense signal abnormality with

no residual neurologic sequelae
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Suggested Imaging Protocols

The following MRI brain and spinal cord pro-

tocols are recommended (some are modified

from published guidelines by an international

consensus group sponsored by the Consortium

of Multiple Sclerosis Centers (CMSC) in 2001)

[163] (insufficient to limited evidence):

Brain

• Axial sections should follow the subcallosal

line (joins the undersurface of the rostrum and

splenium of the corpus callosum).

• Axial FSE PD/T2 and axial FLAIR – both are

recommended when acquiring a diagnostic

scan for CIS and also for MS follow-up.

Fig. 9.4 (a–e) Axial T2 (a) demonstrates large mass-like

hyperintense lesion in the posterior right frontal white

matter abutting the ventricular margin. Axial T1 FLAIR

(b) at the same level shows marked central hypointensity

(arrow). Postcontrast T1 (c) shows incomplete ring

enhancement (arrow) with open portion of ring facing

the ventricle. Diffusion-weighted sequence (d) shows

restricted diffusion along the leading edge of demyelin-

ation (arrows). Pulsed arterial spin-labeled MR perfusion

(e) also reveals increased blood flow corresponding to the

leading edge of demyelination (arrow)
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• Axial gadolinium-enhancedT1 is recommended

for a diagnostic scan for CIS.

• Axial pregadolinium T1 is optional, but none-

theless considered useful for comparison with

non-contrasted images.

• Sagittal FLAIR is recommended for diagnos-

tic scan for CIS, but optional for MS

follow-up.

• The CMSC gave no specific guidelines

for acquiring diffusion-weighted imaging,

but a subsequent review by Lovblad et al.

included DWI as an optional sequence

and helpful to differentiate other diagnoses

[155].

Spine

• Pre- and postgadolinium-enhanced sagittal T1

sequences are recommended.

• Precontrast sagittal FSE PD/T2 sequence is

recommended.

• Precontrast axial FSE PD/T2 is recommended

(through suspicious lesions).

• Postcontrast axial T1 is recommended

(through suspicious lesions).

• 3D T1 is optional.

General Imaging Principles

• Standard dose of 0.1 mmol/kg is injected over

30 s, and image acquisition should begin

a minimum of 5 min after start of injection.

• In MS, MRI of the brain and spinal cord

should be performed on at least a 1 T magnet,

if possible.

Future Research

• Though desirable from an evidence-based per-

spective, Level 1 or Level 2 studies of the

diagnostic accuracy of MRI (conventional)

are not likely to be performed in the

future – since MRI-based measures have

been formally incorporated into clinical diag-

nostic criteria for MS since 2001.

• There is a paucity of literature on the effect of

advanced MRI techniques on the diagnostic

accuracy of MRI in MS.

• Though some advanced techniques have been

used in recent clinical trials, there is a need for

more prospective evidence that these

advanced MRI measures correlate with or pre-

dict clinical outcomes such as relapse or pro-

gression of disability.
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Key Points

• Noncontrast head CT should be performed in

all patients who are candidates for thrombo-

lytic therapy to exclude intracerebral hemor-

rhage (ICH) [Strong Evidence]. Magnetic

resonance imaging (MRI) is likely equivalent

to CT in the detection of intracranial hemor-

rhage for patients <6 h from onset [Strong

Evidence].

• Magnetic resonance (MR) (diffusion-weighted

imaging) is superior to CT for detection of

cerebral ischemia within the first 24 h of symp-

tom onset [Strong Evidence]; however, identi-

fication of ischemia may confirm a clinical

diagnosis without influencing immediate clini-

cal decision-making or outcomes.

• Advanced imaging such as MR perfusion, CT

perfusion, xenon CT, and positron emission

tomography (PET) hold promise to improve

patient selection and individualize the thera-

peutic window [Limited Evidence], but the

data does not currently support routine use in

the management of acute ischemic stroke

patients.

• Randomized placebo-controlled trials selecting

patients with diffusion-perfusion mismatch for

thrombolytic treatment have shown no benefit

over placebo up to 9 h from stroke symptom

onset [Strong Evidence].

Definition and Pathophysiology

This chapter focuses on the imaging of acute

ischemic stroke patients within the first few

hours of stroke onset when issues relating to

the decision to administer thrombolytics are of

paramount importance. Stroke is a clinical term

that describes an acute neurological deficit due

to a sudden disruption of blood supply to the

brain. Stroke is caused by either an occlusion

of an artery (ischemic stroke or cerebral

ischemia/infarction) or rupture of an artery lead-

ing to bleeding into or around the brain (hemor-

rhagic stroke or intracranial hemorrhage). The

vast majority of strokes are ischemic (87 %)

while 10 % are intracerebral hemorrhages and

3% are subarachnoid hemorrhages [1]. Ischemic

stroke can be divided into several subtypes

based on etiology: small vessel (40 %), large-

vessel atherothrombotic (20 %), cardioembolic

(20 %), and unknown etiology (20 %) [2]. Risk

factors for stroke include age, male gender, race

(African American), previous history of stroke,

diabetes, hypertension, heart disease, atrial

fibrillation, smoking, and alcohol use. Treat-

ment of ischemic stroke can be divided into

acute therapies, consisting of thrombolysis with

tissue plasminogen activator (tPA) and manage-

ment of secondary complications (edema,

herniation, hemorrhage), and preventative ther-

apies aimed at reducing the risk of recurrent

stroke.

Epidemiology

It is estimated that approximately 795,000 new or

recurrent strokes occur annually of which nearly

700,000 are ischemic. A new stroke occurs every

40 s in the United States [1, 3]. Fifteen to thirty

percent of stroke survivors are permanently dis-

abled or require institutional care making it the

leading cause of severe long-term disability and

the leading diagnosis from hospital to long-term

care [4–6]. Stroke is the third leading cause

of mortality after heart disease and cancer,

accounting for 134,000 deaths per year in the

United States [3]. In 1995, the Food and Drug

Administration approved tPA for the treatment of

acute ischemic stroke after tPA was shown to

reduce neurological disability at 3 months com-

pared to placebo [7]. Despite having strong evi-

dence for the benefit of acute treatment, it is

estimated that only 1.8–3 % of ischemic stroke

patients receive tPA [8, 9]. The reasons for the

low rates of tPA treatment are largely due to

patients arriving outside of the approved tPA

window. Additionally, many hospitals are not

equipped with the infrastructure required to eval-

uate tPA candidates in an expedited manner.

A recent study confirmed that the majority of

US hospitals did not administer tPA to acute

stroke patients over a 2-year period [10].
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Overall Cost to Society

The estimated direct and indirect costs of stroke

totaled 74 billion dollars in 2010 with 66 % of the

cost related directly to medical expenditures [3].

Acute inpatient hospital cost accounts for 70% of

the first-year costs post stroke. Diagnostic tests

during the initial hospitalization contribute

nearly 20 % to total hospital costs [11]. These

diagnostic tests include MR and/or CT (91 % of

patients), echocardiogram (81 %), noninvasive

carotid artery evaluation (48 %), angiography

(20 %), and electroencephalography (6 %). Addi-

tional diagnostic testing with CT or MR angiog-

raphy and perfusion are increasingly being

obtained for special situations (i.e., to select

patients for endovascular therapy when patients

do not show a clinical response to intravenous

tPA), but also on a routine basis at some institu-

tions. Although clinical benefit has not yet been

proven for these diagnostic tests, several studies

have modeled the cost-benefit ratio in the acute

ischemic stroke population [12–14].

Goals of Imaging

The primary goal of neuroimaging in patients

presenting with acute neurological deficits

and suspected ischemic stroke is to exclude hem-

orrhagic stroke. Secondary goals may include

confirmation of ischemic stroke and exclusion

of other diagnoses that may mimic stroke.

Finally, emerging goals of acute stroke imaging

are to determine if brain tissue is viable and

thereby amenable to therapies beyond the cur-

rently approved tPA treatment window and to

determine the localization of vascular occlusion

when an interventional treatment would be

considered.

Methodology

A comprehensive MEDLINE search (United

States National Library of Medicine database)

for original articles published between January

1966 and March 2011 using the OVID and

PubMed search engines was performed using

combinations of the following keywords: ische-

mic stroke, hemorrhage, diagnostic imaging, CT,

MR, PET, angiography, gadolinium, circle of

Willis, carotid artery, brain, technology assess-

ment, evidence-based medicine, and cost. The

search was limited to English-language articles

and human studies. The abstracts were reviewed

and selected based on well-designed methodol-

ogy, clinical trials, outcomes, and diagnostic

accuracy. Additional relevant articles were

selected from the references of reviewed articles

and published guidelines.

Discussion of Issues

What Is the ImagingModality of Choice
for the Exclusion of Intracranial
Hemorrhage in Acute Ischemic Stroke?

Summary

Computed tomography is widely accepted as the

gold standard for imaging intracerebral hemor-

rhage; however, it has not been rigorously exam-

ined in prospective studies, and thus the precise

sensitivity and specificity are unknown [Limited

Evidence]. However, in the evaluation of throm-

bolytic candidates, CT is the modality of choice

for exclusion of intracerebral hemorrhage based

on randomized controlled trials [Strong Evidence]

[7, 15]. By many measures, MR is likely as sensi-

tive as CT in the detection of intracerebral hemor-

rhage and is more sensitive during the chronic

phase. Recent studies indicate that the accuracy

of MR in detecting intraparenchymal hemorrhage

is likely equivalent to CT even in the hyperacute

setting (within 6 h of ictus) [Moderate Evidence]

[16, 17].

Supporting Evidence
(a) Computed Tomography It is essential that an

imaging study reliably distinguish intracerebral

hemorrhage (ICH) from ischemic stroke because

of the divergent management of these two

conditions (see flowchart, Fig. 10.1). This is espe-

cially critical for patients who present within
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4.5 h of symptom onset under consideration

for thrombolytic therapy. Noncontrast CT is

currently the modality of choice for detection of

acute ICH. Although MRI has been increasingly

found to be as sensitive as CT for detection of

acute ICH, CT has advantages over MRI, includ-

ing widespread availability, shorter scanning

time, lower cost, and fewer patient contraindica-

tions than MRI. Acute hemorrhage appears

hyperdense on CT for several days due to the

high protein concentration of hemoglobin and

retraction of clot, but becomes progressively

isodense and then hypodense over a period of

weeks to months. Rarely acute hemorrhage can

be isodense in severely anemic patients with

a hematocrit less than 20 % or 10 g/dl [18].

Although it has been accepted that CT identifies

ICH with high sensitivity, surprisingly few stud-

ies have been conducted to support this [19, 20].

In 1974, Paxton and Ambrose [21] diagnosed

66 patients with ICH using the first-generation

CT scanner; the study was observational, lacking

autopsy confirmation. Subsequently, in an

autopsy series of 79 patients, CT did not detect

4 out of 17 patients with ICH – all were brainstem

hemorrhages [Limited Evidence] [22]. There is

little doubt that the sensitivity of third-generation

CT scanners for the detection of ICH is superior

to that of the first-generation scanners; however,

it is of interest that the precise sensitivity and

specificity of this well-accepted modality are

unknown.

Four studies evaluating third-generation CT

scanners in patients with nontraumatic subarach-

noid hemorrhage identified by CT or cerebrospi-

nal fluid (CSF) have been reported [23–26].

The overall sensitivity of CT was 91–92 %, but

was dependent on the time interval between

symptom onset and scan time. Sensitivity was

100 % (80/80) for patients imaged within 12 h,

93 % (134/144) within 24 h, and 84 % (31/37)

after 24 h [Limited Evidence] [25, 26]. These

numbers were confirmed by two other studies

that demonstrated a sensitivity of 98 % (117/

119) for scans obtained within 12 h, 95 %

(1,313/1,378) within 24 h, 91 % (1,247/1,378)

between 24 and 48 h, and 74 % after 48 h

(1,017/1,378) [Moderate Evidence] [23, 24].

These studies relied on a diagnosis made by CT,

or by blood detected in CSF in the absence of CT

findings. No studies with autopsy confirmation

have been reported.

Therefore, although CT is commonly regarded

as the modality of choice for imaging ICH, the

precise sensitivity and specificity are unknown

and depends on time after onset, hemoglobin

concentration, and size and location of the

hemorrhage.

(b) Magnetic Resonance Imaging Like CT, the

appearance and identification of ICH onmagnetic

resonance imaging (MRI) depend on the age of

the patient and location (intraparenchymal or

subarachnoid) of the hemorrhage. In addition,

the strength of the magnetic field and type of

MR sequence influence its sensitivity [27]. As

the hematoma ages, oxyhemoglobin breaks

down sequentially into several paramagnetic

products: first deoxyhemoglobin, then methemo-

globin, and finally hemosiderin. Iron exposed

to surrounding water molecules in the form

of deoxyhemoglobin creates signal loss on

susceptibility-weighted and T2-weighted (T2W)

sequences [28, 29]. Thus, the earliest detection of

hemorrhage depends on the conversion of oxyhe-

moglobin to deoxyhemoglobin which was

believed to occur after the first 12–24 h [27, 30].

However, this early assumption has been

questioned with reports of ICH detected by MRI

within 6 h and as early as 23 min from symptom

onset [31, 32]. 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 controls, with three experienced readers (two

stroke neurologists and one neuroradiologist) uti-

lizing CT as the reference standard. The readers,

blinded to clinical and CT results, identified all

acute hemorrhages on MRI yielding 100 % sen-

sitivity and specificity compared to CT [Moder-

ate Evidence] [16]. A study comparing CT and

MRI for detection of both ischemic and hemor-

rhagic stroke found a lower sensitivity of 84 %

using MRI (of 25 acute hemorrhages on CT, 21

were identified on MRI) [Moderate Evidence]

[17]. The four patients not identified by MRI
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included two cases in which “acute” ICH was

classified as “chronic,” one case with hemor-

rhagic conversion of ischemic stroke by DWI,

and one case in which acute ICH was missed.

This study was methodologically limited because

sensitivity and specificity were measured based

on the clinical discharge diagnosis. Compared to

discharge diagnosis, MRI had 81 % sensitivity

and 100 % specificity, while CT had 89 % sensi-

tivity and 100 % specificity. Three cases of ICH

identified on MRI but not on CT included

a subdural hematoma, a hemorrhagic metastasis,

and a temporal lobe hematoma. Other studies have

also noted that cases of acute hemorrhagic trans-

formation of an ischemic stroke could be seen on

MRI (GRE) but not on CT [33]. Therefore, it

appears that rare cases of early ICHmay bemissed

on either MRI or CT. Studies with tissue confir-

mation, allowing for measurement of the exact

accuracy of both modalities, are lacking.

Recently, susceptibility-weighted imaging

(SWI) has allowed for greater sensitivity to detect

very small hemorrhages, both acute and chronic,

compared to CT- and MRI-obtained GRE

[Limited Evidence] [34]. When faced with deci-

sions regarding thrombolysis in acute ischemic

stroke patients, the heightened sensitivity of MRI

SWI to microbleeds that are not otherwise

detected on CT could lead to consideration of an

increased risk of hemorrhagic transformation

with thrombolysis in these patients (Fig. 10.2)

[35]. However, thus far, several studies suggest

that neither the presence nor the number of cere-

bral microbleeds is associated with a significant

increased risk of hemorrhagic transformation in

tPA-treated or untreated patients [Moderate Evi-

dence] [36–38].

What Are the Imaging Modalities of
Choice for the Identification of
Brain Ischemia?

Summary

Based on strong evidence, MRI (diffusion-

weighted imaging) is superior to CT for identify-

ing ischemic stroke within the first 12 h of

symptom onset. However, despite its superiority,

MRI may not always affect clinical decision-

making and has not been shown to improve clin-

ical outcomes. Moreover, MRI may be less

readily available and often requires additional

time for patient screening and scanning relative

to CT. Time-sensitive factors are of critical

importance since time to thrombolytic treatment

is one of the strongest predictors of clinical out-

come after ischemic stroke [39].

Supporting Evidence

(a) Computed Tomography CT images are com-

monly normal during the acute phase of ischemia

and therefore the diagnosis of ischemic stroke is

based on clinical history and physical examina-

tion. At times, patients may present with stroke-

like symptoms due to non-stroke etiologies

including seizure, postictal state, migraine with

prolonged aura, brain tumor, toxic-metabolic

conditions, peripheral vertigo, subdural hema-

toma, herpes encephalitis, demyelinating disease,

or conversion disorder [40]. Based purely on

history and physical examination alone without

confirmation by CT, stroke mimics may account

for 13–19 % of cases initially diagnosed with

stroke [40, 41]. Sensitivity of diagnosis improves

when noncontrast CT is used, but 5 % of cases are

still misdiagnosed as stroke [42].

Increased scrutiny of hyperacute CT scans,

especially following the early thrombolytic trials,

suggests that some patients with large areas of

ischemia may demonstrate subtle early signs of

ischemia, even when imaged less than 3 h after

symptom onset. These early CT signs include

parenchymal hypodensity, loss of the insular rib-

bon [43], obscuration of the lentiform nucleus

[44], loss of gray and white matter differentiation,

visualization of hyperdense clot in the region of

the proximalmiddle cerebral artery (MCA) known

as the “denseMCA sign,” subtle effacement of the

cortical sulci, and local mass effect (Fig. 10.3a , b).

Early changes are found in 31 % of CTs per-

formed within 3 h of ischemic stroke [Moderate

Evidence] [45], precluding its reliability as

a positive sign of ischemia. When performed

within 5 h of MCA stroke onset (demonstrated

angiographically), early CT signs were found in

81 % of patients [Moderate Evidence] [46].
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Early CT signs, however, are often subtle and

difficult to detect even among experienced readers

[Moderate Evidence] [47–49].

Early CT signs of infarction, especially involv-

ing more than one-third of the MCA distribution,

have been reported to be associated with severe

stroke, increased risk of hemorrhagic transforma-

tion [49–52], and poor outcome [53]. Because of

these associations, several trials involving throm-

bolytic therapy including European Cooperative

Acute Stroke Study-2 (ECASS-2) excluded

patients with early CT signs in an attempt to

avoid treatment of patients at increased risk for

hemorrhagic transformation [54]. Recently,

ECASS-3, which excluded these patients, demon-

strated efficacy of intravenous tPA administration

within 3–4.5 h after stroke onset [15]. The Alberta

Stroke Program Early CT Scores (ASPECTS),

a 10-point scoring system, was developed as

a tool for detection of early ischemic changes on

head CT that would be more reliable and prognos-

tic than simple visual inspection of the MCA ter-

ritory. 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 [55]. Both methods (visual inspection

and ASPECTS) require training to ascertain subtle

ischemic changes, although ASPECTS has not

clearly demonstrated superior reliability compared

to visual inspection [56]. While studies have dem-

onstrated that ASPECTS predicts hemorrhagic

transformation after thrombolytics and functional

outcome, data comparing ASPECTS with simple

visual inspection are lacking [55, 57]. In contrast

to ECASS-3, the National Institute of Neurologi-

cal Disorders and Stroke tPA trial [7] did not

exclude patients with early CT signs, and, there-

fore, early CT signs should not be used to exclude

patients who are otherwise eligible for thrombo-

lytic treatment within 3 h of stroke onset [Strong

Evidence] [7].

(b) Magnetic Resonance Imaging Unlike CT,

MR diffusion-weighted imaging (DWI) is capa-

ble of detecting very early physiologic changes

during cerebral ischemia, demonstrating changes

within minutes of ischemia in rodent stroke

models [58–60]. Moreover, the sequence detects

lesions as small as 4 mm in diameter [61]. The

signal alteration observed in DWI after acute

ischemia is believed to be due to influx of intra-

cellular water, thereby restricting water motion

and resulting in a bright signal on DWI [62, 63].

As duration of ischemia increases, a DWI lesion

becomes progressively brighter, leading to the

added contribution of hyperintense T2W signal

known as “T2 shine through” [64]. To differenti-

ate between true restricted diffusion 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 make 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

[Moderate Evidence] [65, 66]. In another study,

50 patients were randomized to DWI or CT within

6 h of stroke onset, and subsequently received the

other imaging modality with a mean delay of

30 min. Sensitivity and specificity of ischemia

detection among blinded expert readers were sig-

nificantly better with DWI (91 % and 95 %,

respectively) compared to CT (61 % and 65 %)

[Moderate Evidence] [67]. A recent large prospec-

tive study including 190 ischemic stroke patients

assessed the accuracy of DWI compared to CT as

a function of time from symptom onset [17]. As

time from symptom onset increased, the sensitiv-

ity of DWI for final diagnosis of ischemic stroke

increased: 73%, 81%, and 92% for<3 h, 3–12 h,

and >12 h, respectively, whereas CT had only

12 %, 20 %, and 16 % sensitivity at these three

respective time intervals [Strong Evidence].

Although DWI is the optimal test for imaging

acute ischemia, the highest level data suggests

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. As

described above, the sensitivity of DWI increases

as time from stroke onset increases in the first

24 h. False negatives have been reported in small
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subcortical and vertebrobasilar infarctions and in

patients with low National Institutes of Health

Stroke Scale (NIHSS) scores [Moderate Evi-

dence] [17, 66, 68–70]. Furthermore, within the

first 6 h of stroke onset, DWI demonstrates

delayed signal evolution after changes in perfu-

sion [71]. Therefore, the location and size of

ischemia, time from onset, and perfusion status

are among several factors contributing to the

DWI lesion. Restricted diffusion has been

reported with other nervous system pathologies

such as brain abscesses [72], herpes encephalitis

[73, 74], Creutzfeldt-Jakob disease [75], highly

cellular tumors such as lymphoma or meningi-

oma [76], epidermoid cysts [77], seizures [78],

and hypoglycemia [79] [Limited Evidence].

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.

Acute DWI lesion volume (<24 h from symp-

tom onset) correlates with final infarct volume,

the initial stroke severity as measured by the

NIHSS, and long-term clinical outcome as mea-

sured by disability scales such as Barthel Index

and modified Rankin Scale [80–82]. In anterior

circulation strokes, especially strokes involving

the cortex, acute DWI lesion volume appears to

correlate well with baseline clinical stroke sever-

ity, final lesion volume, and clinical outcome

[Moderate Evidence] [81–83]. In contrast, small,

subcortical, and posterior-circulation strokes dem-

onstrate poor correlation between DWI volume

and initial stroke severity [Limited Evidence]

[80, 83]. This is likely related to the discordance

between small infarct size and increased severity

of neurological deficits seen with some brainstem

strokes and subcortical strokes affecting motor

pathways and centers of wakefulness.

Regarding CT vs. MRI for first-line imaging in

patients with suspected acute ischemic stroke, sev-

eral critical factors have not been adequately stud-

ied. 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

outcomes. A large study assessing CT vs. MRI for

diagnosis of acute ischemic stroke excluded 11 %

of patients due to issues such as patient intolera-

bility and claustrophobia in the MR scanner, MR

contraindications such as pacemaker placement,

and medical instability [17]. One study compared

the cost-effectiveness of immediate vs. delayed

CT for all patients compared with a subset of

acute stroke patients and found that an immediate

CT in all patients was more cost-effective than

delayed CT in a subset of patients [84]. However,

similar studies have not yet been performed for

MRI and are greatly needed.

What Imaging Modalities May Identify
the Presence of Viable Tissue:
The Ischemic Penumbra?

Summary
Determination of tissue viability using advanced

imaging has tremendous potential to individual-

ize therapy and extend the therapeutic time win-

dow for some acute ischemic stroke patients.

Several imaging modalities, including MRI, CT,

and PET, have been examined in this role. Oper-

ational hurdles have limited the use of some of

these modalities in the acute stroke setting (e.g.,

PET), while others such as MRI have been stud-

ied in large clinical trials. Thus far, randomized

controlled trials have not demonstrated a benefit

of thrombolytic treatment in patients who are

selected using MR-based criteria such as diffu-

sion-perfusion mismatch [Strong Evidence];

however, studies are ongoing. Positive clinical

trials will be required prior to the use of penum-

bral imaging techniques in routine clinical deci-

sion-making.

Supporting Evidence

(a) Magnetic Resonance Imaging The primary

investigation into imaging viable tissue using

MRI has relied upon information gained from

DWI and perfusion-weighted imaging (PWI)

techniques. In acute ischemia, PWI is most com-

monly performed by repeated and rapid
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acquisition of images after injection of contrast

agent using a 2D gradient echo or spin-echo

echo-planar imaging (EPI) sequence termed

“dynamic susceptibility contrast” (DSC) [85, 86].

Signal changes induced by the first passage of

contrast in the brain can be used to obtain

estimates of a variety of hemodynamic parameters,

including cerebral blood flow (CBF) and cerebral

blood volume (CBV), as well as several time-based

perfusion parameters including mean transit time

(MTT), time to peak (TTP), and Tmax (Table 11.2)

[86–89]. Another MRI method developed to mea-

sure cerebral perfusion is arterial spin labeling

(ASL) which measures blood flow by labeling

specific feeding vessel territories rather than the

DSC method which utilizes the combination of all

vasculature supply to the brain. ASL has a major

advantage over DSC as it does not require intra-

venous contrast; however, it is currently limited by

low signal-to-noise ratio especially in brain

regions that are severely ischemic [90].

After acute arterial occlusion, brain tissue dies

over a period of minutes to hours following arte-

rial occlusion. Initially, a “core” of tissue dies

within minutes, but it is theorized that surround-

ing brain tissue, while dysfunctional, remains

viable and comprises the “ischemic penumbra.”

If blood flow is not restored in a timely manner,

the penumbral tissue “at risk” will die, resulting

in growth of the ischemic core [91]. The temporal

profile of signal changes seen on DWI and PWI

follows a pattern that is strikingly similar to the

theoretical construct of the penumbra described

above. In MR images obtained within hours of

stroke onset, the DWI lesion is often smaller than

the area of PWI lesion, and smaller than the final

infarct (defined by T2W images obtained weeks

later). If the arterial occlusion persists, the DWI

lesion grows until it matches the initial perfusion

defect, which is often similar in size and location

to the final infarct (chronic T2W lesion)

(Fig. 10.4a–d) [Limited Evidence] [92, 93]. The

area of normal DWI signal but abnormal PWI

signal is known as the diffusion-perfusion

mismatch and has been postulated to represent

the ischemic penumbra. The presence of mismatch

tissue varies greatly depending on the definitions of

DWI and PWI thresholds used, ranging from 49%

to 88%of ischemic stroke patients (up to 12 h after

stroke onset) [94–96]. Growth of the DWI lesion

over time has been documented in a randomized

trial testing the efficacy of the neuroprotective

agent, citicoline [Moderate Evidence] [81].

Growth of the DWI lesion volume (obtained at

<24 h) into the final T2W scan (obtained at

12 weeks) was 180 % in the placebo group com-

pared to only 34 % in the citicoline-treated group

suggesting a treatment effect. However, efficacy of

the agent was not demonstrated using clinical out-

come measures [97]. One small prospective study

enrolled acute ischemic stroke patients with

mismatch who were treated with intra-arterial

thrombolysis. Patients with successful recanaliza-

tion salvaged larger areas of mismatched tissue

compared to patients who did not successfully

recanalize [Limited Evidence] [98].

The promise of diffusion-perfusion mismatch

is to provide a measure of salvageable ischemic

brain tissue, and thereby individualize therapeu-

tic time windows for acute treatments. Since

lesion growth into the final infarct may not

occur until hours to days later in some individuals

[Limited Evidence] [92, 93], tissue could poten-

tially be salvaged beyond the tPA window. One

assumption underlying the mismatch hypothesis

is that the acute DWI lesion represents irrevers-

ibly injured tissue or the ischemic core. However,

it has been known for some time that DWI lesions

are reversible after transient ischemia in animal

stroke models [99, 100], and reversible lesions in

humans have been reported following TIA [101]

or after reperfusion [Limited Evidence] [102].

These data suggest that at least some brain tissue

within the DWI lesion may represent reversibly

injured tissue. While one study found that the

majority of DWI lesions measured between 3 and

6 h are eventually incorporated into the final

infarct, other studies have found that lesions prior

to 3 h may reverse after reperfusion and may

not proceed to infarction [Limited Evidence]

[71, 103]. The second assumption underlying the

mismatch hypothesis is that the acute PWI lesion

encompasses all tissue “at risk” for infarction if not

reperfused. Several studies found that PWI lesions

included regions of benign oligemia (tissue with

low CBF, but neurological function remains intact
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and is not at risk for infarction) and therefore

overestimated the amount of tissue at risk [104].

Two large trials testing the mismatch hypothesis,

DEFUSE and EPITHET (see next paragraph), uti-

lized a liberal PWI threshold (Tmax >2 s) to

define the region of tissue at risk, resulting in

a high proportion of patients with mismatch [94,

96]. When the DEFUSE study was reanalyzed

using a more conservative threshold (Tmax

>4–6 s), the PWI volumes more closely approxi-

mated the final infarct volume and clinical out-

come [105]. Given the profound differences that

result from varying the PWI parameter (CBF,

MTT, Tmax, etc.) and threshold, several groups

have attempted to identify the optimal map for

outlining the extent of tissue at risk, however

a consensus has not been reached [106–110].

Several clinical trials have been performed to

validate diffusion-perfusion mismatch or used

mismatch to empirically select patients for treat-

ment beyond the current tPA window. One

important study, DEFUSE, aimed to validate

diffusion-perfusion mismatch by comparing clini-

cal outcome in mismatched compared to matched

patients, all of whom were treated with tPA [96].

Seventy-four acute ischemic stroke patients

presenting within 3–6 h of stroke onset were

treated with tPA. All patients were serially imaged

with MRI prior to tPA treatment (to assess for the

presence of diffusion-perfusion mismatch) and

3–6 h after tPA treatment (to assess for tissue

reperfusion). After excluding patients with unsuc-

cessful PWI scans or patients with a “small lesion

profile,” 45 patients were analyzed, of whom 34

had mismatch and 11 did not. In the 34 patients

with mismatch, those with reperfusion had

a significantly better clinical outcome than patients

without reperfusion. However, due to the small

number of patients without mismatch, the con-

verse, that matched patients did not improve with

reperfusion, could not be proven. Furthermore,

patients with mismatch did not have a greater

chance of good clinical outcome (38 %) compared

to patients without mismatch (54 %). Although

DEFUSE is commonly cited as validation for use

of diffusion-perfusionmismatch, there was no evi-

dence showing that mismatch patients improved

more with reperfusion-promoting therapy (tPA)

than non-mismatch patients. The small size of

the matched group and the lack of a placebo

arm make study conclusions difficult [Moderate

Evidence].

Subsequent randomized controlled trials have

utilized diffusion-perfusion mismatch to select

patients for therapy beyond the currently

approved tPA window. In EPITHET [94], stroke

patients arriving after 3 h from symptom onset

were serially imaged (1) prior to administration

of tPA vs. placebo, (2) at 3–5 days, and (3) at

90 days after treatment. The EPITHET hypothe-

sis was that tPA treatment would result in less

infarct growth (as measured from the baseline

DWI to the day 90 T2W scan) compared to pla-

cebo in the subset of mismatch patients. Of 91

enrolled patients with usable imaging data, 44

were given tPA (of whom 37 had mismatch)

and 47 were given placebo (of whom 43 had

mismatch); 88% of the 91 patients hadmismatch.

The primary endpoint showed no significant dif-

ference in infarct growth between the tPA and

placebo groups. Three additional studies, DIAS

[111], DEDAS [54], and DIAS-2 [112], exam-

ined the efficacy of a novel thrombolytic,

desmoteplase, compared to placebo in patients

with mismatch between 3 and 9 h after stroke

onset. While the initial phase-2 studies, DIAS

and DEDAS, demonstrated safety and early

signs of efficacy for desmoteplase, the phase-3

study, DIAS-2, was a negative trial with unex-

pectedly high mortality and no overall clinical

benefit of desmoteplase [Strong Evidence].

DIAS-2 differed from the initial phase-2 studies

in that it allowed patients to be selected for study

entry based on both MR- and CT-perfusion-

defined mismatch. This change in imaging inclu-

sion criteria could be one explanation, of several,

for the divergent results. Because the active

agent, desmoteplase, had not been studied in

other acute stroke trials <3 h from onset, it is

unclear if desmoteplase lacked efficacy or if the

imaging screen failed.

Additional MR techniques such as proton MR

spectroscopy (MRS) and T2* blood oxygen

level–dependent (BOLD) MR have been explored
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for the identification of salvageable tissue [113,

114]. MRS measures the presence of lactate and

N-acetylaspartate (NAA) following ischemia.

Lactate is elevated within minutes of ischemia in

animal models, remaining elevated for days to

weeks [115]. While the lactate signal can normal-

izewith immediate reperfusion [116].NAA, found

exclusively in neurons, decreases gradually over

a period of hours after stroke onset [117, 118]. It

has been suggested that increased lactate with

a normal or mild reduction in NAA during acute

ischemia may represent the ischemic penumbra

[113]. One study correlated DWI to both NAA

and lactate in ischemic stroke patients up to 24 h

after onset [119]. While lactate correlated with

DWI and PWI, NAA did not, suggesting that

DWI and PWI measures may better predict early

neuronal loss than NAA [Limited Evidence].

Cerebral metabolic rate of oxygen consump-

tion (CMRO2) has been measured in a small

study of seven acute stroke patients using MRI,

based on the T2* BOLD signal, and a threshold

value has been proposed to define irreversibly

injured brain tissue [Insufficient Evidence]

[120]. Though preliminary, these results appear

to be in agreement with data obtained using pos-

itron emission tomography (PET, see below)

[121]. Measurement of CMRO2 has theoretical

advantages over other measures (e.g., CBF,

CBV), as the threshold value for irreversible

injury is likely to be time independent [122].

(b) Computed Tomography CT is capable of pro-

viding hemodynamic measurements, accom-

plished with either intravenous injection of

nonionic contrast or inhalation of xenon gas.

Like MR, perfusion parameters are obtained by

tracking a contrast bolus or inhaled xenon gas in

blood vessels and brain parenchyma with sequen-

tial CT imaging. Using a 320-row detector, the

study can image the entire brain (�14 cm) com-

pared to limited coverage (�3.5 cm) using old

technology with a 64-row detector. For a protocol

including CT perfusion and CT angiography, the

effective radiation dose is increased to 10.6

milliSievert (mSv) for the 320-row detector com-

pared to 7.5 mSv for the 64-row detector, with

higher radiation dose to the lens, given the

broader cranial coverage [123].

Xenon, an inert gas with an atomic number

similar to iodine, can attenuate x-rays similar to

intravenous contrast. However, unlike CT con-

trast, the gas is freely diffusible and can cross the

blood-brain barrier. Sequential imaging permits

the tracking of progressive accumulation and

washout of the gas in brain tissue, and quantita-

tive CBF and CBV maps can be calculated [124].

CBF values from xenon CT have been highly

accurate compared with radioactive microsphere

and iodoantipyrine techniques under different

physiologic conditions and a wide CBF range in

baboons (correlation coefficient r ¼ 0.67–0.92)

[125, 126]. Low CBF (<15 ml/100 g/min)

correlated with early CT signs of infarction, prox-

imal M1 occlusion, severe edema, and life

threatening herniation. Very low CBF values

(<7 ml/100 g/min) predicted irreversibly injured

tissue [Limited Evidence] [127, 128]. Limitations

of xenon CT include the need for a high xenon

concentration in order to ensure a sufficient signal-

to-noise ratio. The high dose may cause respira-

tory depression and cerebral vasodilation, and thus

confound CBF measurements [129].

In addition to inhaled xenon, bolus nonionic

contrast is used to generate a CT perfusion map.

Rapid repeated serial images are acquired during

the first pass of intravenous contrast to generate

relative CBF, CBV, and time-based perfusion

maps such as MTT and TTP. Despite the disap-

pointing results of the MR diffusion-perfusion

mismatch studies, perfusion CT has largely been

validated against MRI. In a prospective multicen-

ter study, acute ischemic stroke patients were

imaged <12 h from stroke onset with CT and

MRI. The perfusion CT parameter most accu-

rately reflecting the ischemic core (as compared

to DWI) was absolute CBV <2 ml/100 g, while

the parameter most accurately reflecting the pen-

umbra was a relative MTT >145 % of the con-

tralateral hemisphere [Moderate Evidence] [130].

However, in more recent and larger studies, rela-

tive CBF was found to be more predictive of the

ischemic core and final infarct volume than abso-

lute CBV [Moderate Evidence] [131–133].
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Perfusion CT has the advantage of increased effi-

ciency and wider availability thanMRI; however,

major limitations of perfusion CT include ioniz-

ing radiation and a lower signal-to-noise ratio

compared to MRI. Reduced anatomic coverage

has recently limited the utility of perfusion CT,

however, modern multi-detector scanners allow

full brain coverage [133]. Unlike MRI, there

have been no clinical trials of perfusion CT alone

empirically selecting patients for delayed throm-

bolysis. Only in DIAS-2, perfusion CT was

allowed along with MR perfusion for inclusion

criteria to select patients with mismatch [112].

(c) Positron Emission Tomography Positron

emission tomography (PET) has provided funda-

mental information on the pathophysiology of

human cerebral ischemia, although its widespread

clinical utility is limited, given the methodological

hurdles of this modality. Quantitative perfusion

and metabolic measurements can be obtained,

namely, CBF, CBV, oxygen extraction fraction

(OEF), and the cerebral metabolic rate of oxygen

consumption (CMRO2) using multiple tracers and

serial arterial blood samplings. Based on these

parameters, three distinct pathophysiologic states

of ischemic stroke have been identified: oligemia,

ischemia (increased OEF with preserved CMRO2

– thought to represent the penumbra), and irrevers-

ible injury (low CMRO2 – thought to represent the

ischemic core) [134–136]. A decline in CMRO2

below 1.4 mg/100 g/min heralds the transition

from reversible to irreversible injury [121]. In

three serial observational studies of acute ischemic

stroke, elevation of OEF in the setting of low CBF

has been suggested to be the marker of tissue

viability in ischemic tissue and has been identified

up to 48 h from stroke onset [Moderate Evidence]

[137–140]. However, confirmation of tissue via-

bility in regions of elevated OEF would require

large randomized controlled trials demonstrating

that reperfusion to regions of high OEF prevents

progression to infarction. Such studies are difficult

since PET is limited to major medical centers

and requires considerable expertise and time and

intra-arterial line placement, which precludes

PET’s use when administering thrombolytics.

One study assessed relative CBF using PET after

thrombolysis in 12 ischemic stroke patients within

3 h of symptoms onset [141]. In all patients,

early reperfusion of severely ischemic tissue

(<12 ml/100 g/min in gray matter) predicted bet-

ter clinical outcome and limited infarction.

What Is the Role of Noninvasive
Intracranial Vascular Imaging?

Summary

With the development of different delivery

approaches for thrombolysis in acute ischemic

stroke, there is increasing demand for noninva-

sive vascular imaging modalities. Digital subtrac-

tion angiography (DSA) is typically the reference

standard for diagnosing intracranial vascular

pathology; however, the method requires arterial

puncture and contrast to delineate the vasculature

as well as carries a small risk of peri-procedural

stroke. While data are available comparing MRA

and CTA to DSA in subacute and chronic stroke

patients, evidence supporting the use of such

approaches in acute strokemanagement is lacking.

Prospective studies examining the accuracy of

acute noninvasive vascular imaging and if it alters

clinical outcome after stroke are needed. The

ongoing interventional management of stroke

phase-3 (IMS-3) study will determine if intrave-

nous plus intra-arterial tPA is superior to intrave-

nous tPA alone for acute ischemic stroke within

3 h from symptom onset [142]. If the trial demon-

strates benefit of interventional therapy, future

acute stroke management may include vascular

imaging in patients who meet the IMS-3 inclu-

sion/exclusion criteria.

Supporting Evidence

(a) CT Angiogram One advantage of CT angio-

gram (CTA) is that it can be performed immedi-

ately following the prerequisite noncontrast CT for

all stroke patients. The entire examination can be

completed within a few minutes using 100 cc of

nonionic intravenous contrast. A meta-analysis of

eight high-quality studies and 864 patients com-

pared carotid stenosis as measured by CTA to

158 A.L. Ford et al.



DSA. For 70–99 % ICA stenosis, the overall sen-

sitivity and specificity were 85 % and 93 %,

respectively. For detection of ICA occlusion, the

sensitivity and specificity were 97 % and 99 %,

respectively [Strong Evidence] [143]. Similar

high-level data for CTAuse in intracranial stenosis

is limited. In several small case series, the sensi-

tivity and specificity of CTA for trunk occlusions

of the circle of Willis were 83–100 % and

99–100 %, respectively, compared to DSA [Lim-

ited Evidence] [144–150]. One study with two

blinded raters comparing CTA to DSA measured

475 short segments of intracranial arteries in

41 patients [151]. For detection of�50% stenosis,

CTA had 97.1% sensitivity and 99.5 % specificity

[Moderate Evidence]. A similar study of 672 intra-

cranial vessel segments in 28 patients found 98 %

sensitivity and 98 % specificity for stenosis and

100 % sensitivity and 100 % specificity for occlu-

sion, using DSA as the reference standard [152].

This study also compared time-of-flight MRA to

CTA and found CTA to have significantly higher

sensitivity and positive predictive value thanMRA

[Moderate Evidence].

(b) MR Angiogram MR angiography (MRA) is

capable of imaging the intracranial vasculature

without contrast using a technique called “time-

of-flight” or with contrast called “contrast-

enhanced” MRA. For proximal ICA lesions, the

sensitivity and specificity of contrast-enhanced

MRA are high when compared to DSA. In

a meta-analysis of 41 studies in 2,541 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 [Strong Evi-

dence] [153]. In another study of proximal ICA

pathology, DSA and MRA were compared to sur-

gical and histological findings of specimens

removed during endarterectomy. Agreement for

MRA was 89 % and for DSA was 93 % as com-

pared with themeasured stenosis from histological

specimens, while plaque morphology was in

agreement in 91 % of cases for MRA and 94 %

of cases for DSA [Moderate Evidence] [154].

For extracranial proximal vertebral artery

stenosis, contrast-enhanced MRA and CTA were

performed in 46 prospective patients undergoing

DSA. Contrast-enhanced MRA had the highest

accuracy for detecting�50% stenosis with higher

sensitivity (83–89 %) than CTA (58–68 %) but

similar specificity (87–89 % for MRA and

91–93 % for CTA) [Moderate Evidence] [155].

While MRA appears to be a useful tool for mea-

suring stenosis in large vessels, its sensitivity

decreases for smaller caliber intracranial vessels.

Although contrast-enhancedMRAof the extracra-

nial arteries appears to be better at defining the

degree of stenosis than the time-of-flight MRA

technique [156, 157], assessment of the intracra-

nial vessels with contrast is limited due to venous

contamination. 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 occlusion,

respectively [Moderate Evidence] [152]. The

Stroke Outcomes and Neuroimaging of Intracra-

nial Atherosclerosis (SONIA) trial was a prospec-

tive, multicenter study comparing the diagnostic

accuracy of transcranial Doppler (TCD) andMRA

to DSA [158]. The SONIA study found that both

TCD and MRA have high negative predictive

values (86 % and 91 %, respectively) but low

positive predictive values (36% and 59%, respec-

tively) [Strong Evidence]. Sensitivity and speci-

ficity could not be obtained since not every patient

had DSA [158].

Special Situation: Acute Neuroimaging
in Pediatric Stroke

Summary
The recognition of pediatric acute stroke is often

delayed by parents and caregivers due to a lack of

awareness and education regarding this condition.

Moreover, a subset of children and neonates may

have a less clear and more gradual onset of stroke

symptoms. Therefore, studies evaluating the pedi-

atric acute stroke population are few, limiting our
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knowledge regarding the utility of neuroimaging for

early therapeutic decision-making.

Supporting Evidence

Compared to stroke in the adult population, pediat-

ric stroke is a relatively uncommon disorder with

typically very different pathophysiology. The over-

all incidence of ischemic stroke is 2–13 per 100,000

children with the highest rate occurring in the

perinatal period (26.4 per 100,000 infants less

than 30 days old) [159, 160]. The reported inci-

dence of ischemic stroke has increased over the

past decades, due to better population-based

studies (the Canadian Pediatric Stroke Registry),

more sensitive imaging techniques (fetal MR,

DWI), and an increased survival of immature neo-

nates due to improved treatment modalities

(extracorporeal membrane oxygenation). The

etiologies of ischemic stroke in children are

due to non-atherosclerotic causes such as transient

cerebral arteriopathy, post-infectious vasculopathy,

cervical artery dissection, Moyamoya disease, con-

genital heart disease, sickle cell anemia, and coag-

ulation disorders, and are idiopathic in 20–25 % of

cases [159, 161, 162].

There are no randomized clinical trials for the

treatment of acute ischemic stroke in the pediatric

population; however, the Thrombolysis in Pedi-

atric Stroke (TIPS) study, an international multi-

center study, will assess the safety and feasibility

of intravenous tPA at 0–3 h and intra-arterial tPA

at 3–6 h after stroke onset in children age 2–17

[163]. In contrast to the adult NINDS tPA trial

which required only a noncontrast head CT prior

to tPA administration, TIPS will require imaging

confirmation of ischemic stroke using MRI DWI

as well as confirmation of arterial occlusion in the

same territory as the visualized stroke usingMRA

or CTA. Additional requirement of advanced

imaging in a pediatric acute stroke evaluation is

not without challenges. In children <8 years old,

sedation and anesthesia are often required to min-

imize motion artifact [162]. Administration of

anesthesia requires a specialized team to be avail-

able at all hours. If required, both imaging and

administration of anesthesia will lead to delay in

stroke treatment. Extrapolating from adult data,

MRI is likely much more sensitive than CT for

acute ischemic stroke. In one study of 74 children

with acute ischemic stroke, only 12 could be

detectedwith CT alone and the remainder required

MRI confirmation [Moderate Evidence] [164].

Although data on vascular imaging are sparse in

the pediatric population, vascular imaging with

MRA, CTA, or DSA is often recommended to

identify the site of arterial occlusion or other

vasculopathy. Advantages of MRA over CT are

the lack of radiation and that time-of-flight MRA

does not require contrast. The advantages of CT

include its wider availability and the speed of

image acquisition which may limit the need for

sedation. Despite its invasive nature, DSA is con-

sidered the reference standard and may be prefer-

able when a definitive etiology has not been

identified.

Diagnostic imaging is particularly important in

perinatal stroke due to subtle clinical findings on

presentation.While approximately 60% of infants

develop symptoms within a few days of stroke

onset, the remaining 40 % have delayed presenta-

tions beyond 1 month [165]. For suspected perina-

tal stroke, initial neuroimaging is commonly

cranial ultrasound. However, a prospective study

of 47 neonates revealed that cranial ultrasound had

low sensitivity (68 %) in the first few days after

symptom onset when compared to MRI [Limited

Evidence] [166]. Brain CT is often deferred due to

its low sensitivity and radiation exposure. Increas-

ingly, DWI is considered themost accuratemarker

of ischemia in perinatal stroke, although data val-

idating DWI with final stroke volume or clinical

diagnosis are lacking [165–167]. Beyond its diag-

nostic use, MRI in perinatal stroke has been found

to correlate with measures of long-term clinical

outcome. A prospective study in 100 children

with perinatal stroke found that stroke location,

specifically corticospinal tract involvement, was

predictive of hemiplegia at 2 years of age [Moder-

ate Evidence] [168].

The lack of proven treatment for acute pedi-

atric stroke limits the utility of acute neuroimag-

ing for early therapeutic decision-making.

However, in children with sickle cell anemia,

there are two important randomized controlled

trials for stroke prevention (STOP I and

STOP II) [169, 170]. These trials demonstrated
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a highly significant reduction of recurrent strokes

with regular blood transfusions for patients with

peak mean blood flow velocities greater than

200 cm per second measured by transcranial

Doppler ultrasonography [Strong Evidence].

Imaging in sickle cell anemia will be covered in

greater depth in a separate chapter.

Take Home Figure and Tables

Figure 10.1 is an imaging flowchart for acute

stroke imaging.

Tables 10.1 and 10.2 highlight data and

evidence.

Imaging Case Studies

Case 1

Cerebral microbleeds (Fig. 10.2)

Fig. 10.1 Acute stroke imaging flowchart

Table 10.1 Diagnostic performance of different imaging

modalities in patients presenting with acute neurological

deficits

Sensitivity Specificity References Evidence

Acute intraparenchymal hemorrhage (<6 h)

CT 100 %a 100 %a a

MRI 100 % 100 % [16] Strong

Acute ischemic infarction (<3 h)

CT 12 % 100 % [17] Strong

MRI 73 % 92 % [17] Strong

Acute ischemic infarction (<6 h)

CT 61 % 65 % [16] Moderate

MRI 91 % 95 % [16] Moderate

Acute ischemic infarction (<12 h)

CT 20 % 96 % [17] Strong

MRI 81 % 99 % [17] Strong

aAlthough the exact sensitivity or specificity of CT for

detecting intraparenchymal hemorrhage is unknown

[Limited Evidence], it serves as the reference standard

for detection in comparison to other modalities

Reprinted with permission of Springer Science+Business

Media 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
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Table 10.2 Acute ischemic stroke perfusion-weighted imaging parameters

Parameter Units Description

Cerebral blood flow

(CBF)

ml/100 g

tissue/min

Volume of blood flowing through brain tissue over time

CBF is decreased in the ischemic core and penumbra

Cerebral blood

volume (CBV)

ml/100 g tissue Volume of blood within a given amount of brain tissue

CBV is decreased in the ischemic core and is normal in the penumbra

Mean transit time

(MTT)

Seconds Time for contrast to traverse a volume of brain tissue

MTT is increased in the ischemic core and penumbra

Time to peak (TTP) Seconds Time-point of maximum signal intensity loss after the passage of the contrast

agent in brain tissue

TTP is increased in the ischemic core and penumbra

Time to maximum

(Tmax)

Seconds Time to maximum of the tissue residue function obtained by deconvolution;

Tmax may be affected by temporal dispersion due to large artery stenosis or

occlusion

Tmax is increased in the ischemic core and penumbra

Data from Ostergaard [89]

Fig. 10.2 Microhemorrhages. Top row: Two sequential

images of T2* MR sequence show innumerable small low

signal lesions scattered throughout both cerebral hemi-

spheres compatible with microhemorrhages. Bottom row:
Noncontrast axial CT at the same anatomic levels does not

show the microhemorrhages (Reprinted with permission

of Springer Science+Business Media fromVoKD, LinW,

Lee J-W. Neuroimaging in Acute Ischemic Stroke. In

Medina LS, Blackmore CC (eds): Evidence-Based Imag-

ing: Optimizing Imaging in Patient Care. New York:

Springer Science+Business Media, 2006)
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Case 2

Signs of infarction (Fig. 10.3a, b)

Case 3

Evolution of left middle cerebral artery distribu-

tion infarction (Fig. 10.4a–d)

Acute Imaging Protocols

Head CT – Indicated for all patients presenting

with acute focal deficits

Noncontrast examination

Sequential or spiral CT with 5 mm slice thickness

from the skull base to the vertex

Head MR – Indicated if stroke is in doubt

Axial DWI (EPI) with ADC map, GRE or EPI

T2*, FLAIR, T1W

Optional sequences [insufficient evidence for

routine clinical practice]:

MRA of the circle of Willis (3D TOF tech-

nique) or contrast-enhanced

PWI (EPI FLASH, 14 slices per measurement

for 50 measurements, with 10 s injection

delay, injection rate of 5 cc/s with single

bolus of gadolinium, followed by a 20 cc

normal saline flush)

Axial T1W post contrast

Future Research

• Use of neuroimaging to select patients for

acute therapies:

– Imaging the ischemic penumbra to extend

the empirically determined therapeutic

windows for certain individuals.

– Predict individuals at high risk for hemor-

rhagic conversion.

– As more therapies are made available, neu-

roimaging has the potential to help deter-

mine which modality might be most

efficacious (e.g., imaging large-vessel

Fig. 10.3 (a, b) Early CT Signs of infarction. (a)
Noncontrast axial CT performed at 2 h after stroke onset

shows a large low attenuated area involving the entire

right middle cerebral artery distribution (bounded by

arrows) with associated effacement of the sulci and

sylvian fissure. There is obscuration in the right lentiform

nucleus (star) and loss of the insular ribbon (arrow head).
(b) Follow-up noncontrast axial image 4 days later con-

firms the infarction in the same vascular distribution.

There is hemorrhagic conversion (star) in the basal

ganglia with mass effect and subfalcine herniation

(Reprinted with permission of Springer Science+Business

Media 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)
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occlusions for use of intra-arterial throm-

bolysis or clot retrieval).

• Use of neuroimaging to predict outcome:

– Useful for prognostic purposes, or for dis-

charge planning

– Useful as a surrogate measure of outcome

in clinical trials
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Key Points

• Implementation of the Stroke Prevention Trial

in Sickle Cell Anemia (STOP) primary pre-

vention strategy using transcranial Doppler

screening results in lower rates of stroke

admissions (limited evidence).

• Presence of silent infarcts on MR scans in

asymptomatic children with SCD is associated

with higher risk for future stroke (limited

evidence).

• In asymptomatic children with SCD and

hemoglobin (Hb) SS in whom intracranial

arterial velocities are over 200 cm/s on

transcranial Doppler examination, the risk of

first stroke can be substantially reduced by

chronic transfusions (strong evidence).

• Children with SCD and acute stroke require

immediate non-contrast CT to exclude intracra-

nial hemorrhage (moderate–strong evidence).

• Children with symptoms of stroke and a neg-

ative CT for hemorrhage require urgent MRI/

DWI/MRA to assess the degree and extent of

brain structural abnormalities and PET/

SPECT or MRS to determine the degree of

ischemia (moderate evidence).

• Presence of intracranial arterial stenosis and

new lesions on MR imaging in patients with

stroke history are associated with high risk for

recurrent stroke (limited evidence).

• In children with SCD, there are no specific

neuroimaging findings to indicate when

blood transfusions can be safely halted (strong

evidence).

• There are no data that evaluate the cost-

effectiveness of different neuroimaging modal-

ities in the evaluation of symptomatic and

asymptomatic patients with SCD and suspected

stroke (limited evidence).

Definition, Pathophysiology, and
Clinical Presentation

SCD is the family of recessively inherited disor-

ders of hemoglobin (Hb) [1], which have devel-

oped in response to strong evolutionary selection

by malaria [2, 3]. Sickle-cell anemia (SCA), the

most severe form of SCD, refers specifically to

homozygosity for the HbS (bS), a variant of the

HbB gene (which encodes b-globin), whereas
people who inherit only one sickle gene are

sickle-cell carriers [4, 5]. HbS homozygotes suf-

fer from SCD, but heterozygotes have a tenfold

reduced risk of severe malaria [6, 7]. SCD also

includes other variants of the HbB gene, namely,

HbC and HbE [8–11] and regulatory defects of

HbA and HbB, which cause a and ß thalassemia

(Sß + or Sß0) [12–14]. The evolutionary pressure
has risen to high frequencies of HbS allele in

malaria-exposed populations despite the fatal

consequences for homozygotes (HbSS) [2]. Dif-

ferent populations have developed independent

evolutionary responses to malaria at both the

global and the local levels [15]. The most striking

example is the Hb gene, in which three different

coding single nucleotide points confer protection

against malaria: Glu6Val (HbS), Glu6Lys (HbC),

and Glu26Lys (HbE) [3]. The HbS allele is com-

mon in Africa but rare in Southeast Asia, whereas

the opposite is true for the HbE allele [3, 15]. At

the local level, not only frequency of the HbC and

HbS allele varies [8], but the frequency of their

haplotypes also varies; for instance, the HbS

allele is found in four distinct haplotypes in

West Africa region [16–18].

Pathophysiology

Sickle deoxyhemoglobin tends to polymerize to

gel-like consistency while the red blood cell

(RBC) becomes more rigid and deformed to

a less pliable sickle shape [19–21]. This increases

blood viscosity and mechanical stress on RBCs

during their passage through microcirculation,

resulting in hemolytic anemia [22, 23] and

chronic inflammation with elevated levels of

biologic mediators and ongoing activation of the

coagulation system, even when they are in

“steady state” [23–25]. As a result, the viscosity

of the oxygenated sickle blood is about 1.5-fold

that of normal at equal shear rates, but blood

viscosity increases tenfold in the deoxygenation

state [26].
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Cerebral blood flow (CBF) and systemic cir-

culation in SCD adapt to the altered rheologic

conditions [27] especially by recruiting vasodila-

tation to reduce resistance to flow and increase

flow velocity, which decreases apparent viscosity

[28, 29]. CBF and cerebral blood volume (CBV) in

children with SCD are higher than in controls by

a factor of 1.5 and vary inversely with the degree

of anemia [30]. Faster transit time lowers oxygen

extraction and increases venous hemoglobin oxy-

gen saturation, which probably are protective [29].

Chronic vasodilatation and tissue hyperemia lead

to increase in blood flow velocity inmajor cerebral

arteries, with subsequent higher wall shear stress

and reactive intimal hyperplasia and stenosis that

increases the risk of ischemic stroke [31]. Under

physiologic conditions, the upper limit of cerebral

dilatation corresponds to a tissue perfusion rate of

approximately 200 ml/100 g/min, and this limit is

clearly approached in young anemic patients [31].

Also, oxygen affinity to hemoglobin is reduced to

facilitate oxygen delivery during shorter transit

time through microvasculature [32]. If velocity at

the level of microvasculature drops due to, for

instance, a proximal large artery narrowing, oxy-

gen extraction increases and proportionally more

sticky deoxyhemoglobin arrives to venules. This

increases risk of vaso-occlusions, infarctions,

hemolysis, and inflammation [21, 33, 34]. The

damaged RBCs release free radicals and free

hemoglobin into the plasma, which strongly bind

to nitric oxide, causing functional nitric oxide

deficiency and contributing to further develop-

ment of vasculopathy and stroke [21].

Clinical Symptoms

There is a wide range of values for all RBC

indices in chronic SCA [35]. The reduction in

volume of RBC restricts the oxygen-carrying

capacity of Hb, leading to chronic oxyhemoglo-

bin desaturation [36]. Children with HbSS are

more vulnerable to frequent episodes of pain,

chest crisis, stroke [37–40], and delayed growth

[41] than those with HbSC or HbSb0 thalassemia,

who usually have less severe neurological com-

plications in later life [21].

Stroke – typically defined as a cerebral vascular

accident (CVA) of sudden onset with focal neuro-

logical deficit persisting after 24 h, developed

either spontaneously or in the context of an acute

illness such as infection – is a major cause of

morbidity in SCD [42]. There is a high risk of

CVA recurrence – particularly for patients

presenting spontaneously – that is reduced but not

eliminated by regular blood transfusion [42, 43].

Both ischemic and hemorrhagic strokes as

well as common subclinical strokes called “silent

infarcts” may be encountered [37, 44, 45]. The

typical areas of infarction are the frontal and

parietal lobes, particularly in boundary zones of

territories supplied by the internal carotid and

middle and anterior cerebral arteries; the poste-

rior circulation is affected less frequently [44].

There is a broad spectrum of acute presentations

with CVA and other neurological complications

in patients with SCD [46–49]. Patients with SCD

also can have transient ischemic attacks (TIAs),

with symptoms and signs resolving within 24 h

[46–48], although many of these individuals are

found to have had recent cerebral infarction or

atrophy on imaging [37]. The insidious onset of

“soft neurological signs,” such as difficulty in

tapping quickly, is an indicator of associated

cerebral infarction [50, 51]. Melek et al. observed

that in over 95 % of SCD patients with silent

infarcts, at least one soft sign was present [50].

In addition, seizures (20–48 %) [52, 53],

decreased levels of consciousness [54], and head-

ache (6.9 %) [55, 56] are also indicators of stroke

and CVA in children with SCD. Altered mental

status – with or without reduced level of con-

sciousness, headache, seizures, visual loss, or

focal signs – can occur in numerous contexts,

including infection, shunted hydrocephalus [57],

acute chest syndrome (ACS) [58, 59], and

aplastic anemia (secondary to parvovirus [60],

after surgery [55], transfusion [61], or immuno-

suppression [62, 63]), and apparently spontane-

ously [64]. In one large series of 538 patients with

ACS, 3 % of children had neurological symptoms

at presentation, and such symptoms developed in

a further 7–10 % in association with ACS [58].

These patients are classified clinically as having

had a CVA [37], although there is a wide
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differential of focal and generalized vascular and

nonvascular pathologies – often distinguished

using acute magnetic resonance techniques [64] –

with important management implications [52, 57,

61, 65–68]. Sixty-seven percent of those who

have had an initial stroke and are not transfused

will develop another stroke, most likely within

36 months [69]. With each episode, the child is

usually left with greater neurological deficits,

including some degree of mental retardation [70].

Epidemiology

SCD is one of the most prevalent genetic disor-

ders and primarily affects people originating

from sub-Saharan Africa, the Middle East, the

Mediterranean, the Indian subcontinent, the

Caribbean, and South America and descendants

of these people in other parts of the world who

emigrated from the above-mentioned regions

[71–81]. The incidence of SCA in the African

American population is 0.2–0.3 %; that of SS

trait is 9–11 %, and that of SC disease is 3 %

[76, 82–85]. The sickle gene is present in about

20% of the indigenous black population in Africa

[78, 86, 87]. Approximately 72,000 African

Americans in the USA have SCD [88]. About 1

in 12 African Americans and about 1 in 100

Hispanic Americans are carriers of the disease

[89]. This prevalence has remained constant pri-

marily because the trait provides partial protec-

tion against malarial infection from Plasmodium
falciparum [78, 90, 91]. The malaria parasite has

a complex life cycle and spends part of it in red

blood cells. In a carrier, the presence of plasmo-

dium causes the RBC with defective Hb to rupture

prematurely, making the plasmodium unable to

reproduce. Furthermore, the deoxygenation that

leads to polymerization of Hb affects the ability

of the parasite to digest Hb in the first place. The

parasites by themselves lower the pH and cause

the cells to sickle faster. Therefore, in areas where

malaria is a problem, chances of survival actually

increase if individuals are carriers of the sickle-cell

trait (selection for the heterozygote). Such protec-

tion has become irrelevant in the USA, where

malaria is no longer endemic.

Epidemiology of Stroke

The overall prevalence of stroke in all forms of

SCD is 4 % and 5 % in those with SCA. First

stroke occurs in all age groups, except for chil-

dren under 1 year of age. The annual incidence of

first stroke is approximately 0.6 per 100 patient-

years or 600/100,000/year in SCA children.

However, the highest incidence occurs in the

first decade of life, with rates of 1.02 per 100

patients-years in 2–5-year-old SCA patients and

0.8 in those 6–9 years old [37]. The cumulative

risk of first stroke in SCA patients is 11 % by age

of 20, 15 % by age 30, and 24 % by age 45 [37].

The combined incidence of hemorrhagic and

ischemic strokes in a general sample of American

children 14 years of age was reported as 3.3 per

100,000 yearly or 0.0033 per 100 patient-years

[92]. The types of stroke differ between adults

and children with SCD. In the Cooperative Study

of Sickle Cell Disease (CSSCD) report, 9.6 % of

first strokes in SCD patients under age 20 were

hemorrhagic, while 52 % of all strokes in those

over 20 years were hemorrhagic. In the CSSCD,

stroke occurred less frequently in the other com-

mon genotypes of SCD. Age-adjusted prevalence

rates of stroke at study entry were 2.43 % for Sb0
thalassemia (SCD-Sb0), 1.29 % for SCD-Sb+,
and 0.84 % for SCD-SC. Twenty-one percent of

SCD-SC patients who had a stroke were less than

10 years old compared to those with SCD-SS

(31 % under age 10).

Risk of Stroke

Clinically apparent stroke represents the most

significant and recurrent threat to the SCD patient

population. When compared with their peers,

children with SCD have a 220-fold increase in

stroke risk and a 410-fold increase in cerebral

infarction specifically [37]. Seventeen to thirty-

five percent of SCD children without a compati-

ble history of a cerebrovascular event have

“silent” infarctions detectable with MRI [45, 68,

93, 94]. Children with silent infarcts are at higher

risk for further ischemia than are SCD children

with a normal MRI [45, 68, 93]. In CSSCD
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study, the overall incidence of first stroke was

0.46 per 100 patient-years, and the age-adjusted

incidence of first CVA was 0.61 % per 100

patient-years [37]. The incidence and prevalence

of CVA is given in Table 11.1.

Epidemiology of Recurrent Stroke

Stroke in SCD has a high tendency to recur. In

untransfused patients, there is a 67 % recurrence

rate, with 70 % of the recurrent strokes occurring

within the first 3 years following the initial stroke

[69]. The high risk of CVA recurrence can be

reduced but not eliminated by chronic blood

transfusion [42, 43]. Estimated risk of stroke in

children with SCD receiving blood transfusion

therapy for at least 5 years after initial stroke is

2.2 per 100 patient-years [42]. There is no suffi-

cient evidence to state that hydroxyurea therapy

reduces the risk of stroke [95, 96]; however, data

from nonrandomized clinical series suggest that

hydroxyurea may be an alternative to transfusion

for primary stroke prevention (insufficient evi-

dence) [97]. Ongoing studies are investigating

the role of hydroxycarbamide in the prevention

of cerebrovascular disease [98]. In the Stroke

with Transfusions Changing to Hydroxyurea

(SWiTCH) study, the efficacy of regular blood

transfusions and iron chelation was compared

with hydroxyurea and phlebotomy in children

with SCD and stroke [99]. The study was stopped

because of the higher number of strokes in the

hydroxyurea group [99]. Once a stroke has

occurred, the risk of recurrence is more than

60 %, although this risk is substantially reduced

by starting a transfusion program (insufficient

evidence) [100]. Further research on the use of

transfusion in preventing secondary stroke as

well as on defining the risk factors for recurrent

stroke is required, to avoid unnecessary blood

transfusions. Some children have progressive

vasculopathy, with a moyamoya-like syndrome

and further strokes despite transfusion; neurosur-

gical revascularization might be helpful in these

circumstances (insufficient evidence) [101].

Chance of stroke recurrence in SCD patients is

given in Table 11.2.

Epidemiology of Silent Infarcts
Diagnosed by MRI

Children with silent infarcts are at higher risk for

further ischemia than are SCD children with

a normal MRI [68, 90, 92]. About 17– 35 % of

SCD children without a compatible history of

a CVA have “silent” infarctions [68, 93, 102],

and up to 25 % have silent infarction by adoles-

cence, typically between the ACA and MCA or

betweenMCA and PCA territories [68, 103, 104].

There is evidence of white matter damage in

these border zones, even in those with normal

T2-weighted MRI [105] and neurological symp-

toms [50, 51]. These patients, however, might

have had subtle transient ischemic attacks, head-

aches, or seizures [104]. Cognitive difficulties

[106, 107], which commonly affect attention

[106] and executive function [108], are common

in SCD, sometimes from infancy on [108]; they

can be progressive [109] and are associated with

brain abnormalities on MRI [105, 106, 109, 110].

Overall Cost to Society

In 2005, there were an estimated 28,426 black

children with SCD in the USA. Adjusting by

10 % to account for nonblack children with

SCD yielded an estimated number of 31,269

children [111]. SCD-attributable medical expen-

ditures in children were conservatively and

approximately estimated at $335 million in

2005 [111]. Children with SCD incurred medical

annual expenditures that were $9,369 and

$13,469 higher than those of children without

SCD enrolled in Medicaid and private insurance,

respectively. In other words, expenditures for

children with SCD were 6 and 11 times those of

children without SCD enrolled in Medicaid and

private insurance, respectively [112]. Total

health-care costs generally rise with age, from

$892 to $2,562 per patient-month in the 0–9-

and 50–64-year age groups, respectively, on

average $1,389 [112]. At $1,341 per patient-

month or about $16,000 annually, the estimated

cost of medical care for the 70,000 individuals

with SCD in the USA exceeds $1.1 billion [113].
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Overall, 51.8 % of care is directly related to SCD,

the majority of which (80.5 %) is associated with

inpatient hospitalizations [112]. Patients with

SCD also incur substantial health-care costs that

may not be directly attributable to the disease

itself. Non-SCD-related costs were substantially

higher than those reported for the general US

population [114]. Non-SCD-related costs were

estimated at $786 per patient-month, $9,428 on

an annualized basis, compared to reported aver-

age total medical expenses of $3,601 for 2003

($3,917 in 2005 dollars) [112, 115]. On an annu-

alized basis, the total care cost of health care for

patients with SCD ranged from $10,704

(�24,696) for individuals aged 0–9 years to

$34,266 (�52,224) for those aged 30–39 years

[112]. For an average patient with SCD reaching

age 45, total undiscounted health-care costs were

estimated to reach $953,640. At a 3 % discount

rate, the present value of lifetime costs is

$460,151. Median lifetime costs were estimated

at $392,940 (undiscounted) and $186,406

(discounted). These results suggest a discounted

(3% discount rate) lifetime cost of care averaging

$460,151 per patient with SCD [112]. Interven-

tions designed to prevent SCD complications and

avoid hospitalizations may reduce the significant

economic burden of the disease [111, 112]. This

estimated cost does not include direct and indi-

rect non-health-related costs, time lost from

school and workplace for both the patient and

the patient’s family, reduced productivity of the

patient, lost earnings of unpaid caregivers, trans-

portation expenses, and income lost from prema-

ture death. Taken together, the full burden of

SCD is quite higher than the figures reported

above [116].

Cost of Screening

The average annual rate of TCD screening

reported on data from California is 11.4 per 100

person-years after 1999, and 24.5 (10.2–58.8,

95 % CI) in year 2004 [117]. Thus, based on the

2004 estimate, the average TCD exams cost

$18.08 million (31,269 children times 24.5/100

� $236), giving an average reimbursement of

$236 per TCD exam per year [118], while the

estimated financial impact of recommended

chronic transfusion therapy for SCD is substan-

tial, with charges approaching $400,000 per

patient decade for patients who require

deferoxamine chelation [119, 120]. However,

the time on transfusions necessary to decrease

the stroke risk for patients with SCD remains

unclear.

Cost-Effectiveness Analysis

To date, no data exist concerning the cost-

effectiveness of assessing the risk of first stroke,

of neuroimaging in acute stroke, or of predicting

stroke outcomes in children with SCD.

Goals of Imaging

The goal of neuroimaging such as computed

tomography (CT), magnetic resonance (MR),

positron emission tomography (PET), single-

photon emission CT (SPECT), and TCD in

acute stroke is to document whether the stroke

is ischemic or hemorrhagic, to assess the extent of

parenchymal abnormalities, and to determine

presence of cerebrovascular changes. However,

initiation of neuroprotective therapy, including

exchange transfusion therapy to minimize sec-

ondary brain damage and neutralize “ischemic

cascade,” should not be delayed for the arrange-

ment for imaging studies. CT without contrast is

the primary imaging modality for the assessment

of acute stroke because of its 24/7 availability,

ease of accessibility, and ability to exclude hem-

orrhagic causes (moderate evidence) [121].

However, CT use has been consecrated more by

availability than by randomized studies

comparing its effectiveness with MRI. Either

CT or MRI should be used for the definition of

stroke type and treatment of stroke [121].

MRI can detect acute and chronic ICH (moderate

evidence) [121]. Although the detection of SAH

is possible with MRI, currently CT scan is the

diagnostic procedure of choice (moderate

evidence).
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MRI and MRA are recommended for better

assessment of the extent of infarction and dem-

onstration of cerebrovascular abnormalities

(limited evidence) [121]. MRA can detect large

vascular abnormalities and is as effective as cere-

bral angiography in detecting large vascular

abnormalities (limited evidence) [122, 123]. MR

spectroscopy and diffusion-weighted imaging

with MRA increase the sensitivity of MRI for

detecting ischemia and infarction (limited evi-

dence) [124]. In cases where MRI is not immedi-

ately available in early stages, non-contrast CT is

usually the first modality requested. In the acute

phase of cerebral infarction, parenchymal abnor-

malities due to arterial ischemic stroke and

venous thrombosis are easily missed and may be

subtle on CT. Early or small lesion(s) in the

posterior fossa can also be easily missed. CT

angiography (CTA) is a noninvasive method for

evaluation of intracranial and extracranial circu-

lation. CTA performed in early stages of cerebral

ischemia may provide crucial information

regarding cerebral circulation (limited evidence)

[125, 126]. Disadvantages of CTA include radia-

tion exposure, use of intravenous contrast, and

the difficulty in timing the contrast bolus in small

children.

The gold standard for the definite assessment

of cerebral vasculature is cerebral angiography

(DSA); it should be considered in children when

pathology of small distal artery is suspected, with

moyamoya disease and with an unexplained

infarct or hemorrhage that is not elucidated by

MRI or MRA evaluation [127].

In the case of hemorrhagic stroke, the goal is

to identify with DSA an arteriovenous malforma-

tion or aneurysm(s) amenable to surgery or cath-

eter intervention.

The ultimate goals are to preserve brain func-

tion and to prevent the progression of preclinical

ischemia to permanent neuronal loss with disabil-

ity. The first step is to identify young children at

high risk of stroke before development of focal

neurological deficits. The preferred imaging is

dependent upon the neuroradiologist and the

institution. Typically, large-vessel velocity mea-

surements with TCD are confirmed by MRI and

MRA (Fig. 11.1). This should be followed by

preventive therapy in those with evidence of

parenchymal and/or cerebrovascular changes. In

patients with neurological symptoms and nega-

tive MRI/MRA findings, PET or SPECT can

detect brain perfusion deficits, and such an early

detection may be clinically useful in the subse-

quent follow-up of these patients, since it is

known that cerebral perfusion deficit can lead to

silent infarct and/or overt stroke (limited evi-

dence) [30, 128, 129].

Methodology

We conducted a systematic review of the literature

using a database search of MEDLINE (PubMed,

National Library of Medicine, Bethesda, MD)

and of Web of Science® (Institute of Scientific

Information, Philadelphia, PA) to identify studies

dealing with sickle-cell disease and stroke and

relevant to neuroimaging. The search spanned

January1990 to June 2011 and used the following

key terms: (1) sickle-cell disease and (2) stroke

and one of the following: “exp cerebral ischemia,”

“cerebral infarction,” “cerebrovascular

disorders,” or “cerebrovascular accidents,” “epi-

demiology,” “cost,” “ultrasound,” “TCD or

transcranial Doppler sonography,” “TCCS or

transcranial color-coded sonography,” “TCCD

or transcranial color-coded duplex sonography,”

“MRI or magnetic resonance imaging,” “MRA or

magnetic resonance angiography,” “angiogra-

phy,” “DSA or digital contrast angiography,”

“CT or computed tomography,” “PET or positron

emission tomography,” and “SPECT or single-

photon emission computerized tomography.”

There was one randomized controlled trial, no

meta-analyses, and no cost analysis of neuroimag-

ing diagnostic options. We expanded our retrieval

to also include clinical trials, cohort studies, mul-

ticenter studies, comparative studies, case-control

studies, and case reports having more than five

subjects for the key question of the age-specific

natural history of ischemic stroke. Reviews, let-

ters, hospital bulletins, and single case reports

were excluded.
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Discussion of Issues

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

Summary
CT without contrast is the best tool to exclude

hemorrhagic stroke in children as well as in

adults. There is need for a research study, how-

ever, to determine whether anatomical MR can

replace CT [130, 131]. Patients without hemor-

rhagic stroke should then undergoMRI with DWI

and MRA to detect an infarct(s) and to determine

location and extent of ischemic lesions and pres-

ence of large vessel occlusion/narrowing as soon

as possible, preferably on an emergency basis

(moderate evidence). Vascular imaging of the

neck vasculature with CT or MR angiography to

exclude arterial dissection [132] and venous

thrombosis should be undertaken within 48 h of

presentation with arterial ischemic stroke. MRI

and MR angiography is preferable to CT and

CTA due to noninvasive nature and absence of

ionizing radiation (moderate evidence). MR

venogram must be specifically requested if cere-

bral venous thrombosis is suspected [133]. Imag-

ing of the aortic arch to the intracranial

vasculature should be performed in all children

with arterial ischemic stroke (moderate evi-

dence). Transcranial Doppler (TCD) is not useful

in acute stroke (limited evidence) [134–136].

Symptomatic children with negative CT and

MR studies should be followed subacutely by

PET or SPECT to identify loss of cerebral neuro-

nal metabolic function (limited evidence).

Supporting Evidence

CT Non-contrast CT provides sufficient infor-

mation to make decisions about emergency man-

agement in hyperacute stroke, that is, <6 h

after onset of symptoms (moderate evidence)

[137–140]. Unenhanced CT has 57 % sensitivity

and 100 % specificity for acute stroke detection

[141]. The sensitivity can be improved up to 80%

by using variable window width and center level

settings or a 10-point topographic scoring system

[141–143]. The utility of CTA in acute adult

stroke relies on demonstrating occlusion or sig-

nificant arterial narrowings within intracranial

vessels and on evaluating the carotid and verte-

bral arteries in the neck. The sensitivity of CTA

was determined to be 88.5–98 % in these aspects

[144, 145]. The utility of CTA in SCD children

with stroke has not been determined.

MRI MRI with diffusion-weighted imaging

(DWI) provides additional useful information

on the presence of ischemic stroke (moderate

evidence) and visualization of silent cerebral

infarcts (moderate evidence) [146–149]. DWI

determines ischemic regions that later progress

to infarction, and the volume of acute infarct

correlates well with clinical outcome. Based on

adult data, DWI has high sensitivity and specific-

ity, 88–100 % and 86–100 %, respectively, using

perfusion evaluation as a reference standard

[150–154]. DWI is superior to conventional MR

imaging and CT for detecting ischemic stroke

during the first 24 h after presentation (moderate

evidence) [131, 155–158]. The pattern of ische-

mic changes in the brain can be indicative but not

specific for a particular stroke etiology (insuffi-

cient evidence) [159, 160].

MRA Like CT angiography, MR angiography

(MRA) is useful for detecting intravascular

occlusion due to a thrombus and for evaluating

the carotid bifurcation in patients with acute

stroke. Kandeel and colleagues reported that

MRA is 85 % accurate with a sensitivity of

81 % and a specificity of 94 % when compared

to DSA [159]. In a study of 22 SCD patients, an

MRA abnormality in a long segment (6 mm) with

reduced distal flow correlated with subclinical

infarction, while short focal areas of abnormal

MRA, most commonly in branching regions,

showed no associated MRI infarction [161].

More recent data from adults showed that

MRA has 70–86 % sensitivity in detecting intra-

cranial stenosis on DSA, while the sensitivity of

CTA is 98% [144, 145, 162]. MRA does not need

a contrast agent, while CTA requires intravenous
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contrast, whose toxicity can exacerbate symp-

toms in acute stroke [163]. MR spectroscopy

can distinguish an ischemic lesion from other

non-ischemic changes, but the utility of MRS in

acute stroke is limited in children with SCD.

Angiography Digital subtraction angiography

(DSA) is not part of the standard acute stroke

imaging in children with SCD [164]. DSA is

accurate in detecting intracranial vascular abnor-

malities (AVM, aneurysm, dissection, occlusion)

and quantifying arterial narrowing (moderate evi-

dence), but it is invasive and carries a 1.3 % risk

of neurologic complications [165–168]. MR is

not as accurate as DSA in evaluating the vascu-

lature (limited evidence); however, CT angiogra-

phy is an accurate tool for the diagnosis of

ruptured intracranial aneurysms and can be inte-

grated as a primary examination tool into the

imaging and treatment algorithm for patients

with subarachnoid hemorrhage at presentation;

the chance of missing a ruptured aneurysm with

CT angiography is no more than 2 % (moderate

evidence) [159, 169–174]. DSA, however, is

performed when endovascular therapy is

anticipated.

Nuclear Medicine (PET, SPECT) PET and

SPECT can be used to detect the functional activ-

ity of the cerebral tissues by measuring glucose

metabolism 2-deoxy-2 [18F] fluoro-D-glucose

(FDG) and microvascular perfusion ([15O]H2O)

if CT and MR are negative in patients with clin-

ical stroke (limited evidence) [129, 175]. PET

studies [30, 175, 176] that have been performed

in patients with SCD have shown a variety of

abnormalities including hypometabolism in fron-

tal areas of the brain and areas of low perfusion

that appear normal on MRI. The study of Powars

et al. [129] suggested that few patients with SCD

have normal PET studies and areas of

hypometabolism in brain regions with normal

MR appearance are not uncommon (not sufficient

evidence). The authors suggest that PET could be

used to select patients for treatment, since four

patients showed improvement in metabolism and

perfusion with transfusion treatment. The most

powerful predictor of ischemia in other

applications of PET is an increased oxygen

extraction fraction, but this application as well

as metabolism measurements remains to be

established in children with SCD.

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

Summary

TCD is currently used in primary stroke preven-

tion to identify children at high risk of first stroke

(strong evidence). Patients with velocities over

200 cm/s in the terminal internal carotid artery

(ICA) and middle cerebral artery (MCA) are at

10 % risk of first stroke a year [177]. TCD screen-

ing is recommended in children starting at 2 years

of age and should be continued annually if TCD

is normal and every 4 months if TCD shows

velocities over 170 cm/s but less than 200 cm/s

[178, 179]. Asymptomatic children with veloci-

ties over 200 cm/s should be retested within

2–4 weeks to confirm abnormal velocities before

implementing preventive transfusions. The

stroke risk may vary among children with SCD

who have abnormal TCD results because high

velocity can be consistent with arterial narrowing

as well as hyperemic high blood flow [180]. The

risk of ischemic stroke is higher in children with

silent infarctions on MRI. Silent infarct was

found to be the strongest independent predictor

of stroke (hazard ratio ¼ 7.2) in one study,

whereas the adjusted relative risk of incident

stroke was found to be increased with multiple

(more than one) silent infarcts (hazard ratio 1.9

[1.2–2.8]) in another study (moderate evidence)

[45, 181]. Presence of cerebrovascular disease on

MRA may be associated with increased risk of

stroke; however, there is insufficient supporting

evidence.

Supporting Evidence
TCD is currently the most common screening

method to identify children at high risk of both

first and recurrent stroke (strong evidence) [177,

178, 182]. TCD is a noninvasive, well-tolerated,

relatively low-cost procedure in which the
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velocity of blood flow can be measured in intra-

cranial arteries using an ultrasound probe placed

over the temporal bone [183, 184]. In

a comparison with DSA, TCD showed a sensitiv-

ity of 90 % and specificity of 100 % for the

diagnosis of 50 % or greater stenosis (limited

evidence) [165, 171]. The interclass correlation

coefficient for interoperator variability for TCD

velocity measurement was reported to vary

from 0.67 to 0.9 depending on the level of the

operator’s experience and on the measured veloc-

ity [185]. The STOP trial showed associations

between stroke risk and TCD velocities in the

MCA or terminal ICA (Table 11.3).

The NHLBI recommends TCD screening

every 6 months in all children with SCD between

the ages of 2 and 16 and consideration of chronic

transfusions in those with two abnormal TCDs

[186]. The timing of repeated TCDs is not clearly

defined. If TCD is normal, annual testing is pro-

posed, but if TCD is marginal, then testing every

4 months is recommended. Children with abnor-

mal TCD results should be retested within 2–4

weeks (limited evidence) [119, 178, 187, 188].

Fullerton et al. [189] evaluated administrative

data comparing the rates of hospital admissions

for the first stroke in children with SCD between

the early 1990s (before STOP) and from 1998 to

2000 (after STOP). These authors found a sharp

reduction in first stroke admissions (limited evi-

dence). A recent retrospective analysis confirmed

previous findings [190]. An ongoing clinical trial

testing presence of silent infarcts on MRI

(SILENT Cerebral Infarct Multi-Center Clinical

Trial) [191] as a screening criterion for stroke

prevention may show better outcomes in the

future.

Color imaging TCD has become widely

employed because it allows for more accurate

than conventional TCD for identification of intra-

cranial arteries, placement of a sample volume in

an artery, and correction of velocity measure-

ments for the error related to the angle of

insonation. Imaging TCD is better than conven-

tional TCD in other applications [192–194]; how-

ever, there are no data to support that imaging

TCD is better that TCD in risk assessment in

children with SCD (insufficient evidence).

There are several articles suggesting that imaging

TCD flow velocity measurements obtained

without correction for the angle of insonation

may be better for identifying children at high

risk of stroke than conventional TCD (limited to

moderate evidence) [136, 182, 195–199].

Recently, reference TCD values for the ratios of

flow velocity in the intracranial and extracranial

arteries and interhemispheric differences in blood

flow parameters for children with SCA have been

proposed [200, 201].

Elevation of cerebral blood flow velocities in

TCD may precede abnormal findings in MRA

[202, 203]. MRA is more costly, and children

under 3 years old may require general anesthesia;

however, MRA can confirm the presence and

extent of cerebrovascular disease in those

with elevated TCD velocities (limited evidence)

[159, 161, 204].

Kogutt and colleagues [205] reported 85 %

accuracy of MRA compared to conventional

angiography in depicting arterial stenosis. Seibert

and colleagues [206] have shown that MRA can

identify SCD patients at greatest risk of stroke.

MRA results in cases where a stenosis was

suspected on TCD were in excellent agreement

with arteriography [171]. Three-dimensional

time-of-flight MRA has been shown to correlate

well with the results of angiography [159, 207,

208]. Positive MRA with a positive TCD in an

asymptomatic patient in long-term follow-up

suggests a trend for developing clinical stroke

[206]. In STOP trial [202], a larger proportion

of patients in the standard care arm than in the

transfusion arm had vessel abnormalities on

MRA, in particular severe stenosis. Thus, there

is insufficient evidence to determine value of

MRA in predicting stroke.

Risk of Symptomatic Stroke in Children
with Silent Infarct on MRI
Data from the CSSCD showed that silent infarc-

tion seen on MRI was associated with an

increased risk of symptomatic stroke (1.03 per

100 patient-years) and progression of silent

infarction (7.06 per 100 patient-years) (moderate

evidence) [45, 68, 104]. The Silent Cerebral

Infarct Multi-Center Clinical Trial will
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randomize an estimated 204 children with

silent infarction on MRI to chronic blood trans-

fusions or observation. This trial is currently

enrolling patients and will report results after

2012 [209].

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

Summary

Recurrent stroke is observed in children with

SCD despite a proper regimen of transfusion

therapy. Arterial stenosis is the main risk factor

for recurrent stroke. Elevated cerebral artery

velocities (>200 cm/s) on TCD and new lesions

on MRI or MRA indicate a higher risk of recur-

rent stroke. SCD children should be monitored

after first stroke episode with TCD and MRI/

MRA, although no randomized or controlled

data are available to optimize frequency of

follow-up.

Supporting Evidence

Two studies found a high risk of stroke recur-

rence in children who had arterial abnormalities

on DSA (limited evidence) [210, 211].

Moyamoya syndrome is characterized by chronic

progressive narrowing of proximal segments of

intracranial arteries, with the characteristic distal

collateral network on angiography. It is a risk

factor for stroke recurrence even in those children

undergoing regular transfusion (limited evi-

dence) [212, 213].

Serial MRI scans in these individuals with

preexisting cerebral damage might show new

lesions as well as extension of existing abnor-

mality [214]. Some studies indicate that this

risk seems to be reduced after extracranial–

intracranial (EC–IC) bypass or indirect revascu-

larization [215, 216] (limited evidence). Further

studies of these procedures are needed, as some

researchers have not found progression [217],

and the cerebrovascular disease can stabilize as

demonstrated on both MRA [218] and TCD

(limited evidence) [119].

Are There Imaging Criteria Indicating
that Blood Transfusions Can Be
Safely Halted?

Summary
Limited data on the discontinuation of blood

transfusion suggest that halting transfusions

increases the risk of stroke. A decision analysis

model suggests following up SCD children dur-

ing transfusion therapy with annual TCD until

age 10 and continuing transfusions until age 18

in children with high risk of stroke. The main risk

of prolonged blood transfusions is iron overload,

which can result in organ failure and death.

Supporting Evidence

The STOP II trial followed the children in STOP

I and showed that discontinuation of transfusions

led to recurrence of TCD abnormalities and

development of new stroke events (moderate evi-

dence) [209, 219]. However, only the baseline

TCD results were used to determine stroke risk

against follow-up observations. Transfusion ther-

apy converts approximately 60 % of patients to

normal TCD results [219, 220] (moderate evi-

dence). Similar findings were observed on MRA

examinations [119] (limited evidence). The

STOP II trial concluded that transfusions should

not be stopped once TCD results were normal

(moderate evidence) [219].

However, 20 % of children who discontinued

transfusion therapy did not develop abnormal

TCD or stroke. Mazumdar et al. created

a decision analysis model to compare various

stroke prevention strategies for a hypothetical

cohort of 2-year-old children [221]. This model

compared the following strategies: (1) annual

transcranial Doppler ultrasonography screening

until age 16 with children at high risk of stroke

receiving monthly transfusion for life, (2) annual

transcranial Doppler ultrasonography until age

16 with transfusions until age 18, (3) biannual

transcranial Doppler ultrasonography until age

16 with transfusions until age 18, (4) annual

transcranial Doppler ultrasonography until age

10 with transfusions until age 18, (5) 1-time

screening at age 2 with transfusions until age

18, and (6) no intervention.
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The optimal stroke-prevention strategy was

annual transcranial Doppler ultrasonography

screening until age 10 with transfusions for chil-

dren at high risk until age 18. Better adherence to

chelation therapy would improve life expectancy

in all intervention strategies, with fewer deaths

from iron overload in comparison to other more

intensive strategies [221–223] (limited evidence).

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

Summary

CT without contrast is still the first line examina-

tion in diagnosing hemorrhagic stroke. In acute

intraparenchymal hemorrhage (ICH), the accu-

racy of MRI seems to be similar to the accuracy

of CT, especially when gradient echo sequences

are used [130, 131]. In patients with subarachnoid

hemorrhage (SAH), CT is superior [224]. TCD

seems to be ineffective in predicting hemorrhagic

stroke [178]. The role of TCD in pediatric SAH is

unclear, though in adults it is used to detect and

monitor vasospasm. In cases with ICH, DSA is

advisable in order to rule out lesions that should

be treated with surgery (moderate evidence). In

cases with SAH, DSA is used to detect ruptured

cerebral aneurysms. Hydration and reduction of

HbS to less than 30 % prior to DSA comprise the

usual method of preparation, and there have been

few reports of stroke complications since this

practice was initiated.

It is not known if transfusion prevents recur-

rent hemorrhage. Children with any form of intra-

cranial bleeding, except from trauma, need

evaluation for a surgically correctable aneurysm

even if the bleeding appears to be primarily intra-

cerebral. If there is no aneurysm, then transfusion

for at least a year is often recommended, but it is

not clear if this helps. Recurrent hemorrhage is

less common than recurrent ischemic stroke,

partly because more first events are fatal.

Supporting Evidence
About 9.6 % of first strokes in SCD-SS patients

less than 20 years old were hemorrhagic

compared to 52 % of first strokes in those patients

over 20 years old [37], in whom there is nearly

a 250-fold increase in the risk of hemorrhagic

stroke compared with children [48]. In the

CSSCD study, almost all fatal cases (24 %)

were due to hemorrhagic stroke. In the first

published series, the mortality rate associated

with hemorrhagic stroke was over 50 % [225],

similar to the rate (40 %) reported by Strouse

et al. [61]. The typical clinical presentation of

hemorrhagic stroke in SCD includes focal neuro-

logical deficits, severe headache, nuchal rigidity,

and coma.

The risk of hemorrhagic stroke increases with

decreasing steady-state Hb concentration (RR

1.61 per 1 g/dL decrease) and increasing leuko-

cyte count (1.94 per 5� 109/L increase) (limited

evidence) [37]. Associations with hypertension,

recent blood transfusions, treatment with cortico-

steroids, previous ischemic stroke, moyamoya,

cerebral aneurysms, or acute chest syndrome

(ACS) were also reported (insufficient evidence)

[61, 66, 212, 226–229].

In the emergency setting, non-contrast CT is

adequate and the most cost effective strategy in

diagnosing acute hemorrhagic stroke (moderate

evidence) [230]. In acute ICH, the accuracy of

MRI is similar to the accuracy of CT, especially

with use of gradient echo sequences [130, 131]

(strong evidence). MRI is better than CT in eval-

uations of chronic hemorrhage [130, 131] (strong

evidence). MRI, however, is not feasible in up to

20 % of acute stroke patients due to contraindi-

cations to MRI, impaired consciousness, hemo-

dynamic compromise, vomiting, agitation, and

lack of cooperation [231]. To obtain successful

MRI results, patients often need general

anesthesia.

CT should be used if SAH is suspected [224]

(insufficient evidence). DSA is used to identify

the source of bleeding [230, 232] (limited evi-

dence), but most children require general anes-

thesia and the method itself carries a risk of stroke

[168, 233]. CTA and MRA are less accurate then

DSA in depicting intracranial vascular anatomy,

especially in visualization of tertiary branches

and small cerebral arteries [230]. The advantage

of DSA is the potential to initiate therapy such as
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endovascular coiling of aneurysms and emboli-

zation of AVMs. TCD is not effective in

predicting hemorrhagic stroke [178]; however,

TCD can be used to detect and monitor intracra-

nial vasospasm in patients after SAH [234]

(limited evidence).

Take-Home Tables and Figures

Tables 11.1 through 11.3 highlight data and

evidence.

Figure 11.1 shows a decision tree about the

role of neuroimaging in the primary prevention

against stroke and management of children with

SCD with neurological symptoms.

Imaging Case Studies

Figure 11.2a, b shows a CT angiography with

reconstruction of bony structures of the skull

and an image from the transcranial color-coded

duplex sonographic study.

Suggested Imaging Protocol

This is shown in Fig. 11.1.

Future Research

• Is TCD useful for assessing the risk of stroke

among children with hemoglobin SC and b
thalassemia?

• Is advanced MR imaging helpful in better

selecting SCD patients for chronic

transfusions?

• Is advanced MR imaging useful in secondary

stroke prediction?

• Is neuroimaging useful for identifying chil-

dren in whom chronic transfusions can be

safely stopped?

• Is there a role for PET-CT to better identify of

ischemia in children with SCD?

• Neuroimaging as a surrogate outcome for

other alternatives to blood transfusions which

may have fewer side effects.

Table 11.1 Incidence (%) of first stroke and prevalence

of CVA in the population of children with sickle-cell

disease

Hb

SS

Hb

SC

Hb

Sb+
Hb

Sb0 Total

Overall incidence 0.61 0.17 0.11 0.10 0.46

Age-adjusted

incidence

0.61 0.15 0.09 0.08

Overall prevalence 4.07 0.80 1.48 1.56 3.75

Age-adjusted

prevalence

4.01 0.84 1.29 2.43

Data from [235]

Reprinted with kind permission of Springer Science +

Business Media from Krejza J, Swiat M, Tomaszewski

M, Melhem ER. In: Medina LS, Applegate KE, Black-

more CC, editors. Evidence-based imaging in pediatrics:

optimizing imaging in pediatric patient care. New York:

Springer; 2010

Table 11.2 Risk of recurrent stroke in SCD patients in

accordance to initial event

Initial event Events per 100 patient-years

Symptomatic stroke [37]

Before age 20 6.4

After age 20 1.6

Silent infarct [68] 0.54

Data from [235, 236]

Reprinted with kind permission of Springer Science +

Business Media from Krejza J, Swiat M, Tomaszewski

M, Melhem ER. In: Medina LS, Applegate KE, Black-

more CC, editors. Evidence-based imaging in pediatrics:

optimizing imaging in pediatric patient care. New York:

Springer; 2010

Table 11.3 Risk of stroke in SCD patients in accordance

with initial TCD velocities

TCD velocity Stroke risk (%)

�200 cm/s 40

>170 cm/s 7

<170 cm/s 2

Data from [237]

Reprinted with kind permission of Springer Science +

Business Media from Krejza J, Swiat M, Tomaszewski

M, Melhem ER. In: Medina LS, Applegate KE, Black-

more CC, editors. Evidence-based imaging in pediatrics:

optimizing imaging in pediatric patient care. New York:

Springer; 2010
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in MCA or tICA?
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vs empirical
therapy
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on other information?

Observation
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progression
-HUR
-Transfusion
-other

Options:

Fig. 11.1 The flow chart proposes a neuroimaging algo-

rithm for children with sickle-cell disease at high risk of

stroke (left part) and with suspicion of stroke (right part)
(Reprinted with kind permission of Springer Science+

Business Media from Krejza J, Swiat M, Tomaszewski

M, Melhem ER. In: Medina LS, Applegate KE, Black-

more CC, editors. Evidence-based imaging in pediatrics:

optimizing imaging in pediatric patient care. New York:

Springer; 2010)

Fig. 11.2 CT angiography with reconstruction of bony

structures of the skull (a) and an image from the

transcranial color-coded duplex sonographic (TCCS)

study (b). On (a), (W) denotes the site of a temporal

acoustic window in the squamosal temporal bone, long
dotted line defines the direction of the ultrasound beam,

short curved arrow indicates the middle cerebral artery, and

arrowheads indicate the edge of the lesser wing of sphenoid

bone. On (b), the middle cerebral artery is shown in red
color, anterior cerebral artery in blue color. The sample

volume is placed on the red color of the middle cerebral

artery, and the angle of insonation (28�) is adjusted to the

course of the artery. Below the image of arteries, a Doppler

velocity waveform from the middle cerebral artery is

displayed as well as velocity measurements, which were

obtained by automatic tracing of the outline of the wave-

form. In conventional TCD, only the velocity waveform is

obtained; placement of the sample volume in a specific site

of the artery therefore is not accurate, and correction for the

angle of insonation is not possible
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Key Points

• IV thrombolysis is the standard of care for

treatment of acute anterior ischemic infarct

within 3 h of symptom onset. The treatment

window may reasonably be extended to 4.5 h

(strong evidence).

• Intra-arterial thrombolysis may be used at

a qualified stroke center to treat patients with

major stoke due to MCA occlusion <6 h who

cannot receive IV alteplase (strong evidence).

• Larger more proximal clots (ICA, M1 MCA)

exhibit lower recanalization rates with IV

thrombolytic treatment. Such patients tend to

have worse prognosis (limited evidence).

• FDA has approved two devices (Merci and

Penumbra) for intracranial clot removal in

appropriately selected patients. Although con-

sidered appropriate for emergency stroke

treatment, the effect on outcomes has not

been established (moderate evidence).

• Other mechanical treatments such as stenting

and angioplasty, occasionally employed at

experienced centers, have not been studied

systematically (insufficient evidence).

Definition and Pathophysiology

Large artery thromboembolic occlusion,

cardioembolism, and lacunes account for the

majority of ischemic strokes. Compromise of

blood flow and energy supply to the brain actu-

ates several mechanisms contributing to cell

death including inflammation, apoptosis,

excitotoxicity and ionic imbalance, oxidative

stress, and peri-infarct depolarization [1].

Although permanent brain damage begins in

minutes following sufficient perfusion decline,

the final extent of brain injury reflects the end

result of a complex, dynamic interplay involving

the initiating occlusion, its severity, potential

recanalization along with the presence and extent

of collaterals, as well as other hemodynamic fac-

tors. Extensive research and clinical experience

has validated the concept of an ischemic

penumbra – potentially salvageable tissue

adjacent to an infarcted core region. Accordingly,

great effort is now being directed at therapies

targeting rapid restoration of perfusion to the

ischemic penumbra.

Epidemiology

Stroke rates declined in the 1980s likely due to

widespread blood pressure control. Most data

indicate rate stabilization since. Significant racial

disparities exist. Among African Americans,

incidence of first ever hospitalized or autopsied

stroke was 288 per 100,000. Among whites, the

incidence was 179 per 100, 000 [2].

Stroke in young adults represents an important

subgroup reflecting a combination of etiologies

seen mainly in older patients with young adult

causes. The Helsinki Young Stroke Registry

disclosed an annual occurrence of 10.8/100,000

in ages 15–49 years which increased exponen-

tially with age [3]. Although overall strokes in

males exceeded those in females (1.7:1), females

predominated in the <30 group. Males increased

above this age with a sharp increase around

44 years. Cardioembolism was the case in 20 %

and arterial dissection in 15 %. Common risk

factors included dyslipidemia, smoking, and

hypertension. The proportion of stroke ascribed

to large vessel atherosclerosis and small-vessel

disease rose at age 35.

Pediatric stroke (age 1 month to 18 years) is

less common with incidence reported from 2.5 to

13 per 100,000 [4–6]. Increased incidence is

reported in male and African American children.

Overall Cost to Society

Stroke now represents the third most common

cause of death and single most common cause

of disability in the North America. Greater than

750,000 strokes occur yearly resulting in 200,000

deaths and 250,000 new disability cases.

The NIH estimates annual cost in the USA to

exceed $50 billion with 60 % of the cost related

to health care and remaining 40 % due to lost

productivity.
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Half or more children who suffer stroke are

left with epilepsy or significant neurologic deficit

[7, 8]. Loss of decades of productive life, long-

term care, and multiple treatments yield profound

societal burdens.

Goal of Imaging

The goal of endovascular intervention is straight-

forward: minimize the neurologic consequence of

ischemic stroke while managing treatment risk.

Options

In the appropriate time window, the first option

for treatment of acute ischemic stroke is IV

alteplase. Options for endovascular treatment

begin with intra-arterial administration of

alteplase in the <6-h time window for the ante-

rior circulation. Combined treatment with IA

thrombolytic therapy following IV thrombolytic

therapy is another option. Several mechanical

devices have been specifically developed for

this indication and two have received FDA

approval: Merci Retriever (Concentric Medical)

and the Penumbra aspiration system (Penumbra).

A variety of other devices are employed off label

including stents and balloon angioplasty.

Mechanical thrombectomy may be performed

following IV thrombolytic treatment in the set-

ting of persistent amenable vessel occlusion.

Treatment choice depends on time after symptom

onset and numerous patient factors.

Methodology

A MEDLINE search was performed using

PubMed (National Library of Medicine,

Bethesda, Maryland) for original research publi-

cations discussing acute intervention in ischemic

stroke. The search covered the years January

1995 to July 2011. The review was limited to

human studies and the English language litera-

ture. As the germane literature on the subject is

very extensive, the initial search was further

limited to major stroke journals. Additional arti-

cles were identified by reviewing the reference

lists of relevant papers. Emphasis was placed on

higher quality evidence which rightly determines

current treatment. The authors performed an

initial review of the titles and abstracts of the

identified articles followed by review of the full

text in articles that were relevant.

Discussion of Issues

What Is the Role of Intravenous
Thrombolysis in the Acute Ischemic
Stroke Patient?

Summary

The NINDS stroke study proved efficacy for use

of IV alteplase within 3 h of stroke onset in

patients with MCA stroke and no hemorrhage

on CT [9]. A number of studies followed which

failed to prove efficacy of IV alteplase in the 3- to

6-h time window. More recently, a meta-analysis

was undertaken evaluating data from negative

trials only in the 3- to 4.5-h time window as

well as the ECASS 3 trial. The meta-analysis

showed efficacy of treatment with IV alteplase

from 3 to 4.5 h after MCA stroke onset in patients

with no hemorrhage and no signs of significant

early infarct by CT [10] (strong evidence).

Supporting Evidence

Strong evidence supporting use of IV alteplase in

treatment of acute anterior circulation stroke

became available in 1995 with the publication

of the National Institute of Neurological Disor-

ders and Stroke rtPA Study Group (NINDS)

stroke study [9]. Treatment was limited to 3 h

after stroke onset and was the first study to prove

efficacy. Treatment consisted of 0.9 mg/kg tPA

(10 % as bolus and remainder over an hour).

Imaging evaluation consisted only of a non-

contrast head CT. Patients were excluded for

signs of hemorrhage but not for signs of early

major infarct. At 3 months, patients treated with

alteplase were at least 30 % more likely to have

minimal or no disability on the assessment scales

when compared to those treated with placebo.

12 Acute Ischemic Stroke Patient: Evidence-Based Endovascular Treatment 191



The benefit occurred despite higher rate of intra-

cerebral hemorrhage in alteplase-treated patients

compared to control (6.4 % vs. 0.6 %). Mortality

was similar in the two groups both at 90 days

(17 % vs. 20 %) and at 1 year (24 % vs. 28 %).

A subsequent subgroup analysis focused on

patients with CT signs of early MCA infarct

exceeding >1/3 MCA distribution [11].

Although such patients exhibited a higher symp-

tomatic hemorrhage, they did not exhibit higher

adverse outcome. Treatment with IV alteplase

within 3 h of stroke onset was endorsed early on

by the Special Writing Group of the Stroke

Council, American Heart Association [12]. The

NINDS stroke study profoundly altered the ische-

mic stroke treatment paradigm from one of obser-

vation to one of acute intervention.

In the first of two large European trials, ECASS

1, patients were treated up to 6 h of ictus and larger

dose of tPAwas utilized (1.1mg/kg vs. 0.9mg/kg)

[13]. No benefit was noted in the treated group.

A higher hemorrhage ratewith tPAwas again seen

(20% vs. 7%). In this study, 52 patients whowere

randomized for treatment exhibited evidence of

early large infarct on CT – this subset did poorly.

Post hoc analysis of subset treated within 3 h

showed benefit, confirming the NINDS study

results [14]. A second European trial, ECASS 2,

drew on experience from the first with several

modifications [15]. First, the dose of tPA was

decreased to 0.9 mg/kg. Second, greater effort

was directed at excluding a subset of patients

with evidence for large MCA infarct on initial

CT. Specifically, those patients with evidence for

infarct greater than 1/3 MCA distribution were

excluded. A 6-h time window was employed and

again the results were negative. Increased rate of

intracerebral hemorrhage (ICH) with treatment

(8.1 % vs. 0.8 %) was again observed. A second

North American trial (ATLANTIS) investigated

efficacy of treatment with IV tPA (0.9 mg/kg)

between 3 and 5 h of stroke onset [16]. The results

showed no benefit of treatment on all outcome

measures. Symptomatic ICH was greater with

treatment (11.4 % vs. 4.7 %). Of special concern,

in this cohort, 90-day mortality was borderline

higher in patients treated with alteplase (11.0 %)

compared to placebo (6.9 %, P_0.09).

Subsequent pooled analysis of the above

IV tPA trial data was performed in an effort to

validate the importance of rapid treatment [17].

The results of the analysis of treatment in 2,775

patients clearly showed earlier treatment to yield

better outcomes. More specifically, odds ratios of

improved outcome were 2.81 for treatment

0–90 min (95 % CI 1.8–4.5), 1.55 for treatment

91–180 min (CI 1.1.2.2), and 1.40 for

181–270 min (CI 1.1–1.9). The results indicated

a longer time window of treatment did not

increase rates of symptomatic hemorrhage or

death. As such, the pooled analysis supports treat-

ment benefit up to 4.5 h. Following the encour-

aging results of the pooled analysis, the ECASS

investigators undertook a randomized, placebo

controlled trial to address specifically the efficacy

of treatment in the 3- to 4.5-h time window [18]

(ECASS 3). Eight hundred and twenty-one

patients were randomly enrolled with mean

time to treatment of 3 h 59 min. Patients treated

with alteplase exhibited improved outcome

with odds ratio 1.34 (95 % CI 1.02–1.76),

findings consistent with the above described

pooled analysis. Given the borderline statistical

significance, concerns were rightly raised

regarding result reliability. Consistent with all

other IV alteplase trials, the rate of symptomatic

hemorrhage was higher in the treated group but

the rate observed was no higher than that reported

previously among patients treated within 3 h.

Despite the increased hemorrhage, there was no

increase in mortality at 90 days. Indeed,

a nonsignificant reduction in 90-day mortality

was derived.

Recognizing the results of the negative

ATLANTIS study and the marginally positive

ECASS 3 study to be somewhat in conflict,

Lansberg et al. undertook a meta-analysis of

data from all major IV alteplase studies

in which patients were treated during the 3- to

4.5-h time window [10]. The study included data

from ECASS 1, ECASS 2, and ECASS 3 along

with ATLANTIS resulting in a sample size of

1622. Benefit for alteplase treatment was shown

with odds ratio of 1.31 (95 % CI 1.1–1.56).

The results carried a somewhat higher confidence

interval for OR estimate and P ¼ 0.002.
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Of special note, 90-day mortality showed no

consistent association with treatment in the 3- to

4.5-h time window. The meta-analysis supports

IV alteplase in acute anterior circulation ischemic

infarction up to 4.5 h (strong evidence).

With the above data, the practice of extending

the IV alteplase window to 4.5 h has dissemi-

nated. Multiple registries have been established

to verify the safety of the extended time window

treatment. Published results support safety and

efficacy comparable to that in patients treated

within 3 h from onset [19–21].

What Is the Role of Intra-arterial
Thrombolysis in the Ischemic Stroke
Patient?

Summary
The PROACT II studied provided level one

evidence supporting on primary outcome

measure of IA prourokinase administered within

6 h in patients with M1 or M2 occlusion [22]

(strong evidence).

Supporting Evidence

For a thrombolytic agent to succeed, an effective

dose must be delivered to the site of thrombus.

Such delivery is compromised by diminished

flow often accompanying acute stroke – perhaps

accounting in part for limited success of IV trials.

IA therapy offers several hypothetical advantages

over IV treatment. First, IA delivery guarantees

maximal dose of therapeutic agent at the throm-

bus. Depending on delay related to angiography

initiation, the time to delivery of therapeutic dose

may be less. Also, IA therapy provides for direct

clot monitoring thereby allowing optimal dose

titration in order to maximize benefit while min-

imizing risk. In addition to drug delivery, IA pro-

vides opportunity for other maneuvers such as

mechanical clot disruption.

Multiple noncontrolled case studies have been

published proving the feasibility of IA thrombol-

ysis while hinting at potential efficacy [23–29].

Therapeutic agents utilized included both pro-

UK and tPA. In general, the reports claimed fairly

high complete or partial recanalization rates with

IA therapy, likely besting those seen with IV

treatments. Variable clinical outcomes were

reported.

A series of randomized controlled studies

were undertaken in the late 1990s to evaluate

the utility of IA administration of pro-UK in

patients with MCA stroke under the moniker

PROACT (Prolyse in Acute Cerebral Thrombo-

embolism). The first PROACT study was a phase

II trial aimed at establishing safety and efficacy in

recanalization [30]. The study confirmed the

efficacy of IA drug administration in promoting

vessel recanalization compared to placebo.

Hemorrhage rates twice that seen with placebo

were observed (15.4 % vs. 7.1 %).

Based on these results, the PROACT II trial

was then implemented to determine the

clinical efficacy and safety of intra-arterial (IA)

recombinant prourokinase (r-pro-UK) in patients

with acute stroke [22]. Only patients with MCA

infarct <6 h from onset and no evidence of

hemorrhage or early signs of major infarct on

CT were included. Additional exclusion criteria

included age>85 years, mild stroke (NIHSS< 4),

and rapidly improving symptoms. Angiographic

inclusion criteria were either complete occlusion

(TIMI 0) or contrast penetration with minimal

perfusion (TIMI 1) of either M1 or anM2 division

of theMCA.Angiographic exclusion criteria were

arterial dissection, arterial stenosis precluding

safe passage of microcatheter, non-atherosclerotic

arteriopathy, no visible occlusion, or occlusion of

artery other than M1/M2 MCA. Following angi-

ography, 180 patients met criteria. These patients

were randomized in a 2:1 ratio to receive 9 mg of

IA r-pro-UK plus heparin (n ¼ 121) or heparin

only (n¼ 59). Heparin was administered as 2,000

U bolus followed by infusion of 500 mm per hour

for 4 h beginning at time of angiography. An

infusion microcatheter (<3.0 �F) with single end

hole was place into the proximal one third of the

MCA thrombus using steerable microguidewire.

If intra-thrombus positioning was not possible,

the catheter was to be place as close as possible

to the proximal surface of the clot. Mechanical

disruption of the clot was not permitted.

The results indicated benefit for the treated

group. Specifically, 40 % of pro-UK patients
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compared to 25 % of control patients had little or

no neurological disability at 90 days (P ¼ .04),

the primary outcome measure (Rankin 0–2).

Mortality was 25 % for the pro-UK group and

27 % for the control group. The improved out-

come in the treated group was noted despite

increased frequency of early symptomatic

hemorrhage (within 24 h, 10 % in treated vs.

2 % of controls). The recanalization rate was

66 % for the r-pro-UK group and 18 % for the

control group (P < .001). The results represent

a 15 % absolute and a 58 % relative benefit for IA

thrombolysis. It is worth noting, however, that the

benefit did not encompass strokes of all sever-

ities. Specifically, treated and control patients

with lesser strokes (NIHSS � 10) did equally

well. Patients with more severe strokes (NIHSS

> 10) were twice as likely as controls to achieve

the desired outcome measure. The PROACT II

study provides level one evidence supporting effi-

cacy of treatment of MCA ischemic infarct,<6 h

after onset in appropriately selected patients.

Several features of the trial merit comment. In

some regard, study inclusion criteria and treat-

ment restrictions created a near worst possible

circumstance scenario. Significant occlusions

were part of the inclusion criteria, and the pro-

viders were constrained by the prohibition of

mechanical maneuvers. The time to treatment

was a lengthy median 5.3 h. Although difficult

to standardize and thus systematically study,

mechanical clot disruption appears to help as an

adjuvant treatment. A preponderance of data and

understanding points to earlier treatment as more

effective in IV therapy [31] – a result likely to

generalize to IA therapy. With these consider-

ations in mind, many investigators suspect the

demonstrated PROACT II benefit represents

a lower limit for treatment efficacy.

Prourokinase has not been approved by the

FDA for clinical use in ischemic stroke. Wide

clinical consensus and extensive case study data

have allowed for the extrapolation of the

PROACT II results with prourokinase to both

alteplase and urokinase. For urokinase, the

extrapolation is fairly straightforward as the drug

is chemically quite similar. For alteplase, the

extrapolation derives from the extensive IV data.

Case–control analysis using registry data from

Japan’s Multicenter Stroke Investigator’s Collab-

oration (J-MUSIC) provides data supportive of

IA therapy [32]. A favorable outcome defined as

modified Rankin Scale 0–2 was more often

observed in the urokinase treatment group

(51 %) than the control group (34 %; P ¼ 0.01).

As such, the results support those of the PROACT

II study (moderate evidence).

The MELT trial evaluated the safety and clin-

ical efficacy of IA urokinase infusion in patients

with acute stroke treated within 6 h of symptom

onset, providing further strong evidence for IA

thrombolysis [33]. Only patients displaying

angiographic occlusions of the M1 or M2 MCA

segments were randomized. Unlike PROACT II,

thrombus disruption was permitted but only with

a microwire. No other mechanical techniques

were allowed. IA infusion of UK (120,000 U for

5 min) was performed and repeated until the total

dose of 600,000 U was reached, 2 h had passed

after starting infusion, or complete recanalization

was achieved. The trial was terminated early

by the steering committee after the approval of

IV alteplase in Japan. At the time, a total of

114 patients (57 patients in each group) had

undergone randomization. The primary end

point (90-daymRS score, 0–2) was more frequent

in the UK group than in the control group (49.1 %

vs. 38.6 %; OR, 1.54; 95 % CI, 0.73–3.23),

but this difference did not reach significance

(P ¼ .345). However, two preplanned secondary

end points reached statistical significance. The

rate of excellent functional outcome (90-day

mRS score � 1) was significantly more frequent

in the UK group compared with the control group

(42.1 % vs. 22.8 %; P¼ .045; OR, 2.46; 95 % CI,

1.09–5.54). In addition, there were significantly

more patients with NIHSS scores of 0–1 at 90

days in the urokinase group than in the control

group (35.1 % vs. 14.0 %, P ¼ .017). Partial or

complete recanalization was achieved in 42 of 57

of the IA-treated patients (73.7 %). There was no

significant difference in the 90-day mortality

(5.3 % vs. 3.5 %, P ¼ 1.00) or ICH rate within

24 h of treatment (9 % vs. 2 %, P ¼ .206).

A few comments regarding the relative merits

of IA vs. IV therapy are warranted. IV therapy
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can be initiated more rapidly but may not achieve

therapeutic dose of thrombolytic agent at site of

occlusion as quickly. IA therapy allows for titra-

tion of dose to clot lysis and can be used in

settings for which systemic thrombolytics are

contraindicated. IA therapy is more costly and

carries with it the inherent risk of angiography

including super-selective catheterization. IV

treatment is proven effective at up to 3 h, and

there is now justification for lengthening the

treatment window to 4.5 h. In general, IV therapy

is generally regarded to be less effective in

recanalizing large occlusive clots [34], such as

those of the terminal ICA or M1 MCA, an obser-

vation supported by experimental data [35] and

thrombolytic trials [36, 37]. The presence of

a dense MCA sign on CT indicating complete

occlusion bodes poorly for patients treated with

IV tPA [38, 39]. Recanalization rates for larger

more proximal thromboemboli are low when IV

tPA is utilized. IV tPA yields recanalization rates

of 30 % for proximal MCA occlusion and 10 %

for ICA occlusion [40] – significantly lower than

the rates reported in multiple IA studies.

A carefully crafted meta-analysis has been

performed which confirmed a very strong corre-

lation between early recanalization and outcome

in acute ischemic stroke [41]. The authors

derived a four- to fivefold increase in odds of

good functional outcome and a four- to fivefold

reduction in mortality. Improved recanalization

rates with IA therapy should be balanced against

the negative consequence of additional time to

treatment [42]. Based on a subgroup analysis of

the NINDS stroke study, despite low rates of

recanalization with proximal occlusions, IV tPA

improves outcome in large strokes [43].

Presumably, much of the benefit of IV treatment

derives from recanalization of smaller more

distal branches.

IA therapy has been specifically applied in

the post-op setting when IV treatment was

considered too risky. A retrospective case series

provides level two data supporting safety of IA

thrombolysis in post-op major surgery with the

exception of intracranial surgery [44]. Thirty-six

patients were identified who suffered ischemic

stroke soon after surgery (1 h to 120, mean time

after surgery 29). Minor surgical site bleeding

occurred in 25 %. Major surgical bleeds

included two post-craniotomy ICHs and one

hemopericardium post-bypass – all were fatal.

The mortality rate for the study was similar

to that reported for prior IA thrombolysis trials

(limited evidence).

Little good data exists directly comparing the

benefits of IV and IA thrombolytic therapy.

A randomized study of 27 patients was performed

comparing IV urokinase with IA urokinase in the

first 6 h of MCA infarction [45]. Early study

termination due to high mortality rate (26 %)

dictated the small sample size. There were four

deaths in the IV group and three in the IA group.

IA-treated patients showed more improvement

although the trend proved insignificant by out-

come measures (insufficient evidence).

Noting the guarded prognosis in patients with

dense MCA sign [38], an observational study was

undertaken to evaluate the relative efficacy of IV

vs. IA thrombolytic treatment in the dense MCA

stroke subset [46]. Cohorts from two different

hospitals were analyzed. In one hospital, IV

alteplase was given for patients<3 h from symp-

tom onset according to now standard protocol. In

the other hospital, treatment consisted of IA uro-

kinase 500,000–1,250,000 IU over 60–90 min.

The two groups were well matched in age

(mean 61), and percentage of patients with hyper-

tension and atrial fibrillation. Potentially

confounding differences included higher percent-

age with diabetes in IV-treated group (18 % vs.

13 %) and higher percentage of men in IV-treated

group (67 % vs. 51 %). Clinical outcome mea-

sures were mortality and modified Rankin Scale

at 3 months, dichotomized as in PROACT II as

favorable (0–2) and unfavorable (3–6). Seven-

teen (15 %) of the 112 patients included in the

review were dead at 3 months, most due to their

initial stroke. Lower mortality was observed in

the IA-treated group, a result which held up on

univariate but not multivariate analysis. In the 95

survivors, clinical outcome preferred the IA treat-

ment group. Favorable outcome was achieved in

the IA-treated group 53 % of the time compared

to 23 % of the time in the IV-treated group

(P¼ 0.022). The results are especially noteworthy
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upon consideration of the longer time from symp-

tom onset to treatment in the IA-treated group

(244 + 63 min) compared to the IV-treated group

(156 ¼ 21 min; P ¼ 0.0001) (limited evidence).

Recognizing the trade-offs between IV and IA

thrombolytic therapy, combined therapy

consisting of IV treatment followed by IA treat-

ment has been suggested and studied [47]. The

IMS II trial compared combined IV/IA thrombo-

lytic treatment to historical controls of IV throm-

bolytic alone and placebo from the NINDS stroke

study [48]. Eighty-one patients who could be

treated with IV alteplase within 3 h from symp-

tom onset were enrolled. IV treatment consisted

of two-third the usual alteplase dose administered

as 15 % bolus over 1 min followed by remainder

over 30 min. Once IV treatment had been initi-

ated, the patient was transferred to the angiogra-

phy suite. If an IA treatment amenable clot was

identified, IA treatment was performed in which

either a standard microcatheter or MicroLysUS

infusion (US emitting) catheter was placed in the

clot and the remaining one third alteplase dose

administered. If no IA amenable clot was identi-

fied at angiography, the remaining one third

alteplase dose was completed IV. Of 81 patients

enrolled, 55 underwent combined treatment with

remaining receiving IV treatment alone. The

combined IV/IA treatment patients exhibited

a better outcome than NINDS alteplase-treated

subjects by Barthel Index but not by other out-

come measures. The combined treatment patients

had significantly better outcome at 3 months than

NINDS placebo patients on all outcomemeasures

(OR > 2). Three-month mortality for IMS com-

bined treatment patients (16 %) trended lower

than NINDS placebo (24 %) and alteplase-treated

subjects (21 %). The difference was not statisti-

cally significant.

A prospective registry (RECANALISE study)

compared recanalization rates, 24-h improve-

ment, and 3-month functional outcome between

patients in two-time intervals who underwent

different thrombolytic protocols [49]. In the first

time period, patients within 3 h of symptom onset

were treated with IV alteplase according to stan-

dard protocol. In the second time interval,

patients were treated with a combined technique

similar to IMS II. Early neurological recovery

(defined as NIHSS 0 or 1 or a 4-point improve-

ment in same) occurred in 60 % of combined

treatment patients compared with 39 % of IV

treatment patients (P ¼ 0.07). A marginal differ-

ence in 3-month functional outcome was noted

with favorable (mRS 0–2) occurring in 57 % of

combined treatment compared with 44 % of IV

treatment patients (p ¼ 0.35). Ninety mortality

and symptomatic intracranial hemorrhage rates

were not appreciably different. The most pro-

nounced difference observed was in the recanali-

zation rate: 87 % of combined treatment patients

vs. 52 % of IV treatment patients (P ¼ 0.0002)

(moderate evidence).

What Is the Role of Mechanical
Endovascular Intervention in the Acute
Ischemic Stroke Patient?

Summary
Mechanical clot removal has not been evaluated

in a randomized controlled fashion. Two devices

specifically designed for acute stroke have been

evaluated in a non-randomized fashion, theMerci

Retriever (Concentric Medical) and the Penum-

bra aspiration system (Penumbra) [50–52]. The

studies were prospective multicenter single arm

design trials. A historical control from PROACT

II was often used. Of note, the studies allowed

patients to be treated up to 8 h following ictus.

Safety was demonstrated along with high rates of

a surrogate outcome measure, recanalization.

Efficacy data is lacking (limited evidence).

Supporting Evidence
Much recent interest centers on the development

of devices that provide mechanical clot removal.

Such techniques offer several potential advan-

tages, including faster flow restoration and access

to patients for whom thrombolytic agents are

contraindicated. The devices may be categorized

as performing thrombectomy or clot disruption

and aspiration. Several reviews are available

[53, 54]. Two systems have achieved wide recog-

nition, FDA approval, and are now used com-

monly throughout the USA: the Merci Retriever
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(Concentric Medical) and the Penumbra aspira-

tion system (Penumbra).

The Merci Retriever consists of a nitinol-

coiled wire that is used to engage and drag the

target clot into a guide catheter for removal. The

technique involves placing a fairly large balloon

guide catheter in a proximal vessel (ideally the

ICA or vertebral artery). Through the guide cath-

eter, a specific microcatheter is advanced over

a microwire into and through the target clot.

With the microwire removed, the retriever is

then advanced through the microcatheter and

deployed distal to the clot. The retriever is then

pulled back and into the clot. With the clot so

engaged, the balloon of the guide catheter is

inflated and aggressive aspiration performed

proximally in an attempt to achieve flow reversal

and avoid distal embolization of clot fragments.

The retriever along with the clot is then pulled

into the guide catheter and removed.

The Merci system has gone through several

generations of devices aimed at improving the

efficacy of clot removal. The first generation

(X5, X6) consisted of a conical helix. In the

second generation (L4, L5, L6), the nitinol wire

was altered to a simple helix to which a series of

filaments were attached. The filaments were

attached to increase the surface area of the device

engaging the clot. The simple helix was designed

to increase vessel wall apposition. A third gener-

ation (V series) retains the use of filaments, incor-

porates a variable pitch to the helix, and uses

a subtle taper in the distal end. A series of studies

have evaluated the Merci Retriever and have

shown improved flow restoration with the above

modifications [51, 52, 55]. The evidentiary merit

of the studies will be discussed below. The Merci

device was approved by the FDA in 2004 specif-

ically for the indication of intracranial clot

retrieval.

In the Penumbra aspiration system, the clot is

fragmented and then aspirated through a

catheter designed for intracranial use (reperfu-

sion catheter) [50, 56]. Through the reperfusion

catheter, a device labeled a separator is advanced

to and fro through the clot yielding clot disruption

and preventing blockage of the catheter. The

catheter is connected to an aspiration system.

The separator consists of a wire to which an

appropriately sized nearly conical polymer has

been affixed. As with the Merci system, multiple

device sizes are available depending on the site of

occlusion. The Penumbra system was approved

in 2008 by the FDA.

Multiple studies have validated the safety of

theMerci and Penumbra systems along with clear

evidence of improved flow restoration. The stud-

ies were prospective multicenter single arm

design trials. There was no randomization and if

there was a control group, it was a historical con-

trol (PROACT II). In the latest of the Merci trials,

Multi MERCI [51], mechanical thrombectomy

was utilized in large vessel stroke, both anterior

and posterior circulation, within 8 h of onset.

Patients with persistent large vessel occlusion

after IV alteplase were included. They observed

successful recanalization in 57.3 % (75 of 131)

and a higher rate of 69.5 % (91 of 131) after

adjunctive therapy consisting of intra-arterial

alteplase. The study also showed improved effi-

cacy in recanalization with the new generation

devices. Significant complications were defined

as those procedural complications resulting in

NIHSS decline of�4 or death or groin complica-

tion necessitating surgery and/or blood transfu-

sion. Such clinically significant complications

were observed in nine patients (5.5 %). Symp-

tomatic ICH occurred in 16 patients (9.8 %).

There was one L5 device fracture which occurred

on withdrawal. The device was successfully

retrieved with a snare and there was no untoward

consequence for the patient.

In the Penumbra Pivotal trial, patients with

treatable large vessel stroke in <8 h from onset

were enrolled [50]. They observed high recanali-

zation rates (TIMI 2 or 3) of 81.6 %; 12.8 %

of patients (18 of 125) endured procedural

complications (12.8 %) with 2.4 % (3 patients)

considered serious. Sixteen (12.8%) patients expe-

rienced procedural events including vasospasm,

reocclusion of target vessel, dissection, perfora-

tion, ICH, subarachnoid hemorrhage, anemia,

embolization of previously uninvolved vessel,

and stroke in new distribution. Of these, three

(2.4 %) were judged serious and resulted in signif-

icant negative impact on the patient.
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Taken together, the three Merci studies and

the single Penumbra study provide moderate

evidence for mechanical thrombectomy as

a reasonable option in experienced centers. How-

ever, evidence to support improved patient out-

come is lacking (limited evidence). Importantly,

in these early device trials, the time window for

treatment has been expanded to 8 h, further

increasing the number of patients who may be

so treated.

Angioplasty and stenting have been used in

many centers in both extra- and intracranial

stroke. The literature is mostly limited to anec-

dotal reports and case series. Stenting has been

reported in symptomatic carotid artery dissection

[57]. Patients who suffer carotid artery occlusion

with MCA embolism represent a unique chal-

lenge as the cervical carotid must be recanalized

followed by removal of the MCA clot. Encour-

aging results were reported in one series in which

the carotid was treated with angioplasty/stenting

followed by mechanical thrombectomy with or

without thrombolysis of the MCA [58]. In

another series, the authors described a cohort of

ICA occlusion patients falling into two categories

[59]. The first group consisted of truly acute

patients <6 h onset. The second group exhibited

subacute presentation with fluctuating symptoms.

Carotid artery stenting yielded a high overall

recanalization rate (92 %; 23 of 25) and the clin-

ical outcomes were promising. Intracranial revas-

cularization using angioplasty with or without

stenting has been described [60, 61]. A large

series of 350 patients who underwent intra-

arterial thrombolysis has been reported [62].

The authors employed an array of adjunctive

measures including clot fragmentation, aspira-

tion, balloon angioplasty, and stent placement.

Higher recanalization rates were achieved when

such measures were employed.

A newer product has been evaluated in

human studies as a novel embolectomy device

for large vessel occlusion. The Solitaire FR

revascularization device (EV3) consists of

a stent which may be deployed for treatment

and then fully retrieved. The device is first

deployed so that the distal portion is a few

millimeters beyond the clot. After 1–2 min of

deployment, a guide catheter balloon is inflated

in the neck and continuously aspirated in order to

reverse flow in the proximal artery as the

deployed device is withdrawn. A single center

pilot study has been published in which patients

with M1 occlusion, ICA/MCA tandem occlusion,

or ICA terminus occlusion were treated [63].

In 20 patients, they observed high recanalization

rates (90 %) and no significant procedural

complications. Enrollment in the “Solitaire

FR with the Intention for Thrombectomy

(SWIFT) Study” which compares the Solitaire

device with Merci Retrieval System has been

completed. Outcome data collection and analysis

is ongoing. A similar stent retriever device, Trevo

(Concentric Medical), has been developed and is

currently for sale in Europe and Canada.

Special Case: Posterior Circulation
Ischemic Stroke
Summary
Given the difficulty encountered in enrolling

subjects for acute ischemic stroke treatment, all

large trials have focused on MCA distribution

stroke. The current practice is to treat posterior

circulation strokes by analogy with their MCA

counterparts. Also, recognizing the dismal

prognosis associated with untreated basilar

occlusion, treatment for longer time window of

up to 24–48 h is common. No randomized

trials have been performed proving efficacy

(insufficient evidence).

Supporting Evidence

Regarding posterior circulation infarction,

although there are plenty of anecdotal reports

[64], and a few case series [65], there is only

one randomized trial. A small multicenter ran-

domized study was performed in which 16 patients

with angiographic evidence of basilar or vertebral

artery occlusion were enrolled. The patients were

randomized to either IA urokinase treatment

within 24 h or anticoagulation alone within

24 h of stroke onset [66]. Heparinization was

performed in all patients followed by transition to

warfarin. Fifty percent mortality rate was noted
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both in the treatment and control groups. Of the

survivors, four of eight treatment arm patients

exhibited a good outcome compared to one of

eight patients in the control arm. Of note,

the strokes randomized to the treatment group

were overall worse. Withdrawal of the UK from

the Australian market combined with difficult

recruitment resulted in early discontinuation of

the study. Given the small sample size, the data at

best amounts to level three evidence in support of

IA thrombolytics vs. anticoagulation in this setting.

A recent meta-analysis compared relative

efficacy of IV and IA thrombolytic treatment in

patients afflicted with basilar artery occlusion

[67]. The literature search returned data from

344 patients in 10 studies of IA treatment and

from 76 patients in 3 studies of IV treatment.

Analysis of the data suggested equivalence in

the two treatments. Rates of death or dependency

were 77.6 % in the IV-treated patients and 75.6 %

in the IA-treated patients. Mortality was 55 %

following IA treatment and 50 % following

IV treatment. The rate of good outcome (incon-

sistently defined) was comparable as well (24 %

with IA and 22 % with IV). Also, hemorrhagic

complications were similar (11 % after IV treat-

ment; 8 % after IA treatment). Only recanaliza-

tion rate was determined to be statistically

significant. A rate of 65 % was observed after

IA treatment compared to 53% after IV treatment

(P ¼ 0.05). The results of the meta-analysis have

been criticized on multiples grounds [68].

In many of the IV-treated cases, only MRA used

to establish the diagnosis of basilar artery

occlusion. MRA is insensitive to slower flow so

the findings may simply have represented

tight stenosis in some cases. In the IA-treated

patients, complete occlusion was always

confirmed angiographically.

A prospective registry study (Basilar Artery

International Cooperation Study, BASICS)

enrolled patients from 2002 to 2007 in an effort

to provide some understanding of the relative

efficacy of currently employed treatments for

basilar artery occlusion [69]. Data from 592

patients who received either antithrombotic ther-

apy alone, IV thrombolysis, or IA thrombolysis

were analyzed. Initial stroke severity was

dichotomized as either severe (coma, locked-in,

or tetraplegia) or mild-moderate deficit

(not severe). Outcome was assessed at one

month with mRS 4–5 defined as poor. None

of the treatment strategies showed significant

superiority. Most patients (68 %) exhibited

a poor outcome.

Special Case: Ischemic Stroke in Children
Data on IV thrombolysis and IA intervention in

children is very limited. A recent literature

review elucidates the considerations [70].

The largest series of treatment in childhood

stroke presented data on 46 patients [71].

However, critical elements could not be

adequately assessed including stroke severity at

presentation, imaging findings, time to treatment,

thrombolytic dose, pre- and post-angiographic

findings, and outcome. Once the authors of

the literature review excluded all studies lacking

sufficient data, they were left with adequate data

on only 17 patients. Although the data suggest

reasonable safety profile, the results are no

doubt confounded by publication bias. The

data to support endovascular treatment of

stroke in children is insufficient (insufficient

evidence).

Take Home Table

Table 12.1 is an evidence summary table.

Imaging Case Studies

Case 1: A 67-year-old man 4 h after acute onset

aphasia/right hemiparesis (Fig. 12.1)

Case 2: A 56-year-old woman with basilar

occlusion diagnosed 12 h after symptom onset

(Fig. 12.2)

Case 3: A 64-year-old male with acute

hemiparesis and aphasia (Fig. 12.3)

Case 4: A 55-year-old man progressed to

basilar occlusion over 18 h (Fig. 12.4)
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Table 12.1 Summary of the evidence

IV thrombolysis Safe and efficacious up to 4.5 h in anterior circulation Strong evidence

IA thrombolysis Option for treatment in MCA stroke up to 6 h in patients not

candidates for IV treatment. Requires experienced center

Strong evidence

Mechanical intervention:

Merci/Penumbra

Reasonable option <8 h, however outcomes date lacking Moderate evidence

Insufficient

evidence

Endovascular treatment in

posterior circulation stroke

Case series and anecdotal data with some conflicting results Limited evidence

Endovascular treatment in

children

Case series and anecdotal data Insufficient

evidence

Fig. 12.1 (a–d) A 67-year-old man 4 h after acute onset

aphasia/right hemiparesis. (a) Non-contrast head CT

shows dense M2 branch. (b) Lateral view from left ICA

angiogram shows occlusion at M2 branch point. (c) Lat-
eral view from microcatheter injection at occlusion site

following IA administration of 10 mg tPA. One of the two

branches has been recanalized. (d) CT next day shows

infarct limited to anterior parietal region. Patient regained

full language and nearly normal strength
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Fig. 12.2 (a–e) A 56-year-old woman with basilar occlu-

sion diagnosed 12 h after symptom onset. (a) Left verte-
bral angiogram proves occlusion suspected on CT. (b)
Merci retrieval device deployed in P1 segment right

PCA as clot is being engaged prior to withdrawal.

(c) Recanalization basilar achieved after 6 passes with

retrieval device. (d) Clot after retriever, still on Merci

device. (e) Several images from posttreatment diffusion

MRI show limited infarction
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Fig. 12.3 (a–d) A 64-year-old male with acute

hemiparesis and aphasia. Received IV tPA at 2 h follow-

ing symptom onset. Transferred for intervention. (a) M1

MCA occlusion persists at 4 h despite IV tPA. (b) Follow-
ing initial pass with Penumbra device, M1 has been

recanalized but significant flow compromise in M2 parie-

tal branch persists. (c) Lateral view shows occlusion of

parietal MCA M2 trunk. (d) After Penumbra device

employed to recanalize the M2, patient was left with

only an insular ribbon infarct
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Fig. 12.4 (a–d) A 55-year-old man progressed to basilar

occlusion over 18 h, locked-in. (a) Basilar occlusion

beginning at vertebrobasilar junction. (b) Following ini-

tial pass with Penumbra 041 reperfusion catheter, recana-

lization achieved but stenosis, most notable in proximal

basilar, persists. (c) Delayed angiographic run following

several minutes discloses progressive narrowing of

stenosis, judged to progress to occlusion without further

intervention. (d) Stenosis treated with balloon angioplasty
followed by deployment of Wingspan stent. Left vertebral

angiogram shows full and stable reconstitution of flow.

Patient experienced excellent outcome with minimal

residual deficit
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Suggested Protocol for Acute Ischemic
Stroke Treatment

• Patient arrival in ER with acute neurologic

deficit

• Immediate neurology consult

• CT scanner cleared

• STAT blood draw

• Short history and physical exam – critical

elements are as follows:

– Time of onset

– Quantify deficit – NIHSS

• Electrocardiogram

• STAT to CT:

– Non-con head CT to start – decision

to proceed with CTA made in scanner

– Alert pharmacy if tPA may be needed

• CT scan reviewed immediately by qualified

physician

• If acute ICH (subarachnoid or parenchymal),

then not ischemic stroke intervention

candidate, consult neurosurgery

• If no acute ICH:

• And symptom onset less than 4 h, then IV tPA

candidate

– Review inclusion/exclusion criteria

– Call pharmacy

– Obtain consent

• If symptom onset between 4 and 7 h

and CTA shows vessel occlusion amenable to

IA access, then IA treatment candidate

• Notify:

– NeuroIR

– Angiography lab

• Review inclusion/exclusion criteria

• Obtain consent

• Transfer to angiography lab

Future Research

As the preceding discussion demonstrates, strong

direct evidence proving efficacy of mechanical

embolectomy in acute stroke intervention is

lacking. A series of obstacles threaten to deter

efforts to directly study efficacy. First, at dedi-

cated stroke centers in the USA, mechanical

intervention is commonly used and to many

experts effective in the appropriately selected

patient. Hence, it is difficult to withhold from

a patient meeting criteria. Beyond this, the cost

of such studies would be very high and given the

variety of the disease process requires large

patient enrollment. Acquiring truly informed

consent from family in dire circumstances

represents a major challenge and is often elusive.

Finally, noting the ongoing development of

new and seemingly more effective devices,

any thorough study would be outdated by its

completion.

The best support for mechanical thrombectomy

derives from the consistently observed high rate of

recanalization. As previously discussed, recanali-

zation serves as a reasonable surrogate for treat-

ment success. Future studies will likely focus on

comparing different mechanical intervention

devices based on recanalization efficacy and safety

in a manner similar to the ongoing SWIFT study.
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Key Points

• Brain AVMs (BAVMs) are relatively rare,

although the morbidity and mortality of intra-

cranial hemorrhage associated with their rup-

ture, the relatively young age at which many

present, and the existence of effective treat-

ments make their diagnosis and management

vital to neuroradiologists.

• BAVMs have a 2–4 % average annual risk of

intracranial hemorrhage (ICH), but this rate

ranges from under 1 % to as high as 34 %,

depending on the clinical presentation and

associated imaging features [1, 2] (moderate

evidence).

• Non-contrast CT and CT angiography are

excellent screeningmethods in the initial diag-

nosis of a BAVM (moderate evidence).

• MR and contrast-enhanced MR angiography

are excellent methods for treatment planning

as well as for following BAVMs conserva-

tively or following treatment (limited

evidence).

• Catheter-based digital subtraction angiogra-

phy should be performed on all newly

diagnosed BAVMs providing fine angio-

architectural detail essential in prognosis and

treatment planning.

• Spetzler-Martin grade I and II lesions in non-

eloquent areas should be considered for micro-

surgical resection, while small (<30 mm)

lesions involving eloquent regions should be

considered for radiosurgical treatment (limited

evidence).

• BAVMs requiremultidisciplinary evaluation for

optimal management; this is especially impor-

tant for Spetzler-Martin grade III lesions which

often require some combination of emboliza-

tion, microsurgery, and/or radiosurgical treat-

ment (limited evidence).

• Spetzler-Martin grades IV and V lesions are

complex and need case by case consideration

not amenable to generalized treatment recom-

mendations (insufficient evidence).

• Palliative embolization should be reserved to

treat those patients with progressive neurolog-

ical deficits and/or angiographic features

associated with presumed increased risk of

hemorrhage (aneurysms, venous stenosis, or

high-flow AV fistulas) (insufficient evidence).

• When weighing natural history risks to treat-

ment risks, it is important to consider that

treatment risks are reported usually as dis-

abling deficits and death, whereas natural his-

tory risk is generally considered to be the

spontaneous hemorrhage rate. The sequelae

of ICH in the AVM population is generally

more mild than other forms of adult spontane-

ous ICH syndromes (roughly half, or about

40 % death or dependence) [3]. Therefore,

these factors should be considered when

weighing the risks and benefits of treatment

(limited evidence).

Definition and Pathophysiology

An arteriovenous malformation (AVM) is

a complex arteriovenous anastomosis with

a discernible nidus, though lacking a true capil-

lary bed. AVMs within the central nervous sys-

tem pose a significant risk of morbidity and

mortality. BAVMs have been traditionally

thought to arise in utero. Although a small frac-

tion of patients have AVMs present at birth, there

is an emerging view that lesions may arise post-

natally. There are no data available regarding

possible inciting events that lead to a BAVM

when acquired [4–7] or causes of incomplete

penetrance when familial. The vast majority

(>95 %) are not familial.

Epidemiology

BAVMs affect the sexes equally and present in

relative equal frequency in young (less than

40 years) and old (greater than 40 years) adults

peaking in the fourth or fifth decade [8, 9]. They

manifest in various ways, including seizure

(13–69 %), headache (7–48 %), or other progres-

sive neurological deficits (5–15 %), although

most commonly (30–82 %) as intracerebral hem-

orrhage (ICH) [1, 5, 9–16]. They are relatively

rare with an estimated prevalence of 10–18 per
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100,000 people and an incidence of approxi-

mately 1.0–1.5 per 100,000 people per year

[5, 8, 9, 11, 12, 14, 15, 17, 18]. They represent

approximately 1 % of stroke, although they are

the most common etiology of nontraumatic ICH

in young adults and pediatric stroke [5, 11]. The

annual incidence of BAVM-related ICH varies

widely depending on multiple factors including

prior ICH, BAVM size, the presence of associ-

ated aneurysms, deep venous flow, obstructed

venous outflow, and evidence of higher intra-

nidal resistance [5, 12, 15, 16, 19–26]; the range

of the annual rate extends from below 1 % to as

high as 34 % (moderate evidence, Table 13.4).

Care must be taken in not applying the average

rate to a given patient in estimating the risks and

benefits of treatment.

Overall Cost to Society

Epidemiology

Miller et al. prospectively studied the societal

cost of brain vascular malformations over

a 3-year interval as part of the Scottish Intracra-

nial Vascular Malformation Study [27]. They

found an average 3-year healthcare cost/adult of

£15,784 ($32,041 in 2010 US dollars) and an

average 3-year productivity loss of

£17,111($34,734 in 2010 US dollars) [27]. Strat-

ification of variables revealed higher costs for

those patients <65 years of age, those presenting

with hemorrhage, and those undergoing any

method of intervention. Sub-selection of treat-

ment modalities demonstrated combined

methods (embolization and radiosurgery >

embolization and microsurgery) were more

costly than any individual method (radiosurgery

> microsurgery > embolization). However, this

population-based study in Scotland probably

greatly underestimates costs in the USA.

Imaging

Jordan et al. retrospectively reviewed 882

patients over a 2.5-year period who had

a non-focal neurological exam and underwent

CT [28]. Of these, 31.8 % had an abnormal find-

ing on CT, although only 1 % demonstrated

a result that required change in management.

The authors noted an incremental cost per

clinically significant case of $50,078 ($54,165

in 2010 US dollars). Jordan et al. retrospectively

reviewed 328 patients over a 3-year period

who had a non-focal neurological exam and

underwent MR [29]. Of these, 50% had an abnor-

mal finding on MR, although only 1.5 % demon-

strated a result that required change in

management. The authors noted an incremental

cost per clinically significant case of $34,535

($46,199 in 2010 US dollars). There is no sup-

portive literature describing the economic burden

related to the differential use of cross-sectional

imaging (MR or CT) or digital substation angi-

ography in the management of brain AVMs.

Treatment

There is no level I or II level data describing cost

analysis between treatment modalities, although

there are two retrospective studies examining the

topic. Berman et al. retrospectively studied the

cost of microsurgery with or without preoperative

embolization noting a combination therapy cost of

$78,400 ($104,880 in 2010 US dollars) and

$49,300 ($65,951 in 2010 US dollars), although

without significant differences in length of hospi-

tal stay [30]. Their report also revealed incremen-

tal increase in cost with higher Spetzler-Martin

scores [30]. Patients ranged in preoperative risk

category from Spetzler-Martin grades II through

V,with an average increase of $20,100 in total cost

per Spetzler-Martin grade (95 % CI, $13,500–

$28,100). After surgical resection of an AVM,

new neurologic deficits were associated with

large differences in cost: $68,500 � $6,100 and

15 � 2 days in hospital for patients who were

neurologically worse after surgery versus

$44,700 � $3,900 and � 1 day for patients who

were unchanged.

Jordan et al. also retrospectively studied the

cost of microsurgery with or without preoperative

embolization examining both direct and indirect
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costs, noting combination therapy cost of

$71,366 ($110,917 in 2010 US dollars) and

surgery alone of $78,506 ($122,014 in 2010

US dollars) [31]. It should, however, be

noted that surgical control data ranged from

1961 to 1988 and healthcare-related costs were

based on institutional estimates as opposed to

billing information generated by each case [31].

There is no supportive literature describing the

economic burden related to the differential use of

embolic agents in the management of brain

AVMs.

Goals of Imaging

Given that the majority of BAVMs present with

hemorrhage, non-contrast CT and CTA in com-

bination offer a high degree of sensitivity and

specificity in identifying lesions (moderate evi-

dence). MR and MRA are also helpful during the

initial workup particularly in defining temporal

flow features with more recent contrast-enhanced

techniques (limited evidence). Catheter angiog-

raphy remains the gold standard, and all patients

should undergo DSA prior to treatment. Assess-

ment of the AVM size, location, and pattern of

venous drainage is paramount in evaluating

potential operative risk.

Methodology

A Medline pubmed.gov search using the terms

“brain,” “arteriovenous malformation or AVM,”

and “prospective or retrospective” was

performed. The three searches were combined

with “and” between each individual search

with results limited to “human” and “English”

subcategories; 737 citations were found

meeting the aforementioned criteria ranging

from 1965 to February 2011. The abstracts

were reviewed and 127 articles are selected

given their applicability to the following

aspects of brain AVMs: diagnostic imaging, eco-

nomic burden, natural history, treatment, and

pediatrics.

Discussion of Issues

Who Should Undergo Imaging for
Workup of a Potential BAVM?

Summary

BAVMs manifest in various ways, including sei-

zure (13–69 %), headache (7–48 %), or other

progressive neurological deficits (5–15 %),

although most commonly (30–82 %) as intrace-

rebral hemorrhage (ICH) [1, 5, 9–16]. In the

setting of a new onset headache (within the last

12 months) without seizure, progressive, or new

focal neurological deficit, an initial non-contrast

head CT is recommended (limited evidence).

Based on the findings of the initial exam,

a combination of cross-sectional imaging, be it

CT or MR, angiography is recommended.

Supporting Evidence

There is no strong evidence (level 1) to support

cross-sectional imaging in the setting of new head-

ache without focal neurological findings or sei-

zures in the nontraumatic setting. Given the

scarcity of BAVMs, there is little data describing

the rate of detection of BAVMs in setting of head-

ache within outpatient and emergency department

(ED) settings. In light of such limitations, data

describing the use of cross-sectional imaging

(most often CT) in the settings of new headache

(within the last 12 months) will have to suffice

(please see Chap. 24, “Headache Disorders:

Evidence-Based Neuroimaging”). Outpatient and

emergency use of CT in the setting of trauma or for

seizure or other focal neurological deficit is

supported [32–34]. These clinical scenarios, how-

ever, make up theminority of indications for imag-

ing, the most common being nontraumatic

headache. Over 10 million patients per year are

seen by ED and primary care (PC) physicians for

headache [32]. As part of ED visits, headache is the

second leading indication for CT (7.5 % of all

visits), and CT is performed in more than 35 % of

patients presenting with a chief complaint of head-

ache [35]. Themajority (�90%) of these will have

a primary etiology, namely, migraine, tension, or

cluster types, with the remaining 10 % composed
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of secondary causes, one of which is BAVM. Pro-

spective and retrospective series have documented

rates of intracranial pathology, as detected by CT,

altering management in 10–33 % of patients

presenting with new onset headache [36–38].

Again, of these disease states, BAVMs will be

a rare cause. Please see Chap. 24, “Headache Dis-

orders: Evidence-Based Neuroimaging” section

“adults.”

Applicability to Children
BAVMs in the pediatric population may have

comparable presentations to the adult population,

although in the neonatal setting, large arteriove-

nous shunts may lead to cardiac failure. Even

more so than in adults, hemorrhage is the primary

presentation of an AVM [12]. Fullerton et al. in

a retrospective analysis of more than 1200

patients, did however, find a reduced risk of sub-

sequent hemorrhage following initial hemor-

rhagic ictus relative to an adult population [39].

The higher incidence of hemorrhagic presenta-

tion in children may be in part secondary to

reduced rates of imaging for other more ill-

defined clinical complaints. For example, in the

setting of new onset headache without focal neu-

rological deficit, Lateef et al. retrospectively

studied 364 patients aged 2–5 years of age. Fol-

lowing history and physical examination, only

16 patients underwent CT [40]. Ninety-four per-

cent (15 of 16) demonstrated no abnormality, the

single abnormal being a brainstem glioma. In

children, history and physical exam should dic-

tate the need for cross-sectional imaging as cen-

tral nervous system space-occupying lesions tend

to manifest in the physical examination [41]. See

Chap. 24, “Headache Disorders: Evidence-Based

Neuroimaging” section “Children.”

Which Imaging Modality(s) Should
Be Used?

Summary

The role of diagnostic imaging in the evaluation

of BAVMs is different depending whether the

clinical situation requires primary diagnosis or

follow-up of a treated lesion. Given the

potentially devastating effects of ICH,much atten-

tion has been given to delineating those clinical

and imaging features portending initial or recur-

rent hemorrhage. As described above, given that

the majority of BAVMs present with hemorrhage,

non-contrast CT and CTA in combination offer

a high degree of sensitivity (greater than 90 %)

and specificity in identifying lesions (limited evi-

dence, Table 13.1). MR and MRA (Figs. 13.1bc,

13.4d, 13.5a–d) are also helpful during the initial

workup particularly in defining temporal flow fea-

tures with more recent contrast-enhanced tech-

niques. Catheter angiography remains the gold

standard, and all patients should undergo DSA

prior to treatment (moderate evidence). For those

patients with known untreated or partially treated

BAVMs, MR and MRA are recommended with

supplementation by DSA following complete

obliteration or excision (limited evidence,

Table 13.2). The lack of ionizing radiation, mini-

mization of metallic artifact, and the temporal and

excellent spatial resolution MR provides make it

the primary tool for follow-up evaluation of

BAVMs.

Supporting Evidence

Non-contrast CT has good (>90 %) sensitivity

for acute (<48 h.) subarachnoid hemorrhage

[42, 43] and, although limited in detecting vascular

malformations, can demonstrate features, includ-

ing enlarged or calcified vessels (Fig. 13.1a) along

the margin of the hemorrhage or regions of

increased density corresponding to the vascular

nidus, suggestive of an underlying vascular anom-

aly [44] (limited evidence). The location of

intraparenchymal hemorrhage (Figs. 13.2a and

13.3a) can also be helpful in differentiating

a primary from secondary etiology where the

deep cerebral and brainstem regions are more

often related to primary hypertensive etiologies.

Delgado Almandoz et al. [44] studied 623 patients

presenting with intraparenchymal hemorrhage and

used features on non-contrast CT to separate stud-

ies into low (29.4 %), indeterminate (67.6 %), and

high probability (3 %, Fig. 13.1a) for underlying

vascular anomaly. They found the positive predic-

tive (84.2 %) and negative predictive (97.8 %)

values for the low and high probability populations
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in identifying the presence or absence of a vascular

anomaly. It should be noted, however, that the

majority of vascular anomalies found came from

patients with indeterminate non-contrast CT find-

ings (moderate evidence).

The presence of any vascular anomaly, as

defined by catheter DSA or operative inspection,

in the setting of CT-diagnosed intraparenchymal

hemorrhages varies widely (14.8–52.5 %)

depending largely on the cohort demographics

[44]. As described above, the overwhelming

majority of patients will have non-contrast CT

features indeterminate for a vascular anomaly,

AVM or otherwise, and should undergo cross-

sectional angiography. CTA has excellent spatial

resolution and is minimally invasive, fast, and

readily available [45–47]. There are various

reports (Table 13.1) describing the accuracy of

CTA (Fig. 13.3bc) relative catheter-based

DSA with high degrees of sensitivity

(83.6–100 %) and of specificity (77.2–100 %)

for the detection of an underlying vascular anom-

aly in the setting of IPH [44, 48, 49] (moderate

evidence). CTA is, however, limited in that it

involves ionizing radiation and is degraded by

metallic streak artifacts, often encountered in

patients following treatment.

Historically, once a BAVM is identified, DSA

is recommended to further characterize the lesion

(please see discussion of reporting standards

for details). DSA, and more recently three-

dimensional rotational angiography (Fig. 13.7a),

is the diagnostic gold standard as it has the

highest degree of spatial and temporal resolution

of all diagnostic imaging modalities [12, 25, 46,

50, 51] (moderate evidence).

Applicability to Children
There is little data describing the relative utility

of imaging in the diagnosis of brain AVMs within

the pediatric population. Brunelle et al. described

the use of CT and catheter angiography to

define BAVMs with moderate specificity (77 %)

[52]. Since this publication, MR and CT angio-

graphic techniques have been developed as well

as improvements to digital subtraction angiogra-

phy. More recently, Koelfen et al. reviewed

67 MR exams of children with neurological

disorders, five of whom had vascular

malformations [53]. The nidus and major arterial

feeders were demonstrated, although definition

was more difficult for larger, more complex, and

hemorrhagic lesions. Despite a dearth of litera-

ture on the topic, the data describing contempo-

rary adult imaging may be largely applicable to

the pediatric population. Usage, however, should

be different between adult and pediatric groups to

minimize ionizing radiation, though long-term,

posttreatment follow-up angiography may be

useful in children as there are reports of AVM

recurrence (insufficient evidence). For infants,

transcranial US can also be used for larger

AVMs, particularly those involving the vein of

Galen [54–56].

Which Imaging Findings Should
Be Reported?

Summary

Assessment of the AVM size, location, and pat-

tern of venous drainage is paramount in evaluat-

ing potential operative risk (strong evidence).

Supporting Evidence
The Spetzler-Martin classification system

(Table 13.3) enumerates these features on a five-

point scale and has proved an accurate predictor of

surgical risk assessment with those with lower

scores (I–II) having significantly less chance

(less than 3 %) of posttreatment permanent neuro-

logical deficit than those with higher scores

(approximately 20 %) [5, 22, 57]. The relative

prevalence of each Spetzler-Martin grade is

unknown, although a multisite tertiary care center

review of 1289 patients found that 55% of patients

had a lesion 30–60 mm, 55 % had deep venous

drainage, and 71 % involved eloquent anatomy

[11]. These figures would suggest that the majority

of BAVMs are grade III or higher, although the

referral bias to these centers of excellence cer-

tainly misrepresents the volume of grade I and II

lesions treated in the community at large.

The largest dimension by MR and DSA in

millimeters should be used for Spetzler-Martin

grading, although assessment in three orthogonal
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dimensions and volume estimated using the

ABC/2 formula is also recommended [25]. Elo-

quence should be determined using physiological

imaging or neuropsychological testing, although

by anatomic criteria, the Joint Writing Group on

AVM report standards lists the sensorimotor

(Figs. 13.1, 13.2, 13.3, 13.8), visual, and lan-

guage cortices (Fig. 13.6), basal ganglia, thala-

mus (Fig. 13.5), hypothalamus, brain stem,

cerebellar peduncle (Fig. 13.4), internal capsule,

and deep cerebellar nuclei (Fig. 13.7) as being

eloquent regions [22, 25]. Spetzler and Martin

dichotomize venous drainage into superficial or

deep patterns (Fig. 13.3f). When evaluating

BAVMs, however, the specific drainage patterns,

including number of veins, presence of

subependymal venous involvement, and number

of veins reaching a sinus, should be reported to

better assess management risk [12, 25]. Features

such as venous ectasia (Fig.13.1c), venous reflux

or occlusion, flow-related or nidal arterial aneu-

rysms (Fig. 13.7a), angiopathy, angiogenesis, or

pial-pial collaterals (Fig. 13.1f) are not part of

standard reporting, although recommended

given their potential prognostic significance

[1, 12, 16, 25]. Associated aneurysms occur in

3–58 % of patients and may be remote or intra-

nidal in location, with the latter type being asso-

ciated with a higher annual rate of ICH [5], as

entities with their own inherent rupture risk

(insufficient evidence). Given their flow-related

nature, following treatment, remote aneurysms

may involute without directed therapy [58]

(insufficient evidence).

Recently, a supplementary scoring system to

the Spetzler-Martin scale was proposed [59].

This supplementary score considers unruptured

(Fig. 13.3c) presentation as a risk factor for

poorer outcome after resection, along with

age, and diffuseness of the AVM border. Not

segregating surgical outcomes stratified by

rupture status has been problematic in the

literature [60].

Applicability to Children
The angiographic architectural findings pertinent

in the adult setting are similar to those in the

pediatric setting.

Which Treatment Modality(s) Should
Be Employed?

Summary

The most recent statement from a writing group

of the American Stroke Association [12]

supported a collaborative approach to BAVM

treatment with the method(s) based on the

patient’s age, clinical presentation, angiographic

features, and of course the Spetzler-Martin clas-

sification. For those lesions less than 30 mm

located in non-eloquent cortex, microsurgical

resection with or without adjuvant embolization

is recommended, while those similarly sized

lesions situated in eloquent locations or with

complex arterial anatomy should undergo

radiosurgical treatment (Fig. 13.4) (moderate evi-

dence, Table 13.4). Larger, more complex lesions

(Spetzler-Martin grade IV and V) likely necessi-

tate a combination of treatments (Figs. 13.1, 13.5)

and require a case-specific approach. In many

instances, such lesions should be managed con-

servatively unless deleterious clinical symptoms

require treatment (limited evidence, Table 13.4).

High treatment risk patients and low natural his-

tory risk patients should be considered for con-

servative medical management; given the

progress that continues to be made in vascular

biology of the disease and treatment modalities,

the risks and benefits may change appreciably in

the next decade with the introduction of new

therapies.

Supporting Evidence
To date, there is no level I evidence (strong)

comparing interventional modalities relative to

one another or against observational manage-

ment. A major decision point in the BAVM treat-

ment algorithm is if the patient has or has not had

a hemorrhage. The literature, retrospective in

nature, supports intervention for those with

a hemorrhagic history given the higher frequency

of repeated events, especially within the first year

after ictus. The nonhemorrhagic population,

however, has proved more controversial. There

are a few series examining outcomes between

patients undergoing intervention (surgical,

radiosurgical, and/or embolization) relative
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medical treatment in the nonhemorrhagic cohort

[15, 61–63]. These series do, however, note better

clinical outcomes in the conservatively managed

group relative to those undergoing intervention in

the short follow-up interval [15, 61–63] (moder-

ate evidence). To help further address this con-

troversy, the ongoing NINDS-funded prospective

randomized trial, A Randomized Trial of

Unruptured Brain Arteriovenous Malformations

(ARUBA), began recruiting in 2007

(NCT00389181). Patients with BAVMs that

have not bled and are thought suitable for thera-

peutic intervention are eligible and randomized

to best medical therapy (conservative manage-

ment) or the standard interventional treatment

prescription as decided upon by the local treat-

ment team [64]. The study will provide follow-up

for a minimum of 5 years. Through February

2011, ARUBA has enrolled 144 of the targeted

400 patients.

Following complete clinical and imaging

evaluation, treatment recommendations are

based on the expected hemorrhagic risk of the

lesion and availability of treatment regimens.

Lifetime hemorrhagic risk can be roughly esti-

mated using the equation [12, 17]

Lifetime risk %ð Þ ¼ 105� age yearsð Þ

Weighing these risks guides conservative

observational management against microsurgery,

trans-arterial embolization, and radiosurgery

whether as solitary or combined methods.

Depending on the clinical presentation, estimates

of 20-year cumulative risk of hemorrhage range

43–56 % [65]. Operative risk has been assessed

using a number of different grading schemes,

although the Spetzler-Martin classification sys-

tem is most commonly employed. The relative

simplicity and reproducibility in both retrospec-

tive and prospective studies to assess operative

risk make the grading system widely

implemented. Unfortunately, there is a lack of

level I (strong evidence) data describing their

behavior. To date, there are no prospective ran-

domized controlled trials looking at the efficacies

of these treatments relative to each other or to

nonintervention. Retrospective analysis of

multiple large cohorts suggests an overall treat-

ment-related complication rate of 14–20 % with

6–8 %manifesting a permanent neurological def-

icit and 0.5–1.5 % resulting in death [5] (limited

evidence).

The primary goal of BAVM intervention is to

obliterate the vascular nidus and remove the risk

of spontaneous ICH. This can be accomplished

a number of ways, although surgical excision

remains the primary method for the majority of

lesions. For Spetzler-Martin grade I and II

BAVMs, surgical excision is recommended with

literature demonstrating good to excellent out-

comes in 92–100 % of patients [12] (moderate

evidence). Grade III lesions (Figs. 13.3, 13.7,

13.8) should also be treated surgically with

88.2 % demonstrating excellent long-term out-

come, although given the greater heterogeneity

of this group, multidisciplinary evaluation should

be done prior to elective removal [5, 12, 22, 57]

(limited evidence). Grades IV and V (Figs. 13.1,

13.5) more often necessitate multiple forms of

treatment working in combination to minimize

hemorrhagic risk and to reduce morbidity related

to open surgery. These lesions carry higher rates

of periprocedural morbidity (31 % IV; 50%V) as

well as permanent neurological deficits (30 % IV;

17 % V) [12, 22] (limited evidence).

The role for trans-arterial embolization of

BAVMs has greatly expanded over the past

twenty years with the method now routinely

employed. Embolization is used as the definitive

treatment modality (Fig. 13.9) for a minority of

cases (9–49 %) with the overwhelming majority

being performed as neo-adjunctive intervention

for both microsurgical and radiosurgical treat-

ment (Figs. 13.8, 13.9) [5, 12, 66] (insufficient

evidence). In the setting where embolization is

curative, lesions are more often less than 30 mm

and have fewer arterial feeders (Fig. 13.9) [66].

Endovascular therapy is also used in a palliative

manner for those patients with lesions not amenable

to other forms of treatment with progressive neuro-

logical deficits or refractory seizures. In these

instances, the goal of intervention is to minimize

hemorrhagic risk (embolization to minimize

venous hypertension or treat associated aneurysms)

or to reduce the nidal volume to a size more
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amenable to open or radiosurgical techniques

[12, 66] (insufficient evidence). There is literature

supporting embolization for partial occlusion of

BAVMs, although there is also evidence of

a higher rate of hemorrhage in those undergoing

such incomplete treatment [66]. Embolization is

a safe technique with an overall complication rate

of 9–14 % and permanent neurological deficits

reported in 2–10 % of cases and mortality rates

less than 4 % [5, 12, 66, 67] (limited evidence).

As with microsurgical resection, the purpose

of radiosurgery is obliteration of the vascular

nidus. Focused external beam radiation of the

BAVM nidus induces endothelial injury and

eventual thrombosis [65]. The technique is more

successful for those lesions smaller than 30mm in

greatest dimension or less than 10 cm^3 and more

often employed for lesions with eloquent locale

[5, 12] (limited evidence). The risks of radiosur-

gery, although certainly less in the immediate

post-procedural period relative to embolization

or microsurgery, accrue over the 2–3-year inter-

val expected for a nidus to involute. There is the

potential for radiation-related edema and necrosis

(5–7 %) as well as the risk for hemorrhage,

although there is controversy regarding the inci-

dence of bleeding [5, 12, 65]. Overall radiosur-

gery is effective in 80–88 % of patients at 2 years

post initial treatment [12] (limited evidence).

Applicability to Children
As with the adult population, there are multiple

series describing embolization, microsurgical,

and radiosurgical treatment options in singular

and combined use, although no level I or II

level (strong or moderate evidence) data exists.

The largest of the series reported morbidity and

mortality rates of 18 % and 11 % for surgery

and 28 % and 16 % for embolization, respec-

tively [68, 69]. Yen et al. reported the largest

(186 patients) radiosurgical series noting

a hemorrhage rate of 5.4 % within 2 years

after treatment and 0.8 % between 2 and

5 years and only six patients manifesting neu-

rological deficits associated with radiation-

induced injury [70].

Which Embolic Material(s) Should Be
Used in Endovascular Treatment?

Summary

BAVM embolization is routinely performed

primarily as a neo-adjunct treatment to

microsurgery or radiosurgery with evidence dem-

onstrating the efficacy of particles, n-butyl cya-

noacrylate (n-BCA) (Fig. 13.8cd), and now Onyx

relative to one another in regard to angiographic

nidal embolization (moderate evidence). Despite

these prospective trials, there are no societal

guidelines regarding which material(s) to use in

the treatment of BAVM, be it neo-adjunctive,

palliative, or curative in nature. Choice of

embolic agent(s) remains operator specific with

single or multiple materials used depending on

the clinical scenario and angio-architecture.

Supporting Evidence
The aim of any intervention is to reduce the AVM

nidus and occlude those vessels more difficult to

access with open surgical methods. Paramount to

successful nidal obliteration is peri-nidal access

of its primary feeding arteries. Neurointer-

ventional surgeons use over-the-wire catheters

and softer flow-directed catheters to access indi-

vidual arterial feeders for delivery of a number of

different types of embolic materials. Historically,

absolute alcohol (Fig. 13.9) and particle-type

materials were used, such as polyvinyl alcohol

(PVA), coils (Fig. 13.8cd), and detachable bal-

loons, and are still used in specific situations

(aneurysms, high-flow fistulas, protection of an

en passage artery), although they have largely

been replaced by liquid embolic materials in

part given the ability to deliver them via smaller

catheters affording more immediate peri-nidal

access [5, 12, 62, 66, 67, 71–73].

n-BCA and ethylene vinyl alcohol copolymer

(Onyx) have both proved effective in emboliza-

tion. n-BCA rapidly polymerizes and can flow

quickly [66, 67, 71] (limited evidence). Early

polymerization can lead to inadequate nidal pen-

etration, while delayed polymerization can cause

nontarget venous embolization and resultant
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increase in nidal pressures. Brief periods of phar-

macologically induced cardiac pause with aden-

osine have been used help control delivery

of n-BCA [37, 74]. Onyx, a more recent

addition to the interventional armamentarium, is

nonadherent to the endothelium, flows much

slower, and provides a greater degree of control

during embolization affording for greater pene-

tration into the nidus [66, 67]. Its slower flow,

however, comes at the price of longer fluoro-

scopic times and increased radiation exposure.

Recently, a prospective trial comparing Onyx to

n-BCA demonstrated no significant difference

between the two materials in regard to degree of

nidal embolization or technical risk [75] (moder-

ate evidence). Both agents have demonstrated

lower rates of recanalization relative to particle-

type embolic materials [67, 71] (moderate

evidence).

Applicability to Children
Unlike the adult population, there is no level II

data discussing the utility of embolic agents rel-

ative to one another, although the data likely

extrapolates to the pediatric population. How-

ever, given the longer life expectancy of children,

well-conducted prospective studies are lacking in

regard to the long-term effectiveness of embolic

agents in this population.

Take-Home Tables

Tables 13.1 through 13.4 highlight data and

evidence.

Imaging Case Studies

Case 1 Vascular calcifications and prominent

flow voids (Fig. 13.1a–f).

Cases 2 and 3: Left frontal subcortical and basal

ganglia hemorrhage (Figs. 13.2a–d, 13.3a–f).

Case 4: Third intraventricular hemorrhage and

prominent vessels along the tectum

(Fig. 13.4a–f)

Case 5: Multiple left pulvinar flow voids, an

enlarged falcine sinus, and enlarged left PCA

(Fig. 13.5a–g).

Case 6: Diffuse left temporal AVM nidus

(Fig. 13.6a–f).

Case 7: Compact right cerebellar hemispheric

AVM supplied by ipsilateral anterior-inferior

and superior cerebellar arteries (Fig. 13.7a–c).

Case 8: Compact insular AVM nidus supplied by

lenticulostriate and insular MCA branches

(Fig. 13.8a–d).

Case 9: Compact left choroidal AVM nidus sup-

plied by an enlarged posterior-lateral choroi-

dal artery (Fig. 13.9a–d).

Suggested Imaging Protocols

Figures 13.10 and 13.11 show diagnostic imaging

workup of nontraumatic isolated intraparenchymal

hemorrhage and nontraumatic intraventricular and/

or subarachnoid hemorrhage with or without

intraparenchymal hemorrhage, respectively.

MRA

Due to the heterogeneity of vendors and associ-

ated imaging techniques, a standard MR protocol

for brain AVMs is not available. Despite this

variability, however, the authors found the imag-

ing protocols by Petkova et al. and Hadizedah

et al. helpful for contrast-enhanced MR angiog-

raphy at 1.5 and 3.0 T, respectively [97–100] :

• Petkova et al. 1.5 T 3D dynamic TR-CE-

MRA TRICKS ASSET Protocol: TR\TE\flip

angle 3.7\1.4\25�, field of view 30 cm,

acquisition matrix 320 � 192 mm, fourfold

ASSET reduction factor (2 � 2), Nex 0.5,

20 overlapping partitions with partition

thickness 6 mm, spatial resolution at acquisi-

tion 0.93 � 1.56 � 6 mm3 and, after interpo-

lation, 0.58 � 0.58 � 3 mm3. Image

acquisition initiated 15 s after a bolus injec-

tion of 10 ml of gadoterate meglumine

administered at a rate of 1.4 ml/s followed

13 Brain Arteriovenous Malformations: Evidence-Based Diagnosis and Treatment 217



T
a
b
le

1
3
.1

P
er
fo
rm

an
ce

ch
ar
ac
te
ri
st
ic
s
o
f
C
T
an
d
M
R
in

ev
al
u
at
io
n
o
f
in
tr
ac
ra
n
ia
l
v
as
cu
la
r
p
at
h
o
lo
g
y

A
u
th
o
r(
s)

P
at
ie
n
ts

(n
)

M
o
d
al
it
y

R
ef
er
en
ce

st
an
d
ar
d

P
at
h
o
lo
g
y

S
en
si
ti
v
it
y
%

(9
5
%

C
I)

S
p
ec
ifi
ci
ty

%

(9
5
%

C
I)

P
P
V
%

(9
5
%

C
I)

N
P
V
%

(9
5
%

C
I)

W
h
it
e
et
al
.
(2
0
0
0
)a
,b
[7
6
]

6
7
7

C
T
A

D
S
A

C
er
eb
ra
l
an
eu
ry
sm

9
2
[8
9
–
9
5
]

9
4
[8
8
–
9
9
]

9
8
[9
6
–
9
9
]

8
0
[7
3
–
8
6
]

C
h
ap
p
el
la
et
al
.
(2
0
0
3
)c
[7
7
]

1
1
9
7

C
T
A

D
S
A

C
er
eb
ra
l
an
eu
ry
sm

9
3

7
7

N
A

N
A

v
an

G
el
d
er

et
al
.
(2
0
0
3
)a
,c
[7
8
]

6
1
6

C
T
A

D
S
A

C
er
eb
ra
l
an
eu
ry
sm

8
4

9
9

N
A

N
A

W
in
te
rm

ar
k
et
al
.
(2
0
0
3
)b
[7
9
]

5
0

C
T
A

D
S
A

C
er
eb
ra
l
an
eu
ry
sm

9
9
[9
8
–
1
0
0
]

9
5
[9
4
–
9
6
]

9
9

9
5

D
am

m
er
t
et
al
.
(2
0
0
4
)c
[8
0
]

5
0

C
T
A

D
S
A

C
er
eb
ra
l
an
eu
ry
sm

9
0

8
3

9
7

5
6

K
ar
am

es
si
n
i
et
al
.
(2
0
0
4
)c
[8
1
]

8
2

C
T
A

S
u
rg
er
y

C
er
eb
ra
l
an
eu
ry
sm

8
9
[7
8
–
9
6
]

1
0
0

1
0
0

9
3
[6
3
–
8
4
–
9
7
]

K
o
u
sk
o
u
ra
s
et
al
.
(2
0
0
4
)c
[8
2
]

3
5

C
T
A

S
u
rg
er
y

C
er
eb
ra
l
an
eu
ry
sm

9
7

5
0

9
2

7
5

H
ir
at
su
k
a
et
al
.
(2
0
0
8
)b
[8
3
]

3
8

C
T
A

D
S
A

C
er
eb
ra
l
an
eu
ry
sm

9
5

9
6

N
A

N
A

M
cK

in
n
ey

et
al
.
(2
0
0
8
)b
[8
4
]

3
6

C
T
A

D
S
A

C
er
eb
ra
l
an
eu
ry
sm

9
6

9
0

9
6

9
0

R
o
m
ij
n
et
al
.
(2
0
0
8
)c
[8
5
]

8
8

C
T
A

D
S
A

C
er
eb
ra
l
an
eu
ry
sm

9
9
[9
3
–
1
0
0
]

9
0
[6
9
–
9
8
]

9
8
[9
2
–
1
0
0
]

9
5
[7
4
–
1
0
0
]

C
h
en

et
al
.
(2
0
0
9
)c
[8
6
]

1
5
2

C
T
A

D
S
A
,
su
rg
er
y

C
er
eb
ra
l
an
eu
ry
sm

9
8
[9
2
–
1
0
0
]

1
0
0
[9
5
–
1
0
0
]

1
0
0
[9
6
–
1
0
0
]

9
7
[9
0
–
1
0
0
]

L
i
et
al
.
(2
0
0
9
)c
[8
7
]

9
6

C
T
A

D
S
A
,
su
rg
er
y

C
er
eb
ra
l
an
eu
ry
sm

9
9

1
0
0

1
0
0

9
2

W
h
it
e
et
al
.
(2
0
0
0
)a
,b
[7
6
]

9
2
6

M
R
A

D
S
A

C
er
eb
ra
l
an
eu
ry
sm

8
7
[8
4
–
9
0
]

9
2
[8
8
–
9
4
]

9
3
[9
0
–
9
5
]

8
4
[8
0
–
8
8
]

H
ir
at
su
k
a
et
al
.
(2
0
0
8
)b
[8
3
]

3
8

M
R
A

D
S
A

C
er
eb
ra
l
an
eu
ry
sm

9
6

9
2

N
A

N
A

K
o
k
k
in
is
et
al
.
(2
0
0
8
)b
[8
8
]

1
9
8

C
T
A

D
S
A
,
su
rg
er
y

C
er
eb
ra
l
an
eu
ry
sm

o
r
B
A
V
M

9
8

N
A

1
0
0

9
4

K
h
an
d
el
w
al
et
al
.
(2
0
0
6
)b
[8
9
]

5
0

C
T
V

M
R
V

C
er
eb
ra
l
v
en
o
u
s
o
r
si
n
u
s
th
ro
m
b
o
si
s

7
5
–
1
0
0
d

8
2
–
1
0
0
d

7
5
–
1
0
0
d

9
0
–
1
0
0
d

L
in
n
et
al
.
(2
0
0
7
)b
[4
9
]

1
9

C
T
V

M
R
V

C
er
eb
ra
l
v
en
o
u
s
o
r
si
n
u
s
th
ro
m
b
o
si
s

1
0
0

1
0
0

1
0
0

1
0
0

K
it
aj
im

a
et
al
.
(2
0
0
5
)b
[9
0
]

2
1

C
E
-M

R
e

D
S
A

R
et
ro
g
ra
d
e
v
en
o
u
s
d
ra
in
ag
e
in

D
A
V
F

5
1
–
1
0
0
d

8
2
–
1
0
0
d

N
A

N
A

Y
eu
n
g
et
al
.
(2
0
0
9
)b
[9
1
]

5
5

C
T
A

D
S
A

V
as
cu
la
r
et
io
lo
g
y
o
f
sp
o
n
ta
n
eo
u
s

IC
H

8
9

9
2

9
1

9
1

D
el
g
ad
o
A
lm

an
d
o
z
et
al
.
(2
0
0
9
)b

[4
4
]

6
2
3

C
T
A

D
S
A
,
su
rg
er
y

V
as
cu
la
r
et
io
lo
g
y
o
f
sp
o
n
ta
n
eo
u
s

IP
H

9
6
[8
8
–
9
9
.0
]

9
9
[9
4
–
1
0
0
]

9
7
[9
0
–
1
0
0
]

9
9
[9
3
–
9
9
]

R
o
m
er
o
et
al
.
(2
0
0
9
)b
[9
2
]

4
3

C
T
A

D
S
A
,
su
rg
er
y

V
as
cu
la
r
et
io
lo
g
y
o
f
sp
o
n
ta
n
eo
u
s

IP
H

9
6
[7
9
–
9
9
]

1
0
0
[7
4
–
9
9
]

1
0
0

9
4

Y
o
o
n
et
al
.
(2
0
0
9
)b
[9
3
]

7
8

C
T
A

D
S
A

V
as
cu
la
r
et
io
lo
g
y
o
f
sp
o
n
ta
n
eo
u
s

IP
H

9
6

1
0
0

1
0
0

9
8

a
M
et
a-
an
al
y
si
s

b
P
er

p
at
ie
n
t
an
al
y
si
s

c
P
er

an
eu
ry
sm

an
al
y
si
s

d
R
an
g
e
d
es
cr
ib
in
g
v
ar
io
u
s
d
ee
p
an
d
su
p
er
fi
ci
al
v
en
o
u
s
an
at
o
m
y

e
C
o
n
tr
as
t-
en
h
an
ce
d
M
R
u
si
n
g
a
3
D
m
ag
n
et
iz
at
io
n
-p
re
p
ar
ed

ra
p
id

g
ra
d
ie
n
t-
ec
h
o
(M

P
-R
A
G
E
)
te
ch
n
iq
u
e

218 D. Cooke et al.



by a 20-ml saline flush. Scan time 21 s includ-

ing 5 s for the mask data obtained before the

arrival of contrast with complete k-space

coverage, followed by 16 phases of 0.9 s

each, spaced by 50 ms. After imaging, max-

imum intensity projections (MIP) and mask

subtraction are obtained automatically within

15 min. In this implementation of TRICKS,

k-space is divided in 4 regions: A, B, C, and

D, in the phase-encoding dimension.

• Hadizedah et al. 3.0 T 4D CENTRA, keyhole,

and parallel imaging MRA Protocol: Eight-

channel sensitivity encoding–capable head

coil. A biphasic injection protocol using an

automatic power injection: First, 10 ml of

gadopentetate dimeglumine injected at a flow

rate of 3 ml/s, followed by 10 ml

gadopentetate dimeglumine at a flow rate of

1.5 ml/s and by a saline flush of 25 ml.

Four-dimensional contrast-enhanced MR

angiographic acquisition was initiated 10

s after the injection of contrast medium was

started. To generate the T1-weighted 3D

gradient-echo sequence: Repetition time

msec/echo time msec, 2.2/0.9; flip angle,

15�; rectangular field of view, 100 %; slab

thickness, 154 mm; image matrix, 224 � 178

over a 256-mm field of view; and 140 thin

partitions of 1.1 mm, with voxel size of

1.1 � 1.4 � 1.1 mm. Transverse T2-weighted

fast spin-echo sequence (3277/80; section

thickness, 5 mm; number of sections, 24).

CTA: Standard Protocol for 16- or
64-Slice Computed Tomography

Depending on the protocol, images may be pro-

spectively processed as1.25 mm axial sections

from base of C1 to the skull vertex with the

Table 13.2 Agreement between MR angiography and DSA in evaluation of brain AVMs

Author Patients (n) Technique

Reference

standard

AVM

size

Venous

drainage (%)

Arterial

supply

Spetzler-

Martin

Unlu et al.

(2006) [94]

20 CE 3D FISPa MRA DSA NA 88.2 85.9 % NA

Warren et al.

(2007) [95]

40 CE 3D SLINKYb MRA DSA 97.6 % 97.6 80.7 % 95.1 %

Heidenreich et al.

(2007) [96]

10 3D TOF MRA DSA NAf 73, 60g 65 % NA

Hadizadeh et al.

(2007) [97]

18 CE 4D SENSEc,

CENTRAd, keyhole MRA

DSA 100 % 100 NAh 100 %

Saleh et al.

(2008) [98]

10 CE GRAPPAe (4X) MRA DSA 100 % 100 100 % 100 %

aFast imaging with steady precession (FISP)
bSliding-slab interleaved ky (SLINKY)
cSensitivity encoding (SENSE)
dRandomly segmented central k-space ordering
eGeneralized autocalibrating partially parallel acquisition (GRAPPA)
fMRA tended to overestimate the size of smaller AVMs and underestimate the size of larger AVMs
gVenous drainage: superficial, deep
hSelective DSA demonstrated additional small feeding arteries in 3 of 18 patients retrospectively seen on 4D MRA

Table 13.3 Spetzler-Martin AVM classification system

Characteristic Points

SIZE

<3 cm 1

3–6 cm 2

>6 cm 3

Location

Eloquent 1

Non-eloquent 0

Venous drainage

Deep 1

Superficial 0
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Table 13.4 Summary of the evidence

Author Year Evidence Patients Info PMID

Kukuk et al. 2010 II 16 DI 20065859 [136]

Patrux et al. 1994 II 54 DI 8041438 [137]

Jagadeesan et al. 2011 III 60 DI 21088245 [138]

Hartwigsen et al. 2010 III 206 DI 20657230 [139]

Iancu-Gontard et al. 2007 III 50 DI 17353328 [140]

Nagaraja et al. 2006 III 40 DI 16944119 [141]

Unlu et al. 2006 III 20 DI 16965882 [94]

Hans et al. 2005 III 12 DI 16317599 [142]

Vates et al. 2002 III 30 DI 12188939 [143]

Stapf et al. 2002 III 207 DI 11810010 [14]

Cloft et al. 1999 III DI 9933266 [144]

Smith et al. 1998 III 15 DI 3258719 [145]

Meder et al. 1997 III 102 DI 9296188 [146]

Koelfen et al. 1995 III 13 DI 7748357 [53]

Lee et al. 1995 III 30 DI 7491188 [147]

Yan et al. 2010 IV 1 DI 20574100 [148]

Loy et al. 2009 IV DI 19408991 [149]

Norris et al. 1999 IV 31 DI 10193612 [150]

Abe et al. 1995 IV 14 DI 7566388 [151]

Brunelle et al. 1983 IV 30 DI 6622689 [52]

Al-Shahi et al. 2009 III 229 EB 19359648 [27]

Berman et al. 1999 III 126 EB 10588135 [30]

Al-Shahi et al. 2003 II 181 NH 12702837 [9]

Al-Shahi et al. 2003 II NH 12702840 [152]

Halim et al. 2002 II 336 NH 11872886 [153]

Gabriel et al. 2010 III 401 NH 19926839 [18]

Choi et al. 2009 III 735 NH 19729171 [154]

van Beijnum et al. 2009 III 90 NH 19042932 [3]

Cordonnier et al. 2008 III 141 NH 17488785 [155]

Hernesniemi et al. 2008 III 238 NH 19005371 [156]

Laakso et al. 2008 III 623 NH 18797354 [157]

Kim et al. 2007 III 1,464 NH 17673729 [26]

Choi et al. 2006 III 241 NH 16614321 [2]

Stapf et al. 2006 III 622 NH 16682666 [1]

Fullerton et al. 2005 III 1,219 NH 16141419 [39]

Halim et al. 2004 III 790 NH 15166396 [158]

Kim et al. 2004 III 314 NH 15157291 [58]

Stapf et al. 2003 III 284 NH 12690217 [15]

Stapf et al. 2003 III 542 NH 14576378 [159]

ApSimon et al. 2002 III 240 NH 12468772 [160]

Stefani et al. 2002 III 390 NH 11988594 [161]

Hofmeister et al. 2000 III 1,289 NH 10835449 [11]

Mast et al. 1997 III 281 NH 10213548 [23]

Kader et al. 1994 III 449 NH 7914356 [162]

Ondra et al. 1990 III 166 NH 2384776 [163]

Crawford et al. 1986 III 217 NH 3958721 [164]

Fults et al. 1984 III 131 NH 6504280 [165]

(continued)
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Table 13.4 (continued)

Author Year Evidence Patients Info PMID

Gerosa et al. 1981 III 56 NH 7297176 [166]

Mohr et al. 2010 I 400 TX 20634478 [64]

Wedderburn et al. 2008 II 114 TX 18243054 [61]

n-BCA Trial 2002 II 104 TX 12006271 [167]

Loh et al. 2010 II 170 TX 20433277 [75]

Hartmann et al. 2000 II 144 TX 11022064 [24]

Lawton et al. 2010 III 300 TX 20190666 [59]

van Beijnum et al. 2008 III 229 TX 18787195 [168]

Lv et al. 2010 III 141 TX 20642886 [169]

Jayaraman et al. 2008 III 192 TX 17974613 [170]

Haw et al. 2006 III 306 TX 16509496 [171]

Hartmann et al. 2002 III 233 TX 12105359 [172]

Yuki et al. 2010 III 74 TX 19835467 [173]

Andreou et al. 2008 III 25 TX 19035724 [174]

Natarajan et al. 2008 III 28 TX 18824988 [175]

Yakes et al. 1997 III 17 TX 9179886 [175]

Yu et al. 2004 III 27 TX 15313697 [176]

Debrun et al. 1997 III 54 TX 8971833 [177]

Wong et al. 1997 III 21 TX 9395814 [178]

Fournier et al. 1991 III 49 TX 2072159 [179]

Wallace et al. 1995 III 65 TX 8559287 [180]

Panagiotopoulos et al. 2009 III 82 TX 18842759 [181]

Katsaridis et al. 2008 III 101 TX 18408923 [182]

Mounayer et al. 2007 III 94 TX 17353327 [183]

Weber et al. 2007 III 47 TX 17762736 [184]

Thiex et al. 2010 III 15 TX 19749215 [185]

Sorimachi et al. 1999 III 36 TX 10472993 [186]

Perrini et al. 2004 III 14 TX 15254797 [187]

Song et al. 2000 III 70 TX 10839255 [188]

Pierot et al. 2009 III 50 TX 19223075 [189]

Mounayer et al. 2007 III 94 TX 17353327 [183]

Frenzel et al. 2008 III 12 TX 18212521 [190]

Meisel et al. 2002 III 326 TX 12376769 [191]

Rodesch et al. 1995 III 26 TX 7621485 [55]

Kondziolka et al. 1992 III 132 TX 1562906 [192]

Javalkar et al. 2009 III 15 TX 19934562 [193]

Maruyama et al. 2008 III 211 TX 19123891 [194]

Vachhrajani et al. 2008 III 973 TX 19123881 [195]

Karlsson et al. 2007 III 133 TX 17937217 [196]

Maruyama et al. 2007 III 500 TX 17327789 [197]

Inoue et al. 2006 III 114 TX 18503332 [198]

Andrade-Souza et al. 2005 III 45 TX 15617586 [199]

Schlienger et al. 2000 III 169 TX 10725623 [200]

Young et al. 1997 III 130 TX 9164684 [200]

Pica et al. 1996 III 41 TX 8844887 [201]

(continued)
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Table 13.4 (continued)

Author Year Evidence Patients Info PMID

Yamamoto et al. 1996 III 40 TX 8727815 [202]

Young et al. 1995 III 66 TX 7502730 [203]

Lunsford et al. 1991 III 227 TX 1885968 [204]

Coffey et al. 1990 III 161 TX 2080380 [205]

Kiran et al. 2009 III 308 TX 19415175 [206]

Sirin et al. 2006 III 28 TX 16385325 [207]

Karlsson et al. 2005 III 28 TX 15987539 [208]

Miyawaki et al. 1999 III 73 TX 10421543 [209]

Mathis et al. 1995 III 24 TX 7726076 [210]

Dawson et al. 1990 III 7 TX 2120988 [211]

Uno et al. 2004 III 112 TX 14977057 [212]

Huh et al. 2000 III 348 TX 10942665 [213]

Deruty et al. 1996 III 67 TX 8686534 [214]

Kelly et al. 2008 III 76 TX 18518720 [215]

Yen et al. 2010 III 186 TX 21039165 [70]

Nicolato et al. 2005 III 63 TX 15654635 [216]

Baumann et al. 1996 III 27 TX 8873161 [217]

Buis et al. 2008 III 22 TX 18283398 [218]

Wara et al. 1995 III 33 TX 8584819 [219]

Sasaki et al. 1998 III 101 TX 9452237 [220]

Han et al. 2003 III 73 TX 12546345 [221]

Davidson et al. 2010 III 640 TX 20173544 [222]

Hamilton et al. 1994 III 120 TX 8121564 [223]

Post et al. 2008 III 7 TX 18401826 [224]

Nagata et al. 2006 III 33 TX 16801046 [225]

Morgan et al. 2004 III 237 TX 15046648 [226]

Lawton et al. 2003 III 174 TX 12657169 [227]

Russel et al. 2002 III 44 TX 12383355 [228]

Hartmann et al. 2005 III 119 TX 16224095 [62]

Jafar et al. 1993 III 33 TX 8416244 [229]

Richling et al. 1991 IV 21 TX 1803885 [230]

Dehdashti et al. 2010 IV 135 TX 20059323 [231]

Zuccaro et al. 2010 IV 5 TX 20658296 [232]

Weprin et al. 1996 IV 1 TX 8916155 [233]

Lanino et al. 1997 IV 13 TX 9068697 [234]

Chang et al. 1998 IV 36 TX 10235006 [235]

Koelfen et al. 1995 III 13 DI 7748357 [53]

Brunelle et al. 1983 IV 30 DI 6622689 [52]

Fullerton et al. 2005 III 1219 NH 16141419 [39]

Gerosa et al. 1981 III 56 NH 7297176 [166]

Thiex et al. 2010 III 15 TX 19749215 [185]

Rodesch et al. 1995 III 26 TX 7621485 [55]

Kondziolka et al. 1992 III 132 TX 1562906 [192]

Lasjaunias et al. 1995 III 179 TX 7758015 [69]

Humphreys et al. 1996 III 160 TX 9348147 [68]

(continued)
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Table 13.4 (continued)

Author Year Evidence Patients Info PMID

Yen et al. 2010 III 186 TX 21039165 [70]

Nicolato et al. 2005 III 63 TX 15654635 [216]

Baumann et al. 1996 III 27 TX 8873161 [217]

Buis et al. 2008 III 22 TX 18283398 [218]

Wara et al. 1995 III 33 TX 8584819 [219]

Zuccaro et al. 2010 IV 5 TX 20658296 [232]

Weprin et al. 1996 IV 1 TX 8916155 [233]

PMID PubMed identifier, DI diagnostic imaging, EB economic burden, NH natural history, TX treatment, RS
radiosurgery

Fig.13.1 (a–f) Non-contrast CT (A) and T2-weighted

MR (b, c) demonstrating vascular calcifications and prom-

inent flow voids, respectively, associated with a venous

varix. Anterior-posterior (AP) and lateral right internal

carotid artery (e, d) DSA demonstrating a high-flow mid-

dle cerebral artery (MCA) arteriovenous shunt with

associated venous varix. There is an adjacent diffuse

AVM nidus within the insula. Lateral left vertebral artery

(f) DSA demonstrating proliferative angiopathy (dotted
circle) arising from medial and lateral posterior choroidal

and posterior splenial arteries
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Fig. 13.2 (a–d) Non-contrast CT (a) demonstrating a left

frontal subcortical and basal ganglia hemorrhage. Lateral

and AP left internal carotid artery (b, c) DSA demonstrat-

ing a compact AVM nidus supplied by lenticulostriate and

insular MCA branches. AP left external carotid artery (d)
DSA demonstrating AVM supply by the middle menin-

geal artery

Fig. 13.3 (a–f) Non-contrast CT (a) demonstrating a left

frontal subcortical and basal ganglia hemorrhage. Lateral

and axial CTA (b, c) demonstrating an AVMnidus split by

the hemorrhage. AP and lateral arterial phase left internal

carotid artery DSA (d, e) better demonstrating the split

AVM nidus (dotted circles) as supplied by lenticulostriate

and insular MCA branches. Lateral venous phase left

internal carotid artery (f) DSA demonstrating both super-

ficial (arrowhead, superficial middle cerebral vein to the

sphenoparietal sinus) and deep (arrow, basal vein of

Rosenthal to vein of Galen to straight sinus) venous

drainage
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following acquisition parameters: field of view

(220 mm), pitch (0.5), automated mA (120-max),

and noise index (15.4), peak kV (120–140);

150 ml contrast agent and 30 ml normal saline

are delivered using a power injector at 4–5 ml/s

into 20 gauge access (or larger) catheter in an

antecubital vein. An automatic contrast bolus

triggering method or a 25 s delay from initial

injection to image acquisition should be

employed. Axial, sagittal, and coronal maximum

intensity projections should be reformatted from

source data.

Catheter DSA (Biplane Fluoroscopy)

Prior to the procedure, cross-sectional imaging

should be reviewed to better tailor the angio-

graphic exam. Using a 4-French sheath via the

femoral artery, a 4-French vertebral catheter and

glide wire are used to access the great vessels. For

preliminary evaluation, a 6-vessel study should

be performed with standard angiographic views

and power injections. Images should be collected

at a minimum 2–3 frames/s with higher frame

rates (8/s) for high-flow fistulas. Rate of injection

and volume of contrast will vary on the BAVM

size and degree of associated shunting, though

the following are general guidelines: ICA

(rate, 6–8 ml/s; volume, 8–10 ml), ECA (rate,

3 ml/s; volume, 6–8 ml), and vertebral artery

(rate, 5 ml/s; volume, 10–12 ml). Angiographic

runs should be extended through the physiologi-

cal venous phase to complete vascular anatomy.

For all major arterial distributions contributing to

the vascular nidus, as well as associated aneu-

rysms, 3D rotational angiography should be

performed.

Fig. 13.4 (a–f) Non-contrast CT (a) and T2-weighted

MR (d) demonstrating third intraventricular hemorrhage

and prominent vessels along the tectum. Lateral and AP

right vertebral (b, c) and left internal carotid (e, f) artery
DSA demonstrating a compact tectal AVM nidus supplied

by enlarged P1 posterior cerebral artery (PCA) segment

long and short circumflex mesencephalic arterial

branches. Note that the left P1 segment is hypoplastic (c)
with the dominant PCA supply arising from the posterior

communicating artery (f)
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Future Research

• ICH Risk Scoring. Multicenter studies of nat-

ural history hemorrhage risk are needed. In

order to devise a comprehensive predictive

model of hemorrhagic risk, a large discovery

cohort is needed that has ample outcome

events (ICH) to allow consideration of

a large number of covariants (risk factors).

Then, several validation cohorts are needed

to test the model. This will require a sea

change in the level of cooperation and collab-

oration among teams that care for and do

research on this disease. There is sufficient

patient material available worldwide to devise

a natural history risk scoring that can improve

clinical management.

• Genetics. An important subgroup of these

kinds of large studies is the development of

a sufficiently large number of cases for whom

DNA is collected along with clinical informa-

tion. Genetic studies – even in the sporadic,

non-inherited form of the disease – are very

likely to give important clues to the biology of

the disease, even if the information is regard-

ing modifier genes that determine biological

or clinical aspects of the phenotype

[101–110]. But as important, it is likely that

genetic variation, such as identification of sin-

gle nucleotide polymorphisms associated with

adverse outcomes, can be used as a means of

risk stratification.

• Surrogate Markers for Studies of BAVM.

A major challenge to developing medical

therapy for BAVM is that it is a rare disease

Fig. 13.5 (a–g) T2 (a) and MRA (b) images demonstrat-

ing multiple left pulvinar flow voids (a), an enlarged

falcine sinus (a), and enlarged left PCA (b). Maximum

intensity pixel (MIP) MRA (c) and MRV (d) images

demonstrating a diffuse, left peri-thalamic AVM nidus

with venous outflow to the persistent falcine sinus.

AP and lateral left vertebral (e, f) and lateral internal

carotid (g) artery DSA demonstrating AVM supply by

anterior (f) and posterior (e, f) thalamo-perforating arter-

ies. There is additional supply from the left posterior

choroidal arteries. Note the presence of the supply from

the left pericallosal artery via a limbic arch (arrow, g)
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(new detection rate 1/100,000 per year)

coupled with the most morbid sequelae being

a relatively low frequency rate of ICH (2–4 %

per year). Design of trials with sufficient power

to detect even modest effect sizes will require

a considerable outlay of resources, and surro-

gate markers could greatly facilitate progress

by providing evidence that a drug will have

a sufficient biological effect to make a larger

scale efficacy trial more attractive.

• Therefore, there is a pressing need to develop

surrogate markers for testing clinical efficacy

of potential pharmacological or gene thera-

peutic agents. The BAVM lesion is a fragile,

rupture-prone locus [111, 112] that displays

inflammation as part of their lesional pheno-

type [113]. Further, pro-inflammatory geno-

types are associated with a more aggressive,

hemorrhagic phenotype in longitudinal clini-

cal studies [105, 106, 114, 115], consistent

Fig. 13.6 Lateral and AP left internal carotid artery (a, b)
DSA demonstrating a diffuse, left temporal AVM nidus.

Parasagittal T1MR (c) and functional blood oxygen level-
dependent (BOLD) map (d, e, f) images demonstrating

prominent flow voids within the left superior temporal

gyrus (c, d, e), activation within Broca’s area

during verb generation (d), activation within Broca’s

and Wernicke’s areas during rhyming (e), and

activation within Herschel’s gyrus during passive

listening (f)
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with accumulating evidence that inflamma-

tory pathways contribute to disease progres-

sion of vascular malformations throughout the

circulation [116].

• A relatively new method is available for

assessing macrophage infiltration into the

lesional tissue [117–119]. Ferumoxytol is an

iron oxide monocrystalline nanoparticle

coated with a semisynthetic modified carbo-

hydrate with low molecular weight and for-

mulated with mannitol. The general term for

such agents is USPIO. The FDA approved

ferumoxytol (Feraheme™) in 2009 to treat

iron deficiency anemia and adult chronic kid-

ney disease patients [120]. The recommended

therapeutic dose is similar to the dose used for

imaging.

• If a link can be established between brain

imaging of macrophage infiltration and the

risk of future hemorrhage, therapeutic trials

might be aimed first at evaluating this surro-

gate marker. Despite the case to be made for

the notion that enhanced vascular remodeling

is the mechanism for rupture of BAVM, more

work is needed to definitely demonstrate this

concept.

• Plasma biomarkers are another option. Tissue

angiogenic factors and inflammatory cyto-

kines have been used to monitor disease

course and treatment response in several set-

tings, both in the CNS [121–125] and a wide

range of vascular or angiogenic disorders out-

side of it [126–130]. Most importantly, vari-

ous plasma signals are elevated in hereditary

hemorrhagic telangiectasia (HHT), notably

vascular endothelial growth factor (VEGF).

Interestingly, there are only two studies of

plasma VEGF in BAVMs, and they had dis-

cordant findings; one found elevated levels

[131]; the other lower levels, which normal-

ized after treatment [132]. Plasma

matrix metalloproteinase (MMP)-9 has been

demonstrated to be elevated in BAVM

patients [133, 134]. In one study, levels were

elevated compared to controls at baseline,

increased immediately after resection, and

Fig. 13.7 (a–c) 3D rotational (a) and conventional lateral
and AP (b, c) left vertebral artery DSA demonstrating

a compact, right cerebellar hemispheric AVM supplied

by ipsilateral anterior-inferior and superior cerebellar

arteries. Note the peri-nidal aneurysm (arrow) along the

anterior-inferior cerebellar artery, best seen on the 3DRA
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decreased to pretreatment levels over follow-up.

If circulating levels of pro-angiogenic and pro-

inflammatory signal are shown to be increased,

and respond to treatment, the mechanisms

responsible for their elevation will also be

important.

• Development of Medical Therapy. A safe and

effective pharmacological means of providing

protection against BAVM-related neurologi-

cal morbidity – especially ICH – would be

a significant improvement in patient care.

Roughly 20 % of AVM patients are not

offered any treatment. Further, there is contro-

versy over whether unruptured AVMs should

be treated. However, there is no available spe-

cific medical therapy. Radiosurgical treatment

accounts for roughly 30 % of all primary

treatment prescriptions for the management

of the disease, but there is a long period

between irradiation and nidus obliteration,

termed the “latency period”; BAVM oblitera-

tion does not occur until 2–4 years after radio-

surgery, and only about 70–80 % achieve

eradication.

• Development of Small Animal Models.
Although progress is being made [135], there

is no ideal animal model of BAVMs, at least

in terms of the specific human disease

that includes a nidus, arteriovenous shunting,

and a syndrome of recurrent spontaneous

ICH. Therefore, a major component of

therapy development for preclinical testing

of medical therapies is in need of further

development.

Fig. 13.8 (a–d) AP and lateral left internal carotid artery
(a, b) DSA demonstrating a compact, insular AVM nidus

supplied by lenticulostriate and insular MCA branches.

AP and lateral left internal carotid artery (c, d) following

staged coil and n-BCA embolization of multiple posterior

MCA division branches. The more anterior MCA branch

supply was not treated given it more suitable to microsur-

gical access
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Fig. 13.9 (a–d) AP and lateral left vertebral artery (a, b)
DSA demonstrating a compact, left choroidal AVM nidus

supplied by an enlarged posterior-lateral choroidal artery.

AP and lateral left vertebral artery (c, d) DSA following

alcohol embolization of the left posterior-lateral choroidal

artery demonstrating no residual filling of the AVM nidus
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Isolated
Intraparenchymal

>40 yrs, h/o anticoagulation or coagulopathy,
deep cerebral gray matter or brainstem

CE-MR CTA or CE-MRA

Venous
Thrombosis

Other

Other

DSA

Vascular

Treatment

Non vascular

CE-MR

Treatment
f/u CE-MR 4-6

weeks

Treatment

No treatable finding(s)

Treatable finding(s)

Depending on clinical scenario

Depending on treatment provider

Fig. 13.10 Diagnostic imaging workup of nontraumatic isolated intraparenchymal hemorrhage
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Key Points

• DSA remains the most accurate method of

intracranial aneurysm diagnosis, although

recent technological advances in CTA have

led to almost equivalent diagnostic perfor-

mance (strong evidence).

• If a patient has a classic clinical presentation

and CT pattern of perimesencephalic hemor-

rhage, DSA may not be indicated if the initial

CT angiogram is negative for aneurysm (lim-

ited evidence).

• Regarding ruptured cerebral aneurysms that

can be treated by both endovascular and sur-

gical techniques, endovascular coiling results

in lower morbidity at 1 year and lower

mortality at 5 years after treatment, despite

a slightly higher re-hemorrhage rate (strong

evidence).

• Regarding unruptured cerebral aneurysms,

there is insufficient evidence to recommend

a standard method of management. Such aneu-

rysms should be managed on a case-by-case

basis with the estimated risks of treatment

carefully weighed against the risk of rupture

(insufficient evidence).

• Compared to DSA, TCD is an accurate method

for diagnosis of MCA vasospasm with a diag-

nostic performance of approximately 80 %.

CTA is more accurate than TCD, with a

diagnostic performance of 98 % (moderate

evidence).

• There is insufficient evidence regarding the

diagnostic accuracy of MRA, MRP, and CTP

for vasospasm diagnosis, although prelimi-

nary studies have shown some promising

results (insufficient evidence).

• Nimodipine and magnesium are beneficial

for preventing delayed cerebral ischemia

when used prophylactically in aneurysmal

subarachnoid hemorrhage (A-SAH) patients,

although there are conflicting reports about

the benefits of treatment with hydroxymethyl-

glutaryl coenzyme A reductase inhibitors

(statins) (strong evidence).

• There is insufficient evidence that “Triple H”

therapy improves patient outcomes, although

there is limited evidence that the hyperten-

sion component of the “Triple H” treatment

increases cerebral blood flow (CBF) (insuffi-

cient evidence).

• Papaverine infusion and balloon angioplasty

are effective treatments for vasospasm and

have been shown to result in clinical improve-

ment, although there are no prospective ran-

domized clinical trials to show an effect on

patient outcomes (moderate evidence).

• Intra-arterial infusion of vasodilatory medica-

tions, such as verapamil and other calcium

channel blockers, appears to be effective for

the treatment of vasospasm, although their

utility is not established in randomized con-

trolled studies (insufficient evidence).

Definition and Pathophysiology

An aneurysm is an abnormal dilatation of an

artery that can be saccular or fusiform in shape.

Although the pathophysiology of cerebral aneu-

rysm formation is incompletely understood,

aneurysm formation is thought to be the result

of a complex cascade involving hemodynamic

stress, abnormal vascular remodeling, and

inflammation [1, 2]. Risk factors for aneurysms

include a personal or family history of aneurysms

and/or subarachnoid hemorrhage (SAH),

autosomal dominant polycystic kidney disease,

type IV Ehlers-Danlos syndrome, Marfan

syndrome, fibromuscular dysplasia, alpha-1-

antitrypsin deficiency, the presence of an

arteriovenous malformation, abdominal aortic

aneurysms, atherosclerosis, and sickle cell dis-

ease. Risk factors for subarachnoid hemorrhage

include family history, cigarette smoking, hyper-

tension, alcohol consumption (>2 drinks per

day), non-white ethnicity, cocaine use, and/or

the use of sympathomimetic drugs [3, 4].

Patients with A-SAH who survive the initial

hemorrhage should be treated by endovascular

coiling or surgical clipping of the ruptured aneu-

rysm in order to prevent re-bleeding. In the post-

hemorrhage period, A-SAH patients are prone to

developing both cerebral vasospasm and delayed

cerebral ischemia (DCI), the pathophysiology of
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which is also not completely understood. The

term “cerebral vasospasm” is commonly used to

refer to both the clinical findings of delayed onset

of neurologic deficits and the narrowing of cere-

bral vessels documented by imaging studies. How-

ever, such a definition does not account for the fact

that many patients do not necessarily exhibit both

clinical and imaging findings of vasospasm.

Recently, an expert opinion recommended that

the term vasospasm be reserved for the presence

of anatomic arterial narrowing documented on

imaging studies [5]. In addition, DCI has been

shown to be best defined as the delayed onset of

neurological deterioration or the presence of cere-

bral infarction documented on imaging studies,

which is not explained by other causes. Others

suggest the diagnosis of DCI be reserved for

cases of delayed neurological deterioration or

infarction when the cause was felt to be attribut-

able to vasospasm [6].

Epidemiology

The overall prevalence of cerebral aneurysms in

the general population is estimated at 2.3 %.

Prevalence tends to increase with age, and aneu-

rysms are associated with the risk factors delin-

eated above [7]. A-SAH accounts for 5 % of all

strokes in the United States and affects as many

as 30,000 Americans each year. The annual inci-

dence of A-SAH varies by country, from 2.0 per

100,000 population in China to 22.5 per 100,000

in Finland [3]. A-SAH has a poor prognosis, with

mortality rates as high as 45 % from the initial

hemorrhage and significant morbidity among sur-

vivors [3]. In patients with A-SAH, cerebral

vasospasm, defined as arterial narrowing on

DSA, is seen in up to 70 % of patients, although

DCI affects approximately 20–30 % of the

A-SAH population [6, 8, 9].

Overall Cost to Society

There are few studies that analyze the cost to

society of cerebral aneurysms and A-SAH.

A German study calculated the total first-year

costs of treating and caring for a patient with

A-SAH at EUR 38,300 (approximately 54,000

USD) [10]. This amount includes both direct

and indirect costs (productivity losses).

A British cost of illness analysis estimates

health-care costs from aneurysmal SAH to be

23,294 lb sterling 2005 (approximately 41,000

2010 USD), with additional informal care costs

of 5800 (approximately 10,300 USD) per patient,

and loss of future earnings of 38,600 per patient

(men and women, approximately 68,300 USD)

[11]. An analysis of cost data from the Interna-

tional Subarachnoid Aneurysm Trial (ISAT)

reported that mean total health-care costs for

A-SAH patients at 24 months after the initial

hemorrhage were approximately pound sterling

28,175 (approximately 45,000 USD) in patients

with delayed ischemic neurological deficit and

pound sterling 18,805 (approximately 30,000

USD) in patients without delayed ischemic

neurological deficit [12]. A recent study on the

cost of vasospasm in A-SAH patients concluded

that the total inpatient cost was 27 % higher for

patients with symptomatic vasospasm ($143,201)

compared to those without symptomatic vaso-

spasm ($113,092) [13].

One potentially important variable in the cost

of SAH treatment is how critically ill the patient

is on arrival. An analysis of poor WFNS grade

SAH patients (grades 4 and 5) in the UK in 2001

reported the acute-care cost (including aneurysm

evaluation and treatment if performed as well as

intensive care costs) for this cohort was approx-

imately 23,000 2010 USD and the cost per life

saved was approximately 77,000 USD. Of this

cohort, 15 % of patients achieved a favorable

outcome, but only 53 % of the patients included

in this study underwent treatment of their aneu-

rysm. The rest were managed supportively and all

died [14].

Another potentially important variable in the

cost of treating SAH is how experienced the

health-care providers are in providing care for

these critically ill patients. A cost-utility analysis

of patients receiving SAH treatment at low-

volume (<20 admissions per year) versus

high-volume (�20 admissions per year) hospitals

found that while costs associated with treatment

14 Intracranial Aneurysms and Vasospasm: Evidence-Based Diagnosis and Treatment 241



were higher at high-volume centers, the gain in

QALYs achieved in patients treated at high-

volume centers was cost-effective ($10, 548/

QALY) [15].

Goals of Imaging

In the setting of a suspected cerebral aneurysm,

the first goal of imaging is to diagnose or to

confidently exclude the presence of an aneurysm.

If an aneurysm is present, the goals of imaging

are the precise determination of the aneurysm

location, orientation, and size, including neck

and dome measurements. It is of critical impor-

tance to define the relationship of the aneurysm to

the parent vessel and to accurately depict any

arterial branches that may arise from the aneu-

rysm. In cases where no aneurysm is detected,

other vascular causes of the patient’s symptoms

must also be excluded, such as arteriovenous

malformations, dural arteriovenous fistulae,

vasculitis, dissections, or venous obstruction,

among others. For A-SAH patients who are

suspected of having cerebral vasospasm, the

goal of imaging is to accurately, confidently,

and quickly diagnose or exclude vasospasm so

that proper treatment may be administered with-

out delay.

Methodology

Several MEDLINE searches were performed

using PubMed (National Library of Medicine,

Bethesda, Maryland) for original research publi-

cations discussing (1) the diagnostic performance

of CTA compared to DSA for aneurysm diagno-

sis, (2) the use of CTA in cerebral aneurysm

treatment planning, (3) the treatment of ruptured

and unruptured cerebral aneurysms, (4) the

diagnostic accuracy of noninvasive imaging

modalities for vasospasm diagnosis, and (5) the

effectiveness of vasospasm treatments. The search

covered the dates up to March 2011 and was

limited to human studies and the English language

literature. The search strategy employed different

combinations of the following terms: (1) digital

subtraction angiography, (2) CT angiography,

(3) MR angiography, (4) cerebral aneurysm,

(5) vasospasm, (6) treatment, and (7) accuracy.

Additional articles were identified by reviewing

the reference lists of the relevant papers. The

author performed an initial review of the titles

and abstracts of the identified articles followed

by review of the full text in articles that were

relevant.

Discussion of Issues

Intracranial Aneurysms

Intracranial Aneurysm Diagnosis and
Treatment Planning
Summary
DSA continues to remain the most accurate imag-

ing tool in the workup of a suspected intracranial

aneurysm, although CTA has nearly equivalent

diagnostic performance according to the most

recent data. The benefit of the additional infor-

mation obtained by DSA must be weighed against

its risks and costs, as compared with CTA. MRA

has the advantages of lack of exposure to ionizing

radiation and iodinated contrast material, but its

reported diagnostic accuracy is lower than CTA or

DSA. CTA or DSA may serve as primary tools in

the diagnostic workup of patients suspected of

harboring cerebral aneurysms, but it is important

for radiologists and clinicians to fully understand

the strengths and weaknesses inherent in each

modality in order to realize their full potential. In

SAH patients with a classic perimesencephalic

hemorrhage pattern, there is some initial evidence

that DSA may not be indicated if the initial CT

angiogram is negative for aneurysm.

Supporting Evidence

Aneurysm Diagnosis DSA and CTA are

regarded as the two most accurate methods for

cerebral aneurysm diagnosis. Four meta-analyses

have been published which compared the accu-

racy of CTA and DSA in the detection of intra-

cranial aneurysms, and all four have shown that

DSA is superior to CTA. A meta-analysis

performed by White et al. in 2000 demonstrated
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a per-patient sensitivity of 92 % and a per-patient

specificity of 94 % of CTA for the detection of

both ruptured and unruptured aneurysms com-

pared with cerebral angiography in patients with

SAH or symptoms suggesting an aneurysm. CTA

had a greater sensitivity of 96 % for detection of

aneurysms larger than 3 mm compared to detec-

tion of aneurysms 3 mm or smaller (61 % sensi-

tivity) [16]. A meta-analysis by van Gelder et al.

in 2003 further studied the accuracy of CT angi-

ography, with the majority of studies performed

between 1993 and 1998. Similarly, the articles

comprising this meta-analysis used single-

detector CT scanners. The per-aneurysm sensi-

tivity of CT angiography in patients with SAH or

symptoms suggesting an aneurysm ranged from

53 % for 2-mm aneurysms to 95 % for 7-mm

aneurysms compared with DSA or surgery as

the reference standards. The overall specificity

of CTA was 99 % [17]. A meta-analysis by

Chappell et al. in 2003 showed CTA to have

a per-patient sensitivity of 93 % and a specificity

of 88 % compared to DSA in depicting aneu-

rysms in patients presenting with SAH or symp-

toms suggesting a cerebral aneurysm [18]. Again,

all the studies in this meta-analysis used single-

detector row CT scanners. The most recent meta-

analysis assessing the diagnostic performance of

CTA represents an advance as most of the studies

included in the analysis (30 out of 50) used

4 detector scanners and the remainder of the stud-

ies utilized 16 or 64 detector CT scanners. This

meta-analysis demonstrated a per-patient sensi-

tivity of 98 % and a specificity of 100 % of CTA

for the diagnosis of cerebral aneurysms in patients

presenting with acute SAH [19]. The reference

standard in this study was DSA, surgery,

endovascular treatment, or autopsy, a more robust

reference standard than DSA alone. Seventy-one

patients out of 4,097 total patients had ruptured

aneurysms that were not diagnosed by CTA. The

majority of these patients harbored small aneu-

rysms of the internal carotid and posterior com-

municating arteries located near the central skull

base, adjacent to bony structures that may inter-

fere with accurate CTA interpretation.

When considering the results of these meta-

analyses, it is important to acknowledge their

limitations. The studies comprising the meta-

analyses were performed on patients with a high

prevalence of cerebral aneurysms, a factor that

may result in artificially high estimations of

sensitivity and specificity. Furthermore, there

is the very real potential for publication bias in

all four of these meta-analyses, given that

smaller studies, and studies with less favorable

results, are less likely to be published compared

to larger studies which show positive results.

Additionally, authors who are publishing studies

comparing CTA and DSA likely have significant

experience with these modalities, which may not

reflect the reality at all sites where these modal-

ities are utilized.

Newer DSA and CTA techniques have the

potential to further improve the diagnostic accu-

racy of both modalities, although there is not

yet enough evidence to determine their impact.

3-D rotational angiography has been shown to

improve the diagnostic accuracy of DSA in

small series of patients [20–22]. Bone subtraction

techniques for CTA such as “matched mask bone

elimination” and “dual energy methods” have

been designed to improve the accuracy of aneu-

rysm detection adjacent to bony structures.

Although there have been some relatively small

studies which have shown promising results, cur-

rently, there is insufficient data to determine the

utility of such techniques [23, 24].

MR angiography is a third modality that can

be used to diagnose cerebral aneurysms with high

diagnostic accuracy. Given the lack of exposure

to ionizing radiation and iodinated contrast mate-

rial, MRA has definite advantages over both DSA

and CTA. There is only one systematic review

comparing MRA to DSA for cerebral aneurysm

diagnosis. That study compiled the results of

38 studies and reported a per-patient sensitivity

of 87 % and specificity of 92 % for cerebral

aneurysm diagnosis [16]. A prospective, blinded

study published after that systematic review com-

pared MRA to DSA for cerebral aneurysm detec-

tion and reported a per-patient sensitivity of 74 %

and specificity of 94%, with lower sensitivity and

specificity when calculations were made on a per-

aneurysm basis as well as for small aneurysms

(<5 mm) [25].
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MRA has also been used to screen asymptom-

atic patients for incidental aneurysms. A cost-

effectiveness analysis based on a Markov

(mathematical) model found screening for

asymptomatic aneurysms with MRA to be cost-

effective if the annual rate of aneurysm rupture

was 2% but not if the rupture rate was 0.5 % [26].

Sensitivity analysis found the incidence of asymp-

tomatic aneurysm had some impact on the cost-

effectiveness ratios, but this was overwhelmed by

other factors. A 2010 cost-effectiveness analysis

examined this further, modeling screening patients

with two first-degree relatives with aneurysm

using MRA [27]. This model found screening to

be effective and suggested an optimal screening

strategy of obtaining MRA every 7 years from

ages 20–80.

Treatment Planning As detailed above, there is

strong evidence supporting the superior diagnos-

tic performance of DSA compared to CTA for

detecting cerebral aneurysms. However, the high

diagnostic accuracy of CTA, coupled with its non-

invasiveness, has led many to question whether it

could potentially serve as a first-line diagnostic

modality for A-SAH patients. When considering

the use of CTA as a first-line diagnostic modality,

it is important to balance the added information

obtained from a DSA examination against the

risks and costs associated with DSA. Such added

information includes detection of additional,

unruptured cerebral aneurysms in addition to the

culprit aneurysm, as well as better delineation of

vessels emanating from the parent vessel or from

the aneurysm itself [28]. The most recent meta-

analysis on the diagnostic performance of CTA by

Westerlaan et al. calculated the sensitivity and

specificity of CTA on a per-patient basis, as

opposed to a per-aneurysm basis. The authors

acknowledge this limitation and state that there

is probably value in detecting as many incidental

aneurysms as possible, both for treatment plan-

ning in the acute setting as well as for follow-up.

Despite the advantages of DSA, several studies

have shown that many patients can be triaged for

treatment based solely on CTA results, although

this remains a subject of controversy, and no

strong evidence exists to support a single

approach. A few relatively small studies showed

that 64- and 16-detector rowCTA are useful in the

triage of most patients for interventional or surgi-

cal treatment of ruptured intracranial aneurysms

but that there is a considerable amount of variabil-

ity and subjectivity among the physicians making

these determinations [29–31]. One study showed

that in 133/224 patients with acute symptoms of

a cerebral aneurysm, CTA was successfully used

as a first-line test in treatment planning, with

neurosurgical (n ¼ 55) or endovascular treatment

(n ¼ 78) following the CTA examination alone

[32]. However, there is no long-term follow-up on

these patients, and therefore, the implications of

using CTA as a sole first-line method of triage for

A-SAH patients are unknown.

In SAH patients with a classic perimesen-

cephalic hemorrhage pattern of hemorrhage,

there is some initial evidence that DSA may not

be indicated if the initial CTA is negative for an

aneurysm. In a retrospective study of 93 patients

with a perimesencephalic pattern of hemorrhage,

all had negative findings on CTA which were

confirmed on DSA [31]. The same study showed

that in patients with an aneurysmal pattern of

SAH and a negative CTA, DSA is able to diag-

nose aneurysms and other causes of SAH, such as

vasculitis, arterial dissection, or dural arteriove-

nous malformations not seen on CTA [31]. In

SAH patients with an aneurysmal pattern of hem-

orrhage and no aneurysm seen on the initial CTA

and/or DSA, repeat delayed DSA is currently

recommended, although there is insufficient evi-

dence to fully support this practice [33–35].

Treatment of Intracranial Aneurysms:
Coiling Versus Clipping
Summary

Surgical clipping and endovascular coiling are

both viable options for treatment of ruptured

and/or unruptured cerebral aneurysms. For

ruptured aneurysms that can be treated by

endovascular or surgical techniques, endovascular

coiling results in lower morbidity at 1-year follow-

up and lowermortality at 5-year follow-up, despite

a slightly higher re-hemorrhage rate. There is

insufficient evidence to recommend a standard

method of management for unruptured cerebral
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aneurysms. Such aneurysms should be managed

on a case-by-case basis with the estimated risks

of treatment weighed against the estimated risk

of rupture.

Supporting Evidence

In the case of ruptured cerebral aneurysms, the

options for treatment include surgical clipping

or endovascular coiling, and there is an abun-

dance of strong evidence that both treatments

improve patient outcomes by reducing the risk

of aneurysm re-bleeding. Several reports have

shown favorable results for endovascular coiling

[9, 36, 37], although the only large, prospective,

randomized trial comparing surgery and

endovascular techniques is the International

Subarachnoid Aneurysm Trial (ISAT) [38, 39].

In that study, 2143 patients with ruptured intra-

cranial aneurysms were enrolled between 1994

and 2002 at 43 neurosurgical centers and ran-

domly assigned to clipping or coiling. The

1-year rate of death and dependency was signif-

icantly lower in the endovascular group com-

pared to the surgical group (23.5 % vs. 30.9 %)

[38]. Long-term follow-up (6–14 years) of the

ISAT study patients showed that there

was a significantly increased risk of re-bleeding

from a coiled aneurysm compared with a clipped

aneurysm but that the overall risk of death at

5 years was still significantly lower in the coiled

group than in the clipped group [39].

There is much controversy in the interpreta-

tion of the results of the ISAT trial [40, 41]. Some

common criticisms include the fact that 78 % of

the eligible participants were excluded from

randomization because of their clinical status

or their aneurysm angioanatomy, which did

not allow for both endovascular coiling and sur-

gical clipping. The increased time to treatment

in the surgical group (1.7 days) compared to

endovascular group (1.1 day) has also been

raised as a potential bias against clipping, as

some patients in the surgical group re-bled in

the pretreatment period, which contributed to

increased morbidity and mortality in that

group. Concerns have also been raised regarding

the skill of both the surgeons and neurointerven-

tionalists who participated in the ISAT trial and

the accuracy of the postal questionnaire to ade-

quately assess clinical status. Since the majority

of the ISAT patients were treated in the United

Kingdom, questions have been raised regarding

the generalizability of the results. Given the

increased re-bleeding rate in the coiling group,

concerns have also been raised that the benefits

of coiling may eventually be diminished over

the very long term.

Regarding the treatment of unruptured aneu-

rysms, there have been no randomized compari-

sons of coiling and clipping, although a large,

statewide, retrospective study in California from

1990 to 1998 reported that endovascular treat-

ment was associated with better patient outcomes

than surgery. In the context of that study, adverse

outcomes were defined as in-hospital death or

discharge to a nursing home, and such adverse

outcomes were more frequently seen among the

1,699 patients treated with surgery (25 %) com-

pared to the 370 patients treated by endovascular

techniques (10 %) [42]. Regardless of treatment

method, when considering the treatment of an

unruptured cerebral aneurysm, the estimated risk

of bleeding must be weighed against the risk of

treatment on a case-by-case basis. However, the

annual risk of bleeding from an unruptured aneu-

rysm is a controversial topic. Many series and

meta-analyses have reported a rate of rupture of

between 0.05 % and 2 % per year [43], with more

than half of such patients suffering major morbid-

ity or death following rupture [44, 45].

The International Study of Unruptured Intra-

cranial Aneurysms (ISUIA) is the largest and

highest-quality study of the natural history of

unruptured intracranial aneurysms, involving

multiple centers and a total of 4,060 patients

throughout the United States, Canada, and

Europe [45]. That study showed that aneurysm

size and location were reliable predictors of

aneurysm rupture, with larger aneurysms and

posterior circulation aneurysms associated with

increased rates of rupture. Of the patients man-

aged conservatively in this study, 3 % had SAH

over the 5-year follow-up. Aneurysms in the

anterior circulation measuring less than 7 mm

in patients without a personal history of SAH

had an extremely low annual rate of rupture
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(approximately 0.1 % per year). Aneurysms of

similar size and location in patients with a per-

sonal history of SAH had a higher rate of rupture

(approximately 0.3 % per year). Rupture rates did

not differ significantly between patients with and

without a personal history of SAH for aneurysms

greater than 7 mm in size for any location.

The reported very low rate of rupture of ante-

rior circulation aneurysms <7 mm (0.1 % per

year) is a result which has caused much contro-

versy as many claim that such a low value does

not seem to be supported by actual practice. Such

critics hypothesize that the selection and inter-

vention biases of the ISUIA study may have led

to artificially low estimates of rupture rates.

Patients in the study who were managed conser-

vatively were evaluated and counseled by neuro-

surgeons, and a determination was ultimately

made that those patients could be managed con-

servatively, since they were considered to be at

low risk for aneurysm rupture. Furthermore,

these patients may have been able to modify

their risk factors for rupture, thereby decreasing

the rupture rate and leading to a falsely low rate of

rupture. Such biases raise the possibility that the

reported probability of aneurysm rupture in the

ISUIA study may indeed be artificially low and

not generalizable to all patients.

Given that there is no randomized controlled

study comparing conservative management of

unruptured aneurysms to interventional or surgi-

cal treatments, there is insufficient evidence to

recommend a standardized course of action in a

given patient. Management decisions for patients

with unruptured aneurysms need to be made on

a case-by-case basis, with the following consid-

erations taken into account: size and location of

the aneurysm, any specific risk factors for rup-

ture, the patient’s life expectancy, and the esti-

mated risks associated with treatment [46].

Applicability to Children
The incidence of cerebral aneurysms and sub-

arachnoid hemorrhage in the pediatric age group

is extremely low, accounting for 1–2 % of all

aneurysm cases with approximately 700 cases

described in the literature [47]. Pediatric aneu-

rysms are most commonly located at the internal

carotid artery bifurcation (26 %), anterior com-

municating artery (19 %), middle cerebral artery

bifurcation (17 %), and posterior circulation

(17 %) [47]. SAH is the most common presenta-

tion of pediatric aneurysms, but mortality after

SAH is lower than in adults, ranging from 10% to

20 % [48]. Most children with intracranial aneu-

rysms can be successfully treated with low mor-

bidity and mortality using either surgical or

endovascular techniques [49].

Cost-Effectiveness Analysis
Most of the available data shows that coiling is

associated with lower total costs and shorter hos-

pital stays when compared with clipping. The

largest study performed in the United States to

date on this topic is from the University of

Florida, where researchers conducted a national

analysis using data from the Nationwide Inpatient

Sample (NIS) from the Healthcare Cost and

Utilization Project for all cases of clipping or

coiling of both unruptured and ruptured aneu-

rysms between 2002 and 2006 [50]. A total of

19,034 hospitalizations were included, with

approximately half representing ruptured aneu-

rysms and the other half unruptured. For both

groups, clipping compared to coiling was associ-

ated with a significantly longer hospital stay and

significantly higher total hospital charges [50].

An Australian study showed a similar result,

with clipping associated with higher total costs

compared to coiling [51]. However, a study from

the UK examined costs associated with the ISAT

patients and showed no significant difference in

costs between either treatment modality at 12 and

24 months [52].

Vasospasm

What Are the Respective Diagnostic
Performances of TCD, CTA, CTP, MRA,
and MRP Compared to DSA for
Vasospasm Diagnosis?
Summary
Noninvasive methods of vasospasm diagnosis

include clinical examination, TCD, CTA, CTP,

MRA, and MRP. Although there is no perfect
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method of vasospasm diagnosis, DSA is widely

regarded as the current gold standard. At best,

there is moderately strong evidence regarding

the diagnostic accuracy of the noninvasive

modalities mentioned above. According to

a meta-analysis of CTA and CTP, the sensitivities

and specificities are approximately 80 % and

93 % for CTA and 74 % and 93 % for CTP,

respectively [53]. TCD sensitivity and specificity

for detection of MCA vasospasm are approxi-

mately 67 % and 99 % [54]. There is insufficient

data regarding the diagnostic performance of

MRA or MRP for vasospasm diagnosis. Regard-

ing vasospasm treatment, there is strong evidence

supporting the use of nimodipine in A-SAH

patients, although its effects are thought to be

related to neuroprotection and not the prevention

of angiographic vasospasm. There is preliminary

evidence that induced hypertension is effective in

increasing CBF, although this is insufficient.

There is moderate evidence that papaverine infu-

sion results in short-lived clinical improvement in

approximately 40 % of patients treated for vaso-

spasm [55]. However, there is still insufficient

evidence regarding the utility of other vasodilatory

medications such as verapamil, which are being

used more frequently given their lower incidence

of adverse reactions compared to papaverine.

Balloon angioplasty has been shown to result in

clinical improvement in approximately 60 % of

patients, although no prospective randomized clin-

ical trials have been performed to show that it

ultimately improves patient outcomes [55].

Supporting Evidence

Several diagnostic modalities are commonly uti-

lized in clinical practice for the diagnosis of

vasospasm in A-SAH patients. To date, DSA is

the most widely accepted gold standard for vaso-

spasm, and other diagnostic modalities such as

TCD, CTA, CTP, MRA, and MRP have been

compared to it in order to determine their relative

diagnostic performances. Regarding the evidence

behind CTA and CTP, there is a single meta-

analysis published comparing CTA and CTP to

DSA for the diagnosis of vasospasm in A-SAH

patients [53]. This meta-analysis was limited by

the number of relevant studies available for

statistical analysis, incomplete data reporting in

many of the studies, the high variability in meth-

odology between studies, and the overall high

level of heterogeneity of the data. Despite these

limitations, this meta-analysis provides the best

current estimate of the diagnostic accuracy of

CTA and CTP, although the results should be

considered preliminary. The estimated pooled

sensitivity and specificity of CTA were 79.6 %

(95 % CI, 74.9–83.8 %) and 93.1 % (95 % CI,

91.7–94.3 %), respectively, and the estimated

pooled sensitivity and specificity of CTP were

74.1 % (95 % CI, 58.7–86.2 %) and 93.0 %

(95 % CI, 79.6–98.7 %), respectively [53]. The

area under the summary receiver operating char-

acteristic (SROC) curve was 98 � 2.0 % for

CTA and 97 � 3.0 % for CTP [53].

Regarding TCD, a meta-analysis comparing

TCD with DSA showed that for the middle cere-

bral artery (5 trials, 317 tests) and using a velocity

threshold of 120 cm/s, the sensitivity was 67 %

(95 % CI, 48–87 %), and the specificity was 99 %

(95 % CI, 98–100 %). For the anterior cerebral

artery (3 trials, 171 tests), sensitivity was 42 %

(95 % CI, 11–72 %), and specificity was 76 %

(95 %, CI 53–100 %). Data for the meta-analysis

was only available from 7 trials, and the authors

indicate that most of these data were of low

methodological quality [54]. Since that meta-

analysis, a number of studies have been

performed to further assess the diagnostic perfor-

mance of TCD compared to DSA for vasospasm

diagnosis. A prospective study on TCD diagnosis

of MCA vasospasm using DSA as the gold stan-

dard demonstrated that the diagnostic accuracy of

TCD for moderate-to-severe MCA vasospasm

using peak systolic velocity and Lindegaard

index was 0.93 and 0.95, respectively. For the

diagnosis of mild MCA vasospasm, diagnostic

accuracy based on these two parameters was

0.90 and 0.91, respectively [56]. A second pro-

spective study compared TCD and transcranial

color sonography (TCCS) using DSA as the ref-

erence standard for the diagnosis of MCA vaso-

spasm. The authors of that study reported that the

TCD and TCCS accuracy ranged from 76 % to

82 % [57]. A retrospective study of TCCS accu-

racy compared to DSA concluded that the overall
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diagnostic accuracy of TCCS for the diagnosis of

MCA vasospasms was 0.8, with ROC analysis

indicating that the optimal tradeoff between sen-

sitivity and specificity in diagnosing vasospasm

was at a threshold peak systolic velocity of

182 cm/s [58]. Another retrospective study eval-

uating the accuracy of TCD compared to DSA in

predicting angiographic vasospasm demonstrated

that in patients with TCD findings positive for

vasospasm, the diagnostic odds ratio of detecting

vasospasm on angiography was 27 for the ACA

territory and 17 for the MCA territory [59].

MRA and MRP have also been studied for

their potential role in vasospasm diagnosis. In

a small series of 21 patients, Blasel et al. evalu-

ated the accuracy of time-of-flight MR angiogra-

phy (TOF-MRA) for the diagnosis of vasospasm

in A-SAH patients. They report that 44.2 % of

maximum intensity projection (MIP) images

overestimated the vascular narrowing seen on

DSA and therefore conclude that TOF-MRA

may not be an appropriate test for vasospasm

diagnosis [60]. Another study comparing MRA

and DSA for vasospasm diagnosis reported MRA

to have a 92 % sensitivity and a 97 % specificity

for vasospasm diagnosis, but those results are

based upon a definition of vasospasm as >25 %

vessel narrowing, thus combining moderate and

severe vasospasm patients into a single group

[61]. Regarding MRP imaging and vasospasm

diagnosis, there are a limited number of small

studies in the literature, most of which involve

few patients and are retrospective analyses. One

prospective study correlating DSA findings with

MRP time-to-peak (TTP) values reported signif-

icant delays in cerebral circulation time as mea-

sured byMRP in patients with vasospasm seen on

DSA [62]. A second prospective study in which

MRP and DSAwere performed about 5 days after

onset of SAH reported decreased rCBF and rCBV

in patients with SAH and vasospasm, with the

decrease in rCBF proportional to the degree of

vasospasm [63]. MRP has been shown to be use-

ful for determining the hemodynamic effects of

balloon angioplasty in the treatment of vaso-

spasm. A prospective study of 10 patients by

Beck et al. reported improvement in MRP

parameters after balloon angioplasty treatment

for vasospasm [64].

Efficacious Vasospasm Treatments
All A-SAH patients should undergo prophylactic

measures to prevent vasospasm and delayed

cerebral ischemia. There is strong evidence

supporting the use of nimodipine in A-SAH

patients, although its effects are thought to be

related to neuroprotection and not to the preven-

tion of angiographic vasospasm. Nimodipine

antagonizes voltage-gated calcium channels and

reduces the entry of calcium into smooth muscle

cells and neurons. Several randomized trials

have shown that nimodipine has a statistically

significant positive effect on outcome in patients

with A-SAH [65–71]. A Cochrane database sys-

tematic review of calcium antagonists in

the setting of A-SAH concluded that calcium

antagonists reduce the risk of poor outcome and

secondary ischemia after A-SAH and are there-

fore indicated in these patients [72].

The use of hydroxymethylglutaryl coen-

zyme A reductase inhibitors (statins) has been

shown in some studies to prevent vasospasm in

A-SAH patients [73–75]. The randomized con-

trolled studies currently available show that

statins do indeed reduce the incidence of

delayed cerebral ischemia in A-SAH patients,

with a trend toward lower mortality also

reported [76]. However, when observational

studies are included in the analysis, statins

have no statistically significant effect on the

incidence of delayed cerebral ischemia in this

patient population [76].

Magnesium administration has been shown

to have some benefit for preventing vasospasm

in A-SAH patients. The largest randomized

controlled trial to date showed a 34 % reduc-

tion in the risk of delayed ischemic injury in

patients receiving magnesium, and a smaller

randomized controlled study reported a 29 %

decreased risk [77, 78]. A meta-analysis

demonstrated that although administration of

magnesium reduced the likelihood of a poor
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outcome after SAH (death, vegetative state,

or dependency), patient mortality was not

improved [79].

A systematic review analyzing the potential

benefit of prophylactic “Triple H” (hypertension,

hypervolemia, and hemodilution) or

“hyperdynamic” therapy in A-SAH patients

reported an overall paucity of data as well as

significant limitations in the design of the avail-

able studies which precluded an accurate assess-

ment of the potential benefit of this treatment [80].

A multicenter, randomized clinical trial

performed to evaluate the utility of prophylactic

balloon angioplasty on cerebral vasospasm and

outcome in patients with Fisher grade III SAH

showed that balloon angioplasty does not result

in improvement in outcome of Fisher grade III

A-SAH patients [81].

Patients with vasospasm are typically treated

with “Triple H” therapy, intra-arterial infusion

of vasodilators, and/or balloon angioplasty.

Regarding “Triple H” therapy, there are no ran-

domized clinical trials on the effect of such

therapy on patient outcome. A Cochrane sys-

tematic review found no sound evidence for

the use of volume expansion (hypervolemia) in

patients with A-SAH [82]. Likewise, there is no

data to support hemodilution in the setting of

A-SAH. A systematic review on the effect of

“Triple H” therapy on CBF in A-SAH patients

concluded that there is no good evidence that

such therapy results in an increase in CBF,

although induced hypertension is considered the

most promising component of “Triple H” ther-

apy [83]. The conclusions of this study are

only preliminary given the small sample sizes

(4–51 patients per study), the heterogeneity of

the interventions and the study populations, and

the fact that only 1 of 11 studies was a random-

ized trial. Despite the lack of strong evidence

regarding “Triple H” therapy, one prospective

study demonstrated a significantly decreased

rate of delayed cerebral ischemia as well as

improved patient outcomes for those patients

treated after the adoption of hypervolemic hemo-

dilution strategies when compared with A-SAH

patients treated prior to the incorporation of such

strategies [84].

Selective intra-arterial infusion of vasodilatory

medications is also used in the treatment of vaso-

spasm. Papaverine hydrochloride, a derivative of

opium, is known to cause arterial dilatation,

probably by a phosphodiesterase inhibitory

mechanism. The reported success rates of intra-

arterial papaverine infusion range widely in

the literature. However, a systematic review

performed by Hoh et al. in 2005 found that

there was overall clinical improvement in 43 %

of patients (148/346) [55]. Important limitations

of papaverine infusion include its short-lived

effect as well as its tendency to increase intra-

cranial pressure. Given these limitations, other

intra-arterial vasodilating agents have come into

favor more recently, such as verapamil and other

calcium channel blockers [85–87]. Although

these agents appear to be safer than papaverine,

their utility is not established.

An initial study of balloon angioplasty in 33

A-SAH patients with vasospasm reported suc-

cessful treatment of angiographic vasospasm

and improved clinical symptoms [88]. Subse-

quent retrospective studies supported these ini-

tial findings, showing improvement rates in

clinical symptoms from 31 % to 92 % [89].

However, no prospective randomized clinical

trial has been performed regarding balloon

angioplasty to show that it ultimately improves

patient outcomes. A systematic review

performed by Hoh et al. in 2005 analyzed the

benefit of balloon angioplasty and infusion of

intra-arterial vasodilators. The authors reported

overall clinical improvement in 62 % of patients

(328/530) after balloon angioplasty [55]. There is

some evidence that clinical improvement may be

related to the timing of the angioplasty procedure,

with significantly better results reported with

angioplasty done within 24 h and within 2 h of

the neurological change [90, 91]. However,

a study by Eskridge et al. showed that patients

treated within 12 h from the onset of symptoms

did not differ significantly from patients treated

within 18 h [92].
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Take-Home Tables

Tables 14.1 and 14.2 highlight aneurysm detec-

tion and vasospasm diagnosis, respectively.

Imaging Case Studies

Case 1: 65-Year-Old Female with No Past Med-

ical History Presented with “the Most Painful

Headache of My Life” (Fig. 14.1a–g)

Case 2: 59-Year-Old Female Presented with “the

Most Painful Headache of My Life”

(Fig. 14.2a–e)

Case 3: 51-Year-Old Female with a Family His-

tory of Aneurysms and Subarachnoid Hemor-

rhage Presented with Frequent Headaches

(Fig. 14.3a–c)

Case 4: 52-Year-Old Woman with Right-Hand

Clumsiness (Fig. 14.4a–d)

Case 5: Patient Developed Increased Lethargy

14 Days Post Hemorrhage (Fig. 14.5a–c)

Case 6: 48-Year-Old Male Presented to the ED

with Headache in the Setting of Cocaine Use

(Fig. 14.6a–d)

Suggested Imaging Protocol:
Nontraumatic SAH

The following imaging protocol (Fig. 14.7)

was adapted from Agid et al. [31]. An

important caveat of this imaging protocol is

that patients treated solely on the basis of

CTA findings may rarely harbor additional

aneurysms, or other vascular lesions, not

detected by that modality, and the impact of

this is not certain.

Table 14.2 Vasospasm diagnosis

TCD (MCA vasospasm,

120 cm/s velocity threshold)

67.0 % 99.0 % NA Operator dependence and lack of adequate

sonographic windows to evaluate all vessels

$

CTA 79.6 % 93.1 % 0.98 Contrast and radiation $$

CTP 74.1 % 93.0 % 0.97 Contrast and radiation $$

MRA (42 patients,

Grandin et al.)

92.0 % 97.0 % NA No significant risks $$$

MRP NA NA NA Contrast material reaction and NSF $$$

Table 14.1 Aneurysm detection

Modality Sensitivity Specificity AUC (ROC) Limitations Costs

DSA NA NA NA Invasive procedure,

contrast, and radiation

$$$$

CTA, per patient. Westerlaan et al. 98.0 % 100 % 1.00 Contrast and radiation $$

MRA, per patient. White et al. 87.0 % 92.0 % 0.89 No significant risks $$$
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Fig. 14.1 (a–g) A 65-year-old female with no past med-

ical history presented with “the most painful headache of

my life.” (a) Non-contrast-enhanced CT(NECT) of the

head shows SAH (white arrows). (b) Subsequent CTA

shows a multilobulated aneurysm of the anterior commu-

nicating artery. Axial source images demonstrate the

aneurysm (white arrow), which extended over several

slices above and below the displayed image. The magni-

fication (b(1)) view shows the aneurysm to better advan-

tage (white arrow). (c) Coronal maximum intensity

projection (MIP) reformats show both a2 segments of

the anterior cerebral arteries arise from the aneurysm

(white arrow); c(1) is the magnification. (d) Sagittal max-

imum intensity projection (MIP) reformats reveal the

superiorly and posteriorly oriented daughter sac (white
arrow); d(1) is the magnification. (e) 3-D surface-

rendered reformatted image again shows the orientation

of the aneurysm and its relationship to the parent

vessel, and clearly shows the two lobulations, or daughter

sacs (white arrows). Both a2 segments of the anterior

cerebral arteries arise from the aneurysm. (f) Right ICA
injection from DSA confirms the CTA findings (black
arrow). (g) 3-D rotational angiography was performed

via a right internal carotid artery injection. The

reconstructed images nicely illustrate the lobular contour

of the aneurysm, as well as the right a2 segment arising

from the aneurysm (the left a2 segment is not seen on this

injection)
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Fig. 14.2 (a–e) A 59-year-old female presented with

“the most painful headache of my life.” (a) NECT shows

fourth ventricular hemorrhage (white arrow). No aneu-

rysm was detected by CTA. (b, c) Left vertebral injection
of DSA showed questionable prominence of vessels in the

region of the distal left anterior inferior cerebellar artery

(AICA) (black arrows). (d, e) Surface-rendered reformats

from 3-D rotational clearly demonstrate an aneurysm of

the left AICA measuring 2.0 � 1.5 mm (white arrows).
The patient underwent endovascular embolization of the

aneurysm and parent artery with NBCA glue, with excel-

lent result
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Fig. 14.3 (a–c) A 51-year-old female with a family his-

tory of aneurysms and subarachnoid hemorrhage

presented with frequent headaches. (a) 3-D TOF MRA

detected two left MCA aneurysms, one at the bifurcation

directed inferiorly (white arrow) and a second more distal

aneurysm directed superolaterally (white arrowhead).
In addition, a possible anterior choroidal aneurysm or

infundibulum was noted. (b, c) Frontal and lateral

projections from a left common carotid injection

redemonstrate the two MCA aneurysms (white arrow
and white arrowhead, respectively). However, on the

lateral projection of this DSA, there is clearly an infun-

dibulum of the left anterior choroidal artery, not an aneu-

rysm (white arrow)
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Fig. 14.4 (a–d) 52-year-old woman with right-hand

clumsiness. MRA was obtained as part of evaluation

for stroke, and multiple aneurysms were found. (a) 3-D
volume-rendered reformat of the right ICA shows

a posterior communicating artery and supraclinoid carotid

artery aneurysm. (b) Subsequent DSA demonstrates an

additional cavernous ICA aneurysm, occult by MRA

(white arrow). (c, d) DSA also demonstrates an

occult left MCA bifurcation aneurysm (black arrow
in d)
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Fig. 14.5 (a–c) On day 14 post hemorrhage, the patient

whose initial imaging is depicted in Fig. 14.1 developed

increased lethargy. CTA and CT perfusion (CTP)

performed to evaluate for vasospasm. (a) CTA demon-

strates severe focal narrowing of the left distal M1 seg-

ment of the MCA, consistent with vasospasm (white
arrow). There is also moderate narrowing of the right

M1 (white arrowhead). (b) CTP demonstrates elevated

mean transit time (MTT) in the left parietal lobe (bottom

right) with corresponding decreased cerebral blood flow

(CBF, bottom left) and preserved cerebral blood volume

(CBV, top right) (white arrows). These findings suggest

cerebral hypoperfusion secondary to vasospasm. (c) On
the basis of these clinical and imaging findings, the patient

was taken DSA. A lateral projection of a left common

carotid injection confirms the presence of vasospasm, with

multiple areas of arterial narrowing involving left MCA

(white arrow)
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Fig. 14.6 (continued)
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Fig. 14.7 Suggested imaging protocol for nontraumatic SAH
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Fig. 14.6 (a–d) A 48-year-old male presented to the ED

with headache in the setting of cocaine use. Diagnostic

workup revealed a ruptured right MCA aneurysm which

was surgically clipped. Ten days after hemorrhage, the

patient presented with nonspecific personality changes.

CTA and CTP was performed. (a) Axial MIP image

from CTA shows moderate to severe bilateral MCA

narrowing consistent with vasospasm (white arrows).
(b) CTP demonstrates symmetric perfusion, with no def-

inite focal perfusion deficit noted. (c) Based on the clinical

and CTA findings, the patient underwent DSA. PA pro-

jection of left internal carotid artery injections demon-

strates moderate to severe vasospasm of the proximal

left MCA, with involvement of the a1 and a2 segments

of the left ACA as well (white arrows). (d) The patient was
treated with a combination of intra-arterial verapamil and

balloon angioplasty of the left MCA. Posttreatment PA

projection demonstrates marked improvement in caliber

of the M1 and M2 segments, in the regions where angio-

plasty was performed (white arrow)
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Future Research

• Improving the diagnostic performance of CTA

and MRA, with the goal of acquiring diagnos-

tic information similar to DSA without having

to perform an invasive procedure

• Assessing the risk of aneurysm rupture as well

as predictors of aneurysm rupture in order to

better stratify patients for treatment

• Assessing long-term outcomes for patients

who have undergone surgical or interventional

treatment for an intracranial aneurysm(s)

• Assessing the diagnostic performance of per-

fusion studies (CTP and MRP) for vasospasm

diagnosis

• Understanding the underlying pathophysiol-

ogy of cerebral vasospasm in an attempt to

improve diagnostic and treatment approaches

• Performing randomized trials of the variousmed-

ical and interventional treatments for vasospasm
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Key Points

• The main goal of neuroimaging in acute

seizures is to rule out focal lesions that

could threaten the patient’s life, such as neo-

plasm or other intracranial space-occupying

lesion.

• CT scan is the best imaging study in the eval-

uation of patients with acute nonfebrile symp-

tomatic seizures because it detects important

abnormalities such as acute intracranial hem-

orrhage, which may require immediate medi-

cal or surgical treatment (limited evidence).

• Neuroimaging is not recommended for simple

febrile seizure (limited evidence).

• The most important role of neuroimaging in

epilepsy is to identify the structural substrate

of the epileptogenic focus.

• MRI is the neuroimaging study of choice

in the workup of first unprovoked seizures

(moderate evidence).

• Focal neurological deficit is an important pre-

dictor of an abnormality in the neuroimaging

examination (moderate evidence).

• MR evaluation should be performed in

non-acute symptomatic seizure patients with

confusion and postictal deficits (moderate

evidence).

• MR should be performed in children with

unexpected cognitive or motor delays or chil-

dren under 1 year of age, with symptomatic

seizures (moderate evidence).

• Patients with focal seizures or abnormal EEG

should be imaged (moderate evidence).

• MRI is the imaging modality of choice in focal

epilepsy, including temporal lobe epilepsy

(moderate evidence).

• Ictal SPECT is the best neuroimaging exami-

nation to localize seizure activity (moderate

evidence).

Definitions and Pathophysiology

A seizure is a symptom; epilepsy is a disease.

Seizures occur as the result of an electrical

discharge in the brain. Epilepsy is a disease

characterized by more than one seizure. The Inter-

national League Against Epilepsy [1] has proposed

a classification of the epileptic syndromes, epilep-

sies, and related seizure disorders. Generalized and

focal seizures are defined as seizures occurring in

and rapidly involving bilaterally distributed net-

works (generalized) and within networks limited

to one hemisphere, either discretely localized

or more widely distributed (focal). Genetic,

structural-metabolic, and unknown represent mod-

ified concepts to replace idiopathic, symptomatic,

and cryptogenic categories in the prior classifica-

tion. The causes of epilepsies are organized by

electro-clinical syndromes, nonsyndromic epilep-

sies with structural-metabolic causes, and epilep-

sies of unknown cause.

The numerous categories produced from the

classification of epilepsies can be confusing not

only for the general physician but also for spe-

cialists. Some of the terminology from previous

classification of seizures [2], such as idiopathic,

symptomatic, and cryptogenic seizures, is still in

use in clinical practice. Seizures have been cate-

gorized based on clinical findings: symptomatic
and non-symptomatic seizures. The term “symp-

tomatic” indicates that the seizure is a symptom

with an underlying cause. This may be systemic

(e.g., hyponatremia, hypocalcemia) or localized

(e.g., tumor, focal cortical dysplasia, abscess).

Depending upon how long the underlying cause

predates the seizure, seizures are divided into

“acute symptomatic” and “remote” symptomatic

seizures. Acute symptomatic seizures occur as the
result of a proximate precipitant such as fever,

electrolyte imbalance, drug intoxication, alcohol

withdrawal, brain trauma, central nervous system

(CNS) infection, or aggressive neoplasm. In

remote symptomatic seizures, the lesion is preex-

istent and the seizure is the main or only symp-

tom; the lesions include focal cortical dysplasia,

ganglioglioma, hippocampal sclerosis, scar, or

gliosis. Non-symptomatic seizures include cryp-

togenic and idiopathic seizures. In cryptogenic

seizures (or epilepsy), no cause can be found,

even though one is clinically suspected by focal

electroencephalography (EEG) or lateralized

neurological examination. The term “unprovoked

seizures” is used for seizures in patients without

262 E. Widjaja et al.



history or abnormal neurological examination.

They may turn out to be cryptogenic, idiopathic,

or remote symptomatic after the appropriate

workup. In the revised classification [1], seizures

are categorized into generalized, focal, and

unknown. Generalized seizures are subgrouped

into tonic-clonic, absence, myoclonic, clonic,

tonic, and atonic. Descriptions of focal seizures

are based on the degree of impairment during

seizure, such as dyscognitive or focal motor,

and with or without impairment of consciousness

or awareness.

Epidemiology

The prevalence of epilepsy in industrialized

countries is between 5 and 10 cases per 1,000

persons [3]; hence, epilepsy affects between 1.5

and 3.0 million in the USA. Higher prevalence of

epilepsy has been reported in developing coun-

tries [4], with some few exceptions. The inci-

dence of epilepsy is age dependent. It peaks at

the extremes of life, ranging between 100 and 140

per 100,000 in neonates and infants, and about

140 cases per 100,000 persons in the elderly. The

incidence is lowest in early adulthood (25 per

100,000), followed by an increase during late

adulthood [5]. Fifty percent of cases occur

under the age of one year or over 60 years of

age [3]. A different age-specific distribution is

seen in developing countries with a second peak

in early adulthood [6, 7].

Specific Epidemiological Data

Febrile seizures affect children between 6

months and 6 years of age. The cumulative inci-

dence of febrile seizures is 2 % in children [8].

The two most important predictors for first epi-

sode of febrile seizures are age less than 1 year

and family history of febrile seizures [9]. The

overall incidence of febrile seizures recurrence

is 35 % [10]. The recurrence of seizures after

a focal febrile seizure lasting more than 15 min

(complex febrile seizure) is two- to fourfold com-

pared to an initial simple febrile seizure [11].

Acute afebrile symptomatic seizures affect 31
of 100,000 people per year and accounts for 40 %

of all new-onset afebrile seizures. The incidence

is highest in the neonatal period (100 per 100,000

inhabitants), with a second peak in patients older

than 75 years (123 per 100,000).

The probability for recurrent seizures after an

initial unprovoked seizure is 36 % by one year of

age and increases yearly up to 56 % by 5 years

[12]. The presence of neurodevelopmental abnor-

malities increases the probability of future

unprovoked seizures [13]. The recurrence of all

types of seizures ranges between 24 % and 67 %

[14]. Of all patients with recurrent seizures, up to

20 % may have intractable epilepsy [15].

Overall Cost to Society

Murray et al. [16] analyzed the cost of neuroim-

aging in the US health system in 1994 for adult

refractory epilepsy. CT was used in 60 % of new

and in 5 % of existing cases of epilepsy, whereas

MRI was requested in 90 % of new and 12 % of

existing cases [16]. Cost was determined by mul-

tiplying the CT or MR incidence rate of usage,

times the incidence of new-onset seizures, times

the cost of the exam. The cost for an MRI of the

brain in the United States is between $1,200 and

$2,000 [17]. Therefore, the CT and MR workup

expenses of new-onset seizures in the United

States are between 28,000 and 84,000 dollars,

per 100,000 inhabitants per year.

A French cohort study on medical costs of

epilepsy in 1,942 patients [18] reported that neu-

roimaging studies accounted for 8 % of the total

health-care costs for these patients.

Bronen et al. [19] have reported the economic

impact of replacing CT with MR imaging for

refractory epilepsy, based on the “assumption”

that the higher sensitivity of MR in lesion detec-

tion would result in reducing the costs of

intraoperative electrocorticography otherwise

needed to localize the site of the epileptogenic

focus. They found that in 29 of 117 patients, the

replacement of CT by MRI eliminated the need

for surgical placement of intracranial electrodes

with potential savings of $1,450,000.
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Goals of Imaging

The main goal of neuroimaging in seizures and

epilepsy is to rule out focal lesions that could

threaten the patient’s life. Neuroimaging also

allows the identification of the structural sub-

strate of the epileptogenic focus. Neuroimaging

may increase or decrease the pretest probability

of having a particular etiology or confirm

a clinical diagnosis.

Methodology

For each of the procedures (“proc”), MRI, CT,

SPECT, PET, magnetoencephalography (MEG),

fMRI, and diffusion tensor imaging (DTI) optic

radiations, a systematic review of the literature

was performed utilizing PubMed (National

Library of Medicine, Bethesda, MD) with the

following criteria:

1. ((Epilepsy [Title] OR seizure [Title])

AND (neuroimaging [Title] OR neuroimage

[Title])) Field: Title, Limits: Publication Date

from January of 1982 to September of 2011,

only with abstracts in English, and in humans

2. ((Epilepsy [Title] OR Seizure [Title]) AND

(“proc” [Title])). Field: Title, Limits: Publica-

tion Date from January of 1982 to September

of 2011, only with abstracts in English, and in

humans

3. Same keywords replacing [Title] by [Text

Word]

4. ((EBM [Title] OR Evidence [Title]) AND

((“seizures” [MeSH Terms] OR seizures

[Text Word]) OR (“epilepsy” [MeSH Terms]

OR epilepsy [Text Word]))) Field: Title,

Limits: Publication Date from January of

1982 to September of 2011, only with

abstracts 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 ref-

erence, or had no significant influence on clinical

decision making. MRI articles less than 1.5 T

were also excluded. The specificity, sensitivity,

likelihood ratios, probability, predictors, and

techniques were summarized for each procedure.

Seizures were divided into two main catego-

ries: new-onset seizures and established epilepsy,

with particular emphasis on partial types. Adult

and childhood epilepsy were addressed as well as

febrile and temporal lobe epilepsy due to their

clinical and radiological importance.

Each of the selected articles was reviewed,

abstracted, and classified by two reviewers.

Of a total of 864 abstracts, 152 articles met

inclusion criteria and the full text was reviewed in

detail.

Discussion of Issues

Do Patients with Febrile Seizures Need
Neuroimaging?

Summary
Neuroimaging is not recommended for a simple

febrile seizure (limited evidence).

Supporting Evidence

No articles meeting the strong or moderate evi-

dence criteria were found. Offringa et al. [20]

reported an evidence-based study for the manage-

ment of febrile seizures and the role of neuroim-

aging in regard to detection of meningitis (limited

evidence). The overall prevalence of meningitis

detected by CT/MRI scans was 1.2 % of 2,100

cases of seizures associated with fever. This man-

uscript, as well as the study by the American

Academy of Pediatricians [21] (limited evidence),

suggests that CT or MRI is not recommended for

a simple febrile seizure.

What Neuroimaging Examination Do
Patients with Acute Nonfebrile
Symptomatic Seizures Need?

For clarity, acute nonfebrile symptomatic seizures

occur in nonfebrile patients having neurological

findings pointing to an underlying abnormality. It

excludes meningitis, encephalitis, abscess, and

empyema.
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Summary
CT scan is the best imaging study in the evaluation

of patients with acute symptomatology as it is sen-

sitive for finding abnormalities such as acute intra-

cranial hemorrhage, which may require immediate

medical or surgical treatment. CT is also fast and

readily available (limited evidence).

Supporting Evidence

No articles meeting the criteria for strong or

moderate evidence were found. Several level III

(limited evidence) studies were found as

discussed. Eisner and colleagues [22] reported

a study with 163 patients, who presented to the

emergency room with first seizure (Table 15.1).

All patients older than 6 years of age who had

recent head trauma, focal neurologic deficit, or

focal seizure activity underwent head CT. Of

19 patients, 5 (25%) had CT abnormalities includ-

ing one subdural hematoma, resulting in a change

of medical care. Earnest and colleagues [23] found

CT abnormalities in 6.2 % of 259 patients with

alcohol withdrawal seizures. In 3.9 %, medical

management was changed because of the CT

result. Reinus and colleagues [24] retrospectively

evaluated the medical records of 115 consecutive

patients who had seizures after acute trauma and

underwent a non-contrast cranial CT. An abnor-

mal neurologic examination predicted 95% (19 of

20) positive CT scans, P < .00004.

Henneman et al. [25] conducted a retrospective

study 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.

Bradford and Kyriakedes [26] have reported

an evidence-based review (limited evidence) of

diagnostic tests in this population. The authors

report a diagnostic yield of 87 % for CT. Pre-

dictors 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 CNS disorders,

and history of malignancy. The article concludes

that there is supportive data to perform CT

scanning in the evaluation of all first-time acute

seizures of unknown etiology.

What Is the Role of Neuroimaging in
Patients with First Unprovoked
Seizures?

Summary
MRI is the neuroimaging study of choice in the

workup of first unprovoked seizures (moderate

evidence). Neuroimaging is positive in 3–38 %

of cases. The probability is higher in patients with

partial seizures and focal neurological deficit

(Fig. 15.2a, b). Neuroimaging is advised in

children less than 1 year of age and in those

with significant unexplained cognitive or motor

impairment, or prolonged postictal deficit. Sig-

nificant neuroimaging findings impacting medi-

cal care were found in up to 50 % of adults and in

12 % of children.

Supporting Evidence

No level I (strong evidence) studies were avail-

able (Table 15.2). One level II paper (moderate

evidence) was found describing a cohort study

in which neuroimaging studies were performed in

218 of 411 children [27]. CT was performed in

159 andMR in 59 cases. The cohort was followed

for a mean of 10 years, and none of the patients

had evidence of neoplasm (accepted as the

reference standard). Twenty-one percent of the

218 exams were abnormal. The most frequent

diagnoses were encephalomalacia (16 cases)

and cerebral dysgenesis (11 cases). Six children

had gray matter migration disorders, which were

only seen on MRI. In this study, a higher number

of MRIs (34 %) than CT studies (22 %) were

abnormal. In 4 cases (1.8 %), the results altered

both the diagnosis and the acute management of

the patient. Children in this study who had

a neurological deficit (56 % vs. 12 %, P < 0.001),

or abnormal EEG and partial seizures (P < 0.05)

were more likely to have abnormal imaging.

A level III (limited evidence) study of

300 adults and children with an unexplained

first seizure was reported by King et al. [28].

Ninety-two percent of these patients had neuro-

imaging. A total of 263 patients had MRI and 14

had only CT. Epileptogenic lesions were found in

38 patients (13 %). Of these, 17 had neoplasm,

which changed medical care. MRI detected
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abnormalities in 17 % of 154 patients with partial

epilepsy. CT was performed in 28 of the 38 cases

with lesions on MRI being concordant with MRI

in only 12 cases. CT missed a cavernous angioma

and eight tumors. In 49 patients that had general-

ized epilepsy as supported by generalized epilep-

tiform abnormalities on EEG, all 49 had no

lesions on MRI.

In pediatric studies, neuroimaging diagnos-

tic performance was similar to the adult liter-

ature, according to an evidence-based study

by Hirtz et al. [29] (limited evidence). How-

ever, the overall effect of neuroimaging on

medical management was less in children

than adults [29].

The role of CT in evaluating children with

new-onset unprovoked seizure was analyzed in

a retrospective study by Maytal et al. [30]

(limited evidence). Of 66 patients, 21.2 %

had abnormal CT results. The seizure etiology

was clinically determined to be cryptogenic in

33 patients. Two of these children (6 %) had

abnormal nonspecific CT findings that did not

require intervention. No abnormal CT results

were seen in 13 cases with complex febrile

seizures.

In a level III (limited evidence) study of 408

adults, CT scanning revealed tumors in 3 % of

patients. These patients were more likely to have

recurrent seizures [31]. Other studies have shown

a higher percentage of positive imaging results in

this population. 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 the patients, the imaging

findings prompt an important change in therapeu-

tic 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 %) [32]. Another study evaluated

50 patients referred for CT from a group of

107 children with first unprovoked seizure.

A total of 19 children had brain abnormalities

on CT. Of these, six patients had significant

changes in medical workup or treatment [33].

The Quality Standards Subcommittee of the

American Academy of Neurology, the Child

Neurology Society, and the American Epilepsy

Society have published a special report on prac-

tice guidelines in the evaluation of first nonfebrile

seizures in children (unprovoked seizure) based

on EBM [29] (limited evidence). The selection

criteria included some small sample studies,

which lack stringent evidence-based medicine

criteria. This review article included studies in

adults and children. Analysis of the results found

that a range of 0–7 % of children had lesions on

CT, which changed management of epilepsy

(i.e., tumors, hydrocephalus, arachnoid or

porencephalic cysts, and cysticercosis). Focal lesions

on CT were more common in adults (18–34 %).

Overall MRI found more lesions than CT but

did not always change medical management

(i.e., atrophy, mesial temporal sclerosis, and

brain dysgenesis). This report concluded that

there is insufficient evidence to support the rec-

ommendation for routine neuroimaging after the

first unprovoked seizure. Neuroimaging, how-

ever, may be indicated in cases of focal seizures

associated with positive neurological clinical

findings. If a neuroimaging study is required,

MR is the preferred modality. Emergency imag-

ing with CT or MR should be performed in cases

of long-lasting postictal focal deficit, or in those

patients who remain confused several hours after

the seizure. Nonurgent imaging studies with MRI

should be considered in children less than 1 year

of age, significant and unexplained cognitive or

motor impairment, a partial seizure, EEG find-

ings not consistent with benign partial epilepsy of

childhood, and primary generalized epilepsy.

What Is the Most Appropriate Study in
the Workup of Patients with Temporal
Lobe Epilepsy of Remote Origin?

Summary

MRI is the imaging modality of choice in temporal

lobe epilepsy (moderate evidence). The seizure

focus may be lateralized by MRI volumetric tech-

niques. MRI sensitivity reaches 97 % for hippo-

campal sclerosis using fluid-attenuated inversion

recovery (FLAIR) imaging. Loss of digitations of

the hippocampal head has a sensitivity of 92 % for
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hippocampal sclerosis. Quantitative measurement

of hippocampal size has a higher sensitivity than

qualitative inspection with 76 % versus 71 %,

respectively.

Supporting Evidence

No level I (strong evidence) studies available

(Table 15.3). There is one prospective cohort

level II study (moderate evidence) of neuroimag-

ing in temporal lobe epilepsy of childhood [34].

Sixty-three children with new-onset temporal

lobe epilepsy were included. MRI was performed

in 58 (92 %) and CT in 48 (76 %). MRI was

abnormal in 23 children (36.5 %) and included

unilateral hippocampal sclerosis in 12, bilateral

hippocampal sclerosis in one, temporal lobe

tumor in eight, arachnoid cyst in one, and cortical

dysplasia in one. CT was positive in 23 % of

cases, which included all tumors, but failed to

detect cases of hippocampal sclerosis. CT dem-

onstrated calcifications in the posterior area of the

hippocampus in one case that was not detected on

MR. This lesion was shown to be a small

hamartoma pathologically. The authors proposed

three groups to classify partial seizures based on

the relationship between neuroimaging findings,

prior history, and age. Group I: developmental

temporal lobe epilepsy (10 patients). Seizures

begin in mid- to late childhood (mean age

8.2 years), and neurobehavioral problems are

infrequent. This epilepsy is associated with tumors

and malformations that are usually long-standing

and nonprogressive cortical lesions such as

gangliogliomas, dysembryoplastic neuroepithelial

tumors, and pilocytic xanthochromic astrocyto-

mas. Group II: temporal lobe epilepsy with hippo-

campal sclerosis (18 patients), including children

with significant prior clinical history of neurologic

insult, including complicated febrile seizures, hyp-

oxic-ischemic encephalopathy, and meningitis.

Group III: cryptogenic temporal lobe epilepsy

(34 patients) in whom no etiology could be deter-

mined. A level III study (limited evidence) by

Kramer et al. [35] studied the predictive value of

abnormal neurological findings on the neuroimag-

ing of 143 children with partial seizures. Fifty

patients had neuroimaging abnormalities and 36

had abnormal clinical findings. The neurological

examination findings of hemiparesis, mental retar-

dation, and neurocutaneous stigmata were risk fac-

tor in predicting abnormal neuroimaging findings.

However, the abnormalities detected on neurolog-

ical examination, or the type of seizure, were not

predictive parameters in determining tumor resect-

ability as shown by neuroimaging.

A recent level III study (limited evidence) by

Berg and coworkers [36] reported the neuroim-

aging findings of a group of 613 children with

newly diagnosed temporal lobe epilepsy. A total

of 359 patients had partial seizures. Of this group,

312 (86.3 %) underwent imaging; 283 had MRI

alone or with CT. Relevant abnormalities were

found in 43 (13.8 % of those imaged). The stron-

gest predictor of abnormal imaging was an abnor-

mal motor examination (odds ratio: 18.9; 95 %

confidence interval, 9.9–36.3 %; P < .0001).

The MR findings in 186 of 274 consecutive

patients who underwent temporal lobectomy for

intractable epilepsy were retrospectively

reviewed (moderate evidence) (Table 15.4) [37].

This was a blinded study with pathology as the

reference standard. MR imaging detected 121

hippocampal/amygdala abnormalities (sensitiv-

ity and specificity of 93 % and 83 %, respec-

tively) and 60 other abnormalities in the

remainder of the temporal lobe (sensitivity and

specificity of 97 % and 97 %, respectively).

Increased signal of the hippocampus on T2-

weighted images had a sensitivity of 93 % and

specificity of 74 % in predicting mesial temporal

sclerosis (Fig. 15.3). Forty-two temporal tumors

were detected with a sensitivity and specificity of

83 % and 97 %, respectively.

The sensitivity of CT and MRI in temporal

lobe pathology was recently reported by Sinclair

et al. [38] (limited evidence). Forty-two pediatric

patients were studied. All patients underwent

temporal lobectomy for intractable epilepsy,

hence, providing histopathology as the reference

standard. MRI revealed abnormalities in 27 cases

(64 %) while CT scan in 12 of 39 cases (31 %).

MRI was clearly more sensitive than CT in the

detection of pathology.

The MRI sensitivity to demonstrate the epi-

leptogenic zone determined by EEG (a weak

standard reference) was investigated in a level
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III study (limited evidence). The weakness of the

reference standard is in part compensated by the

number of cases. Pooled data of 809 patients, of

whom 370 had temporal lobe abnormalities, were

analyzed [39]. The sensitivity of MRI was 55 %

for temporal epileptogenic zones and 43 % for

extratemporal regions as determined by EEG.

Moore et al. [40] address the incidence of

hippocampal sclerosis in normal subjects in

a level III article (limited evidence). They studied

207 patients referred for hearing loss with high-

resolutionMRI and found two cases of unsuspected

hippocampal sclerosis. Retrospective chart review

revealed that both patients had seizures. One of

them had seizure onset 18 months prior to the

MRI study that was believed to be associated with

hemorrhage from an arteriovenous malformation

ipsilateral to the hippocampal sclerosis.

The most important neuroimaging findings in

hippocampal sclerosis are small size (atrophy)

and intense T2 signal of the hippocampus

(Table 15.5). These signs have been quantified in

a level III retrospective study (limited evidence) of

41MRI of patients who underwent temporal lobec-

tomy [41]. The authors comparedmeasurements of

the left and right hippocampal formations and

found them to have 76 % sensitivity and 100 %

specificity for correct seizure lateralization.

Watson et al. [42] performed a comparison

among different types of epilepsy with volumetric

measurement of the hippocampus in 110 patients

with chronic epilepsy, of which 81 had partial

seizures (limited evidence). Seventeen patients

had pathologically proven hippocampal sclerosis.

All 17 patients with hippocampal sclerosis had

reduced absolute hippocampal volumes, greater

than two standard deviations (SD) below the

mean of the control group. The degree of reduced

hippocampal size correlates well with the severity

of the hippocampal sclerosis. Hippocampal vol-

umes were within normal range in all patients

with generalized epilepsy, and in extratemporal,

and extra-hippocampal temporal lesions.

Oppenheim et al. [43] proposed that the loss of

digitations of the hippocampal head on MRI be

considered a major criterion of hippocampal scle-

rosis along with signal abnormality and reduced

volume. In a level III case series study (limited

evidence) of 193 patients with intractable

epilepsy evaluated retrospectively for atrophy,

63 patients were diagnosed as having mesial tem-

poral sclerosis based on T2 signal changes and

loss of digitations of the hippocampal head.

Twenty-four of these patients underwent surgery

and hippocampal sclerosis was confirmed in all of

them. A control group of 60 patients with frontal

seizures and normal MRI was also studied. The

digitations of the hippocampal head were evalu-

ated in the two groups. Digitations were not vis-

ible in 51 and poorly visible in 8 of the 63 patients

with mesial temporal sclerosis. Of 24 hippocampi

in which hippocampal sclerosis was confirmed

histologically, 22 had no MRI-visible digitations.

In the control group, digitations were sharply

visible in 55 and poorly visible in five. The sen-

sitivity and specificity of complete loss of hippo-

campal head digitations in hippocampal sclerosis

was 92 % and 100 %, respectively.

Jack et al. [44] in a level II study (moderate

evidence) compared the accuracy of a fluid-

attenuated inversion recovery (FLAIR) sequence

with that of conventional dual spin echo (SE)

sequence in the identification of increased signal

of hippocampal sclerosis. The study was blinded

and controlled with a reference standard criterion

of the histopathologic examination. A total of

36 patients were included. The sensitivity was

97 % for FLAIR versus 91 % for SE in the

diagnosis of hippocampal sclerosis.

MRI findings as predictors of outcome of

temporal lobectomy were studied in a cohort

(moderate evidence) study of 135 patients [45].

Sixty months after surgery, 69 % of patients with

neuroimaging lesions, 50 % with hippocampal

sclerosis, and 21 % with normal MRIs had no

postoperative seizures. Outcome was worse in

those with normal MRI examinations.

Does 3 T Improve the Yield of Lesion
Detection Compared to 1.5 T in
Patients with Intractable Epilepsy?

Summary
In patients with no abnormality or a questionable

lesion identified on 1.5 T MRI, 3 T can
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potentially identify a lesion, in particular focal

cortical dysplasia, not visualized on 1.5 T

(Fig. 15.4a, b) (limited evidence).

Supporting Evidence
There are no level I or II (strong or moderate

evidence) studies available. Zijlmans and col-

leagues [46] examined the yield of 3 T imaging

in 37 patients who have had 1.5 T MRI that was

ambiguous (limited evidence). The authors found

3 T could identify focal cortical dysplasia better

than 1.5 T, while 1.5 T scan was better at dem-

onstrating gliosis and mesial temporal sclerosis.

Overall, 3 T identified 29 lesions while 1.5 T

detected 17 lesions. Another study by Knake

et al. [47] evaluated 40 patients with focal

epilepsy using 3 T phased array surface coil

and compared the findings with 1.5 T

(limited evidence). Three Tesla phased array

MRI yielded additional diagnostic information in

48% compared to 1.5 T, and in 37.5% of cases, the

additional information changed clinical manage-

ment. In 23 patients with normal 1.5 T MRI, 3 T

phased array MRI identified a new lesion in 65 %

of cases; in 15 patients with known lesions, 3 T

phased arrayMRI better defined the lesion in 33%.

In both of these studies, there was no histological

confirmation of the findings.

When Should Functional Imaging Be
Performed in Seizure Patients and
Which Is the Study of Choice?

Summary

Functional neuroimaging can provide additional

data in seizure patients (Table 15.6). The sensi-

tivity of SPECT for localizing epileptogenic

focus increases from interictal (44 %) to ictal

examinations (97 %) (moderate evidence). The

sensitivity is lower in cases of extratemporal par-

tial epilepsy in which only the ictal examination

is reliable (sensitivity of 92 %). Subtraction tech-

niques of the interictal from the ictal study may

be helpful; however, the ictal study remains the

preferred examination. PET is more sensitive

than interictal SPECT in localizing temporal

and extratemporal epilepsy but less sensitive

than ictal SPECT for the localization of epilepto-

genic foci. Magnetic source imaging (MSI) can

provide information on the extent of electrode

coverage for invasive intracranial EEG monitor-

ing (moderate evidence). Functional MRI (fMRI)

can help to lateralize language in the workup of

patients for epilepsy surgery (limited evidence).

fMRI has sensitivity greater than 91 % for lan-

guage lateralization, when the intracarotid

Amytal test (Wada test) is used as the reference

standard (Table 15.7). fMRI influences the sei-

zure team’s diagnostic and therapeutic decision

making (moderate evidence). Diffusion tensor

tractography can identify Meyer’s loop and the

position relative to temporal pole. Therefore,

tractography can be used to assess the risk of

visual field defect prior to temporal lobe resection

(limited evidence).

Supporting Evidence

Single Photon Emission Computed Tomography

(SPECT)

There is only one randomized control study

of the utility of ictal SPECT in patients with

mesial temporal lobe epilepsy [48]. One

hundred and twenty-four patients were ran-

domly assigned to ictal SPECT, and 116

were assigned to non-SPECT group. Despite

the 35 % higher cost and the increased hospi-

tal stay by one day in the SPECT group, the

proportion of patients who were seizure free

after surgery was similar in the SPECT (59 %)

group compared with the non-SPECT group

(54 %).

In the level II meta-analysis study (moderate

evidence) reported by Spencer [39], ictal SPECT

was performed in 108 patients. Eighty epilepto-

genic foci were localized by SPECT in the

temporal lobe. In temporal lobe epilepsy, the

diagnostic sensitivity for ictal or postictal

SPECT is 90 % and the specificity of 73 %. In

extratemporal lobe epilepsy, ictal SPECT sensi-

tivity decreases to 81 % and specificity increases

to 93 % when using EEG criteria as the standard

of reference. False localization was found in 5 %

of cases. Interictal SPECT sensitivity and speci-

ficity were found to be significantly lower, at

66 % and 68 % for temporal lobe, respectively,
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and at 60 % and 93 % for extratemporal regions,

respectively, when compared to EEG. False

localization was found in 10–25 %. Devous and

colleagues [49] presented a second meta-analysis

of SPECT brain imaging in partial epilepsy, both

temporal and extratemporal epilepsy (moderate

evidence). The pooled data was gathered from

624 interictal, 101 postictal, and 136 ictal cases.

The vast majority of patients were adults. The

reference standard was EEG and/or surgical out-

come (162 cases). The results from this study

showed that the sensitivity of technetium-99

m-labeled HMPAO SPECT in localizing

a temporal lobe epileptic focus increased from

44 % in interictal studies to 75 % in postictal

studies and reached 97 % in ictal studies. False

positives when compared to surgical outcome

were 4.4 % for interictal and 0 % for postictal

and ictal studies.

Newton and colleagues [50] evaluated 177

patients with partial epilepsy and showed similar

results (limited evidence). In 119 patients with

known unilateral temporal lobe epilepsy, correct

localization by ictal SPECT was demonstrated in

97 % of cases. Postictal SPECT was correct in

71 % of cases and interictal SPECT in 48 % of

cases. In extratemporal epilepsy, the yield of ictal

SPECT studies was 92 % and postictal SPECT

was 46 %. The interictal SPECT was of little

value in extratemporal epilepsy. A multicenter

study (limited evidence) evaluated ictal and

interictal SPECT in 74 patients with temporal

lobe epilepsy and found the sensitivity was

84 % for ictal SPECT and 55 % for interictal

SPECT [51].

Matsuda and colleagues [52] evaluated 123

patients with temporal and extratemporal lobe

epilepsy using SPECT compared to surgery (lim-

ited evidence). Compared to the surgical site, the

concordance rate was 0.65 for SISCOM and 0.72

for side-by-side visual comparison in temporal

lobe epilepsy; the concordance rate was 0.49 for

SISCOM and 0.45 for side-by-side visual com-

parison in extratemporal lobe epilepsy. Lewis

et al. [53] have reported a small case series (lim-

ited evidence) of 38 patients with seizures not

associated with hippocampal sclerosis using sub-

traction techniques of interictal SPECT from ictal

SPECT. In 58 % of the studies, the subtraction

images “contributed additional information” but

were confusing in 9 %.

Seo et al. [54] reported a small case series of

27 pediatric patients with normal MRI undergo-

ing ictal SPECT and PET study (limited evi-

dence). Eighteen out of 27 cases (67 %) showed

focal localizing features on ictal SPECT, and

21 of 27 cases (78 %) showed abnormal findings

on PET.

FDG-PET
In a level III study (limited evidence) of 312

patients pooled by Spencer [39], PET was com-

pared to EEG for localization. A total of 205

patients had reduced temporal lobe metabolism

of which 98 % were concordant with EEG find-

ings. Thirty-two patients had hypometabolism in

an extratemporal location, which was concordant

with EEG in 56 % of cases. In 75 patients, the

abnormalities were not localized by PET; 36 of

these patients had temporal lobe EEG abnormal-

ities. The diagnostic sensitivity for FDG-PET

was 84 % (specificity of 86 %) for temporal and

33 % (specificity of 95 %) for extratemporal

epilepsy, respectively.

A meta-analysis has been done on PET in

adults with temporal lobe epilepsy from

published English literature from 1992 to 2006

[55] (limited evidence). The authors included

only those articles that reported surgical outcome

and excluded extratemporal lobe epilepsy,

tumors, and children. Forty-six out of 83 studies

were included, and 153 TLE patients were ana-

lyzed. Ipsilateral PET hypometabolism showed

a predictive value of 86 % for good outcome. The

predictive value was 80% in patients with normal

MRI and 72% in patients with non-localized ictal

scalp EEG.

A prospective observational study (moderate

evidence) examined FDG-PET in 51 patients age

ranging from 1 to 60 years with temporal and

extratemporal epilepsy who underwent intracra-

nial EEG and subsequent surgical resection [56].
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The sensitivity, specificity, and positive and neg-

ative predictive values of PET with respect to

seizure freedom following surgery were 59 %,

79 %, 83 %, and 54 %, respectively.

A retrospective study (limited evidence) by

Lee and colleagues [57] evaluated 21 pediatric

patients who had TLE with ictal SPECT and

interictal PET. PET correctly localized the epi-

leptogenic zone in 20 of 21 patients (95 %) and

SPECT in 12 of 15 patients (80%). Another study

by Kim et al. [58] assessed PET and SPECT in

42 children with temporal lobectomy (23 cases)

and extratemporal lobe resection (19 cases)

(limited evidence). PET localized lesions cor-

rectly in 73 % of temporal lesions and 63 % of

extratemporal lesions. SISCOM localized in

67 % of temporal and 85 % of extratemporal

cases. Another study examined 20 children who

had FDG-PET and subsequently undergone epi-

lepsy surgery and were seizure free [59] (limited

evidence). Visual analysis and statistical para-

metric mapping were compared. The sensitivity,

specificity, positive predictive value, and nega-

tive predictive value of visual analysis of FDG-

PET were 62 %, 89 %, 82 %, and 73 % and for

SPM (with p < 0.001) were 71 %, 86 %, 79 %,

and 75 %, respectively. SPM was more likely to

identify medially located epileptic cortical areas

that were missed by visual assessment.

There was one study that evaluated the cost-

effectiveness of additional imaging with PET and

ictal SPECT in patients with intractable epilepsy

undergoing epilepsy surgery. O’Brien et al. [60]

reported the PET and ictal SPECT localized sei-

zures in 75 % and 60 % of cases, respectively.

PET was found to be more cost-effective than

ictal SPECT for Engel class I/II surgical out-

comes in patients with non-localizing or non-

concordant video electroencephalography or

MRI, and sensitivity analysis did not alter the

findings.

Magnetoencephalography (MEG) and
Magnetic Source Imaging (MSI)
MEG measures the extracranial magnetic fields

perpendicular to the direction of intracellular

electrical currents in cortical neurons and is one

of the noninvasive tools to localize the epilepto-

genic zone. When MEG is combined with struc-

tural imaging, this is referred to as magnetic

source imaging (MSI). A systematic review was

conducted on MEG and its use in the presurgical

evaluation of localization-related epilepsy [61]

(limited evidence). The authors reviewed data

in English language from 1987 to 2006 and

included studies that had �4 patients undergo-

ing epilepsy surgery, compared MEG focus to

the resected or operated area, and those that

reported seizure outcomes and had postsurgical

follow-up of �6 months. Seventeen of the

192 articles were analyzed and of these, five

reported patients with only temporal lobe epi-

lepsy, three reported only extratemporal lobe

epilepsy, eight reported both temporal and

extratemporal lobe epilepsy, and one article did

not specify the type of epilepsy. The sensitivity

of MEG was 0.84 � 0.12 (range: 0.20–1.00),

specificity was 0.52 � 0.24 (range: 0.06–1.0),

positive likelihood ratio was 1.07� 0.20 (range:

0.67–2.0), and negative likelihood ratio was

1.12 � 0.72 (range: 0.40–2.13).

Since then, a prospective, blinded, crossover-

controlled, observational case series has been

reported [62] (moderate evidence). Sixty-nine

sequential patients with neocortical partial epi-

lepsy were studied and demonstrated that MSI

provided additional information in 33 % of

cases, led to different intracranial EEG coverage

in 23 %, added intracranial EEG electrodes in

13 %, and changed the surgical decision in

another 20 % of cases.

A prospective observational study (moderate

evidence) examined MSI in 62 patients with tem-

poral and extratemporal epilepsy who underwent

intracranial EEG and subsequent surgical resec-

tion [56]. The authors have found that MSI has

sensitivity of 55 %, specificity of 75 %, positive

predictive value of 78 %, and negative predictive

value of 51 % when compared to the reference

standard of Engel class I surgical outcome. The

study also evaluated the test performance of

MEG, PET, and SPECT in a smaller subset of
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patients (n ¼ 27) who have all three investiga-

tions done. Among the three investigations, ictal

SPECT has the highest sensitivity (62 %), speci-

ficity (86 %), and positive (80 %) and negative

(71 %) predictive values; PET has sensitivity of

54 %, specificity of 86 %, and positive and neg-

ative predictive values of 78 % and 67 %, respec-

tively; MSI has sensitivity of 31 %, specificity of

79 %, positive predictive value of 57 %, and

negative predictive value of 55 %. Subsequently,

the same group of investigators also evaluated the

contribution of MSI on intracranial electrode

placement [63] in 160 patients who had insuffi-

cient seizure localization from seizure semiol-

ogy, EEG, and MRI (moderate evidence). Of

the 77 patients who proceeded to invasive intra-

cranial EEG monitoring, MSI indicated addi-

tional electrode coverage in 23 %, and in 39 %

of patients, seizure-onset intracranial EEG pat-

terns involved the additional electrodes indi-

cated by MSI. Another finding was that highly

localized MSI was significantly associated with

seizure-free outcome for the entire surgical

population.

The American Clinical MEG Society [64]

issued the statement that on the basis of the cur-

rent published evidence, the ACMEGS supports

the routine use of MEG/MSI in presurgical epi-

lepsy evaluation, as it can improve noninvasive

evaluation and can enhance the yield of invasive

studies by directing the placement of grids, strips,

and depth electrodes. In particular, the ACMEGS

supports the routine use of MEG/MSI when tra-

ditional EEG methods and MRI provide insuffi-

cient localizing information. The information

obtained from MEG may in turn reduce overall

costs and improve the accuracy of epilepsy eval-

uations, thus making surgery a more appealing

treatment option.

Functional MRI (fMRI)
fMRI is increasingly used to replace the more

invasive and expensive Wada intracarotid amo-

barbital examination in the lateralization and

location of language in patients who are

candidates for epilepsy surgery. Most fMRI

papers are based on small samples.

One study described procedures and results of

language dominance lateralization in 100 patients

with partial epilepsy performing a covert word

generation task (limited evidence) [65]. The refer-

ence standardwas bilateralWada intracarotid amo-

barbital test (IAT) performed in all cases. The

results impacted clinical decision making. There

was 91 % concordance between both tests. Diver-

gent results between the tasks included two cases in

which the IAT showed absence of lateralization.

Discordance wasmuch higher in cases of left-sided

extratemporal epilepsy (25 %). Another case series

study described the findings of language lateraliza-

tion in a group of 30 patients with temporal lobe

epilepsy (limited evidence) [66]. They used IAT

in 21 cases as the reference standard. Eighteen

cases had temporal resection and further follow-

up. There were no divergent results (i.e.,

methods pointing to the opposite side). One

case showed bilateral fMRI activation and

lateralized IAT. Two cases had bilateral IAT

and left lateralized fMRI.

A prospective study (moderate evidence)

investigated the role of fMRI in the diagnostic

evaluation and surgical treatment of patients with

seizure disorders [67]. In 35 (58.3 %) of the

60 patients, fMRI results altered patient and fam-

ily counseling. In 38 (63.3 %) of the 60 patients,

fMRI avoided further studies including Wada

test. In 31 (51.6 %) and 25 (41.7 %) of the

60 patients, fMRI altered intraoperative mapping

plans and surgical approach plans, respectively.

In 5 (8.3 %) patients, a two-stage surgery with

extra-operative direct electrical stimulation map-

ping was averted and resection could be accom-

plished in a one-stage surgery. In 4 (6.7 %)

patients, the extent of surgical resection was

altered because eloquent areas were identified

close to the seizure focus. The authors concluded

that fMRI influences the seizure team’s diagnos-

tic and therapeutic decision making [67].

A Bayesian analysis study has been performed

to assess the role of fMRI in determining how this
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test modifies pretest to posttest probabilities of

language dominance in the epilepsy population

[68]. The study pooled data from studies published

between 1995 and 2002 on language fMRI com-

pared with Wada tests or electrocortical stimula-

tion as the standard of reference. Two hundred and

forty cases having both examinations were pooled.

From the literature review and utilizing the Wada

test as the reference study, the authors found

that the sensitivity of fMRI in language lateraliza-

tion was 92.5 % (95 % CI: 89.1 %, 95.9 %) and

the likelihood ratio was 12.3 [(sensitivity)/

(1-specificity); 95 % CI: 8.2, 23.4)]. When com-

pared to the reference standard of electrocortical

stimulation, sensitivity was 90.3 % (95 % CI:

80 %–100 %) and the likelihood ratio was 9.3

(95 % CI: 4, 1). From the Bayesian analysis the

authors concluded that epilepsy patients with right-

hand dominance or ambidexterity, the posttest

probability (of truly language lateralization in the

left hemisphere) was greater than 95 %. In the left-

handed epilepsy patients, there was high posttest

probability (80–97 %) of a correlation between

fMRI hemisphere activation and definite left-

handed language dominance [68].

The costs of fMRI and IAT (Wada test) were

compared for the workup of language lateraliza-

tion in patients who were candidates for epilepsy

surgery [69]. Two age-matched groups were stud-

ied prospectively. Twenty-one patients had fMRI

and 18 IAT. Total direct costs of the Wada test

($1130.01 +/� $138.40) and of functional MR

imaging ($301.82 +/�$10.65) were significantly

different (P < 0.001). The cost of the Wada test

was 3.7 times higher than that of functional MR

imaging.

Diffusion Tensor Imaging Tractography
of the Optic Radiations
No large prospective studies have been done to

address the role of diffusion tensor imaging

tractography of the optic radiations in patients

undergoing temporal lobe resection for epilepsy.

Several case series have been reported abnormality

in diffusion tensor tractography of the optic

radiations in patients who developed visual field

defects following temporal lobe resection [70–72]

(insufficient evidence). These studies suggest that

tractography of the optic radiations may be useful

to visualize Meyer’s loop so as to assess the risk of

visual field defect prior to temporal lobe resection.

Yogarajah and colleagues [73] demonstrated the

variability in the distance from the tip of

Meyer’s loop to the temporal pole and that both

the distance from the tip of Meyer’s loop to the

temporal pole and the size of resection were

significant predictors of postoperative visual

field defects in patients undergoing temporal

lobe resection (limited evidence).

Take-Home Tables and Figures

Figure 15.1 provides a decision-making algo-

rithm for seizure disorders.

Tables 15.1 through 15.7 highlight important

data and evidence.

Imaging Case Studies

Figures 15.2 through 15.4 presented below high-

light advantages and limitations of the different

neuroimaging modalities.

Future Research

• To define better the different seizure risk

groups so neuroimaging can be tailored

appropriately

• To determine the advantages, limitations,

indications, and pitfalls of new imaging stud-

ies such as diffusion tensor imaging

• To determine the impact that imaging has

in the outcome of patients with seizure

disorders

• To perform formal cost-effectiveness analysis

of the role of imaging in patients with seizure

disorders

15 Seizure Disorders: Evidence-Based Neuroimaging 273



Seizure Disorder

First Seizure

Child Adult

Febrile Afebrile

Focal or
Meningeal

Signs?
CT-scan

Acute
Symptoms
or Signs?

MRI CT-scan MRI None

YesYes
YesNo

No No

Pathognomonic
EEG of Benign

Epilepsy?
(i.e., Rolandic or
Benign Occipital)

Complex or
Symptomatic

CT-ScanNone

Simple

Epilepsy

Fig. 15.1 Decision-making algorithm for seizure disor-

ders (Reprinted with kind permission of Springer

Science+Business Media from Bernal B, Altman N.

Neuroimaging of seizures. In Medina LS, Blackmore

CC, editors. Evidence-based imaging: optimizing imaging

in patient care. New York: Springer; 2006.)

Table 15.1 Neuroimaging in acute symptomatic seizures (CT/MRI)

Author Number of patients CT/MR % of positives Comments

Eisner et al. [22] 163 19 25 Positive results in 3 % of

the total of patients

Earnest et al. [23] 259 259 6.2 Only patients with seizures

after alcohol withdrawal

were included; 3.9 % of

patients resulted in

significant treatment

changes

Reinus et al. [24] 115 ? 36 Post-acute head trauma

(60 patients had previous

seizure disorder)

Henneman et al. [25] 333 325 41 Seizures no associated

with head trauma

Reprinted with kind permission of Springer Science+Business Media from Bernal B, Altman N. Neuroimaging of

seizures. In Medina LS, Blackmore CC, editors. Evidence-based imaging: optimizing imaging in patient care.

New York: Springer; 2006
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Table 15.2 Neuroimaging in first unprovoked seizure

Author Patients CT/MRI % of positives Comments

Shinnar et al. [27] 218 186/59 34/22 1.8 % significant findings

King et al. [28] 300 263/14 17/8

Hirtz et al. [29] (EBM

review)

18–34 In children: significant

findings in less than 7 %

Maytal et al. [30] 66 66/20 21 None with significant findings

Hopkins et al. [31] 408 408/0 ? 3 % tumors

Schoenenberger et al. [32],

Shinnar et al. [27]

119218 119/0186/59 3434/22 17 % with significant findings

1.8 % significant findings

Garvey et al. [33] 50 50/0 17 12 % with significant findings

Reprinted with kind permission of Springer Science+Business Media from Bernal B, Altman N. Neuroimaging of

seizures. In Medina LS, Blackmore CC, editors. Evidence-based imaging: optimizing imaging in patient care.

New York: Springer; 2006

Table 15.3 Neuroimaging in temporal lobe epilepsy (TLE) and other partial seizures

Author Patients CT/MRI % of positives Comments

Harvey et al. [34] 63 48/58 23/36.5 Study done with two magnets: 0.3 T and 1.5 T.

Etiologies: 13 HS, 8 tumors, 1 cortical dysplasia,

1 arachnoidal cyst, 1 hamartoma

Kramer et al. [35] 143 117/42 (35) Study in children and adolescents. Eight diffuse

atrophies, 8 porencephalic cysts, 6 tumors,

6 neurocutaneous syndromes, 6 dysgeneses.

Neither an abnormality in the neurological exam

nor the type of seizure were predictors for

finding a tumor

Berg et al. [36] 359 (312) (13.8) All pediatric patients. In three normal CT cases,

the MRI was abnormal. The strongest predictor

of abnormal imaging was abnormal motor

examination

Lee et al. [37] 274 0/186 97 Patients with intractable TLE. Sixty-five percent

had HS; 32 had abnormalities in the rest of the

temporal lobe. Forty-two tumors in pediatric

patients

Sinclair et al. [38] 42 39/42 31/64 Patients with intractable partial epilepsy.

Postoperative findings: 13 tumors, 8 HS, 5 dual

pathologies, 4 cortical dysplasias, 4 tuberous

scleroses, 1 porencephalic cyst

Spencer et al. [39] 809 ? 43–55 A total of 370 patients with temporal lobe

abnormalities. The lowest % for extratemporal

lobe epilepsy

Reprinted with kind permission of Springer Science+Business Media from Bernal B, Altman N. Neuroimaging of

seizures. In Medina LS, Blackmore CC, editors. Evidence-based imaging: optimizing imaging in patient care.

New York: Springer; 2006

Table Note: In parenthesis, the reported data is not divided due to lack of further information
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Table 15.4 MRI sensitivity and specificity in temporal lobe epilepsy

Item Sensitivity (%) Specificity (%) Reference

Hippocampal lesion 93 83 Lee et al. [37]

Non-hippocampal temporal lobe lesion 97 97 Lee et al. [37]

Global sensitivity for tumor detection 83 97 Lee et al. [37]

High T2 signal for hippocampal sclerosis 93 74 Lee et al. [37]

High FLAIR signal for hippocampal sclerosis 97 ? Jack et al. [44]

Reprinted with kind permission of Springer Science+Business Media from Bernal B, Altman N. Neuroimaging of

seizures. In Medina LS, Blackmore CC, editors. Evidence-based imaging: optimizing imaging in patient care.

New York: Springer; 2006

Table 15.5 MRI sensitivity and specificity for hippocampal sclerosis

Author Patients Sensitivity Specificity Comments

Spencer et al. [39] 153 71 ? Review

Moore et al. [40] 207* 100 100 * ¼ Study conducted in “normal volunteers”

Two had HS, who had prior history of

seizures in detailed chart review

Jack et al. [41] 41 76 100 Quantitative volumetric measurement of the

hippocampus

Oppenheim et al. [43] 63 92 100 Based on loss of digitations in hippocampal

head

Jack et al. [44] 36 97 ? FLAIR sequence was compared to SE (91 %

sensitivity)

Reprinted with kind permission of Springer Science+Business Media from Bernal B, Altman N. Neuroimaging of

seizures. In Medina LS, Blackmore CC, editors. Evidence-based imaging: optimizing imaging in patient care.

New York: Springer; 2006
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Table 15.6 Functional neuroimaging in epileptic focus detection

Author Proc.

Pte/

proc.
Ictal Postictal Interictal

Commentssen/spec sen/spec sen/spec

Spencer et al. [39] SPECT 108 90/73a 90/73a 66/68a Compared to EEG. False

localization was found in 10–25%81/93b 60/93b

PET 312 – – 84/86a

33/95b

Seo et al. [54] SPECT 27 67/a,b Pediatric patients only

Neocortical epilepsy

PET 27 78/a,b

Lee et al. [57] SPECT 21 80/a Pediatric patients only

PET 21 95/a

Kim et al. [58] SPECT 42 SISCOM: 67/a, 85/b

PET 73/a

63/b

Velasco et al. [48] SPECT 240 59/a

Devous et al. [49] SPECT 624 97/a 75/a 44/a Compared to EEG and/or surgical

outcome

Newton et al. [50] SPECT 177 97/a 71/a 48/a

92/a 46/b –

Matsuda et al. [52] SPECT 123 Side-by-side visual assessment:

72/a, 45/b; SISCOM: 65/a, 49/b

Willmann et al. [55] PET 153 86/a Meta-analysis

Knowlton et al. [56] PET 51 59/79a,b

Kumar et al. [59] PET 20 Visual analysis:

62/89a,b; SPM:

71/86a,b

Pediatric patients only

Lau et al. [61] MEG 244 84/52a,b Meta-analysis

Sutherling et al. [62] MEG 69 MEG provided additional

information in 33 %, changed

surgical decision in 20 %

Knowlton et al. [56] MEG 62 55/75a,b

Knowlton et al. [63] MEG 77 MEG indicated additional

electrode coverage in 23 %

Reprinted with kind permission of Springer Science+Business Media from Bernal B, Altman N. Neuroimaging of

seizures. In Medina LS, Blackmore CC, editors. Evidence-based imaging: optimizing imaging in patient care.

New York: Springer; 2006
aIn temporal lobe epilepsy
bIn extratemporal lobe epilepsy
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Table 15.7 Functional MRI in language lateralization for epilepsy surgery

Author Paradigm Patients

Reference

standard Sensitivity % Comments

Woermann et al. [65] Word

generation

100 Bilateral

IAT

91 Cases with localization-related

epilepsy. Discordant categorization

between fMR and IAT includes

absence of IAT lateralization in

two cases

Gaillard et al. [66] Reading

and naming

30 Bilateral

intracarotid

amobarbital

test (IAT)

93 All cases temporal lobe epilepsy.

No disagreement with reference

standard

Reprinted with kind permission of Springer Science+Business Media from Bernal B, Altman N. Neuroimaging

of seizures. In Medina LS, Blackmore CC, editors. Evidence-based imaging: optimizing imaging in patient care.

New York: Springer; 2006

Fig. 15.2 (a, b) CT versus MRI sensitivity in non-acute

symptomatic seizure. This figure illustrates the higher

sensitivity of MRI in the detection of cortical dysplasia.

The transverse CT (a) is compared to theMR (b) in a child
with intractable epilepsy and postural plagiocephaly. The

region of cortical dysplasia in the left parasagittal frontal

lobe is clearly seen only on the MRI exam by the loss of

gray–white matter interface and the increased

T2-weighted signal intensity (Reprinted with kind

permission of Springer Science+Business Media

from Bernal B, Altman N. Neuroimaging of seizures.

In Medina LS, Blackmore CC, editors. Evidence-based

imaging: optimizing imaging in patient care. New York:

Springer; 2006)
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Fig. 15.3 T2-inversion recovery MRI. The image corre-

sponds to a patient with intractable epilepsy and EEG

findings of left temporal origin. Coronal image at the

level of the temporal lobes demonstrates left hippocampal

sclerosis characterized by reduction in size, and increased

signal intensity (arrows), compared to the normal right

hippocampus (Reprinted with kind permission of Springer

Science+Business Media from Bernal B, Altman N.

Neuroimaging of seizures. In Medina LS, Blackmore

CC, editors. Evidence-based imaging: optimizing imaging

in patient care. New York: Springer; 2006)

Fig. 15.4 (a, b). (a) Fluid-attenuated inversion recovery

(FLAIR) at 1.5 T does not demonstrate a lesion in a patient

with rolandic epilepsy. (b) FLAIR at 3 T shows high

signal in the cortex anterior to the left precentral gyrus

(arrow), in keeping with focal cortical dysplasia
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Key Points

• By differentiating potentially treatable causes,

structural imaging with either CT or MRI

influences patient management during the

initial evaluation of dementia (strong

evidence).

• No evidence exists on the choice of either CT

or MRI for the initial evaluation of dementia

(insufficient evidence).

• Diagnostic accuracy of PET and SPECT to

distinguish patients with AD from normal is

not higher than clinical evaluation (moderate

evidence).

• Hippocampal atrophy on MR-based

volumetry and regional decrease in cerebral

perfusion on SPECT correlates with the path-

ologic stage in AD (moderate evidence).

• PET, SPECT, and dynamic susceptibility

contrast-enhanced MRI are not cost-effective

for the diagnostic workup of AD with the

assumed minimal effectiveness of the drug

donepezil hydrochloride (moderate evidence).

• Use of PET in early dementia can increase the

accuracy of clinical diagnosis without adding

to the overall costs of the evaluation (moderate

evidence).

• Longitudinal decrease in MR-based hippo-

campal volumes, NAA levels on 1H MRS,

glucose metabolism on PET, and cerebral

blood flow on SPECT are associated with the

rate of cognitive decline in patients with AD

(moderate evidence).

• The validity of imaging techniques as

surrogate markers for therapeutic efficacy in

AD has not been tested in a positive

disease-modifying drug trial (insufficient

evidence).

Definition and Pathophysiology

AD is a progressive neurodegenerative dementia.

The pathological hallmarks of AD are accumula-

tion of neurofibrillary tangles and senile plaques.

The neurofibrillary pathology, which is

associated with cognitive dysfunction, neuron,

and synapse loss, involves the limbic cortex

early in the disease course and extends to the

neocortex as the disease progresses. In addition

to the histopathological changes, there is

a gradual loss of cholinergic innervation in AD,

which has been the basis for cholinesterase inhib-

itor therapy.

Epidemiology

AD is the most common cause of dementing

illnesses. Prevalence of AD increases with age,

and the disease is becoming a significant health

problem as the aging population grows [1, 2].

In 2010, the prevalence of AD in Americans

age 65 or older was over five million. The prev-

alence is projected to increase to 13.5 million

by 2050 [3].

Overall Cost to Society

The cost to US society has been estimated at

172 billion dollars per year in 2010, and it is

projected to increase to over 1.08 trillion dollars

by 2050 [3].

Goals of Imaging

The goals of imaging are to: (1) exclude

a potentially reversible cause of dementia in

subjects with possible Alzheimer’s disease,

(2) identify subjects at risk for Alzheimer’s

disease, (3) quantify stage of disease to enable

tracking of treatment response, and (4) identify

subjects who may respond to therapy. Although

no currently available treatments have been proven

to stabilize or reverse the neurodegenerative pro-

cess, phase III clinical trials of disease-modifying

agents (anti-amyloid-b antibodies) in the mild to

moderate stages of dementia are underway to

assess for cognitive benefit [4–7]. Imaging

markers that can accurately discriminate individ-

uals at risk and are sensitive to disease onset and

progression are needed for trials involving

disease-modifying therapies.
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Methodology

A literature search was conducted using

MEDLINE. The search included articles

published from January 1966 to February 2004.

The main search term was Alzheimer or

Alzheimer’s disease. Other terms combined

with the main topic were: clinical diagnosis,

clinical criteria, neuroimaging, MRI, MR spec-

troscopy, PET, SPECT, and cost-effectiveness.

The MEDLINE search yielded 3,284 articles.

Animal studies, non-English articles, and articles

published before 1980 were excluded, and only

articles relevant to our search questions were

included for review. An update was performed

in October 2011 to include articles published

between March 2004 and September 2011.

The MEDLINE search returned 2,496 articles

using similar search criteria.

Discussion of Issues

How Accurate Are the Clinical Criteria
for the Diagnosis of AD?

Summary

There is strong evidence that DSM-IIIR and

NINCDS-ADRDA criteria are reliable for the

diagnosis of dementia and AD (strong evidence).

There are, however, limitations to the data

supporting clinical criteria for the diagnosis of

AD. Diagnostic accuracy of clinical criteria may

vary with the extent of the disease and the skills

of the clinician. Clinical criteria for AD need to

be validated by clinicians with different levels of

expertise and at different clinical settings if such

criteria will have widespread use to identify

patients for therapeutic interventions (insufficient

evidence).

Supporting Evidence
Clinical diagnosis of AD in a living person is

labeled either possible or probable AD. Definite

diagnosis of AD requires tissue examination,

through biopsy or autopsy of the brain. Histopath-

ologic hallmarks of the disease are neurofibrillary

tangles and senile plaques, which show marked

heterogeneity in the pathologic progression of

AD, and are also encountered to a lesser

extent in elderly individuals with normal cogni-

tion [8–12]. Thus, the boundary between the his-

topathologic changes in elderly individuals

considered to be cognitively normal and patients

with AD is quantitative, not qualitative. The most

recent recommendations for diagnosis of AD by

the work group sponsored by the National

Institute on Aging and the Alzheimer’s Associa-

tion define AD as “the clinical signs and

symptoms of cognitive and behavioral changes

that are typical for patients who have substantial

AD neuropathologic change.” The workgroup

also provides recommendations on diagnosis of

mild cognitive impairment (MCI) due to AD, the

“symptomatic predementia phase” of AD. These

diagnoses are intended to be made on the basis of

clinical judgment alone [13–15].

Diagnostic accuracy of clinical criteria is

assessed by using pathologic diagnosis as

a standard. A shortcoming of this approach is

that clinical and pathologic findings do not

correlate perfectly. For example, some clinically

demented patients do not meet the pathologic

criteria for AD or any other dementing illness.

Similarly, some patients who are clinically

normal have extensive pathological changes of

AD. However, from a practical standpoint, by

taking pathologic diagnosis as a gold standard,

it is possible to assess the diagnostic accuracy of

clinical or neuroimaging criteria for the diagnosis

of AD. The two commonly used clinical

criteria that were subject to assessment for

the diagnosis of dementia and AD are the

Diagnostic and Statistical Manual, 3rd edition

(DSM-IIIR) [16], and the National Institute of

Neurologic, Communicative Disorders and

Stroke–AD and Related Disorders Association

(NINCDS-ADRDA) criteria [17].

When both DSM-IIIR and NINCDS-ADRDA

criteria are applied to the diagnosis,

clinical-pathological correlation ranges from

75 % to 90 % in studies involving a broad

spectrum of patients [18–20] (strong evidence).

The disagreement between clinical and pathologic

diagnosis in 10–25 % of the cases provides the
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motivation to develop neuroimaging markers that

can accurately identify the effects of AD pathol-

ogy even in the presymptomatic phase.

Sensitivity of DSM-IIIR and NINCDS-

ADRDA criteria for the diagnosis of AD ranges

from 76 % to 98 % and specificity from 61 % to

84 % [21–25] providing strong evidence that the

accuracy of the two commonly used clinical

criteria for identifying pathologically diagnosed

AD is good but show marked variability across

academic centers. When community-based and

clinic-based patients were evaluated by the

same physicians, both sensitivity and specificity

of the clinical diagnosis were lower for the

community than for the clinic-based cohorts

(92 % and 79 % for community vs. 98 % and

84 % for clinic) [21] (strong evidence).

Inter-rater agreement on the diagnosis of

dementia and AD with DSM-IIIR criteria and

NINCDS-ADRDA criteria has been good

(kappa ¼ 0.54–0.81 for DSM-IIIR [26, 27] and

kappa ¼ 0.51–0.72 for NINCDS-ADRDA

criteria [22, 28]) in population-based studies

(strong evidence).

Does Neuroimaging Increase Accuracy
of the Diagnosis of AD in the
Clinical Setting?

Structural Neuroimaging
Summary

The traditional use of structural neuroimaging

to differentiate potentially reversible or modifi-

able causes of dementia such as brain tumors,

subdural hematoma, normal pressure hydro-

cephalus, and vascular dementia from AD is

widely accepted [29]. There is strong evidence

that structural imaging influences patient

management during the initial evaluation of

dementia. There is moderate evidence that the

diagnostic precision of structural neuroimaging

is higher with volume measurements than visual

evaluation especially in mildly demented

cases, but the figures are still comparable to

clinical evaluation.

Supporting Evidence
Besides the potential causes of dementia men-

tioned above, structural neuroimaging can also

identify anatomic changes that occur due to the

pathologic involvement in AD [30]. Neurofibril-

lary pathology which correlates with neuron loss

and cognitive decline in patients with AD follows

a hierarchical topologic progression course in the

brain [10, 31–33]. It initially involves the

anteromedial temporal lobe and limbic cortex;

as the disease progresses, it spreads over to neo-

cortex and lastly involves the primary sensory

cortices [31]. The macroscopic result of this path-

ologic involvement is atrophy, which is related to

the decrease in neuron density [34]. For this rea-

son, the search for anatomic imaging markers of

AD has targeted the anteromedial temporal lobe,

particularly the hippocampus and entorhinal

cortex, which are involved earliest and most

severely with the neurofibrillary pathology and

atrophy in AD.

One study with a pathologically confirmed

cohort [35] revealed that structural neuroimaging

can help to identify vascular dementia or vascular

component of AD (mixed dementia) by increas-

ing the sensitivity of the clinical evaluation from

6 % to 59 %, and management of the vascular

component may in turn slow down cognitive

decline (strong evidence).

Visual evaluation or measurements of the

anteromedial temporal lobe width with CT

detected 80–95 % of the pathologically

confirmed AD cases [25, 36]. However, the

accuracy declined to 57 % when only mild AD

cases with low pretest probability were quota

studied, and the clinical diagnosis with

NINCDS-ADRDA criteria was more accurate

than CT measurements for identifying AD

patients at pathologically early stages of the

disease (strong evidence) [36].

A reliable and reproducible method for

quantifying medial temporal lobe atrophy is

MR-based volume measurements of the hippo-

campus and the entorhinal cortex [30, 37, 38].

Antemortem hippocampal atrophy was not found

to be specific for AD in a pathologically
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confirmed cohort; however, hippocampal

volumes on MRI correlated well with the patho-

logic stage of the disease (r ¼ –0.63, p ¼ 0.001)

[39]. Structural neuroimaging changed clinical

diagnosis in 19–28 % of the cases, and

changed patient management in 15 % [40]

(strong evidence).

Visual evaluation of the anteromedial tempo-

ral lobe for atrophy on MRI to differentiate

patients with AD from normal had a sensitivity

of 82–91 % and a specificity of 82–98 % in

clinically confirmed cohorts [40–43]. Although

visual evaluation of the temporal lobe accurately

distinguishes AD patients in experienced hands,

evidence is lacking on the precision of visual

evaluation at different clinical settings. Diagnos-

tic accuracy of this technique for distinguishing

AD patients from normal has been 79–94 % in

clinically confirmed cohorts [44, 45], being

comparable in mildly and moderately demented

cases [46]. Routine use of volumetry techniques

for the diagnosis of AD may be time-consuming

and cumbersome in a clinical setting. However,

the intimate correlation between pathologic

involvement and hippocampal volumes is

encouraging for the use of hippocampal

volumetry as an imaging marker for disease pro-

gression (moderate evidence). By differentiating

potentially treatable causes, structural imaging

with either CT or MRI influences patient man-

agement during the initial evaluation of dementia

(strong evidence). Evidence is lacking for the

choice of either CT or MRI. CT may be appro-

priate when a brain tumor or subdural hematoma

is suspected; MRI may be the modality of choice

for vascular dementia because of its superior

sensitivity to vascular changes. The decision

should be based on clinical impression at this

time (insufficient evidence).

Functional Neuroimaging
Summary

SPECT and PET are the two widely investigated

functional neuroimaging techniques in AD.

Measurements of regional glucose metabolism

with PET and regional perfusion measurements

with SPECT indicate a metabolic decline and

a decrease in blood flow in the temporal and

parietal lobes of patients with AD relative to

normal elderly. There is moderate evidence that

diagnostic accuracy of either SPECT or PET is

not higher than the clinical criteria in AD. None-

theless, both functional imaging techniques

appear promising for differentiating other

dementia syndromes (frontotemporal dementia

and dementia with Lewy bodies) from AD due

to differences in regional functional involvement.

Supporting Evidence
With visual evaluation of SPECT images for

temporoparietal hypoperfusion, the sensitivity

for distinguishing AD patients from normal dif-

fered from 42 % to 79 % at a specificity of

86–90 %, being lower in patients with mild than

severe AD in both clinically and pathologically

confirmed cases [47–49], and not superior to the

clinical diagnosis based on NINCDS-ADRDA

criteria [50] (strong evidence). The regional

decrease in cerebral perfusion on SPECT corre-

lated with the neurofibrillary pathology staging of

AD [51] (strong evidence). SPECT increased the

accuracy of clinical evaluation for identifying

AD pathology; however, cases with other types

of dementia were not included [52] (moderate

evidence).

Sensitivity and specificity of the

temporoparietal metabolic decline on PET for

differentiating pathologically confirmed AD

from normal was 63 % and 82 %, respectively,

similar to the sensitivity (63%) but lower than the

specificity (100 %) of clinical diagnosis in the

same cohort [53] (strong evidence). On the

other hand, occipital hypometabolism on PET

distinguished pathologically confirmed patients

with dementia with Lewy bodies from AD with

a comparable specificity (80 %) and higher

sensitivity (90 %) than clinical evaluation (strong

evidence) [54, 55].

Visual evaluation of SPECT images for

temporoparietal hypoperfusion distinguished

clinically confirmed AD patients from those

with frontotemporal dementia by correctly
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classifying 74 % of AD patients with decreased

blood flow in the parietal lobes and 81 % of

frontotemporal dementia patients with decreased

blood flow in the frontal lobes [56] (moderate

evidence).

Visual interpretation of PET images for

temporoparietal glucose metabolism was reliable

[kappa ¼ 0.42–0.61 (Hoffman 1996) and ICC

0.86–0.96 (Mosconi 2005)] [57, 58], and PET

was more useful than SPECT for differentiating

clinically confirmed patients with AD from

normal elderly [59]. With automated data analy-

sis methods, PET could distinguish clinically

confirmed AD cases from normal with sensitivity

of 93–99 % at 93–98 % specificity [60, 61]

(moderate evidence).

Other MR Techniques
Summary
Due to the ease of integrating an extra pulse

sequence into the standard structural MRI exam,

and advantage of obtaining metabolic or func-

tional information different from that of the

anatomic MRI, other MR techniques have also

been investigated for the diagnosis of AD. Utility

of these MR techniques remains to be confirmed

with the standard of histopathology (moderate

evidence).

Supporting Evidence

One of the most extensively studied MR tech-

niques for the diagnosis of AD is 1H MR

spectroscopy (1H MRS), which provides bio-

chemical information from hydrogen proton-

containing metabolites in the brain (Fig. 16.1).

Decrease in the ratio of the neuronal metabolite

N-acetylaspartate (NAA) to the metabolite

myoinositol (MI) distinguished AD patients

from normal with a sensitivity of 82–83 % and

specificity of 80–85 % in a pathologically

confirmed cohort [62]. Decrease in NAA levels

on 1H MR spectroscopy of the frontal lobe

also distinguished clinically diagnosed patients

with frontotemporal dementia from patients

with AD with an accuracy of 84 % [63]

(moderate evidence). Another functional imaging

technique: dynamic susceptibility MRI has been

proposed as an alternative to SPECT for quanti-

tation of temporoparietal hypoperfusion in AD,

and the sensitivity and specificity of this

technique has been comparable to SPECT [64]

(moderate evidence).

Diagnostic accuracy of other quantitativeMRI

techniques: diffusion-weighted MR imaging

(DWI) and magnetization transfer MR imaging

to distinguish AD patients from normal elderly in

clinically confirmed cohorts were lower than

clinical evaluation [65, 66], and evidence is

lacking on the diagnostic accuracy of either func-

tional MRI or phosphorous (31P)-MRS in AD

(insufficient evidence).

Can Neuroimaging Identify Individuals
at Elevated Risk and Predict Future
Development of AD?

Prodromal AD or Mild Impairment
Syndromes
Summary

There is moderate evidence that quantitative MR

techniques and PET are sensitive to the structural

and functional changes in patients with amnestic

mild cognitive impairment (MCI). MR-based

evaluation of the hippocampal volumes is

associated with the rate of future development

of AD in individuals with MCI based on clini-

cally confirmed cases, and PET can predict

subsequent clinical behavior in cognitively

normal elderly.

Supporting Evidence

Risk groups for AD are composed of individuals

identified either through clinical examination,

or family history and genetic testing, who have

a greater probability of developing AD than

members of the general population,

and in whom the relevant exposures are absent.

The rationale for identifying imaging criteria

for those at elevated risk comes from

recent advances on disease-modifying therapies.

Individuals with elevated probability of
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developing AD are the primary targets of these

treatments trials aimed to prevent or delay the

neurodegenerative process. Thus, biomarkers

that can accurately distinguish individuals at

risk and predict if and when they will develop

AD are required in order to utilize these interven-

tions before the neurodegenerative disease

advances and irreversible damage occurs.

Aging is a risk factor for AD, and elderly

individuals who develop AD pass through

a transitional phase of a decline in memory func-

tion before meeting the clinical criteria for AD

[67]. This early symptomatic or prodromal phase

has several clinical definitions, some of which are

as follows: MCI, age-associated memory impair-

ment, clinical dementia rating score of 0.5,

cognitive impairment, or minimally impaired.

While the clinical criteria for each syndrome

show similarities, they are subtly different.

Longitudinal studies show that individuals with

MCI, specifically amnestic MCI, are at a higher

risk of developing AD than normal elderly [68].

Patients with MCI possess the earliest features of

AD pathology with neuron loss and atrophy in the

anteromedial temporal lobe, specifically the ento-

rhinal cortex, which is involved in memory

processing [69]. There is strong evidence that

there is an association between pathologic

involvement and cognitive impairment in the

evolution of AD [8, 10, 11]. Hence, patients with

MCI reside between normal aging and AD, both in

the pathological and in the cognitive continuum

(Fig. 16.2) (strong evidence).

In concordance with the pathologic evolution

of AD, MR-based volumetry identified smaller

hippocampal and entorhinal cortex volumes in

patients with MCI than normal elderly [37, 70]

(Fig. 16.3a–d). Among several regions in the

temporal lobe, reduced hippocampal volumes

on MRI and hippocampal glucose metabolism

on PET were the best discriminators of

patients with MCI from normal elderly [71].

Hippocampal volumes were also comparable to

entorhinal cortex volumes for distinguishing

patients with MCI [37, 71], elderly individuals

with mild memory problems, and very mild AD

[72, 73] from normal (moderate evidence).

Other quantitative MRI techniques like DWI

and magnetization transfer MRI measurements

have also revealed that the diffusivity of water is

increased and magnetization transfer ratios are

decreased in the hippocampi of patients with

MCI relative to normals, both of which indicate

an increase in free water presumably due to

hippocampal neuronal damage [65, 74, 75]

(moderate evidence).

Because all patients with MCI do not develop

AD at a similar rate, markers that can predict the

rate of development of AD have important

implications for assessing the effectiveness of

therapies aimed at preventing or delaying

development of AD in patients with MCI.

Premorbid hippocampal and parahippocampal

volumes [76], visual ranking of hippocampal

atrophy [77, 78], and measurements of entorhinal

cortex volume [73] were associated with future

development of AD in patients with mild memory

difficulties and MCI. PET [79–81] and SPECT

[82–84] have also been shown to predict

subsequent development of MCI and AD

in clinically determined normal elderly individ-

uals, people with memory impairment, MCI, and

questionable AD (moderate evidence).

Two 1HMRS studies revealed thatMI/creatine

(Cr) levels are higher in bothMCI and AD patients

than normal elderly. Furthermore, NAA/Cr levels

were lower in AD but not in MCI patients than

normal elderly in the posterior cingulate gyri of

clinically confirmed cases [85, 86] (Fig. 16.4).

Similar findings were encountered from neocorti-

cal regions in mild AD patients [87], which

suggest that MI/Cr levels increase before

a significant decrease in the neuronal metabolite

NAA/Cr (moderate evidence).

The finding of an early increase in MI/Cr

in MCI is encouraging because NAA/Cr is

a marker for neuronal integrity. Thus, increase

in MI/Cr levels in patients with MCI may predict

future development of AD before substantial

neuronal damage occurs. This hypothesis

remains to be tested with longitudinal studies on

these individuals (insufficient evidence).
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No study has yet investigated the pathologic

correlates of neuroimaging findings in patients

with MCI (insufficient evidence).

Asymptomatic ApoE ∈4 Carriers
Summary

The most recognized susceptibility gene in

sporadic AD is ApoE ∈4 allele, which has been

shown to influence age of onset [88] and

amyloid plaque burden [89] in AD. Posterior

cingulate gyrus hypometabolism, and the rate

of decline in glucose metabolism on PET, is

associated with ApoE genotype in people with

normal cognition (moderate evidence).

Supporting Evidence
While some studies showed that ApoE genotype

does not have any influence on hippocampal

volumes [90, 91], others found an association

between ApoE genotype and medial temporal

lobe atrophy [92, 93]. The dissociation between

hippocampal volumes and ApoE genotype may

increase the accuracy of both markers for

predicting development of AD in the elderly,

when combined in prediction models. Posterior

cingulate gyrus hypometabolism, and the rate of

decline in glucose metabolism on PET on the

other hand, is associated with ApoE genotype in

people with normal cognition [94–96] (moder-

ate evidence).

Evidence is lacking on the predictive value

of PET for development of AD in carriers versus

noncarriers of the ApoE ∈4 allele, which

requires further investigation with longitudinal

studies. No studies were identified on the

neuroimaging correlates of ApoE genotype in

pathologically confirmed cohorts (insufficient

evidence).

Is Neuroimaging Cost-effective for
Clinical Evaluation of AD?

Summary

Current treatment options for AD may reduce the

social and economic costs of the disease by

slowing the rate of cognitive decline,

improving the quality of life, and delaying

nursing home placement. Neuroimaging may

contribute to identification of individuals with

early AD who may benefit from such therapies.

Use of PET in early dementia can increase the

accuracy of clinical diagnosis without adding

to the overall costs of the evaluation (moderate

evidence). However, the cost-effectiveness

analysis revealed that addition of SPECT,

dynamic susceptibility contrast-enhanced

MRI, and PET to the diagnostic workup of

AD was not cost-effective considering the

currently available treatment options

(moderate evidence).

Supporting Evidence

One study indicated that PET increases the

diagnostic accuracy for early AD, reducing

the rate of false-negative and false-positive

diagnosis, avoiding unnecessary treatment

costs and late interventions, without increasing

the costs of evaluation and management of

AD [97]. On the other hand, the cost-

effectiveness analysis of SPECT, dynamic sus-

ceptibility contrast-enhanced MRI [98], and

PET [99, 100] for the diagnosis of AD revealed

that addition of functional neuroimaging to the

diagnostic workup of AD in an Alzheimer

disease clinic is not cost-effective with the

assumed effectiveness of the drug donepezil

hydrochloride (moderate evidence).

Cost-effectiveness of a diagnostic modality

is directly related to the effectiveness of the

therapy for the condition being diagnosed.

Thus, cost-effectiveness studies on the diagnos-

tic procedures in AD should be viewed in the

context of minimal effectiveness of currently

available treatment options. Outcome of

cost-effectiveness analyses of diagnostic

modalities in AD could change dramatically

when more effective therapies become

available. No study investigated the

cost-effectiveness of neuroimaging in clinical

decision making in pathologically confirmed

cohorts (insufficient evidence).
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Can Neuroimaging Be a Surrogate for
Disease Progression and Therapeutic
Efficacy in AD?

Summary
Recent advances in treatments aimed at

inhibiting the pathologic process of AD created

a need for biologic markers that can accurately

measure the effectiveness of therapeutic inter-

ventions. Neuropsychologic measures of mem-

ory and cognitive function can monitor the

symptomatic progression in patients with AD.

Yet, monitoring biological progression is only

possible with markers closely related to the

neurodegenerative pathology. The usefulness of

neuroimaging as a surrogate for therapeutic

efficacy in AD remains to be tested in trials with

large cohorts and positive therapeutic outcomes.

Currently, there is insufficient evidence that neu-

roimaging can be a surrogate for therapeutic effi-

cacy in AD (insufficient evidence).

Supporting Evidence
MR-based hippocampal volumetry and regional

perfusion on SPECT correlate with the stage of

pathologic involvement in AD [39, 51] (strong

evidence). Serial measurements of whole brain

volumes using the boundary shift integral method

on MRI [101–103] and MR-based hippocampal

volumetry [104, 105] revealed that rate of atro-

phy is associated with cognitive decline in

patients with AD overtime. Serial MR measures

of rate of atrophy in AD may be a valuable sur-

rogate in drug trials. Serial brain to ventricular

volume ratio measurements on MRI indicate that

to detect a 20 % excess rate of atrophy with 90 %

power in AD in 6 months, 135 subjects would be

required in each arm of a randomized placebo-

controlled trial, and for 30 % excess rate of

atrophy, 61 subjects would be required [106]

(moderate evidence).

MR-based volume measurements of the whole

brain and the hippocampus are valid macroscopic

measures of ongoing atrophy in AD. Functional

imaging techniques on the other hand, provide

markers related to the neurodegenerative

pathology at microscopic level. Longitudinal

decrease of the neuronal metabolite NAA on 1H

MRS [107, 108], regional glucose metabolism on

PET [109], and cerebral blood flow on SPECT

[110, 111] are associated with the cognitive

decline in AD (moderate evidence).

Although it is possible to monitor AD pathol-

ogy once it is established, irreversible damage

characterized by neuron and synapse loss in the

anteromedial temporal lobe starts earlier [8–12].

The effectiveness of disease-modifying treat-

ments is expected to be greatest on those patients

who are at the very early stages of pathologic

involvement but have not yet met the current

clinical criteria for AD. For these treatment trials,

the most crucial stage for monitoring pathologic

progression is the prodromal phase, such as

MCI [68]. Rate of hippocampal volume loss mea-

sured with serial MRI exams in patients withMCI

and normal elderly individuals correlates with

cognitive decline, as these individuals progress

in the cognitive continuum from normal to MCI

and to AD [112] (moderate evidence). Similarly,

the decrease in whole brain volumes [113] and

cerebral metabolism on PET [114] are associated

with cognitive decline in patients under genetic

risk of developing AD, although outcome of

these risk groups are not known at this time

(moderate evidence).

Clinical rating scales and neuropsychological

tests are regarded as the gold standard for

assessing disease progression and therapeutic

efficacy in AD. However, imaging markers

may be more accurate in measuring pathologic

progression. Estimated sample sizes required to

power an effective therapeutic trial (25–50 %

reduction in rate of deterioration over 1 year)

in MCI indicate that the required sample sizes

are substantially smaller for MRI volumetry

than commonly used cognitive tests or clinical

rating scales at the early stages of disease

progression [115]. These data support the use

of MRI along with clinical and psychometric

measures as surrogate markers of disease

progression in AD therapeutic trials (moderate

evidence).
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Take-Home Tables and Figures

Tables 16.1 and 16.2 and Figs. 16.1 and 16.2

serve to highlight key recommendations and

supporting evidence.

Imaging Case Studies

Case 1: T1-weighted three-dimensional spoiled

gradient echo images at the level of hippocam-

pal heads showing subjects with MCI and AD

as well as normal subjects (Fig. 16.3a–d).

Case 2: 1H MR spectra obtained from the poste-

rior cingulate volume of interest (VOI) with an

echo time of 30 ms in normal subjects and

subjects with MCI and AD (Fig. 16.4).

Suggested Imaging Protocols

CT Imaging

• CT without contrast. Axial 5–10 mm

images should be used to assess for cerebral

hemorrhage, mass effect, normal pressure

hydrocephalus, or calcifications.

• CT with contrast. Axial 5–10 mm enhanced

images should be used in patients with

suspected neoplasm, infection, or other focal

intracranial lesion. If indicated, CT angiography

can be performed as part of the enhanced CT.

Table 16.1 Sensitivity and specificity of neuroimaging techniques in distinguishing Alzheimer’s disease from normal

elderly

Source N-controls N-AD Neuroimaging modality Sensitivity Specificity

Jack et al. [46] 126 94 MRI (hippocampal volumes) CDR 0.5: 78 % 80 %

CDR 1: 84 %

CDR 2: 87 %

O’Brien et al. [40] 40 77 MRI (visual evaluation) 83 % 80 %

Laasko et al [45] 42 55 MRI (hippocampal volumes) 82–90 % 86–98 %

Wahlund et al. [41] 66 41 MRI (visual evaluation + MMSE scores) 95 % 96 %

Xu et al. [37] 30 30 MRI (hippocampal volumes) 83 % 80 %

Burton et al. [42]a 35 11 MRI (visual evaluation) 91 % 94 %

Duara et al. [43] 208 53 MRI (visual evaluation 85 % 82 %

Herholtz et al. [60] 110 395 PET (automated analysis) 93 % 93 %

Silverman et al. [116]a 97 18 PET (visual evaluation) 94 % 73 %

Mosconi et al. [61] 110 199 PET (automated analysis) 99 % 98 %

Claus et al. [47] 60 48 SPECT (visual evaluation) 42–79 %b 90 %

Kantarci et al. [62]a 34 20 1H MRS (myoinositol/N-acetylaspartate) 82–83 % 80–85 %

Kantarci et al. [117] 61 22 1H MRS (N-acetylaspartate/myoinositol) 82 % 80 %

Reprinted with kind permission of Springer Science+Business Media from Kantarci K, Jack Jr CR. Neuroimaging in

Alzheimer disease. In:Medina LS, Blackmore CC, editors. Evidence-based imaging: optimizing imaging in patient care.

New York: Springer; 2006

CDR clinical dementia rating scale, MMSE mini-mental status examination, MRI magnetic resonance imaging, MRS
magnetic resonance spectroscopy, PET positron emission tomography, SPECT single photon emission computed

tomography
aThe diagnoses were pathologically confirmed
bMild to severe AD
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MR Imaging

• A scout image is acquired to ensure symmetric

positioning of the brain within the field of

view.

• Sagittal T1-weighted spin-echo sequence

(TR/TE ¼ 500/20) for standard diagnostic

purposes and measuring intracranial volume

where applicable.

Fig. 16.1 Receiver operating characteristic (ROC) plots

of MR measurements in distinguishing patients with

a clinical diagnosis of AD from cognitively normal

elderly. MRI-based hippocampal volumetry (W scores),

hippocampal apparent diffusion coefficients (ADC) on

diffusion-weighted MRI, N-acetylaspartate/myoinositol

(NAA/mI) on 1H MR spectroscopy, and the multivariate

model derived from these three MR measurements were

plotted. While the multivariate model is slightly more

accurate in distinguishing AD from normal, there is no

significant difference between the hippocampal W scores

and NAA/mI in distinguishing the two groups. The hip-

pocampal ADC on the other hand is less accurate than

hippocampal W scores and NAA/mI [117] (From

Kantarci K, Xu YC, Shiung MM, et al. Comparative

diagnostic utility of different MR modalities in mild cog-

nitive impairment and Alzheimer’s disease. Dementia

Geriatric Cognitive Disord. 2002;14(4):198–207; with

permission)

Table 16.2 Suggested diagnostic evaluation for

suspected dementia or MCI

1. Detailed clinical evaluation

2. Structural imaging with CT or MRI

3. PET and SPECT if the diagnosis is still uncertain

Reprinted with kind permission of Springer Science+

Business Media from Kantarci K, Jack Jr CR. Neuroim-

aging in Alzheimer disease. In: Medina LS, Blackmore

CC, editors. Evidence-based imaging: optimizing imaging

in patient care. New York: Springer; 2006
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• Coronal three-dimensional volumetric

acquisition with 124 partitions and 1.6 mm

slice thickness (TR/TE/flip angle ¼ 23/6/25).

• Axial double spin-echo (TR/TE ¼ 2200/ 30

and 80) or axial fast-FLAIR (fluid

attenuation inversion recovery) sequences

(TR/TE/TI ¼ 16000/140/2600) for standard

diagnostic purposes and assessment of cere-

brovascular disease.

• In patients with suspected neoplasm, infec-

tion, or focal intracranial lesions, gadolin-

ium-enhanced T1-weighted conventional

spin-echo (TR/TE ¼ 500/20) images should

be acquired in at least two planes.

FDG-PET and SPECT Imaging

• Standard brain FDG-PET and SPECT proto-

cols can be used.

Normal
Elderly

MCI

AD

Pathologic Progression

C
og

ni
tiv

e 
F

un
ct

io
n

Fig. 16.2 In the cognitive continuum, people with mild

cognitive impairment (MCI) reside at a transitional clini-
cal state between cognitively normal elderly and people

with Alzheimer’s disease (AD). People with MCI are also

at an intermediate stage between asymptomatic elderly

individuals with early pathological involvement of AD

and people with established AD (Reprinted with kind

permission of Springer Science+Business Media from

Kantarci K, Jack Jr CR. Neuroimaging in Alzheimer dis-

ease. In: Medina LS, Blackmore CC, editors. Evidence-

based imaging: optimizing imaging in patient care.

New York: Springer; 2006)

Fig. 16.3 T1-weighted three-dimensional spoiled gradi-

ent echo images at the level of hippocampal heads.

(a) A 76-year-old cognitively normal subject.

(b) A 77-year-old patient with mild cognitive impairment

(MCI). (c) A 75-year-old patient with Alzheimer’s disease

(AD). (d) A 95-year-old cognitively normal subject.

Patients with AD, MCI, and the 95-year-old cognitively

normal subject have brain atrophy, which is marked in the

hippocampi and the temporal lobes in the MCI and AD

subject, compared to the younger normal subject. Atrophy

is more severe in the AD subject than in the MCI subject.

In this case, the age-adjusted regional and global volume

measurements would be useful in differentiating atrophy

due to normal aging from atrophy due to AD pathology

(Reprinted with kind permission of Springer Science

+Business Media from Kantarci K, Jack Jr CR. Neuroim-

aging in Alzheimer disease. In: Medina LS, Blackmore

CC, editors. Evidence-based imaging: optimizing imaging

in patient care. New York: Springer; 2006)
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• The intravenously injection of the radio-

pharmaceutical should take place in

a controlled environment with minimal

sensory input (dimly lit room with minimal

ambient noise).

• The dose of radiopharmaceuticals (FDG for

PET, 99mTc ECD (bicisate) or 99mTc

HMPAO (exametazime) for SPECT) may

differ between scanners.

Future Research Areas

• Validation of the clinical criteria

for AD by clinicians with different levels

of expertise and at different clinical settings

• Determining the choice of either CT or MRI

for the initial evaluation of dementia in

large-scale clinical trials

Fig.16.4 Examples of 1H MR spectra obtained from the

posterior cingulate volume of interest (VOI) with an echo

time of 30 ms in an 81-year-old cognitively normal sub-

ject, a 77-year-old patient with mild cognitive impairment

(MCI), and a 79-year-old patient with Alzheimer’s

disease (AD). The volume of interest is placed on

a midsagittal T1-weighted localizing image, which

includes right and left posterior cingulate gyri and inferior

precunei. The 1H MR spectra are scaled to the creatine

(Cr) peak (dashed line). Cr peak is found to be stable

in AD and is commonly used as an internal reference for

quantitation of other metabolite peaks. Myoinositol

(MI)/Cr ratio is higher in the patient with MCI than the

normal subject. Choline (Cho)/Cr and MI/Cr ratio is

higher, N-acetylaspartate (NAA)/Cr ratio is lower in the

patient with AD than both the patient with MCI and the

normal subject (Reprinted with kind permission of

Springer Science+Business Media from Kantarci K, Jack

Jr CR. Neuroimaging in Alzheimer disease. In: Medina

LS, Blackmore CC, editors. Evidence-based imaging:

optimizing imaging in patient care. New York:

Springer; 2006)
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• Validating the usefulness of PET, SPECT, MR

techniques for the diagnosis of ADwith autopsy

confirmation in large-scale clinical trials

• Determining the cost-effectiveness of neuro-

imaging techniques as effective treatments

become available for AD

• Determining the usefulness of neuroimaging

as a surrogate for therapeutic efficacy in trials

with positive therapeutic outcomes
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Key Points

• ADHD is considered by many as the most

common childhood neurobehavioral disorder

(moderate evidence).

• ADHD is a disorder of executive function.

Elements of inattention, hyperactivity, and

impulsivity are seen to varying degrees.

Impaired behavioral inhibition may be the

cornerstone of ADHD (moderate evidence).

• ADHD is a clinical diagnosis lacking

a specific confirmatory laboratory or cognitive

test (moderate evidence).

• There is no indication for imaging in ADHD

unless associated comorbidities, relevant his-

tory, or clinical examination warrants (moder-

ate evidence).

• There is not currently a known benefit of

imaging patients with ADHD (insufficient

evidence).

Definition and Pathophysiology

ADHD is a clinically diagnosed neurobehavioral

disorder where the affected individual experiences

abnormalities of executive function. Impaired

behavioral inhibition is a key element in ADHD,

and some authors feel that inattention and hyper-

activity follow. There is variability in the presence

and magnitude of attention-deficit hyperactivity

and impulsivity domains among affected children

[1–3]. There is no pathognomonic diagnostic lab-

oratory, imaging, or cognitive test to confirm the

diagnosis [3]. It is generally accepted that a child

presenting with symptoms of ADHD should

initially undergo hearing and vision screening

to address treatable problems mimicking ADHD

[1–3] (moderate evidence).

There is ample evidence that abnormal dopa-

mine transmission in the frontal lobes and within

the fronto-striatal neuronal circuitry plays an

important role in the pathogenesis of

ADHD [4]. This is supported by the clinical

knowledge of the efficacy of medications

that modulate catecholamine transmission in

the dopaminergic pathways [4]. The role of the

dopaminergic pathway in ADHD has lead many

investigators to pursue molecular genetic studies,

focusing upon genes that play a role in dopamine

transport and reception [5, 6]. Some molecular

genetic studies have shown an association

between ADHD and oppositional defiant disorder

(ODD) [6]. At least three dopamine receptor

genes have been linked to ADHD [7–9]. Other

potential causes of ADHD are under active inves-

tigation, including the environmental impact of

television watching upon attention [10].

Neurologic and/or psychiatric conditions such

as epilepsy, depression, and sleep disorders may

present with the clinical symptoms of ADHD.

Thoughtful clinical diagnosis is important to

detect comorbidities such as hypothyroidism,

phenylketonuria, and lead exposure that may

mimic or coexist with ADHD in order to tailor

the most effective therapies [11–13].

The neurobiology and structural characteriza-

tion of the brain in ADHD centers in large part on

the prefrontal cortex which is a critical structure

relating to attention [4]. MRI cerebral volumetric

studies, MR assessment of gray matter volume,

cortical convolutional mapping, corpus callosum,

basal ganglia, and cerebellar volume assessment

have received much attention [4, 14–16]. Struc-

tural and functional imaging findings will be

addressed under the section “Goals of Imaging.”

Epidemiology

The clinical diagnostic criteria for ADHD

are based upon criteria in the fourth Edition

of Diagnostic and Statistical Manual of Mental
Disorders (DSM-IV). When inclusion of the

three classifications of ADHD occurs, the number

of affected individuals increases [17]. The

prevalence of ADHD using DSM-IV criteria is

roughly 5–12 % [18, 19] (moderate evidence).

Overall Cost to Society

It has been estimated that the symptoms of

ADHD appear in roughly 5 % of children as

early as preschool. Early detection and
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intervention can mitigate the impact that ADHD

may have on the child’s development and subse-

quent health and function as an adolescent and

adult. Over the course of an individual’s life with

ADHD, the social and societal costs may be

large [20]. Individuals with ADHD have

difficulties with personal relationships, academic

performance, delinquency, and occupational

underachievement [21]. Approximately 50 % of

adults who were diagnosed with ADHD in

childhood will suffer from persistent disabilities

in adulthood. Pelham et al., using an ADHD

prevalence rate of 5 %, established a conservative

estimate of the annual societal costs of illness

in the United States of affected children and

adolescents at $42.5 billion [22] (moderate

evidence).

Goals of Imaging

In patients with ADHD as with other

neurobehavioral disorders, such as autism or

oppositional defiant disorder (ODD), there is no

clinical indication for brain imaging unless there

are localizing neurological abnormalities or

coexistent conditions or comorbidities that

warrant imaging [19, 23].

Some indications for imaging in children diag-

nosed with ADHD include associations with head

trauma, known perinatal injury, epilepsy, or the

presence of a phakomatosis such as neurofibro-

matosis type I [24–28] (moderate evidence).

Methodology

A Medline search was performed using PubMed

(National Library of Medicine) from 1985 to

2010 (Bethesda, Maryland). A query for original

research of publications discussing the perfor-

mance and effectiveness of imaging strategies in

pediatric patients with ADHD was done.

The review was limited to human studies

and the English language literature. References

were identified with the terms “attention-deficit

hyperactivity disorder (ADHD),” “attention

deficit disorder (ADD),” “brain,” “neuroimaging,”

“MRI,” “functional MRI,” and “diffusion tensor

imaging.”

The author performed a critical review of

the title and abstracts of the indexed articles

followed by a review of the full text of articles

that were relevant.

Discussion of Issues

Imaging Strategies for the Child with
Attention-Deficit Hyperactivity
Disorder (ADHD): Which Patients
Should Undergo Imaging? What
Imaging, If Any, Is Appropriate?

Magnetic Resonance Imaging (MRI)
Summary
In stable children with ADHD, there is no clinical

indication for brain imaging. The coexistence of

ADHD with conditions such as epilepsy, trauma,

neurofibromatosis type I, or a history of very low

brain weight (prematurity) may warrant MRI

evaluation [24–28] (moderate evidence).

Supporting Evidence

MRI has provided insights into structural anat-

omy of children, adolescents, and adults with

ADHD [4, 29]. The neuroanatomic basis of

ADHD is postulated by some researchers to

involve those neural circuits responsible for

attention and executive function [4, 16, 29].

This has led to the active investigation of whole

brain volume, as well as regional, and focal cere-

bral and cerebellar volume changes in ADHD

[4, 14, 16, 30–33]. Several studies have shown

a total cerebral reduction in volume, especially

involving the right hemisphere [4, 16, 34].

Disturbance in the action-oriented networks

(prefrontal lobes and orbito-frontal subdivisions)

demonstrate diminished volume [33–35].

McAlonan et al. have shown significant regional

volume deficits in ADHD patients predominantly

involving the right hemispheric frontal-pallidal-

parietal gray matter [16]. The prefrontal cortex

plays a crucial role in attention function. Li et al.

demonstrated reductions of prefrontal cortex

volume and reduced cortical convolutional
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complexity in patients with ADHD [36]. Wolosin

et al. showed a reduction of cortical volume and

reduced cortical folding in patients with ADHD

[30]. More circumscribed sites of volume loss

include the dorsolateral prefrontal cortex, motor

and pre-motor cortices, and the posterior cingu-

late region [14, 16, 32, 34]. Boys with the clinical

diagnosis of ADHD show a reduction in basal

ganglia volumes, particularly the caudate head

and putamen [37–39]. This gender difference

may reflect a fundamentally different neuropatho-

physiologic process in boys and girls. Soliva et al.

reported significant right caudate volume loss in

patients with ADHD [39]. Another target of vol-

ume loss in the patient with ADHD is the corpus

callosum. Reduction in splenium volume in

patients with ADHD may in part correlate with

known deficits in response control [40, 41]. Total

cerebellar volume loss and vermian volume loss

(particularly superior vermis) have also been

reported in patients with ADHD [14, 16, 42, 43].

The summed sample size for these ADHD patients

is greater than one hundred.

In 2007, a meta-analysis by Valera et al.

showed significant cerebral volume deficits in

ADHD patients compared to controls. They

found the largest volume differences within the

posterior inferior vermis of the cerebellum,

followed by the splenium of the corpus callosum,

reduction in total cerebral volume, and finally

diminished volume of the right caudate nucleus

[44] (moderate evidence).

Diffusion tension imaging (DTI) has been

found to be a useful MRI adjunct yielding

insights into the microstructural cerebral anat-

omy in several disorders including ADHD [45].

Microstructural integrity in ADHD has been

shown to be disturbed in several regions includ-

ing the right anterior cingulate bundle (reduced

white matter fractional anisotropy) and bilateral

fronto-occipital fasciculi [45–47].

Functional Magnetic Resonance Imaging
(fMRI)
Summary

The use of fMRI in the study of ADHD represents

a rapidly evolving field of research, although

complex in nature, common themes of activation

have been reported [45]. Functional magnetic

resonance imaging (fMRI) is well suited to

study pediatric and adult patients with ADHD

who exhibit both resting state and task-related

network connectivity disturbances [4, 48–51]

(moderate evidence).

Supporting Evidence

Numerous studies have demonstrated both task

and resting state dysfunction in pediatric and

adult patients with ADHD. Burston and Cubillo

elucidated the maturational delay in the ventral

fronto-striatal circuitry in children with ADHD

[49, 50]. Interference suppression in ADHD has

been found to be associated with reduced frontal-

striatal-temporal-parietal network connections,

whereas response in inhibition performance

relies upon frontal-striatal and right superior

cingulum networks [51]. Schneider et al. further

defined impairment of the frontal-striatal

and parietal cerebral networks in adults with

ADHD [52]. Rodriguez et al. further elucidated

brain attention and impulse control disorders in

individuals with ADHD by using fMRI to inves-

tigate the subtypes of ADHD (ADHD-inattentive

type, ADHD-hyperactive/ADHD-impulsive type,

and ADHD-combined type) [53]. Functional

abnormalities of the prefrontal cortex and basal

ganglia have shown that developmental changes

in ADHD symptoms and signs are associated

with functional changes in the ventral lateral pre-

frontal cortex [54]. Heightened distractibility has

been indexed by increased reaction time in patients

with ADHD. Fassbender et al. have demonstrated

that increased distractibility in at least some

patients with ADHD may be due to an inability to

suppress activity in the default attention network in

response to increasing difficulty of a task [55].

Functional MRI has also provided insights

among children with ADHD and children with

pure conduct disorders. Children with ADHD

demonstrate a process-related disassociation

of prefrontal dysfunction. Reward-related dys-

function in the orbito-frontal cortex was seen in

children with conduct disorders [56]. Depue et al.

not only showed reductions in the inhibitory con-

trol and reduced activity of the right lateral pre-

frontal cortex in ADHD but also demonstrated
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that the right lateral prefrontal cortex exerts con-

trol over memory and motor processes [57].

Alterations in baseline brain activity can be

studied in the resting state (in nonsedated, as well

as sedated patients). [58] Zang et al. have shown

resting state abnormalities in children diagnosed

with ADHD in the prefrontal-striatal circuit, cer-

ebellum, and brain stem [58].

The effects of psychostimulants can be mea-

sured with functional MRI [59]. The well-known

dysfunction of the frontal-striatal and frontal-

cerebellar circuitries can be modified by stimu-

lant medication [59]. Children diagnosed with

ADHD treated with methylphenidate showed

increased activation of the right frontal cortex

during interference suppression [60]. Peterson

et al. studied the effects of psychostimulants on

brain activation of children and adolescents with

ADHD performing the Stroop color and word

test. They believe that psychostimulants pre-

scribed to youths with ADHD showed improved

suppression of the default mode activity in the

ventral anterior cingulate and posterior cingulate

cortices [61].

Positron Emission Tomography (PET)
Summary

Positron emission tomography (PET) elucidates

glucose metabolism and cerebral blood flow in

normal and pathologic states. PET provides

a powerful tool for the noninvasive cerebral spa-

tial distribution assessment of radiolabeled com-

pounds and to indirectly assess blood flow,

metabolism, and neurotransmitter function

[4, 62]. Data on the use of PET in ADHD is

limited. Early PET studies of glucose metabolism

in women with ADHD demonstrated reductions

of global glucose metabolism of 8.1 % lower than

controls. Other studies have shown reduced glu-

cose utilization in the fronto-striatal regions of

patients with ADHD (moderate evidence).

Supporting Evidence
Positron emission tomography has an advantage

over structural imaging tools in the ability

to noninvasively assess perturbations of brain

chemistry [62]. In ADHD, the catecholamine-

rich cortical and subcortical networks of the

frontal lobes demonstrate [4, 62] deregulation of

catecholamine and dopaminergic neurotransmit-

ters. Some believe that excess dopamine in

the brain may lead to hyperactive behavior [62].

Early PET studies of glucose metabolism in

women with ADHD demonstrated reductions of

global glucose metabolism of 8.1 % lower than

controls [62]. Ernst et al. in 2003 showed reduced

glucose utilization in the fronto-striatal regions of

patients with ADHD [63].

Recent PET investigations of patients with

ADHD have illuminated the role of dopaminergic

neurotransmission in ADHD [62]. Dopamine

transporter (DAT) plays a key role in presynaptic

reuptake of dopamine. PET investigation of

DAT activity and the therapeutic response to

antihyperactivity medications is providing greater

insights into the biochemistry of ADHD [4, 62].

Although PET has an advantage in being able to

longitudinally follow antihyperactivity therapy in

ADHD patients, PET lacks spatial resolution

compared to modalities such as fMRI [4, 62, 63]

(moderate evidence).

Take-Home Table

Table 17.1 shows the options for imaging the

child with ADHD and relative strengths, weak-

nesses, and costs.

Imaging Case Studies

Case 1: 11-year-old boy with combined form of

ADHD (Fig. 17.1).

Future Research

• To better define the role that structural

imaging such as MRI, DTI, and functional

imaging (fMRI) may play in the diagnosis,

monitoring, and assessment of targeted

therapies for ADHD patients

• To determine the cost effectiveness of imag-

ing strategies in assessing novel therapies in

patients suffering from ADHD
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Fig. 17.1 Color Stroop-fMRI in an 11-year-old boy with

combined form of ADHD. Paradigm design: visually

presented words. Control block: congruent color test,

e.g., red. Activation block: incongruent color test, e.g.,

blue. Activation map overlaid on a T1-weighted MRI,

color coded for intensity from light green (max) to dark
blue (min). Main areas of activation are seen in the

anterior cingulate gyrus and visual and posterior parietal

lobes. Weak and scanty activation is obtained in the

frontal lobes. No activation was obtained in the basal

ganglia as expected in normal subjects. Images are in

radiological orientation (Courtesy of Miami Children’s

Hospital, Radiology Department)

Table 17.1 Imaging options for ADHD

Imaging studies Sedation required Anatomic detail Functional assessment Radiation Costs

MRI +++ +++ - No $$$

DTIa ++ +++ + No No

fMRIb � or ++ + +++ No $$$

PET ++ + +++ Yes $$$

Relative costs established by reviewing technical and professional fees at Primary Children’s Medical Center, Salt Lake

City, Utah
aDTI is performed in the same setting as MRI
bIn mildly affected patients, sedation may not be required
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Key Points

• The neurodevelopmental disorder of autism

affects social interactions, communication

skills, and patterns of activity (moderate

evidence).

• For the patient with autism, there is no indica-

tion for imaging unless there is a localizing

neurological abnormality and/or attendant

clinical concerns existing that warrant imag-

ing (moderate evidence).

• Inadequate data exists regarding the future

clinical benefit and cost effectiveness of struc-

tural and/or functional imaging in patients

with ASD (insufficient evidence).

• fMRI and PET are starting to elucidate the

spectrum of functional andmetabolic abnormal-

ities of the brain (mild to moderate evidence),

but more and large studies are still required

before it can be used as outcome measure

(surrogate outcome) in future therapeutic trials.

Definition and Pathophysiology

Autism represents a neurodevelopmental disor-

der generally characterized by how an individual

relates to and communicates with others. It is

defined by criteria in several behavioral domains

(social interaction, communication skills, and

patterns of activity) [1–3]. The terms autism,

autistic, and autistic spectrum disorder (ASD)

are often used interchangeably [1–5]. ASD

encompasses three categories of disorders

(autism, Asperger, and pervasive developmental

disorders not otherwise specified) all sharing

common symptoms [4, 5]. Autistic disorder is

used in a more restrictive fashion and is defined

by the American Psychiatric Association

Diagnostic and Statistical Manual of Mental Dis-

orders, 4th Edition (DSM-IV and DSM-IV-TR)

criteria (American Psychiatric Association 1994,

2000) [6] (Table 18.1).

Autism is a heterogeneous disorder when it

comes to etiology [4, 5]. Theories of causation

are many including genetic, vascular, maternal

trauma, association with comorbidities such as

tuberous sclerosis complex (TSC), and maternal

use of drugs (ergotamine, misoprostol, and tha-

lidomide) [4, 5, 7]. Postmortem studies by

Kemper and Bauman showed an increase in

brain size and weight among autistic subjects.

They also reported curtailment in forebrain neu-

ron development (smaller and more densely

packed neurons, decrease in Purkinge cells, and

age-related changes in cell size, particularly cells

within the diagonal band of Broca, the cerebellar

nuclei, and inferior olivary structures [8]. Other

authors have detected an increase in white matter

volume particularly within the radiate zones

(arcuate fibers of the frontal lobes) [9–12]. The

frontal lobes have been shown to demonstrate

disproportionate increase in white matter volume

[13, 14]. Pickett et al. reported neuropathologic

features of the cerebral cortex in autistic subjects

focusing upon cerebral mini-column anatomy

consisting of radially oriented pyramidal cells

and their aligned myelinated axons [15]. Brains

of autistic subjects showed significant narrowing

of mini-column cortical width [15].

Genome-wide linkage screens have refuted

a monogenetic mode of autism inheritance

[13, 14]. That being said, autism in monozygotic

twins is roughly 12 times more common than in

the general population and four times more com-

mon among dizygotic twins [13, 14]. Autism is

also known to occur in the presence of other

medical conditions including tuberous sclerosis

complex (TSC), other chromosomal anomalies

(fragile X syndrome), and mitochondrial disor-

ders, inborn errors of metabolism, such as

phenoketonuria (PKU), and the velocardiofacial

and Möbius syndromes. Roughly 8 % of autistic

patients have a specific associated clinically

defined abnormality [13, 14].

There is some agreement that in autism there is

little or no evidence of acute cellular change and

that a monotropic event early in brain develop-

ment (during or just after closure of the neural

plate) leads to the subsequent cascade of second-

ary neuropathologic changes [2, 3, 15]. Thus, in

the consideration of the neuropathology of autism

differentiating the fundamental core pathology

from secondary changes remains a challenge.

Most authors agree that the neuropathology of
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autism is widespread and that the fronto-temporal

cortex is preferentially affected [2, 3, 15].

Epidemiology

Autism prevalence ranges from 5 to 10 cases of

classic autism per 10,000 live births to 60–65

cases per 10,000 live births when including the

entire spectrum of autism disorder (ASD) [13–15].

The Centers for Disease Control & Prevention

(CDC) estimate the prevalence of autism to be

1:110 [16] (moderate evidence).

Overall Cost to Society

The daunting challenge of estimating cost asso-

ciated with autism spectrum disorder (ASD)

begins with the recognition that autism holds

a lifetime of personal, social, and economic con-

sequences. Estimating costs associated with ASD

includes a consideration of the estimation of

autism prevalence, age at diagnosis, magnitude

of autism disability, scope of services needed

including health-related, hospitalization, special

education, and special housing needs. Addition-

ally, considerations of the impact economically

on the health and well-being of the affected indi-

vidual and their family, social integration costs,

and the impact upon the quality of life for the

affected individual and family are to be consid-

ered and are challenging to estimate. Two recent

studies, one from the United Kingdom and the

second from the United States, investigated the

costs associated with autism spectrum disorder.

In a study by Knapp et al., the economic cost of

autism in the United Kingdom was evaluated in

a comprehensive study, which incorporated the

economic consequences of health and social care,

services including special education, housing

outside of the family home, cost of leisure ser-

vices, and estimates of opportunity costs of lost

productivity of the affected individual and

family members. When costs were adjusted to

2005–2006 price levels, the lifetime costs associ-

ated with autism including disability in the

affected individual within the United Kingdom

was 3.1 million Great Britain pounds or 5.1 mil-

lion dollars. Less than 6 % of this total was

associated with health-care costs including hos-

pital and social care components. Imaging ser-

vices, and particularly brain imaging, such as

MRI, functional MRI, or PET imaging, were not

mentioned in the study [17].

In a more recent study in the United States by

Ganz et al., health care, child care, adult care,

home and care modification costs, special educa-

tion needs, and estimated productivity loss for the

individual affected and family members put the

estimated lifetime cost at 3.2 million dollars per

affected individual. Again, diagnostic imaging

costs were not specifically mentioned in this

study [18] (moderate evidence).

Goals of Imaging

The overall goal of imaging children with autism

in a clinical setting is to address attendant clinical

concerns over a lateralizing sign(s) on the

neurologic examination or to address clinically

suspected comorbidities that may be associated

with autism. Known associations include

tuberous sclerosis complex (TSC), fragile

X syndrome, cerebral palsy, bilateral deafness,

and inborn errors of metabolism such as

phenoketonuria (PKU) [13, 14, 19] (moderate

evidence).

Methodology

A Medline search was performed using PubMed

(National Library of Medicine) from 1985 to

2010 (Bethesda, Maryland), for original research

of publications discussing the performance and

effectiveness of imaging strategies in pediatric

patients with autism. The review was limited to

human studies and the English language litera-

ture. References were identified with the terms

“autism,” “autism spectrum disorders (ASD),”

“Asperger’s syndrome,” “brain,” “neuroimag-

ing,” “MRI,” “functional MRI,” “diffusion tensor
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imaging,” and “positron emission tomography

(PET).” The author performed a critical review

of the title and abstracts of the indexed articles

followed by a review of the full text of articles

that were relevant.

Discussion of Issues

Brain Imaging Strategies for the Child
with Autistic Spectrum Disorder:
Who Should Undergo Medical
Imaging? What Imaging Is
Appropriate? What Are the Evolving
Imaging Considerations?

Magnetic Resonance Imaging (MRI)
Summary
In autistic patients with lateralizing neurological

signs and/or other associated comorbidities

(epilepsy, TSC, PKU, etc.), MRI is the imaging

study of choice when imaging is determined to

be indicated based upon the presence of

comorbidities (moderate evidence).

Supporting Evidence

Magnetic resonance imaging (MRI) provides

a detailed look into the brain and yields valuable

insights into the neuroanatomy and in some

cases, neurobiology of autism [13]. MRI adjuncts

such as diffusion tensor imaging (DTI) and func-

tional MRI (fMRI) contribute to a broader under-

standing of the pathophysiologic mechanisms of

autism [13, 14, 19].

As early as 1943, reports were made of

macrocephaly in children with autism [13, 14, 19].

Piven et al. in 1992 highlighted larger mid sagittal

brain areas in autistic children [20]. Subsequent

studies have shown that the increase of brain vol-

ume in autistic children was not generalized but

favored the frontal lobes [10, 11, 19]. Other studies

have shown the increased autistic brain volume to

represent a post natal brain overgrowth [13, 21–23].

Recent quantitative structural imaging studies

reveal reduction of gray matter in the fronto-striatal

and parietal networks and ventral and superior tem-

poral gyri [19, 21, 22]. Boys with autism have been

shown to have larger right inferior frontal language

cortex, a reversal from normal individuals with

larger left language regions [19, 21–24]. The cere-

bellum has also been extensively studied in autism

with early reports of vermal hypoplasia involving

lobules VI and VII (reflecting a reduction of

Purkinge cells) [13, 19, 25, 26]. The meta-analysis

by Stanfield confirmed a reduction in size of

vermian lobules VI and VII in autistic patients

[27]. Amygdala volumes have been found to be

enlarged in younger autistic patients [28]. The cin-

gulate gyruswhich represents the cortical portion of

the limbic system shows significantly decreased

volume and decreased metabolic activity in autistic

subjects compared to controls [19, 29]. The corpus

callosum in autistic subjects has been shown to

be reduced in size. This finding may affect

interhemispheric connection and impact cognitive

function [30, 31]. The basal ganglia have a wide

range of functions including voluntary motor con-

trol, procedural learning and activity in routine

behaviors, eye movement, and cognitive and emo-

tional functions. In autistic patients, the caudate

nucleus of the basal ganglia has been shown to be

enlarged [13, 19]. The caudate nucleus plays a role

in inhibitory behavior. There is a reported correla-

tion between ritualistic and repetitive behaviors and

increased caudate volume [19, 27].

In the same imaging setting that structural

MRI is performed, diffusion tensor imaging

(DTI) can be performed with a small investment

of additional time. DTI characterizes the micro-

structure of white matter tracts and provides use-

ful information in many conditions, including

autism spectrum disorders (ASD) [19, 32]. In

ASD, there is an early overgrowth of the frontal

lobe. DTI characterizes the axonal structure and

integrity and fiber angle orientation of the axonal

connections that constitute the white matter.

A study by Barnea-Goraly et al. reported

decreased anisotropy within the anterior cingu-

lum and temporal lobe white matter, which also is

known to connect to the amygdala. This indicates

a disruption in connectivity in regions that

are involved in social functionality [33].

Thakkar et al. elucidated the relationships

between diminished fractional anisotropy within

the anterior cingulate white matter and the rela-

tionships with functional impairment [34].
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Autistic patients use alternate white matter con-

nections for cognitive tasks related to linguistic

function [35]. Fletcher et al. and Kumar et al.

demonstrated impairment of white matter tract

integrity within the arcuate fasciculus, and this

may be causal to the foundational language prob-

lems in autism [36]. Currently, DTI techniques

are readily available on all major magnetic reso-

nance imaging scanning platforms but have not

been fully integrated into active clinical practice.

Much interest is held in DTI and its potential

to yield insights into the morphometrics of

connectivity within the brain [19, 32]

(mild to moderate evidence).

Functional Magnetic Resonance Imaging
(fMRI)
Summary

Functional-magnetic resonance imaging

(fMRI) has contributed significantly to the

understanding of neural connectivity or dys-

function in ASD [37]. Currently, fMRI provides

a robust research tool for advancing our under-

standing of ASD. In the current guidelines for

the clinical diagnostic evaluation of suspected

ASD in children, adolescents, and adults, there

is no recommendation for routine fMRI (mild to

moderate evidence).

Supporting Evidence

Early and current fMRI research of ASD has

focused on the identification of the neural

substraits for perceiving and integrating social

information [37]. The utilization of fMRI in the

population of patients with ASD has focused on

face perception, cognition, and attention [38, 39].

It is well known that patients with ASD

exhibit alterations in the neural circuitry of

face perception [40]. This impairment in face

processing, which includes identity and recog-

nition, has been studied by numerous authors.

Schultz et al. demonstrated hypoactivation of

the fusiform face area (FFA) in ASD patients

[41]. Kleinhans and Schultz have shown altered

functional connectivity between the amygdala

and the FFA regions [42, 43]. Wang et al.

showed reduced functional MR imaging activ-

ity while ASD subjects were viewing faces

[44]. Difficulty perceiving and understanding

information conveyed through the eyes and

facial expressions may be the primary factor

in the impaired social development of patients

with autism [42–44].

Disturbance in neural functional connectivity

affecting cognitive tasks among ASD subjects in

part may be explained on the basis of localized

areas of hyperconnectivity in the brain [19].

Hyperconnectivity may lead to increased neural

noise and impair the development of long-range

cognitive and neural connections [19].

Fundamental to neural connectivity disorder

in ASD is the patient’s lack of realization that

others have thoughts different from their own,

what is considered to be theory of the mind.

ASD patients showed decreased functional MRI

activity between the right temporal parietal junc-

tion and the left medial frontal gyrus [45].

Recently, Anderson et al. have shown disturbed

cortical interconnectivity in autistic males

involving sensorimotor cortices, anterior insula,

fusiform gyrus, superior temporal gyrus, and the

superior parietal lobule [46]. These researchers

have also shown increased bilaterality of recep-

tive language among autistic patients compared

to controls [47] (mild to moderate evidence).

Functional MRI has the capacity to further

elucidate the neural mechanism of autism and

holds promise in assessing and monitoring thera-

pies targeted to disturbances of face perception,

cognition, and attention. A challenge lies in the

fact that the heterogeneity of symptom expression

across individuals with ASD is broad. Functional

MRI has the ability to differentiate various ASD

subgroups. Practically speaking, the milder forms

of ASD may be able to undergo fMRI without

sedation, but more severely affected children will

require sedation, with variable results. Thus, fMRI

will become increasingly important as a tool for

the identification of etiologic mechanisms

involved with ASD and for exploring opportuni-

ties for interventions and response to treatment.

Positron Emission Tomography (PET)
Summary
Positron emission tomography (PET) has

elucidated glucose metabolism and cerebral
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blood flow in the autistic brain. More recently

PET imaging has investigated perturbations of

neurotransmitters, particularly serotonin,

dopamine, and GABA-aminobutyric acid in

autism patients [19] (mild to moderate evidence).

Supporting Evidence
Positron emission tomography (PET) has con-

tributed understanding to the measurement and

imaging of biochemical and molecular processes

within the brain of normal individuals and

a multitude of disorders including autism. Glu-

cose metabolism and cerebral blood flow studies

show a variety of global and focal alterations

among patients with ASD. Frontal, medial pre-

frontal, temporal, and anterior cingulate cortical

regions, as well as basal ganglia structures and

regions of the cerebellum have drawn particular

interest [29, 48, 49]. PET imaging of resting

cerebral blood flow and glucose utilization has

shown decrease of flow and diminished

utilization of glucose within the temporal lobes

in autistic patient [50]. In a resting state,

Chugani et al. demonstrated bitemporal glucose

hypometabolism particularly in the superior tem-

poral gyrus and hippocampal regions [51]. Dur-

ing verbal learning tasks, Haznedar et al.

demonstrated diminished glucose metabolism

bilaterally within the caudate, putamen, and

thalami [52].

In recent years, there has been attention

focused on neurotransmitter function in autism.

Schain, Friedman, and Chugani demonstrated

that autistic children showed a period of high

brain serotonin synthesis [53]. Other authors

have elucidated altered serotonin, dopamine,

and GABA-aminobutyric acid function in autism.

Serotonin and GABA-aminobutyric (GABA)

acid was shown by Ernst et al. to be diminished

as were dopaminergic activities within the

anterior medial prefrontal cortex and occipital

cortex in patients with ASD [54].

Take-Home Tables

Table 18.1 highlights the clinical spectrum of

autism. Table 18.2 reviews the relative compari-

son of imaging studies that have been studied in

autistic patients and relative cost comparisons.

Table 18.1 Spectrum of autism

I. Classic autism

Involves severe qualitative defects in the behavioral

domains of social interaction (language,

communication and play); deficits manifested as

stereotypes, preservation and narrow range of

interests and activities

II. Asperger’s syndrome

Disorder in non-retarded often clumsy children

without speech delay who have deficient sociability

and narrow interests

III. Disintegrative disorder – also known as Heller’s

syndrome

Previously normal children who undergo a massive

developmental regression between 2 and 10 years

resulting in severe acquired autism

IV. Rett’s disorder

Limited to girls with acquired microcephaly,

infantile regression, lack of hand use, stereotypic

hand movements, and severe retardation

V. Pervasive developmental disorder not otherwise

specified

Adapted from DSM-IV (American Psychiatric Associa-

tion. Diagnostical and statistical manual of mental disor-

ders. 4th ed. Washington, DC: American Psychiatric

Association; 1994)
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Imaging Case Studies

Case 1:MR image of child with autism versusMR

image of normal control match (Fig. 18.1a, b)

Case 2: Functional connectivity MRI showing

template brain with areas shaded for signifi-

cantly weaker interhemispheric connectivity

in autistic subjects (Fig. 18.2)

Table 18.2 Imaging options

for autism
Imaging

studies

Sedation

required

Anatomic

detail

Functional

assessment Radiation Costs

MRI +++ +++ � No $$$

DTIa ++ +++ + No No

fMRIb � or ++ + +++ No $$$

PET ++ + +++ Yes $$$

Relative costs established by reviewing technical and professional fees at Primary

Children’s Medical Center, Salt Lake City, Utah as of January 2011
aDTI is performed in the same setting as MRI
bMost of the fMRI in autism is done without sedation in relative functional patients

Fig. 18.1 (a) Sagittal T1–weighted MR image of a child

with autism shows diminished volume of the anterior

vermis and upper portion of the posterior superior vermis

(arrow). (b) Sagittal T1-weighted MR image of a normal

age matched control
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Future Research

• To further define the role of functional imag-

ing (fMRI) in the diagnosis, characterization,

and follow-up of autistic patients

• To determine the clinical feasibility of using

diagnostic imaging (DTI, fMRI, PET) to mon-

itor response to targeted autism therapies
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Key Points

• Clinical neurological evaluation of the neo-

nate with depression and/or encephalopathy

is nonspecific. The neonatal course may sug-

gest hypoxic-ischemic insult, but the clinical

examination cannot fully evaluate the extent

or severity of the brain injury (moderate

evidence).

• The role of ultrasound (US) and computed

tomography (CT) in the evaluation of

hypoxic-ischemic brain injury at term is lim-

ited. Ultrasound could be used to evaluate

neonates in the neonatal ICU if the patient is

too sick to travel to theMR scanner. CT can be

used to assess for traumatic brain injury if

there is a history of complicated delivery. CT

also plays a role in the acute management of

suspected acute intracranial hemorrhage.

However, CT and US fall short ofMR imaging

in the evaluation of the parenchymal

changes of hypoxic-ischemic injury (moderate

evidence).

• Conventional MR imaging with T1-weighted,

T2-weighted, and T2*-weighted imaging is

more sensitive than US and at least as sensitive

as CT for HIE (moderate evidence).

• Diffusion-weighted imaging (DWI) is com-

plementary to conventional MR imaging,

improving sensitivity to ischemic injuries dur-

ing the first week after the ischemic insult

(moderate to strong evidence).

• MR spectroscopy (MRS) may detect injuries

in the first week after the insult that are other-

wise occult. Elevated lactate and decreased

NAA predict a poor clinical outcome (moder-

ate to strong evidence).

• FLAIR and contrast-enhanced imaging

sequences do not improve sensitivity of the

MR exam beyond the other conventional

sequences, DWI and MRS (moderate

evidence).

• MR imaging holds promise for evaluating

prognosis, triaging patients for

neuroprotective therapies, and serving as

early predication of therapeutic efficacy

(limited to moderate evidence).

Definition and Pathophysiology

Hypoxic-ischemic brain injury in term neonates is

often preceded by a significant obstetric history

(uterine rupture, abruption, cord prolapse, etc.),

evidence of impaired placental gas exchange

(metabolic acidosis on the cord gas), poor adapta-

tion at birth needing resuscitation (low Apgar

scores), presence or development of encephalopa-

thy, and evidence of other end organ injury (e.g.,

liver or kidney) [1].

Standard of care for this condition has been

restricted to maintaining the respiratory/

metabolicmilieu, keeping the infant normothermic,

and treating seizures when they arise. A review of

recent multicenter trials has shown improved sur-

vival in moderate and severe encephalopathy with

both head cooling and body cooling [2].

Recent evidence from clinical and experimen-

tal models has demonstrated a biphasic pattern of

injury following reversal of the hypoxic-ischemic

process [3–5]. It has been recognized that the

physiologic consequences of hypoxia-ischemia

evolve over hours to days. The hypoxic-ischemic

cascade results in two phases of energy failure

that culminate in brain injury. The “primary”

energy failure occurs at the time of the hypoxic-

ischemic insult itself, resulting in depletion of

high-energy metabolites (ATP and phosphocrea-

tine), progressive depolarization of cells, severe

cytotoxic edema, tissue acidosis, and extracellu-

lar accumulation of excitatory amino acids due to

a failure of reuptake by astroglial cells and also

excessive release due to depolarization [6]. Loss

of ionic homeostasis results in an influx of cal-

cium into cells, triggering a number of destruc-

tive pathways by activating lipases, proteases,

and endonucleases [7]. Once the cerebral blood

flow and oxygenation are reestablished, the initial

metabolic impairments resolve over 30–60 min.

This is followed by a latent phase after which

there may be complete recovery or development

of a secondary phase. Whether injury reversal

occurs depends on several factors including

the severity of the primary injury, body tempera-

ture, substrate availability, preconditioning,

and simultaneous disease processes [1].
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The “secondary” phase of energy failure starts

about 6–15 h later and extends over several

hours to days. This phase is clinically associated

with seizures and a worsening neurological

examination. There is secondary cytotoxic

edema, excitotoxic amino acid accumulation,

mitochondrial failure, altered growth factors and

protein synthesis, and apoptotic cell death [8–10].

In term infants with moderate to severe

encephalopathy, MR spectroscopy results are

consistent with this model of biphasic injury.

MR spectroscopy demonstrates normal oxidative

metabolism shortly after birth followed by

a secondary phase of energy failure. The severity

of this secondary phase correlates with

neurodevelopmental outcome in these infants [2].

Epidemiology

Neonatal encephalopathy secondary to hypoxic-

ischemic injury (HIE) affects 1.6 per 1,000 live

term-born infants (American College of Obstetri-

cians and Gynecologists 2003) [11]. Perinatal

HIE is but one subset of neonatal encephalopa-

thy; other subsets include those resulting from

prenatal stroke, infection, cerebral malformation,

genetic disorders, and many other conditions.

Although there are longitudinal studies that

have shown a decrease in the incidence of peri-

natal HIE in the past few decades, this has not

been consistent across different countries. In the

United States, the incidence of perinatal HIE in

the state of California declined from 14.8 per

1,000 live births in 1991 to 1.3 per 1,000 live

births in 2000 [12]. A similar decline was seen

in a British hospital from 7.7 per 1,000 live births

in the 1970s to 1.9 per 1,000 in the mid-1990s

[13, 14]. However, a Swedish report showed

a slight increase in the incidence of birth asphyxia

and neonatal encephalopathy between 1985 and

1991 [15]. This difference could reflect a trend in

moving away from using the diagnosis of “birth

asphyxia” to currently used terminology of “peri-

natal hypoxic-ischemic encephalopathy” or

“neonatal encephalopathy.” Perinatal HIE carries

an appreciable burden of illness and has

a mortality of 15–20 % in the newborn period.

In addition, 25 % of survivors have permanent

neurological deficits such as cerebral palsy or

mental retardation [16].

Overall Cost to Society

The long-term consequence of neonatal HIE is

most commonly cerebral palsy, a nonprogressive

disorder of the developing brain principally

affecting the motor system. Cerebral palsy affects

2–3 per 1,000 newborns, with a conservative

estimate of its impact on society being about

$5 billion per year [17]. Cerebral palsy can be

associated with epilepsy and abnormalities of

speech, vision, and intellect. The impact of dis-

eases affecting the newborn is much greater than

diseases that affect the elderly because of the

burden of disease when one considers mortality,

years of life lost, and years of productive life lost.

Lifetime costs for all patients with cerebral palsy

are estimated to total $11.5 billion [17].

Goals of Imaging

When a neonate is encephalopathic and hypoxic-

ischemic injury is suspected, the goals of the MR

imaging study are the following:

• Establish whether the brain development has

progressed normally for gestational age. Mal-

formations of cortical development or other

significant congenital brain malformations

could present with a similar clinical picture.

• Establish timing of injury to assess whether

there is evidence for in utero brain injury that

preceded events during labor and delivery.

Subacute and/or chronic brain injury detected

on conventional MR imaging in the first few

days of life is likely the result of an unfavor-

able maternal–fetal milieu rather than HIE

related to events during the birthing process.

• Differentiate between the various patterns

of HIE in the newborn, and establish the

extent and severity of the brain injury.

With this information, the NICU team

can begin to analyze the potential etiologies

(e.g., hypercoagulable state associated with
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sinus venous thrombosis) and take appropriate

measures to minimize further injury.

• Help to establish prognosis for the family and

caregivers. Armed with the prognostic infor-

mation, an appropriate care plan can be devel-

oped and early intervention can be initiated to

maximize the child’s neurological and cogni-

tive potential.

Methodology

The authors queried the MEDLINE database

using PubMed (National Library of Medicine,

Bethesda, MD) through a combination of the

web-based interface (http://www.ncbi.nlm.nih.

gov/sites/entrez) and searches performed using

Endnote (Thomson Reuters, New York). Initial

imaging queries were generated using terms

including magnetic resonance imaging and

MRI, limiting the searches with English,

Human, and Newborn: birth–1 month. Terms

hypoxia, ischemia, hypoxic-ischemic, hypoxia-

ischemia, HIE, and encephalopathy were added

to evaluate the role of MR imaging in the evalu-

ation of the encephalopathic neonate. Specific

modifiers included outcome, prediction, and

hypothermia. The role of individual MR

sequences was evaluated with the terms diffusion,

perfusion, spectroscopy, FLAIR, T2*, suscepti-

bility, hemorrhage, functional MRI, and fMRI.
To expand the search, each query generated by

the PubMed web interface was expanded by fol-

lowing links to related articles, which were then

examined for relevance. No limits were placed on

the date range of the PubMed search. Therefore,

the queries spanned dates from 1950 to

June 2008.

Discussion of Issues

What Are the Clinical Features
of Neonatal HIE?

Summary
Clinical neurological evaluation of the neonate

with depression and/or encephalopathy is

nonspecific. The neonatal course may suggest

a hypoxic-ischemic insult, but the clinical exam-

ination may not fully reveal the extent or severity

of the brain injury (moderate evidence).

Supporting Evidence

The neurological syndrome that accompanies

significant neonatal HIE is essential to the diag-

nosis. The three cardinal features that point to the

perinatal origin of HIE include evidence of

fetal distress (abnormal fetal heart rate tracing,

meconium-stained amniotic fluid), depression at

birth, and an overt neonatal neurological syn-

drome in the first several hours to days of life.

The severity of neonatal encephalopathy is

assessed using criteria described by Sarnat and

Sarnat and modified by Finer [18] (Table 19.1).

The diagnosis of neonatal HIE is based on

a detailed history of pregnancy, labor, and resus-

citation including fetal acid–base status, neuro-

logical examination, metabolic parameters such

as hypoglycemia, hyponatremia, hypocalcemia,

hypoxemia, lactate level, and acidosis. Non-HIE

causes of neonatal encephalopathy such as

meningitis or metabolic disorders should be

considered [1].

In addition to the history and physical exami-

nation, supplementary evaluations including

electroencephalography (EEG) and neuroimag-

ing are very important [19].

MR imaging is the most accurate imaging

modality in the evaluation of neonatal encepha-

lopathy to assess the timing, extent, and severity

of injury [19–21]. Although the advantage with

MRI of superlative anatomical detail is tempered

by the need to study the infant within a magnet,

away from the neonatal intensive care unit

(NICU), the information obtained on MRI is

superior to other neuroimaging modalities [19].

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

Summary
Diffusion-weighted imaging (DWI) is comple-

mentary to conventional MR imaging, improving
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sensitivity to ischemic injuries during the first

week after the ischemic insult (moderate to

strong evidence).

MR spectroscopy (MRS) may detect injuries

in the first week after the insult that are otherwise

occult. Elevated lactate and decreased NAA pre-

dict a poor clinical outcome (moderate to strong

evidence).

FLAIR and contrast-enhanced imaging

sequences do not improve sensitivity of the MR

exam beyond the other conventional sequences,

DWI and MRS (moderate evidence).

See Table 19.2 for a summary of MR imag-

ing evaluation of evolving hypoxic-ischemic

injury.

Supporting Evidence

Ideally, neonates with perinatal HIE should have

two MR scans. The first scan is optimally

performed within 24–48 h of life. Proton spec-

troscopy is the most sensitive MR technique at

this time to identify brain injury, showing eleva-

tion of lactate and, in severe cases, a reduction in

n-acetyl aspartate (NAA) in the cerebral cortex

more so than the deep nuclear gray matter

[22, 23]. MRS detected abnormalities in the

deep nuclear gray matter in all six patients on

whom it was performed versus conventional T1

and T2 images, which only showed mild edema

in 3/7 patients [24]. Diffusion-weighted imaging

(DWI) can give false-negative results in up to

30 % of infants if performed in the first few

hours of delivery [25] and will underestimate

the extent of injury if performed in the first 24 h

of life. Sensitivity is increased by analyzing

apparent diffusion coefficient (ADC) values

[26], which can be abnormal even when DWI

does not show abnormalities. An early scan may

help guide clinicians in deciding the timing, sever-

ity, and extent of injury. Early changes on conven-

tional T1 and T2 images with negative diffusion are

likely to indicate an onset of injury remote from

birth. This information, along with data from elec-

troencephalographic studies and the clinical course

of the infant, is vital for both parents of these infants

and neonatologists in deciding the plan of care.

The second scan should be undertaken at 7–10

days of life. At this time, diffusion imaging,

T2-weighted spin echo images with long repeti-

tion times, and inversion recovery/spoiled gradi-

ent echo T1-weighted sequences are preferred for

detecting brain injury [27]. Affected cortex

appears hyperintense on T2-weighted images.

T1-weighted images show areas of low signal

intensity in the involved cortex. The most obvi-

ous finding is the loss of gray–white matter dis-

tinction. Injury over the high convexities of the

cortex is best visualized in coronal and sagittal

planes. An exception is in perirolandic injury

where T1-weighted images may show

hyperintense signal in the cortex (Fig. 19.1c).

The pattern of diffusion abnormalities changes

over time. Initial diffusion abnormalities in the

deep nuclear gray matter may pseudonormalize

by the end of the first week, and new diffusion

restriction may become apparent in the corpus

callosum (Fig. 19.1a–c) or the posterior limb of

the internal capsule (PLIC). This may represent

Wallerian degeneration or injury in the “second-

ary phase” of the cascade of brain injury [28–31].

Some studies have shown that even though ADC

values in affected areas may pseudonormalize by

the end of the first week [25, 32], FA values

remain abnormal [33].

If only one MR scan can be obtained, a scan at

3–4 days of life can help establish timing, extent,

and severity of the injury. Specifically, the DWI

and ADC will show the maximum deflection

from normal neonatal values, the lactate peak of

the MR spectrum will remain elevated, and the

conventional MR sequences will be abnormal.

A single scan at the end of the first week will

delineate the injury but will make timing difficult

or impossible.

T1- and T2-weighted imaging is a standard

part of every MR protocol as they are designed

to image the intrinsic relaxation properties of

brain water. MR imaging is recommended,

when evaluated against cranial sonography and

computed tomography, for detection of brain

injury in the term newborn [34].

T2*-weighted images are designed to detect

small fluctuations in the local magnetic field

due to susceptibility effects associated with

hemorrhage and/or calcification. Presently, three

T2*-weighted options are available: gradient

19 Full-Term Neonates with Hypoxic-Ischemic Encephalopathy: Evidence-Based Neuroimaging 321



echo (GRE) imaging, echo planar imaging (EPI),

and susceptibility-weighted imaging (SWI). EPI

has the benefit of extremely fast scan times,

followed by GRE and SWI. In terms of sensitivity

to small amounts of cerebral hemorrhage, there

is a moderate evidence (level 2) study that SWI is

the superior technique [35, 36]. However, SWI is

time consuming and may not be suitable for eval-

uation of an unsedated newborn. A moderate evi-

dence (Level 2) study has shown that GRE is

more sensitive in the posterior fossa, while both

GRE and EPI performed well for detection of

supratentorial hemorrhage [37].

The value of FLAIR T2-weighted and con-

trast-enhanced sequences in the newborn period

is a matter of some debate in the literature. There

is no strong evidence (level 1) that directly

addresses the value of FLAIR. Recent evidence

from moderate evidence (Level 2) study directly

addressed the relative value of T1, T2, FLAIR,

DWI, and contrast-enhanced images in the eval-

uation of HIE [38]. These investigators found that

adding FLAIR and contrast-enhanced images to

T1, T2, and DWI did not improve detection of

HIE. An earlier limited evidence (level 3) study

concluded similarly that FLAIR did not improve

detection of HIE, largely due to hypomyelination

of the newborn brain [39].

Diffusion MR imaging has received the most

attention for the detection HIE in the term neo-

nate [22, 25, 26, 40–52] because of its established

utility in adult stroke. Diffusion imaging comple-

ments T1-weighted and T2-weighted imaging for

detection of the acute injury (Fig. 19.2a, b), the

timing of the insult [25, 48], and the associated

secondary injury pattern [29–31]. Some studies

have shown that DWI and ADC during the first

week of life are less sensitive than conventional

imaging [42, 47], with reported sensitivity as low

as 47 %. Others report high sensitivity (100 %)

with low specificity (20 %) [41]. However, ADC

changes dramatically over the first 2 weeks

following an injury [25, 32, 46, 53], with

maximum restriction occurring at day 3–4 of

life [25] and pseudonormalization of the ADC at

the end of the first week [25, 33]. Therefore,

sensitivity and specificity will be highly

dependent on the timing of the exam relative to

the injury. At this point, the imaging “gold stan-

dard” for HIE remains the conventional MR

sequences obtained at 7–10 days of life.

Why Should Infants with Neonatal
Encephalopathy Be Imaged?

Summary

The clinical neurological examination in term neo-

nates with HIE can be subjective and nonspecific.

Early diagnosis of brain injury is important for both

neuroprotective interventions and prognosis. Neu-

roimaging plays an essential role in the assessment

of brain injury in these patients by helping establish

the timing and likely cause of injury and the

expected neurological outcome (strong evidence).

While sonography (US), computerized tomog-

raphy (CT), and magnetic resonance imaging

(MRI) have all been used in imaging infants

with HIE, MRI has emerged as the imaging

modality of choice because of lack of ionizing

radiation exposure, high interobserver reliability,

and high predictive value of neurodevelopmental

outcome (moderate to limited evidence).

Unsedated MRI examination is possible in

neonates. In addition to conventional T1- and

T2-weighted MR images, MR spectroscopy and

diffusion-weighted imaging (with apparent diffu-

sion coefficient maps for quantitative analysis)

are needed to establish timing and extent of

brain injury (strong evidence).

Supporting Evidence
The central nervous system (CNS) of the neonate

maybe injuredby anumber of differentmechanisms

including hemorrhage, hypoxia-ischemia, hypogly-

cemia, inborn errors of metabolism, hyperbilir-

ubinemia, and neonatal infections. Neurological

assessment of the affected neonate includes assess-

ment for encephalopathy, cranial nerve function,

motor function (tone, posture, movement, power,

and reflexes), primitive reflexes, and sensory exam-

ination. However, because of the immaturity of the

CNS in the neonate, this clinical assessment is

imprecise. Although it may alert the examiner to

the presence or absence of injury, the precise cause

of injury and the severity, extent, and location of
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injury are difficult to establish on clinical grounds

alone. Neuroimaging plays a critical role in the

assessment of brain injury in these patients [20, 21].

The role of ultrasound (US) and computed

tomography in the evaluation of hypoxic-ischemic

brain injury at term is limited. Although sonogra-

phy was shown to be useful in evaluating neonatal

HIE with good accuracy (91 %) and sensitivity

(100 %) and but poor specificity (33 %) when

compared prospectively to MRI in a single series

[54], its use has not been routinely recommended in

evaluation of neonatal HIE because it is operator

dependent and has poor interobserver reliability

[34, 55] (moderate evidence).

CT can be used to assess for traumatic brain

injury (fracture or hemorrhage) if there is

a history of complicated delivery. However, in

a head-to-head study [56], MRI had better

interobserver agreement and demonstrated find-

ings of HIE as well as CT. Further, MRI elimi-

nates the use of ionizing radiation, a putative

cause of malignancy (moderate evidence).

MRI examination is considered an established

tool in the evaluation of term neonates with

encephalopathy [57]. It is the most sensitive and

specific technique for examining infants with

HIE [58] and is a good predictor of neurodeve-

lopmental outcome [34, 59].

Recent advances in MR imaging of neonates

have included the availability of MR-compatible

incubator and ventilator systems that can provide

a stable environment for the often critically ill

and unstable neonate [60]. Neonates can be safely

and successfully imaged without sedation using

standard monitoring with an MR-compatible

pulse oximeter and a cardiorespiratory monitor

[61]. In addition, custom-built coils have dramat-

ically improved signal-to-noise ratios (SNR). MR

diffusion imaging including diffusion tensor

imaging (DTI), diffusion-weighted imaging

(DWI), and fractional anisotropy (FA) provide

valuable insights about timing of injury [62–64],

whileMR spectroscopy (MRS) helps evaluate the

metabolic state in the injured brain [34, 65–67].

Emerging MR techniques include neonatal per-

fusion imaging, which noninvasively measures

cerebral blood flow, and functional MR imaging,

which evaluates brain function and connectivity.

Diffusion-weighted imaging (DWI) is com-

plementary to conventional MR imaging,

improving sensitivity to ischemic injuries during

the first week after the ischemic insult [62–64].

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

Summary
While it is accepted that the risk of an abnormal

neurodevelopmental outcome increases with the

severity of the injury, the pattern of injury on

MRI also conveys important prognostic informa-

tion. In particular, the basal ganglia–thalamus

and watershed patterns of injury are associated

with impairments in different developmental

domains. The basal ganglia–thalamus predomi-

nant pattern or abnormal signal intensity in the

posterior limb of the internal capsule on MRI is

associated with severely impaired motor and cog-

nitive outcomes. Given the frequent occurrence of

cerebral watershed injury with the basal ganglia–

thalamus predominant pattern, cognitive deficits

may result from damage to areas outside the deep

gray nuclei themselves. By contrast, newborns

with the watershed pattern have predominantly

cognitive impairments that often occur without

functional motor deficits (moderate evidence).

Supporting Evidence
Selective neuronal necrosis is the most common

form of injury following perinatal HIE and is

prevalent in almost all cases [16]. The distribu-

tion of the lesion depends on the severity and

duration of the hypoxia-ischemia.

In severe and prolonged insults, diffuse neu-
ronal injury is seen in the cerebral cortex, hippo-

campus, deep nuclear gray matter, brainstem,

cerebellum, and spinal cord [16, 68]. This lesion

carries a high mortality (35 %) [68], and survi-

vors (65 %) are likely to have quadriparesis,

severe seizure disorder (10–30 %) [19],

choreoathetosis, microcephaly, and mental retar-

dation [68].

There is often abnormal signal intensity and

restricted diffusion in the posterior limb of the

internal capsule (PLIC). Abnormalities in the
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PLIC are excellent predictors of abnormal out-

come in term infants with HIE [59, 69]. The

internal capsule is an area of great importance

in the evaluation of the brain of the newborn

infant. It myelinates around term age and is

therefore a marker of maturation that is readily

identifiable on MRI scans. Absent or abnormal

myelination within the posterior portion of the

internal capsule is found in many metabolic dis-

orders; it is also a strong predictor of normal and

abnormal motor outcome in HIE [28]. The

absence of normal signal in the PLIC was

shown to predict an abnormal outcome with

a sensitivity of 0.90, a specificity of 1.0,

a positive predictive value of 1.0, and a negative

predictive value of 0.87. The test correctly

predicted motor outcome in 93 % of infants

with moderate HIE [59] in more detail correlation

of these predictors with outcome.

Prolonged partial insults cause a cerebral

cortical-deep nuclear neuronal injury. The

affected area includes the parasagittal and

perirolandic cortex, hippocampus, basal ganglia,

and thalamus. Brainstem involvement may also

occur. This pattern is seen in 35–65 % of cases of

HIE [70]. These lesions are associated with pre-

dominantly motor deficits with tone and posture

abnormalities. Choreoathetoid movements may

become apparent between 1 and 4 years of life

in these infants [19]. Intellectual function is rela-

tively preserved in infants with later onset disease

[71]. Infants with involvement of the thalamus

have associated cognitive delay [72].

Severe and abrupt insults such as those fol-

lowing placental abruption, cord prolapse, or

uterine rupture result in a pattern of injury that

involves predominantly deep nuclear gray matter
and brainstem. All surviving infants are likely to

develop motor disability in the form of cerebral

palsy. Cognitive impairment depends on associ-

ated cortical injury that may overlap in 50 % of

these cases [68, 73]. Twenty to thirty percent of

infants in this group may require gastrostomy

feeding tubes [74].

Parasagittal cerebral injury is another pattern

that is predominantly an ischemic lesion in term

infants. The lesions are usually bilateral and

involve the cerebral cortex and subcortical

white matter in the “watershed areas” between

major cerebral arteries [16]. This lesion is seen in

the setting of acute hypotension and is seen in

about 45 % of surviving infants with HIE [75]. It

results in spastic quadriparesis along with spe-

cific cognitive deficits such as disproportionate

disturbance in the development of language or of

visual–spatial abilities or both [76].

Does Cooling Alter the Pattern of Brain
Injury?

Summary

Therapeutic hypothermia (whole body or head) is

an accepted treatment modality in infants with

HIE. It is unclear as to what impact hypothermia

has on MR images in these infants (limited

evidence).

Supporting Evidence

Two studies have looked at MR changes in

infants who underwent therapeutic hypothermia

for perinatal HIE. Rutherford et al. looked at MR

imaging in 14 infants with HIE who underwent

head cooling, 20 infants with body cooling, and

52 noncooled infants with similar severity of HIE

[77]. They found that both modes of hypothermia

were associated with a decrease in basal ganglia

and thalamic lesions, which are predictive of

abnormal outcome.

Inder et al. analyzed a group of 26 infants with

HIE. Infants were randomized to either body

cooling or normothermia [78]. The hypothermia

group had less cortical gray matter signal abnor-

mality on MR imaging. They postulated that

there might be differing regional benefits from

systemic cooling. Although the studies are diffi-

cult to interpret because the initial distribution of

injury is not known, there does appear to be

a decrease in the amount of injury.

Take-Home Tables

Table 19.1 presents grading of neonatal enceph-

alopathy. Table 19.2 discusses MR imaging of

evolving hypoxic-ischemic injury.
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Table 19.1 Grading of neonatal encephalopathy

Encephalopathy

grade Clinical features

Mild or stage 1 Hyperalertness, decreased sleep

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

Sympathetic overactivity – eyes wide open, decreased blinking, mydriasis

Duration less than 24 h

Moderate or stage 2 Lethargy or obtundation (i.e., delayed and incomplete response sensory stimuli), mild hypotonia

Cortical thumbs, suppressed primitive reflexes

Seizures, hypotonia, lethargy

Parasympathetic activation with miosis (even on dim light), heart rate less than 120 beats per

minute, increased peristalsis, and copious secretions

Severe or stage 3 Stupor response only to strong stimuli with withdrawal or decerebrate posturing only

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

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

Suppression of brainstemreflexes (corneal or gag)

Clinical seizures less frequentthan Stage 2

Modified with permission from Sarnat HB, Sarnat MS. Arch Neurol. 1976;33(10):696–705. Copyright # 1976,

American Medical Association. All rights reserved

Reprinted with permission from Mathur AM, McKinstry RC. Imaging of hypoxic-ischemic encephalopathy in the full

term neonate. In: Medina LS, Applegate KE, Blackmore CC, editors. Evidence-based imaging in pediatrics. New York:

Springer; 2010

Table 19.2 MR imaging evaluation of evolving

hypoxic-ischemic injury

MR sequence Day 1 Days 3–4 Day 7 Year 2

T1 � + + �
T2 � � + +

FLAIR � � � +

DWI/ADC � + – �
MRS + + � �
Plus signs indicate that the test is a specific indicator at the

time point. Minus signs indicate that the test is insensitive

at the specified time point. If inconsistent results have

been reported, the plus/minus designation is shown

Reprinted with permission from Mathur AM, McKinstry

RC. Imaging of hypoxic-ischemic encephalopathy in the

full term neonate. In: Medina LS, Applegate KE, Black-

more CC, editors. Evidence-based imaging in pediatrics.

New York: Springer; 2010
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Fig. 19.1 (a) Neonate with encephalopathy and seizures.
T1-weighted images on day 1 of life (left) are

unremarkable. By day 10, the T1-weighted images dem-

onstrate the classic pattern of deep nuclear gray matter

injury (arrows). This illustrates that T1-weighted and

T2-weighted (not shown) imaging alone are not sensitive

to the earliest changes of HIE. (b) DWI on day 1 (left)
shows reduced diffusion in the posterior limb of the inter-

nal capsule bilaterally and the adjacent ventrolateral

thalami. By day 10 (right), those regions have

pseudonormalized on DWI, and there is early Wallerian

degeneration of the splenium of the corpus callosum

(arrow). (c) DWI (left) on DOL 1 shows reduced diffusion

in the distribution of the corticospinal tracts bilaterally

(arrows). The T1-weighted images on day 10 show

hyperintensity of the cortex bordering the central sulcus.

At 1 month, the child was doing well with no further

seizures or obvious deficits, which reinforce that MR

imaging must be correlated with long-term outcome to

assess its true utility. This case illustrates the variable

sensitivity of MR by pulse sequence and time after the

injury. In addition, the Wallerian degeneration of the

splenium of the corpus callosum without overt parieto-

occipital injury suggests that not all of the primary injury

is evident (Reprinted with permission from Mathur AM,

McKinstry RC. Imaging of hypoxic-ischemic encephalop-

athy in the full term neonate. In: Medina LS, Applegate

KE, Blackmore CC, editors. Evidence-based imaging in

pediatrics. New York: Springer; 2010)
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Fig. 19.2 (a) Neonate with encephalopathy on day of life
2. Single voxel PRESS proton MR spectroscopy from the

left deep nuclear gray matter region with TE 144 ms (left)
and TE 288 ms (right) shows the characteristic inversion
of the lactate doublet at 1.33 ppm. The degree of elevation

of the lactate peak is inversely correlated with clinical

outcome. (b) T1-weighted images (far left) show subtle

abnormality in the deep nuclear gray matter region

(arrows). FLAIR fails to show the abnormality. DWI

and ADC show restricted diffusion in the thalami bilater-

ally. Despite a neonatal ICU course marked by seizures

and abnormal MR imaging and spectroscopy, the

neurodevelopment outcome (Bayley Scales of Infant

Development) assessed at 1 year of age is within normal

limits. Again, the neonatal imaging predicts a poor out-

come, yet the clinical assessment is normal 1 year later. If

MR is to serve as a predictor of outcome, long-term

clinical follow-up studies will be needed to establish the

positive and negative predictive values of MR imaging in

the newborn period (Reprinted with permission from

Mathur AM, McKinstry RC. Imaging of hypoxic-ischemic

encephalopathy in the full term neonate. In: Medina LS,

Applegate KE, Blackmore CC, editors. Evidence-based

imaging in pediatrics. New York: Springer; 2010)
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Imaging Case Studies

Case 1

Figure 19.1a–c presents images of a neonate with

encephalopathy and seizures.

Case 2

Figure 19.2a, b presents images of a neonate with

encephalopathy on DOL 2.

Suggested Imaging Protocols

A comprehensive evaluation of neonatal enceph-

alopathymust address the issues discussed above.

Has the brain developed normally? Are there

signs of subacute/chronic injury? Are there

signs of recent brain injury? If brain injury is

present, what are the extent and severity of the

injury? Are there signs of complication such as

hemorrhage or hydrocephalus? Based on the lit-

erature cited herein, the suggested MR protocol

for evaluation of the term neonate with suspected

HIE is:

1. T1-weighted images

2. T2-weighted images

3. T2*-weighted images

4. Diffusion-weighted images with computation

of the apparent diffusion coefficient (ADC)

5. Proton MR spectroscopy

Future Research

The gaps in our current knowledge point to future

research opportunities for MR imaging in neona-

tal HIE. One shortcoming is that MR imaging on

the first day of life does not consistently charac-

terize the severity and extent of HIE that eventu-

ally manifests on follow-up MR imaging [25].

Advanced MR spectroscopy methods [79] hold

promise for predicting severity on the first day of

life, but routine MRI and MRS currently under-

estimate the injury. If MR imaging is to serve as

an objective measure for triage of encephalo-

pathic neonates with suspected HIE for novel

interventions, then more work needs to be

focused on improving sensitivity on day 1 of

life. Potential avenues for research include arte-

rial spin label (ASL) perfusion [80] and func-

tional connectivity MRI [81], which have not

yet been reported in the evaluation of HIE.

While structural MR imaging with diffusion

and MR spectroscopy on days 3–4 of life have

shown prognostic value, it remains unproven that

early detection of severity and extent of HIE

improves patient outcomes. Clinicians and fami-

lies may initiate rehabilitation programs with the

intent of maximizing the child’s neurodeve-

lopmental potential. However, the MRI adds

cost to the initial evaluation of the neonate, with

the presumption that the overall cost to society

will be reduced if early intervention yields better

outcomes. This still needs to be proven.

Another open question is whether MRI can

serve as a surrogate for clinical outcomes in trials

of novel therapeutic intervention. MRI could

afford significant cost savings in prospective

therapeutic trials if interim analyses and short-

term outcomes could be based on objective imag-

ing endpoints rather than on neurodevelopmental

assessments that may take months or years to

reach significance. MR imaging is commonly

used to assess endpoints in adult multiple sclero-

sis trials, and MRI endpoints are central to the

design of an ongoing pediatric therapeutic trial

[82]. An open question remains whether cooling

alters the time course of diffusion restriction in

HIE. If so, what is the optimal timing of the MR

scan if one wants to detect HIE changes in the

brain of a neonate who is being cooled?

To date, most studies of HIE attempt to corre-

late clinical outcome with severity of the injury

pattern on MRI. However, there are examples of

rule breakers that come through our clinical prac-

tice on a regular basis. Why do neonates with

a deep nuclear gray matter injury or

periventricular white matter injury have seizures?

Presumably, the MRI is not detecting the full

spectrum of brain injury in this population. How

do we avoid the problem of satisfaction of

search? What strategies should we pursue to

328 A.M. Mathur and R.C. McKinstry III



detect brain injury that does not fit one of the

classic imaging patterns? Many questions remain

unanswered at this point.
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Key Points

• Despite the decreasing incidence in premature

infants, the burden of IVH remains high due to

improved survival of extremely premature

infants. The clinical presentation of IVH is

extremely variable, and the majority of infants

with IVH may be “clinically silent” (moderate

evidence).

• Head ultrasound (HUS) via the anterior and

mastoid fontanelle is the mainstay of radiolog-

ical screening for the detection of IVH and CH

in the first 1–2 weeks of life (moderate

evidence).

• Serial HUS scans are ideal for follow-up to

detect posthemorrhagic ventricular dilatation

(PHVD) in infants with IVH. The timing of

these follow-up scans should be within 4–7

days after the detection of severe (grades

3–4) IVH and twice a week thereafter until

the ventricular size stabilizes. For grades 1–2

IVH, follow-up scans should be performed

once a week for 3–4 weeks or until the ven-

tricular size stabilizes (limited evidence).

• White matter injury and cerebellar injury fol-

lowing IVH is best detected with MR imaging

at term-equivalent age (moderate evidence).

• Both HUS and MR imaging at term-

equivalent age accurately identify infants

with IVH who are at high risk for neurodeve-

lopmental delay (moderate evidence).

Definition and Pathophysiology

Intraventricular hemorrhage (IVH), herein

encompassing germinal matrix-intraventricular

and intraparenchymal hemorrhage, is a charac-

teristic lesion of the preterm neonate. The sever-

ity of hemorrhage [1] ranges from germinal

matrix hemorrhage (grade 1), where the bleeding

is restricted to the subependymal zone of the

ventricles, through intraventricular hemorrhage

(grade 2 when the blood occupies < 50% of the

ventricle) or (grade 3 when blood occupies

>50 % of the ventricle and distends it). The

most severe form of the IVH grading system is

intraparenchymal hemorrhage or periventricular

hemorrhagic infarction (PHI or grade 4), which

may not have significant hemorrhage into the

ventricles.

The etiology and pathophysiology of IVH is

multifactorial and includes hemodynamic (cere-

bral perfusion and blood pressure), intravascular

(structural issues with the capillary network in the

germinal matrix), and extravascular factors

(deficient vascular tissue support and fibrinolytic

activity). The germinal matrix (GM) is the site of

origin of grades 1–3 IVH. This region is the

primary site for neuronal and glial precursors

during gestation and is highly cellular, richly

vascularized, and gelatinous. The fragile capil-

lary bed in the GM is composed of relatively

large, irregular endothelial lined vessels that

mature into a venous structure near term. The

arterial supply to the GM is via branches from

the anterior and middle cerebral arteries and the

anterior choroidal artery. These terminal

branches constitute an arterial end zone at the

GM and may be vulnerable to ischemia/

reperfusion injury. The venous drainage from

the anterior periventricular white matter, choroid

plexus, striatum, and thalamus drains via the ter-

minal vein which courses along the GM draining

into the vein of Galen. PHI (grade 4) occurs as

a result of a venous hemorrhagic infarction in this

drainage system and is distinct in this manner

from the other grades of hemorrhage.

In terms of cerebellar hemorrhage (CH), the

common focal unilateral hemispheric lesions

may originate in the external granular layer,

a germinal matrix, whereas the less common

vermian hemorrhages may originate in the resid-

ual germinal matrix of the ventricular zone in the

roof of the fourth ventricle. Etiology is likely

multifactorial, as with supratentorial germinal

matrix–intraventricular hemorrhage [2].

The ill preterm infant has a pressure-passive

state of cerebral circulation with marked fluctua-

tions in cerebral blood flow occurring with fluc-

tuations in blood pressure. Clinical variables such

as asynchronous ventilation, hypercarbia, patent

ductus arteriosus, hypovolemia, and agitation

episodes are associated with fluctuations in cere-

bral blood flow velocity that may result in
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ischemia–reperfusion injury in the arterial end

zones. Cerebral venous pressure increases with

respiratory interventions such as tracheal

suctioning, higher inflation pressures on ventila-

tion, and pneumothorax [3, 4]. These events may

also be associated with hypo-/hypertension epi-

sodes compromising cerebral perfusion pressure.

Intrapartum events, likely resulting in increased

cerebral venous pressure, have also been impli-

cated in the pathophysiology of IVH. Vaginal

delivery and length of labor are associated with

increased rates of IVH in premature infants [5].

Intravascular factors such as platelet and coagu-

lation disturbances have been implicated in the

causation of IVH, but results from studies have

been inconclusive [6, 7] and studies using pro-

phylactic fresh frozen plasma or antithrombin III

[8] have not shown benefit (limited evidence).

Epidemiology

The incidence of IVH in the premature popula-

tion has declined over the past two decades and

currently has an overall rate of 20–25 % [9, 10].

However, with the increasing incidence of pre-

mature births [11] and the improved survival of

extremely premature infants over this period,

IVH remains a significant contributor to morbid-

ity in this population. The severity of grade of

hemorrhage varies inversely with gestational age

at birth, and the incidence of severe IVH in

infants between 500 and 749 g is about 45 %

[12]. CH is being increasingly recognized as an

additional complication, especially in infants

<750 g at birth with an incidence of 17 %,

while it occurs in about 2 % of infants >750 g

[13]. IVH, especially grades III and IV, is a major

contributor to adverse neurodevelopmental out-

come in premature infants with 50–75 % of

infants developing cerebral palsy and major cog-

nitive handicaps that persist into later childhood

[14]. While information on neurodevelopmental

outcomes with lower grades of IVH (grades

I and II) is limited, some evidence suggests that

there may be a slight increase in risk of cognitive

and motor delay. However, whether this delay is

attributable to hemorrhage alone or to the

associated white matter injury remains unclear

[15, 16]. In addition, while lower grades of IVH

are not associated with increased mortality,

grades III and IV hemorrhage are associated

with higher mortality rates than gestational

age matched subjects without grades III–IV

IVH [17].

Overall Cost to Society

IVH and its associated complications of PHVD

and periventricular white matter injury are major

contributors to adverse cognitive (mental retar-

dation) and motor delay (cerebral palsy) in pre-

mature infants [2]. Based on data from the U.S.

Census Bureau, the NICHD Neonatal Network,

and the Centers for Disease Control, there are

over 3,600 new cases of mental retardation attrib-

utable to IVH in the United States each year, and

the lifetime care costs for these children exceed

3.6 billion dollars [14, 18].

Goals of Imaging

The goals of imaging in neonatal IVH are two-

fold: (1) Diagnosis of IVH neuroimaging is

recommended for high-risk infants to diagnose

IVH and (2) detection of complications of IVH,

such as posthemorrhagic ventricular dilatation

(PHVD) and white matter injury (WMI) [19].

Methodology

The authors searched the literature (January 1975

to March 2011) for both primary literature

(scientific articles) and secondary literature

(evidence-based reviews) on the topics of

GM–IVH–IPH in premature infants. The

National Library of Medicine (NLM) database,

MEDLINE, was searched using the PubMed

search engine for primary evidence. Articles

were retrieved using the following medical sub-

ject heading (MeSH) terms that applied to the

clinical question: (1) GM, IVH, IPH; (2) cerebel-

lar hemorrhage; (3) pathogenesis; (4) head
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ultrasound; (5) MRI or magnetic resonance imag-

ing; (6) white matter injury; (7) posthemorrhagic

ventricular dilatation; and (8) neurodeve-

lopmental outcome. The following limits were

applied to restrict the focus of our search:

human neonates and English language. The title

and abstracts of the retrieved papers were

reviewed to find relevant literature. The bibliog-

raphies of these articles were also reviewed to

identify any other relevant papers.

Discussion of Issues

What Are the Clinical Patterns of
Presentation of IVH in Preterm
Neonates?

Summary

The clinical presentation of IVH in premature

neonates is variable and is often clinically silent.

Serial clinical examinations, especially a change

in mental state and activity and an unexplained

drop in hemoglobin levels, may offer clues to the

onset of IVH (limited evidence).

Supporting Evidence
There are four basic clinical patterns of presenta-

tion of IVH:

(a) Clinically silent – This is the most common

presentation of IVH (25–50% of cases) and is

often diagnosed on a screening head ultra-

sound [20]. Cerebellar hemorrhages often

present silently as well [21]. A valuable sign

is an unexplained drop in hematocrit or fail-

ure of a rise in hematocrit following a packed

cell transfusion. In addition, other subtle clin-

ical features including tight fontanelle,

decreased spontaneous activity and tone,

abnormal eye signs, and seizures predict

IVH in 54 % of patients [20] (limited

evidence).

(b) Mild and fluctuating encephalopathy – This

presentation is less common and can evolve

over hours to days. Detection of these signs

requires careful serial clinical examination

and includes an alteration in the level of

consciousness or mental state, a reduction in

the quantity and quality of spontaneous activ-

ity and responsiveness, hypotonia, or

changes in eye position and movement [2]

(limited evidence).

(c) Catastrophic – This sudden onset of severe

encephalopathy with deep stupor or coma,

seizures, respiratory and hemodynamic insta-

bility, decerebrate posturing, bulging anterior

fontanelle, and severe hypotonia is less com-

monly seen with IVH but nevertheless is

associated with the more severe spectrum of

IVH [22] (moderate evidence).

(d) Agitation episodes – This presentation has

been recently associated with the onset of

CH, and sudden onset of increased agitation

should prompt screening with a head ultra-

sound [23] (limited evidence).

What Imaging Is Most Appropriate for
the Diagnosis of IVH and Who Should
Be Screened?

Summary

Head ultrasound (HUS) screening is the imaging

method of choice when evaluating premature

infants for IVH (moderate evidence). This screen-

ing is recommended for all infants born<30weeks

gestation or any premature infant with an unstable

clinical course and should be performed on or

before 4 days of life and then again between

7 and 10 days of life to detect themajority of infants

with “clinically silent” hemorrhages (moderate

evidence). In addition to the anterior fontanelle, a

mastoid fontanelle view is also recommended to

detect cerebellar hemorrhage (see section on

“What Is the Best ImagingModality for Cerebellar

Hemorrhage?”) (moderate evidence).

Supporting Evidence
In view of the high incidence of IVH in the pre-

mature population and the clinically silent presen-

tation in themajority of cases, it is prudent to have

a screening tool for diagnosis in all premature

infants admitted to a neonatal intensive care unit

[24]. Availability of high-resolution imaging,

portability, cost-effectiveness, and lack of ioniz-

ing radiation make portable ultrasonography the

334 A.M. Mathur and R.C. McKinstry III



imaging modality of choice in this situation [2]

(moderate evidence). Computerized tomography

(CT) scanning demonstrates the site and extent of

IVH very effectively. However, the exposure to

ionizing radiation and usual lack of portability

(a few portable CT models are currently

available) reduce the utility of this technique in

neonates [25].Magnetic resonance (MR) imaging,

while providing better resolution imaging, has the

disadvantage of cost and lack of portability that

precludes its use as a screening tool for IVH in

the first few days of life in premature infants

[2, 26]. The ability to perform MRI scans in

this population has been greatly enhanced by the

availability of MRI compatible immobilizers,

ventilators, and monitoring equipment. In

addition, an MRI compatible incubator is also

commercially available for use in smaller infants.

When these measures are taken, high-quality MRI

scans can be obtained safely without sedation in

this population [27–32] (limited evidence).

Issues with Head Ultrasounds
The inter-rater reliability of HUS interpretation

in premature neonates has been found to be very

good for grades III–IV IVH (kappa ¼ 0.84) but

was poor for lower grades of IVH. Similarly,

local interpretation of grades III–IV IVH was

highly accurate as compared to a “gold standard”

central reader interpretation (sensitivity,

87–90 %; specificity, 92–93 %), but sensitivity

was fair–poor for grades I–II IVH (48–68 %)

[33, 34] (moderate evidence).

The poor interobserver reliability and accuracy

for grades I and II IVH and for any white matter

injuries suggest that HUS is less useful for defin-

ing these types of brain injuries. It is not surprising

that there is difficulty with the identification and

classification of mild IVH. Small subependymal

hemorrhages may be missed if the key images

through the caudo-thalamic grooves are not

obtained. Small amounts of intraventricular

blood may not be visible on HUS, especially if

the hemorrhage is along the choroid plexus [35].

Who Should Be Screened?
Twelve to fifty one percent of infants with BW of

<1,500 g and/or GA of �33 weeks have cranial

US abnormalities [36–39]. However, major

abnormalities such as grades III and IV IVH,

cystic PVL, and ventriculomegaly, which might

alter treatment or provide prognostic informa-

tion, are considerably more common (20–25 %)

in infants with GA of �30 weeks [19].

Stable infants born �25 weeks gestation may

not need further screening for IVH if they have

had two normal HUS scans performed a week

apart (limited evidence).

Unstable or infants born �25 weeks gestation

are at higher risk for late IVH, ventriculomegaly,

and WMI and should have a follow-up scan at

term-equivalent age even if the first two scans

were normal [40] (moderate evidence).

In a 10-year study of 1,220 premature infants

born between 30 and 34 weeks gestation, Bhat

et al. found that only 38 % of infants underwent

head ultrasounds. Of the scanned infants, they

reported an IVH incidence of 3.3–6.3 % of

which 1.5 % infants had severe IVH. Thus,

screening HUS should be considered for all pre-

term infants who have had clinical instability in

the neonatal period [24] (moderate evidence).

When Should Infants Be Screened?
Grading of IVH is based on HUS findings [1], and

serial imaging has provided clues about the

timing of IVH. The likelihood of early onset of

IVH varies inversely with birth weight with 62 %

of IVH in infants between 500 and 700 g occur-

ring within 18 h of life [41]. About 90 % of all

IVH has an onset in the first 4 days of life, and

20–40 % of these lesions progress over the course

of the subsequent 4–5 days [42, 43]. Thus, two

scans in the first 7–10 days would be able to

detect the majority of IVH [2]. However,

a practice parameter on neuroimaging of the

neonate – Report of the Quality Standards Sub-

committee of the American Academy of Neurol-

ogy and the Practice Committee of the Child

Neurology – concluded that “A routine screening

head ultrasound (HUS) should be performed on

all infants <30 weeks’ gestation once between 7

and 14 days of age and should be optimally

repeated between 36 and 40 weeks’

postmenstrual age” [19]. This recommendation

is intended to detect all severe forms of IVH
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and periventricular leukomalacia (PVL) and

ventriculomegaly both common lesions in pre-

mature infants. This consensus statement was

created by reviewing evidence from literature

searches using MEDLINE and EMBASE for

1990–2000. Of the >1,320 citations produced

by the search using key words, 90 met their inclu-

sion criteria. Each article was reviewed and the

strength of the evidence ranked by two indepen-

dent reviewers. Recommendations were derived

based on the strength of the evidence [19]

(moderate evidence).

What Is the Best Imaging Modality for
Cerebellar Hemorrhage?

Summary

Early detection of larger (>3 mm) CH is accom-

plished by HUS screening that incorporates the

mastoid fontanelle, the thinnest region of the

temporal bone at the junction of the squamosal,

lambdoidal, and occipital sutures. MR imaging

detects a larger proportion of cerebellar hemor-

rhages that are smaller (1–3 mm) and missed on

HUS (limited evidence).

Supporting Evidence

Head ultrasound through the anterior fontanelle

(AF) is the screening method of choice for the

detection of IVH. However, visualization of

infratentorial structures located farther away

from the transducer is poor due to the echogenic

tentorium and vermis [13]. Imaging through the

mastoid fontanelle (MF) provides a better view of

the posterior fossa [21, 44, 45]. Recent studies

have indicated that MR imaging improves the

detection of CH especially small punctate hem-

orrhagic lesions in the hemispheres and vermis

that are 1–3 mm in size [46]. When compared to

CH detected on MRI, HUS with the MF view had

a positive predictive value of 100 % and a nega-

tive predictive value of 89 % and a sensitivity of

45 % and specificity of 100 % [47]. However, the

CH detected only on MR imaging is associated

with a better neurological outcome than that

visible on HUS [46] (limited evidence).

What Imaging Is Appropriate for
Evaluating Complications Associated
with IVH?

Summary
Of the two major complications/associations of

IVH, posthemorrhagic ventricular dilatation

(PHVD) is best detected by serial HUS scans

performed starting within 4–7 days following

detection of a severe IVH (grades 3–4) and then

twice a week for 4 weeks or until the ventricular

size stabilizes. Standard ventricular measures

including the ventricular index, anterior horn

width, and thalamo-occipital distance can aid in

the serial evaluation of ventricular dilatation.

WMI can be imaged with either HUS or MR

imaging at term-equivalent age although the lat-

ter is more sensitive at detecting mild/moderate

injury. MR imaging without sedation has been

shown to be safe, feasible, and successful at this

age in premature infants (moderate evidence).

Supporting Evidence
Complications of IVH stem from (a) obstruction

ofCSF flow (acute) and/or decreased absorption of

CSF due to obliterative arachnoiditis (subacute)

resulting in posthemorrhagic ventricular dilatation

(PHVD), (b) preceding or concomitant white

matter injury (especially in periventricular hemor-

rhagic infarction or grade 4 IVH) from inflamma-

tory and free radical mediated injury, and

(c) destruction of the germinal matrix and glial

precursors [2].

PHVD
About 30–50 % of infants with IVH will develop

PHVD [48], and of these 25–50 % develop pro-

gressive PHVD [49] that is associated with

a threefold increase in cognitive and psychomo-

tor delay [50]. Serial assessment of ventricular

size by HUS is critical since the classic clinical

signs of hydrocephalus, i.e., full fontanelle, rapid

head growth, and sutural separation, may not

appear for days to weeks after dilatation of the

ventricles [51, 52]. PHVD usually evolves over

a course of 1–4 weeks and occurs earlier for the

more severe grades of hemorrhage. Thus, the

acute variety of PHVD may occur within
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a week of severe IVH while the subacute type of

PHVD may start 2–3 weeks later [53].

Reference ranges for ventricular size (anterior

horn width and thalamo-occipital distance) are

established across gestational ages [54], and nor-

mative ventricular indices have been described

on HUS in premature neonates [55]. These mea-

sures are important in defining the timing of sur-

gical intervention in PHVD. In a retrospective

review of 73 infants with PHVD requiring inter-

vention over a 5-year period in a Dutch group of

neonatal units, deVries et al. demonstrated

that earlier intervention in PHVD with CSF

drainage (lumbar punctures and ventricular

drainage devices) prior to the ventricular indices

exceeding the 97th centile + 4 mm size resulted

in improved neurodevelopmental outcomes

and decreased need for ventriculoperitoneal

shunt [56].

White Matter Injury
IVH is associated with a five- to ninefold

increased risk of WMI regardless of size,

laterality, or extent of lesions. Compared with

infants with neither IVH nor ventriculomegaly,

infants with both were at 18- to 29-fold greater

risk of WMI [57]. Detection of white matter

injury (WMI) in the premature neonate is best

accomplished with an MRI performed at term-

equivalent age. MR imaging can be accom-

plished without sedation in the majority of

infants making it feasible in this population

[27]. The availability of immobilizing devices

suitable for neonates, MR compatible incubator

with an integrated head coil, vital signs monitor-

ing system, and intravenous pumps has improved

the success rate of these scans without sedation

[27]. Infants are fed and wrapped in a blanket

and the immobilizer with leads for monitoring

vital signs. Most infants sleep through the

scan and the success rate approaches 90 %

once the team gets familiar with the procedure.

However, MR imaging needs to be accompanied

by specialized neuroradiology services and

a clinical neonatologist or pediatric neurologist

who can explain the findings and their clinical

impact on the infant. There is growing evidence

that moderate to severe WMI detected at

term-equivalent age in premature infant is asso-

ciated with poor neurodevelopmental outcomes

across all domains of development [58]. In addi-

tion, adverse outcomes are associated with major

destructive lesions in the WM, diffuse excessive

high signal intensity (DEHSI) within the white

matter on T2 imaging, cerebellar hemorrhage,

and ventricular dilation after intraventricular

hemorrhage, but not with punctate white matter

lesions, hemorrhage, or ventricular dilation with-

out IVH [59, 60]. Evidence for the utility of HUS

in detecting WMI at term-equivalent age varies

by institution and individual expertise. While

HUS was shown to be capable of detecting

most severe forms of white matter injury, it was

poorly predictive of mild/moderate injury [61].

However, in experienced hands not only did

HUS identify all severe WMI identified on

MR imaging, but infants with a normal HUS at

term-equivalent age had either mild/no injury

on MRI performed on the same day [62]. The

addition of imaging via the mastoid fontanelle

while improving the detection of CH does not

improve the overall ability of HUS to diagnose it.

What Is the Impact of Imaging in This
Population?

Summary
The variable and often subtle clinical syndrome

that heralds the onset of IVH in premature infants

and the significant association with complica-

tions and outcome makes screening imaging the

key diagnostic approach to identify infants with

IVH. In addition, these infants are at significant

risk of PHVD andWMI neither of which is easily

detected clinically. Follow-up imaging is thus

warranted to detect these complications that

may require intervention or close monitoring

(strong evidence).

Supporting Evidence

The clinical presentation of the IVH spectrum in

premature neonates is clinically variable. While

the catastrophic presentation with obvious neuro-

logical signs provides a high index of suspicion in

some infants, even careful, serial neurological
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examination may miss IVH in 25–50 % of infants

[2, 20]. Portable HUS scan remains the imaging

modality of choice for screening high-risk pre-

mature neonates <30 weeks gestation for IVH

[19]. The grade and extent of the IVH can be

detected early, and the information obtained

helps the treating neonatologist in assessing prog-

nosis and risk for complications.

The development of PHVD secondary to

severe grades of IVH evolves over 1–3 weeks.

Due to the anatomical nature of the preterm

brain with paucity of cerebral myelin, relative

water excess in the white matter, and the rela-

tively large subarachnoid space, clinical signs

of increased intracranial pressure do not appear

for weeks after ventricular dilatation is present

[2]. This delay in clinical diagnosis may be

detrimental to cerebral perfusion and neuro-

physiologic function as demonstrated by

Doppler studies of cerebral blood flow velocity

and visual evoked potentials [63, 64]. Serial

HUS screening offers the best modality for

detecting PHVD, and normative values for ven-

tricular indices are available to assist in deter-

mining timing of intervention in progressive

cases [54].

WMI in premature infants with IVH is best

accomplished using MR imaging at term-

equivalent age (see evidence from the section

“What Imaging Is Appropriate for Evaluating

Complications Associated with IVH?”).

What Is the Long-Term
Neurodevelopmental Impact of IVH?

Summary
All premature infants with IVH are at a signifi-

cantly higher risk of developmental delay and

need periodic follow-up neurodevelopmental

testing for early detection of delay for timely

intervention with appropriate therapy services.

While the risk of adverse outcome is higher

with more severe grades of IVH, even lower

grades of IVH are associated with adverse out-

comes albeit less often (moderate evidence).

Supporting Evidence
The risk of neurodevelopmental delay in survi-

vors following severe IVH remains high [14, 48].

50–75 % of infants with grades 3–4 IVH develop

disabling cerebral palsy while 45–86 % of pre-

term infants with grades 3–4 IVH have been

reported to have major cognitive delay with

75 % of them requiring special education inter-

vention in school [19]. These more severe grades

of IVH are significantly associated with mental

retardation at 2–9 years with odds ratio values

ranging from 9.97 to 19.0 [65]. In addition,

extremely low-birth-weight infants with severe

IVH that requires shunt insertion are at greatest

risk for adverse neurodevelopmental and growth

outcomes at 18–22 months compared with

children with and without severe intraventricular

hemorrhage and with no shunt [66].

Not only are infants with severe IVH at risk for

neurodevelopmental delay, but even infants with

low-grade IVH need careful follow-up. In

a review of 362 extremely low-birth-weight

infants with either normal (258/362) or grades

I–II IVH (104/362), Patra et al. found that the

neurodevelopmental outcomes of infants with

IVH was significantly worse when compared

with a cohort of similar infants with normal

HUS scans across domains. Using the Bayley

Scale of Infant and Toddler Development II,

they reported a significantly lower mean mental

developmental index (MDI) score than infants

with normal HUS (74 � 16 vs. 79 � 14,

P ¼ .006). They had higher rates of MDI � 70

(45 % vs. 25 %; OR, 2.00; 95 % CI, 1.20 to 3.30;

P ¼ .008), major neurologic abnormality (13 %

vs. 5 %; OR, 2.60; 95 % CI, 1.06 to 6.36;

P ¼ .036), and neurodevelopmental impairment

(47 % vs. 28 %; OR, 1.83; 95 % CI, 1.11 to 3.03;

P ¼ .018) at 20 months chronological age, even

when adjusting for confounding factors [15].

CH has been associated with significantly

increased risk for subsequent neurodeve-

lopmental disabilities when compared with

preterm infants without hemorrhage. In addi-

tion to motor abnormalities, there is particular

prominence of dysfunction in non-motor
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domains, specifically the high prevalence of sig-

nificant deficits in cognition, communication

(both receptive and expressive), and social–

behavioral function. In addition, while motor out-

comes were worse in infants with associated

IVH, the cognitive, language, and social sequelae

were no worse in infants with combined CH and

IVH than in infants with isolated CH [67].

Imaging Options

Table 20.1 shows the utility of imaging modali-

ties for the detection of IVH and complications.

Imaging Case Studies

Case 1 A 24-week gestation infant imaged with

severe respiratory distress and hypotension

imaged on DOL#5 (Fig. 20.1) with grade 4

hemorrhage

Case 2 A Former 26-week gestation infant

imaged on DOL# 15 with PHVD (Fig. 20.2)

Case 3 A former 24-week gestation infant imaged

on DOL#10 with a right side cerebellar hem-

orrhage (Fig. 20.3)

Case 4 A former 27-week gestation infant imaged

at term-equivalent age demonstrating bilateral

cerebellar hemorrhages (Fig. 20.4)

Case 5 A former 28-week twin female infant with

a history of grade 4 IVH on the right imaged at

term-equivalent age (Fig. 20.5)

Case 6 A former 29-week gestation infant

imaged at term-equivalent age who developed

necrotizing enterocolitis and gram-negative

sepsis on DOL#17 (Fig. 20.6)

Suggested Imaging Protocol

A typical HUS is performed using a 10v4 trans-

ducer (vector transducer with a frequency range

from 10 MHz down to 4 MHz) using five focal

zones to improve spatial resolution. Via the

anterior fontanelle, at least six oblique coronal

sections (anterior to posterior) and seven

parasagittal sections (one midline, three on the

right, and three on the left) are obtained. Using

themastoid fontanelle as an acoustic window, one

section is obtained in coronal and sagittal orienta-

tion. Modern equipment and PACS workstations

allow for routine cine sweep clips to be stored and

played back in real time to minimize the operator

dependence of the final image interpretation.

MRI of the newborn brain can be performed at

1.5 T, but 3.0 T is preferable given the higher

signal to noise ratio (SNR) afforded by the higher

field strength. There are a number of options for

RF coil selection. In practice, smaller coils and

multichannel coils yield higher SNR than

larger, single channel coils. The ideal coil is

a multichannel (typically 8–12 channels), specif-

ically designed for newborns. However, many

centers have to use a multichannel extremity

coil or head coil if a multichannel, neonatal head

coil is not available. The imaging protocol should

include a 3D T1-weighted scan with isotropic

voxels no larger than 1 mm3 (e.g., MPRAGE).

The inversion time (IR), flip angle, repetition time

(TR), and echo time (TE) will be vendor depen-

dent but should be set to optimize contrast in the

Table 20.1 Utility of imaging modalities for the detection of IVH and complications

Imaging IVH CH PHVD WMI Costs

HUS Suitable – FC Limited Suitable – FC Limited $

MRI Suitable Suitable – FC Suitable Suitable – FC $$$

CT Suitable – NR Suitable – NR Suitable – NR Limited – NR $$

FC, first choice modality after considering sensitivity, specificity, and cost; NR, not recommended weighing risks

against alternative imaging modalities
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Fig. 20.1 A 24-week gestation infant imaged with severe

respiratory distress and hypotension imaged on DOL#5.

A HUS coronal view demonstrating bilateral grade 4 hem-

orrhages (intraparenchymal hemorrhage) that appear in

a fan-shaped distribution anterolateral to the ventricle

Fig. 20.2 A former 26-week gestation infant imaged on

DOL# 15. A coronal HUS view demonstrating PHVD.

Note the resolving germinal matrix (grade 1) hemorrhage

on the right. Scalar measures of the anterior horn width on

the right and ventricular index on the left are also

demonstrated

Fig. 20.3 A former 24-week gestation infant imaged on

DOL#10. A right side cerebellar hemorrhage (arrow)
shown on a HUS through the mastoid fontanelle. This

infant also had a germinal matrix hemorrhage. Due to

the high risk of associated complications, a follow-up

MR imaging at term equivalent would detect the extent

of WMI and cerebellar injury

Fig. 20.4 A former 27-week gestation infant imaged at

term-equivalent age. A T2-weightedMR scan demonstrat-

ing bilateral cerebellar hemorrhages (arrows). Note the

mild ventriculomegaly (likely due to decreased white

matter volume), the wide interhemispheric fissure, and

asymmetric appearance of the basal ganglia. All these

findings are concerning for a significant increase in

neurodevelopmental disability
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newborn brain. Ideally, a high resolution or 3D

T2-weighted scan (e.g., SPACE) with isotropic

1-mm3 resolution to match the 3D T1-weighted

scan would be obtained. Sagittal imaging orien-

tation with coronal and transaxial reformations

provides the most efficient scanning in terms of

scan time. A gradient echo T2*-weighted scan

improves sensitivity tomany forms of hemorrhage.

When possible, susceptibility-weighted imaging

(SWI) at 3.0 T yields imagines with higher sensi-

tivity and superior spatial resolution than 2D gra-

dient echo imaging. Diffusion-weighted imaging

and MR spectroscopy are typically performed as

part of a newborn protocol but add little to the

evaluation of IVH, PHVD, and CH; however,

they may strengthen the diagnosis of WMI at

term-equivalent age. Gadolinium-based contrast

agent is typically not administered to newborns

with IVH and associated complications unless

a concurrent infection is suspected. MR venogra-

phymay be performed if the pattern of hemorrhage

suggests an etiology other than GMH or PHI.

Future Research

• Advances in MR imaging resolution,

sequences, and analysis continue to reveal

insights into the biological spectrum of brain

injury and abnormal development in the prema-

ture infant. Resting state functional connectivity

MR imaging (fcMRI) is being investigated to

ascertain connectivity in the premature neonatal

brain. Diffusion tensor imaging combined with

conventional T1- and T2-weighted imaging

provides quantitative and qualitative evaluation

of the white matter. Diffusion tractography is

being studied to look at white matter develop-

ment in premature infants. Automated volumet-

ric and surface segmentation techniques are

being evaluated to detect global and regional

differences in brain development and injury.

• Diffuse optical imaging (DOI) based on the

blood oxygen level–dependant (BOLD) signal

is a portable qualitative imaging modality that

is being evaluated in premature infants as

a marker of connectivity.

Fig. 20.5 A former 28-week twin female infant with

a history of grade 4 IVH on the right imaged at term-

equivalent age. A T2-weighted sagittal view demonstrat-

ing the porencephalic cyst (arrow) that has developed in

the area of the prior IPH. This infant demonstrated a mild

hemiparesis on the left with normal mental development

on follow-up testing at 2 years of age

Fig. 20.6 A former 29-week gestation infant imaged at

term-equivalent age. This infant developed necrotizing

enterocolitis and gram-negative sepsis on DOL#17.

A T2-weighted coronal MR image demonstrating the

diffuse excessive high signal intensity (DEHSI) in

the white matter (arrows), ventriculomegaly, increased

interhemispheric fissure, and extra-axial space reflecting

loss of white matter volume
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Key Points

• Plain skull radiography demonstrates

moderate to high sensitivity and specificity in

craniosynostosis.

• Numerous publications support three-

dimensional CT as the imaging modality with

the best diagnostic performance, with reported

sensitivities of 96–100 %. CT also detects

associated intracranial pathology.

• Higher diagnostic performance is obtainedwith

plain films and CT if the studies are of good

quality and interpreted by an experienced

reviewer.

• Cranial sonography shows preliminary promise

as a diagnostic test for craniosynostosis.

The evidence is based on small cohort studies;

hence, larger series are needed before it is

routinely used in clinical practice.

• Imaging strategies for children with suspected

craniosynostosis should be based on their risk

group. In healthy children with head deformity

including posterior plagiocephaly, skull radi-

ography is recommended. Syndromes such as

Apert, Crouzon, and Pfeiffer nearly always

have associated craniosynostosis and, hence,

require 3D CT imaging for surgical planning.

• Imaging is not necessary for diagnosis or

preoperative planning in isolated craniosynos-

tosis with unequivocal clinical findings.

However, in countries with significant societal

expectations and medicolegal issues, imaging

may still be employed. Recently renewed

interest in pediatric imaging radiation dose

reduction may change customary practices

and, when indicated, limits the role of imaging

to low-dose protocols.

• Intracranial anomalies can be seen in patients

with craniosynostosis, but the exact incidence

is not precisely known.

• Small retrospective US and MRI studies

demonstrate the feasibility of prenatal

diagnosis of craniosynostosis. However,

large prospective studies are still required to

understand the prenatal role of imaging in

craniosynostosis and its effect on postnatal

outcome.

Definition and Pathophysiology

Craniosynostosis is the premature fusion of the

skull sutures. The resulting asymmetric calvarial

growth causes characteristic cranial deformities.

The clinical outcome varies between minor

cosmetic deformity and dental malocclusion

to severe head growth restriction with mental

retardation and cranial palsies [1, 2].

Craniosynostosis cases can be classified

in nonsyndromic (isolated) and syndromic.

The exact etiology of this disorder has not

been fully elucidated. However, it is generally

believed that craniosynostosis results from

abnormalities in the equilibrium between

proliferation and differentiation of the

osteoprogenitor cells of the cranial sutures

from perturbations in signaling, tissue interac-

tions, or a combination of these elements [2].

Furthermore, it is now known that the majority

of craniosynostosis syndromes are caused

by mutations in genes encoding fibroblast

growth factor receptor (FGFR)-1, FGFR-2, and

FGFR-3 and transcription factors TWIST and

MSX2 [2–6]. Finally, an increasing number of

mutations have been attributed to isolated,

nonsyndromic craniosynostosis [7].

Epidemiology

The overall prevalence of craniosynostosis in the

general population ranges from 34 to 48 per

100,000 live births [8, 9].

Higher incidence has been reported in the state

of Colorado, USA [10], but the reason for this

difference is unclear. In the general population,

syndromic cases of craniosynostosis are less

common than nonsyndromic cases [11–14].

Isolated sagittal and isolated coronal craniosy-

nostoses are the most frequent types, accounting

for 56 % and 22 % of the cases, respectively [9].

Interestingly, Selber et al. reported an increase

in the relative frequency of metopic craniosynos-

tosis over the last 24 years from approximately

3.7–27.3 % of cases [15]. In children

with syndromic craniosynostotic disorders such
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as Crouzon, Apert, and Pfeiffer syndromes, cra-

niosynostosis is almost universally present

[11–14]. Phenotypically unusual combined cranio-

synostosis is reported to occur in approximately

7.5 % of the cases (as reported by a large tertiary

care center) [6].

Deformational plagiocephaly (also known

as positional or postural molding plagiocephaly)

is defined as the asymmetric flattening of the

head due to repeated pressure. Since 1992,

there has been an exponential increase in the

number of infants seen with deformational

posterior plagiocephaly [16, 17]. The estimated

prevalence of deformational plagiocephaly

reaches approximately 20 % during the first

4 months of life [7]. The most likely explanation

is the 1992 American Academy of Pediatrics

recommendation that infants sleep in the

supine position to decrease the risk of sudden

infant death syndrome (SIDS) and the increased

awareness among pediatricians and other

primary care providers for detection of

plagiocephaly [18–22]. This specific entity

usually presents some time after birth,

progresses until 6 months of age, and remains

stable thereafter [17]. The skull deformity is

generally considered to be only of cosmetic

significance, and in the vast majority of the

cases, it will respond to conservative measures,

such as changing sleeping position or corrective

helmets [4, 18, 23, 24].

Overall Cost to Society

We are not aware of studies documenting

national costs of diagnosis or treatment of cranio-

synostosis or deformational plagiocephaly before

or after the 1992 recommendations from the

American Academy of Pediatrics. We did find

a comprehensive publication by Judith Weiss

and colleagues regarding the hospital use and

associated costs of craniofacial malformations

in the state of Massachusetts [25]. In their

detailed analysis, they included cost figures for

craniosynostosis in the state of Massachusetts for

children up to 2 years of age. For the 1998–2002

period, a total of 139 new cases of

craniosynostosis were recorded. These patients

required a total of 1,386 hospital days, with

a mean of 10 hospital days per patient. Adjusted

cost figures for 2003 dollars estimate a total cost of

$2,911,690, with a mean cost of $20,947 per

patient.

The cost of imaging studies and cost-

effectiveness analysis are discussed in detail below.

Goals of Imaging

The overall goal of neuroimaging for infants with

suspected craniosynostosis is early detection and

characterization of this entity to enable appropri-

ate treatment. Delayed diagnosis and treatment

may lead to (1) cosmetic calvarial deformity

which may be difficult to correct or may require

more extensive cranioplasty and (2) potentially

irreversible neurological impairment [22].

Specific imaging goals include detailed charac-

terization of the number of sutures affected,

extent of suture involvement, and complexity

of 3D calvarial deformity. Secondary goals

include uncovering underlying brain anomalies

associated with syndromic craniosynostotic

disorders. More recently, there has been

growing interest in the prenatal diagnosis of this

disorder.

Methodology

Scientific article search was performed using the

MEDLINE/PubMed electronic database

(National Library of Medicine, Bethesda, MD)

and Ovid (Wolters Kluwer, New York, New

York) for original research publications

discussing the diagnostic performance and

effectiveness of imaging strategies in craniosyn-

ostosis. The search for neuroimaging-related

publications covered the period 1980 to January

2011. The search strategy employed different

combinations of the following terms: (1) cranio-

synostosis, (2) sensitivity, (3) specificity, and

(4) diagnosis. This review was limited to

human studies and the English-language

literature. The authors performed an initial
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review of the titles and abstracts of the identified

articles followed by a full-text detailed review of

the relevant articles.

Discussion of Issues

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

Summary

Plain skull radiography demonstrates moderate to

high sensitivity and specificity in craniosynosto-

sis (limited to moderate evidence).

Numerous publications show 3D CT as the test

with the best diagnostic performance, with

reported sensitivities of 96–100 % (limited to

moderate evidence). Additionally, CT allows the

detection of associated intracranial pathology.

Higher diagnostic performance is obtained when

radiographs and CTs are of good quality and

interpreted by experienced radiologists (limited

to moderate evidence). An imaging diagnostic

algorithm is summarized in Fig. 21.1.

The diagnostic algorithm is based on the

clinical differentiation between syndromic and iso-

lated craniosynostosis. In isolated (nonsyndromic)

cases, we advocate starting with plain radiographs.

If the radiographs are negative, clinical follow-up

would be indicated. In equivocal cases, or when

the radiographs are positive, further characteriza-

tion with 3D CT is recommended. Syndromic

cases are best evaluated directly with 3D CT,

with surgical consultation indicated in positive

cases. Less-experienced radiologists may prefer

using 3DCT rather than plain radiographs because

of its higher sensitivity for detecting craniosynos-

tosis and less difficulty in identifying and

characterizing the sutures.

Head sonography shows preliminary promise

as a diagnostic test for craniosynostosis, with

estimated sensitivities and specificities in the

94–100 % range. The evidence is based on

small cohort studies; hence, larger series are

needed before routine use in medical practice

(limited evidence). Bone scintigraphy has fallen

out of use, mainly due to its low accuracy

estimated at 66 %. In addition, interpretation of

images is complex and requires great expertise

(limited evidence).

Supporting Evidence

Skull Radiographs Plain radiographs are

classically considered the first-line imaging

modality in craniosynostosis [26, 27]. The stan-

dard series includes an anteroposterior view,

Towne projection, and both lateral views. The

low cost per study, low radiation, and universal

availability have made it an attractive diagnostic

choice [28]. However, large prospective studies

addressing the diagnostic accuracy of this

imaging modality are lacking. In a retrospective

study by Cerovac and colleagues, the overall

diagnostic accuracy of plain radiography was

estimated at 91% [27] (limited evidence). Vannier

and colleagues [29] reported wide ranges of

diagnostic accuracies depending on the suture eval-

uated, ranging from 56 % for the metopic suture to

88 % for the sagittal suture. Overall sensitivity and

specificity were reported between 57–80 % and

54–100 %, respectively (limited to moderate evi-

dence). Pilgram et al. showed that poor-quality

radiographic studies had a significant decrease in

sensitivity and specificity estimated at 60 % and

78 %, respectively [30] (Table 21.1) (limited

to moderate evidence). In an older study of

36 patients from 1985 [22], plain radiography was

reported to have an accuracy rate of 89 % when

compared to surgical inspection and pathologic

examination (limited evidence).

Computed Tomography (CT) The introduction of

computed tomography revolutionized the imaging

of craniosynostosis. Thismodality not only depicts

the osseous pathology exquisitely but also allows

for the detection of associated intracranial

abnormalities, including hydrocephalus and brain

developmental anomalies, such as agenesis of

the corpus callosum [31]. In addition, CT can

identify alternative causes for asymmetric cranial

morphology, such as brain hemiatrophy and

chronic subdural collections [26].
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Numerous studies have been published in the

literature demonstrating the high diagnostic per-

formance of CT (Table 21.1). Agrawal et al. [32]

reported an overall sensitivity of 100 % for CT

diagnosis of craniosynostosis when correlated with

intraoperative findings and surgical specimens

(limited evidence). A blinded study performed on

a relatively small cohort (25 infants) reported

the sensitivity of CT with 3D surface-rendered

reconstructions in the range of 96–100 %, when

correlated with surgical findings (limited evidence)

[33]. An older study from 1985 using thicker axial

slices and no 3D reconstructions [22] reported an

overall accuracy for CT diagnosis of 94 %. In this

study, pathologic and surgical findings were used

as gold standard.

The quality of the CT images and the

reviewer’s experience play an important role in

the achieved diagnostic performance. Vannier

et al. demonstrated sensitivity and specificity

of 96 % and 100 %, respectively, for experi-

enced CT reviewers (limited to moderate

evidence) [33] versus a specificity of 43–83 %

and 100 % sensitivity for less-experienced

reviewers (limited to moderate evidence)

(Table 21.1) [33]. Pilgram et al. demonstrated

that poor-quality CT studies also had a

significant decrease in sensitivity and specificity

estimated at 73 % and 78 %, respectively

(limited to moderate evidence) [30].

The use and risks of sedation or general

anesthesia to perform CT examinations in children

have been considered by several authors [27, 28].

The overall risk of death from sedation is very low

and has been estimated at 1 in one million [34, 35].

Furthermore, with the advent of spiral and

multidetector CT, imaging time has been reduced

drastically; hence, most children no longer

need sedation for routine head CT.

Imaging post-processing also has an

impact on the diagnostic performance of CT.

Vannier et al. [29] compared and concluded

that 3D shaded surface rendering of the

skull was superior to the combined information

from 2D CT and plain radiography (limited

to moderate evidence). In a technical note,

Medina [36] reported from a small group of

ten patients the advantages of 3D maximum

intensity projections (MIP) in the comprehen-

sive assessment of craniosynostosis (limited

evidence).

Ultrasound (US) Lately growing interest has

been placed on ultrasonographic examination

for craniosynostosis given its lack of ionizing

radiation and need for sedation. However, sonog-

raphy is operator dependent, requires specially

trained technologists, and is not feasible in infants

older than 13 months [37]. Technically, the

examination consists of scanning the sutures with

high-frequency transducers (typically 7.5 MHz

and above) utilizing gel as a coupling medium.

In 2006, Jan Regelsberger and colleagues from

Hamburg, Germany, published a small series of

26 patients in which the diagnosis of craniosynos-

tosis was established by ultrasound and confirmed

later with CT. The study reported US sensitivity

of 100 % relative to CT (limited evidence) [37].

More recently, Natalia Simanovsky and colleagues

from Hadassah Hebrew University in Jerusalem,

Israel, published a small retrospective study of

24 patients in whom the initial examination for

suspected craniosynostosis had been performed

with US. They correlated the sonographic results

with a combination of clinical follow-up, CT

examinations, and intraoperative findings. From

their data, the calculated sensitivity and specificity

were 100 % and 94 %, respectively [38] (limited

evidence).

Plagiocephaly is a common problem, with an

estimated prevalence of approximately 20 %

during the first year of life [7]. There was a

sharp increase in posterior plagiocephaly over

a 25-year period [17], after the widespread

adoption of the 1992 AAP positioning

recommendations to decrease the incidence of

SIDS [39]. A few articles addressed the use

of ultrasound for this specific clinical concern

(i.e., unilateral occipital craniosynostosis vs.

deformational molding) [37, 40]. Sze and

colleagues [40] published a prospective study

of 41 subjects (including controls) to understand
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the role of US in characterizing posterior

plagiocephaly (limited to moderate evidence).

Their study correlated ultrasonographic findings

with CT results. The overall sensitivity for US

diagnosis was 100 %, and the specificity was

89 % (limited to moderate evidence).

Scintigraphy Older literature emphasized the role

of Tc99m-based osseous scintigraphy for the diag-

nosis of craniosynostosis. The literature estimates

the overall accuracy of scintigraphy to be approx-

imately 66 % [22], which renders it essentially

valueless for current practice. In addition, interpre-

tation of this modality requires expert knowledge

regarding the different normal phases of activity

along calvarial bone maturation [41].

Other Diagnostic Studies Additional imaging

techniques for the evaluation of skull deformity

have been recently published in the literature.

Fruhwald and colleagues from Vienna, Austria,

compared the accuracy of stereolithographic

models to CT examinations in patients with cra-

niofacial malformations [42]. Stereolithographic

models are laser-carved corporeal 3D structures.

The spatial information obtained from CT scans is

used to laser cure liquid resin andmanufacture skull

models. They concluded that this innovative

method provides an accurate reproduction of

the skull for preoperative planning in complex

procedures. The diagnostic accuracy of this

technique in the evaluation of suspected craniosyn-

ostosis has not been addressed.

Finally, Schaaf et al. from Glessen, Germany,

published a cohort of 100 patients with non-

synostotic cranial deformities studied with

three-dimensional photogrammetric images. [43].

Three-dimensional photogrammetry is the

practice of determining the geometric properties

of objects with 3D photographic images.

In craniomaxillofacial surgery, standardized 3D

images are taken, and quantification of angles,

surfaces, and volumes is performed. The authors

concluded that this technique is a reliable tool

for treatment planning and follow-up of skull

deformities in infancy. Its diagnostic value in

craniosynostosis has not been evaluated.

What Is the Cost and Cost-Effectiveness
of Imaging in Children with Suspected
Craniosynostosis?

Summary
Selection of children with suspected craniosyn-

ostosis based on their risk group and use of the

most appropriate evaluation strategy could

maximize clinical and economic outcomes for

these patients. In healthy children with head

deformity including posterior plagiocephaly, the

skull radiographic strategy had a reasonable cost

per quality-adjusted life year (QALY) gained.

Three-dimensional CT was more effective but

had a high cost per QALY gained. In children

with syndromic craniofacial disorders (high risk),

3D CT was the most effective strategy and had

a reasonable cost per QALY gained. Figure 21.1

summarizes the best imaging approach in

suspected craniosynostosis.

Supporting Evidence

The cost (not charge) of skull radiographs is

$38–76, and CT is $191–261 (Table 21.2) [28].

Sedation, if needed, adds $121 to the cost of CT

examinations (Table 21.2). Medina et al. [28]

published a formal cost-effectiveness analysis

(CEA) on diagnostic strategies in children with

suspected craniosynostosis (moderate to strong

evidence). Three risk groups were analyzed on

the basis of the prevalence (pretest probability) of

disease: low risk (completely healthy children;

prevalence, 34/100,000), intermediate (healthy

children with head deformity; prevalence,

1/115), and high risk (children with syndromic

craniofacial disorders [i.e., Crouzon syndrome or

Apert syndrome]; prevalence, 9–10/10). In the

low-risk group, the radiographic and 3D CT

strategies resulted in a cost per quality-adjusted

life year (QALY) gained of more than $560,000.

In the intermediate-risk group, the radiographic

strategy resulted in a cost per QALY gained of

$54,600. Three-dimensional CT was more

effective than the two other strategies but at

a higher cost – hence, with a cost per QALY

gained of $374,200. In the high-risk group,

3D CT was the most effective strategy
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with a cost per QALY gained of $33,800.

Less-experienced radiologists and poor-quality

studies increased the evaluation cost per QALY

gained for all of the risk groups because of

decreased effectiveness.

The authors concluded that radiologic

screening of completely healthy children (low

risk) for craniosynostosis is not warranted

because of the high cost per QALY gained

of the radiographic and 3D CT strategies.

In healthy children with head deformity

(intermediate risk), the radiographic strategy

had a reasonable cost per QALY gained.

Three-dimensional CT was more effective but

had a high cost per QALY gained. In children

with syndromic craniofacial disorders (high

risk), 3D CT was the most effective strategy

and had a reasonable cost per QALY gained.

Therefore, selection of children with suspected

craniosynostosis based on their risk group and

use of the most appropriate evaluation strategy

could maximize clinical outcome and cost-

effectiveness for these patients.

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

Summary

Isolated craniosynostosis with unequivocal

clinical findings probably does not warrant

preoperative imaging for diagnostic correlation

and preoperative planning (moderate evidence),

though imaging may be important for medicole-

gal considerations. Recently renewed interest

in pediatric imaging radiation dose reduction

may change customary practices and avoid

unnecessary imaging.

Supporting Evidence
In the last few years, there has been renewed

concern for the long-term consequences of radi-

ation exposure [44]. The medical literature as

well as the lay press has echoed this concern

with numerous publications [45]. Furthermore,

the Alliance for Radiation Safety in Pediatric

Imaging had launched the “image gently

campaign” with the ultimate goal of minimizing

unnecessary radiation exposure in pediatric

patients [46]. Numerous articles have been

published regarding CT dose reduction in the

evaluation of craniosynostosis [45, 47, 48].

Agrawal et al. [32] studied the usefulness of

preoperative imaging of clinically diagnosed iso-

lated sagittal craniosynostosis. In their retrospec-

tive study of 114 cases, they correlated clinical

diagnosis and presurgical imaging (plain radiog-

raphy and CT) with surgical and pathologic

findings and found a correlation of 100 % for

clinical diagnosis (moderate evidence). Both

imaging studies also had a 100 % correlation

with surgical pathology results. In this prelimi-

nary work, they concluded that clinically typical

isolated sagittal craniosynostosis does not war-

rant imaging.

Similarly, Cerovac and colleagues from the

Great Ormond Street Hospital for Children in

the UK [27] published a retrospective series of

109 clinically diagnosed cases of isolated cranio-

synostosis and correlated them with presurgical

imaging (CT and radiography) and surgical find-

ings. They also demonstrated 100% confirmation

of the clinical and CT diagnoses (moderate evi-

dence). Furthermore, they reported no additional

treatment benefit from CT in screening for

intracranial abnormalities or change in surgical

planning.

More recently, Fearon et al. published a

prospective multicenter study of 67 patients, in

whom the diagnosis of craniosynostosis was solely

based on physical examination by a craniofacial

surgeon. These patients subsequently underwent

CT examinations. The imaging findings were cor-

related with the physical examination diagnosis.

The overall accuracy of physical examination

was estimated at 98 %, with the authors reporting

only one false-positive case (a deformational

plagiocephaly case misdiagnosed as lambdoid

synostosis by physical exam) [49] (moderate

evidence).

Da Silva Freitas et al. published a

retrospective cohort of 89 patients with cranio-

synostosis, comparing clinical findings with CT

examinations [50]. They found 93 % diagnostic
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agreement between the clinical findings and CT

results. Out of the six patients with clinical-

imaging disagreement, two demonstrated

additional sutural involvement not detected by

clinical exam, and the rest revealed incidental

intracranial findings. Of note, the authors indi-

cated that the additional diagnostic information

afforded by CT would have probably had no

significant clinical consequences (limited to

moderate evidence).

Finally, Jeevan and colleagues introduced

the concept of preoperative CT venography for

mapping venous drainage abnormalities in

patients with complex craniosynostosis. They

presented a small cohort of 11 patients with

known syndromic craniosynostosis. In 9 of the

11 patients (81 %), significant trans-osseous

venous drainage was present; and in four of

them, the trans-osseous route was the main path-

way of cerebral venous drainage. Furthermore, in

at least one patient, the information discovered by

the CTV prevented an otherwise planned cranio-

facial surgery [51] (limited evidence).

How Often and What Intracranial
Abnormalities Are Seen in
Craniosynostosis?

Summary

There are a few studies addressing this question,

and those published have been small and without

well-defined cohorts. Therefore, intracranial

anomalies can be seen in some patients with

craniosynostosis, but the exact incidence is not

well known.

Supporting Evidence

The exact incidence of associated intracranial

anomalies in craniosynostosis is not well

known. In a study from 1982, Goldstein and

Kidd [52] reported on a heterogeneous group of

patients with a variety of syndromic and isolated

craniosynostoses (limited evidence). In this

group, 5 out of 13 patients (38 %) demonstrated

an associated intracranial abnormality, most

commonly hydrocephalus. However, only one

of the five patients with an intracranial

abnormality led to change in therapy (insertion

of a shunt for hydrocephalus).

On the other hand, Hayward et al. [53]

published a selective study of 30 patients with

severe craniosynostosis and complex clinical

syndromes who had MR imaging. The authors

found a variety of associated pathologies with

the following prevalence: hindbrain herniation

(19/30), syringomyelia (1/30), hydrocephalus

(12/30), and nonspecified anomalies of cerebral

white matter (4/30).

Thompson et al. reported in 1995

a retrospective cohort of 74 cases of isolated

craniosynostosis in which direct subdural

pressure was measured (moderate evidence).

The authors found an incidence of 17 % of defi-

nite intracranial hypertension and 38 % of bor-

derline hypertension [54]. Leikola et al. from

Finland reported a 5.6 % prevalence of Chiari

I malformation in children with nonsyndromic

single-suture craniosynostosis [55]. In a cohort

of 89 patients, published by Yale University [50],

the following intracranial findings were reported:

prominence of the subarachnoid space with

a calculated prevalence of 3.7 %, cerebral atro-

phy (2.2 %), subarachnoid tumor (1.1 %), and

deformational dysplasia of the mesencephalon

(1.1 %). In addition, 5.6 % of cases demonstrated

fluid in the middle ear and mastoid antra.

The association of intracranial anomalies

with syndromic craniosynostosis has been well

established. Greene and colleagues from

Children’s Hospital Boston reported an incidence

of 77 % of elevated intracranial pressure in

patients with phenotypically unusual combined

craniosynostosis [6]. Crouzon syndrome is

associated with chronic tonsillar herniation

(Chiari I malformation) in approximately 70 %

of cases and syringomyelia in 20 % of cases.

Other associations include hydrocephalus and

absence of the corpus callosum [56].

Apert syndrome has been associated with

megalencephaly and stable ventriculomegaly.

Interestingly, progressive hydrocephalus appears

to be relatively uncommon (20 %) [57]. Addi-

tional associations include agenesis of the corpus

callosum/septum pellucidum, encephalocele

[58], limbic and gyral malformations, and
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heterotopic gray matter among others [31, 57].

Structural inner ear anomalies in Apert syndrome

are reported to occur in 100 % of the individuals

when examined with CT [59].

Finally, Pfeiffer syndrome demonstrates con-

siderable heterogeneity, with subgroups of

patients with mild phenotypes without mental

retardation [60] to more severe phenotypes asso-

ciated with hydrocephalus and Arnold-Chiari II

malformation [56].

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

Summary

Small retrospective US and MRI studies in the

prenatal diagnosis of craniosynostosis have

been published (limited evidence). However,

large prospective studies are still required to

understand the prenatal role of imaging in

craniosynostosis and their effect on parental

counseling, surgical planning, and postnatal

outcome.

Supporting Evidence

Recently, there has been increasing interest in

the antenatal diagnosis of craniosynostosis.

Early detection could potentially allow for

different interventions, including elective

termination of the pregnancy in severe

syndromic craniosynostosis, elective cesarean

section, early postnatal surgery, and perhaps

fetal surgery [61].

Ultrasound (US)
In the largest series found in the literature,

Delahaye and colleagues [5] performed a

retrospective study in 40 fetuses with high risk of

craniosynostosis. The inclusion criteria were

(1) patientwith a family history of craniosynostosis

and (2) those with an abnormal screening obstetri-

cal ultrasound. Abnormal screening ultrasounds

were based on altered head measurements and

indices. Reported specificity and sensitivity was

100% and 97%, respectively, for this retrospective

study (limited evidence).

Miller and colleagues used screening

ultrasound (nontargeted) in the second and

third trimester to compile a heterogeneous

retrospective cohort of 21 fetuses with

craniosynostosis. In this study, the authors

correlated postnatal diagnosis with indirect

signs of craniosynostosis on screening

ultrasound examinations (cranial geometry and

indices). Their study demonstrated poor corre-

lation between parameters of a non-dedicated

prenatal ultrasound in the proper identification

of craniosynostosis (limited evidence). Using

cranial geometry and indices, only 15 of the 26

(estimated sensitivity 58 %) cases were diagnos-

tic of postnatally documented craniosynostosis

(limited evidence) [61].

MRI
Fjortoft and colleagues reviewed the imaging in

a small group of 15 fetuses that demonstrated

abnormal screening US during the second and

third trimesters and were subsequently studied

with fetal MRI imaging with the specific

suspicion of craniosynostosis. In this cohort,

MRI demonstrated 100 % sensitivity and

specificity when correlated to follow-up postna-

tal medical records (limited evidence) [62].

To date, no prospective MR imaging studies

are found.

Take-Home Figures and Tables

Figure 21.1 is an algorithmwith a suggested diag-

nostic approach for suspected craniosynostosis.

Tables 21.1 and 21.2 discuss the perfor-

mance of imaging tests for suspected

craniosynostosis and the costs of imaging

tests, respectively.

Imaging Case Studies

Case 1: Isolated sagittal craniosynostosis (Fig. 21.2)

Case 2: Non-synostotic occipital plagiocephaly

(Positional molding or deformational plagi-

ocephaly) (Fig. 21.3)

Case 3: Apert syndrome (Fig. 21.4)
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Child with suspected synostosis

Non-syndromic Syndromic

Plain
Radiographs or equivocal

3-D CT

Clinical Follow-up
Surgical

Consultation

Fig. 21.1 Suggested diagnostic approach for suspected

craniosynostosis (Reprinted with permission from

Vinocur DN, Medina LS. Imaging in the evaluation of

children with suspected craniosynostosis. In: Medina LS,

Applegate KE, Blackmore CC, editors. Evidence-based

imaging in pediatrics. New York: Springer; 2010)

Table 21.1 Performance of imaging tests for suspected

craniosynostosis

Diagnostic test

Sensitivity

(%) Reference

Radiographs (good quality)

Sensitivity (%) 80 [13]

Specificity (%) 95 [13]

Radiographs (poor quality)

Sensitivity (%) 60 [12]

Specificity (%) 78 [12]

CT a,b (experienced reviewer)

Sensitivity (%) 96.4 [14]

Specificity (%) 100 [14]

CT a,b (less-experienced

reviewer)

Sensitivity (%) 96.4 [14]

Specificity (%) 100 [14]

CT (poor quality)

Sensitivity (%) 73 [12]

Specificity (%) 78 [12]

Modified with permission from Medina et al. AJR Am

J Roentgenol. 2002; 179:215–21. Reprinted with permission

from Vinocur DN, Medina LS. Imaging in the evaluation of

children with suspected craniosynostosis. In: Medina LS,

Applegate KE, Blackmore CC, editors. Evidence-based

imaging in pediatrics. New York: Springer; 2010
aCT with three-dimensional reconstructions
bGood quality

Table 21.2 Costs of imaging tests for suspected

craniosynostosis

Variable

Direct cost

($)

Total costa

($)

Medicaidb

($)

Skull radiography 44 76 38

CT with three

dimensions

80 191 261

Sedation 70 121 0c

CT plus sedation 150 312 261

Modified with permission from Medina et al. AJR Am

JRoentgenol. 2002; 179:215–21. Reprinted with permission

fromVinocur DN, Medina LS. Imaging in the evaluation of

children with suspected craniosynostosis. In: Medina LS,

Applegate KE, Blackmore CC, editors. Evidence-based

imaging in pediatrics. New York: Springer; 2010)
aMedical center cost estimates include direct (fixed and

variable) and indirect (overhead) costs
bMedicaid reimbursement (Ohio). This cost was used for

the case-based study
cSedation by nonanesthesiologist is not reimbursed by

Medicaid

Fig. 21.2 Case 1. Another case of isolated sagittal cra-

niosynostosis. Superior view from a 3D CT reconstruction

demonstrating fusion of the sagittal suture (star) with

associated dolichocephaly (Reprinted with permission

from Vinocur DN, Medina LS. Imaging in the evaluation

of children with suspected craniosynostosis. In: Medina

LS, Applegate KE, Blackmore CC, editors. Evidence-

based imaging in pediatrics. New York: Springer; 2010)
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Suggested Imaging Protocol

Plain Radiographs

Excellent quality plain films including anter-

oposterior, Towne, and both lateral radiographs.

CT

Spiral or MDCT with surface rendering and max-

imum intensity projections. Suggested parameters:

• 120 kVp

• (40–200) mA age and weight corrected

• Thickness 2.5 mm

• Parenchymal reconstruction: 5 mm with soft

tissue algorithm

3D images: source 0.625-mm high-resolution

bone reconstruction using 3D volume rendering

and high-definitionmaximum intensity projection.

Future Research

• Large studies are needed to evaluate the role

of ultrasound in the diagnosis of craniosynos-

tosis, particularly in the differentiation

Fig. 21.3 Case 2. Non-synostotic occipital plagiocephaly

(positional molding or deformational plagiocephaly).

(a) Superior projection from a 3D CT reconstruction dem-

onstrating the skull deformity. (b) Posterior projection from
a 3D CT reconstruction demonstrating patent lambdoid

sutures (stars) (Reprinted with permission from Vinocur

DN, Medina LS. Imaging in the evaluation of children

with suspected craniosynostosis. In: Medina LS, Applegate

KE, Blackmore CC, editors. Evidence-based imaging in

pediatrics. New York: Springer; 2010)

Fig. 21.4 Case 3. Apert syndrome. Anterior oblique

projection from a 3D CT reconstruction demonstrating

coronal (star) and squamosal (ˆ) sutures synostosis.

Also note the facial hypoplasia (Reprinted with

permission from Vinocur DN, Medina LS. Imaging

in the evaluation of children with suspected craniosyn-

ostosis. In: Medina LS, Applegate KE, Blackmore

CC, editors. Evidence-based imaging in pediatrics.

New York: Springer; 2010)
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between this entity and the more common

deformational plagiocephaly.

• Further research is required to establish the

role of MRI and US in the prenatal diagnosis

of craniosynostosis.

• Better-definedcohorts shouldbe studied todeter-

mine the incidence of intracranial abnormalities

based on the type of craniosynostotic disorder.
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Key Points

• Head injury is not a homogeneous phenomenon

and has a complex clinical course. There are

different mechanisms, varying severity, diver-

sity of injuries, secondary injuries, and effects

of age or underlying disease.

• Classifications of injury and outcomes are

inconsistent. Differences in diagnostic proce-

dures and practice patterns prevent direct

comparison of population-based studies.

• There are a variety of imaging methods that

measure different aspects of injury (Table 22.1),

but there is no one all-encompassing imaging

method.

• CT is the mainstay of imaging in the acute

period. The majority of evidence relates to

the use of CT for detecting injuries that may

require immediate treatment or surgery. Speed,

availability, ease of exam, and lesser expense of

CT studies remain important factors for using

this modality in the acute setting. Sensitivity of

detection also increases with repeat scans in the

acute period (strong evidence).

• The sensitivity and specificity of MRI for brain

injury is generally superior to CT, although

most studies have been retrospective and few

direct comparisons have been performed in the

recent decade. CT is clearly superior to MRI

for the detection of fractures. MRI outperforms

CT in detection of most other lesions (limited

to moderate evidence), particularly diffuse

axonal injury (DAI). MRI allows more

detailed analysis of injuries, including meta-

bolic and physiologic measures, but further

evidence-based research is needed.

• Accurate prognostic information is important

for determining management, but there are

different needs for different populations.

In severe TBI, information is important

for acute patient management, long-term

rehabilitation, and family counseling. In

mild or moderate TBI, patients with subtle

impairments may benefit from counseling

and education.

• Prediction rules such as the CHALICE predic-

tion rule (Table 22.2) and the CATCH decision

rule (Table 22.3) have the potential to improve

and standardize the care of pediatric patients

with head injuries (moderate evidence). In

addition, minimizing the use of CT in children

with very low risk of clinically important

TBI may reduce the risk of radiation-induced

malignancies.

• Calvarial plain radiographs have a poor

sensitivity for identifying pediatric patients

with intracranial pathology (moderate to strong

evidence) and, hence, are not recommended

unless for highly selected patients with

suspected nonaccidental trauma.

• It is safe to discharge children with TBI, to

home, after a negative CT study (moderate to

strong evidence).

Definition and Pathophysiology

Head trauma is difficult to study because it is

a heterogeneous entity that encompasses many

different types of injuries that may occur together

(Table 22.4). Definitions of age groups, injuries,

and outcomes are also variable. Classification of

injury severity is usually defined by the Glasgow

Coma Scale (GCS) score, a scale ranging from

3 to 15, which is often grouped intomild,moderate,

or severe categories. There is inconsistency in

timing of measurement, with some investigators

using “initial or field GCS” while others use

“post-resuscitationGCS.” Grouping of GCS scores

also varies. There is no universal definition of mild

or minor head injury [1], as some use GCS scores

of 13–15 [2], while others use 14–15 [2], and others

use only 15 [2, 3]. Variable definitions result in

inconsistencies in imaging recommendations [1].

Moderate TBI is generally defined by GCS of

9–12. Severe TBI is defined by GCS of 3–8.

Classification and measures of outcome are

even more variable. The most commonly used

outcome measure is the Glasgow Outcome Scale

(GOS) [4]. It is an overall measure based on degree

of independence and ability to participate in
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normal activities, with five categories: (5) good

recovery, (4) moderate disability, (3) severe

disability, (2) vegetative state (VS), and (1) death.

The GOS is often dichotomized, although

grouping is variable. A subsequent modification,

the extended GOS [5], has eight categories:

(8) good recovery, (7) good recovery with minor

physical or mental deficits, (6) moderate disability,

able to return to work with some adjustments or

(5) works at lower level of performance, (4) severe

disability, dependent on others for some activities,

(3) completely dependent on others, (2) VS, and

(1) death. Less common outcome scales include

the Differential Outcome Scale (DOS) [6], the

Rappaport Disability Rating Scale (DRS) [7],

the Disability Score (DS) [8], the Functional

Independence Measure (FIM) instrument [9], the

Supervision Rating Scale [10], and the Functional

Status Examination [11, 12].

Timing of outcome measurement also varies.

Some investigatorsmeasure outcomes at discharge,

3, 6, or 12 months (or more) after injury. This may

be problematic because outcomes often improve

with time. However, there is moderate to strong

evidence that 6 months is an appropriate time

point to measure outcomes for clinical trials [13].

Neuropsychological assessment is the most sensi-

tive measure of outcome, although this is difficult

to perform in severely injured patients, resulting

in selection bias. There is a wide variety of psycho-

metric scales for various components of cognitive

function such as intellect, orientation, attention,

language, speech, information processing, motor

reaction time, memory, learning, visuoconstructive

ability, verbal fluency, mental flexibility, executive

control, and personality.

Epidemiology

The prevalence of TBI is difficult to determine,

because many less severely injured patients are

not hospitalized and cases with multiple injuries

may not be included. In addition, the number

of people with TBI who are not seen in an

emergency department or who receive no care is

unknown. It is estimated that 1.7 million people

per year sustain a TBI [14]. About 1.365 million

(nearly 80 %) are treated and released from an

emergency department. Most of these injuries are

concussions or other forms of mild TBI [15].

However, approximately 52,000 people with

TBI die, and about 275,000 are hospitalized.

In addition, TBI contributes to a third (30.5 %)

of all injury-related deaths in the USA. Children

aged 0–4 years, adolescents aged 15–19 years,

and adults aged 65 years and older are most likely

to sustain a TBI; in all age groups, TBI rates are

higher for males than females. Almost half

a million (473,947) ED visits per year for TBI

are by children aged 0–14 years. Falls are

a leading cause of TBI (35.2 %), particularly for

children aged 0–4 years and adults aged 75 years

and older. Motor vehicle accidents account

for 17.3 % of TBI but is the leading cause of

TBI-related death, particularly in adults aged

20–24 years [16].

Overall Cost to Society

Over the last 30 years, there has been a progressive

and significant reduction in severe TBI mortality,

from 50 % to less than 25 % [16], probably

from multiple factors including improvements in

medical care, use of evidence-based guidelines,

and injury-prevention efforts. An estimated

5.3 million US residents live with permanent

TBI-related disabilities [17]. Direct costs are

estimated at $48.3 billion/year [18]. In 2000,

total direct and indirect costs of TBI were

estimated at $60 billion/year [19]. There are little

data on costs of TBI related solely to imaging.

There has been one small study (limited evidence)

that determined that 60 % of patients were

found to have additional lesions on MRI, but

because none of these additional findings changed

management, MRI resulted in a nonvalue-added

benefit incremental increase of $1,891 per patient

and a $3,152 incremental increase in charges

to detect each patient with a lesion not identified

on CT [20].
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Goals of Imaging

• To detect the presence of injuries that may

require immediate surgical or procedural

intervention

• To detect the presence of injuries that may

benefit from early medical therapy

• To determine the prognosis of patients to tailor

rehabilitative therapy or help with family

counseling

Methodology

A search of the Medline/PubMed electronic

database (National Library ofMedicine, Bethesda,

MD) was performed using keywords including

(1) head injury, head trauma, brain injury, brain

trauma, and traumatic brain injury, or TBI, and

(2) CT, computed tomography, computerized

tomography, MR, magnetic resonance, spectros-

copy, diffusion, diffusion tensor, functional

magnetic, functional MR*, T2*, FLAIR, and

GRE, gradient echo. A systematic literature review

was performed through March 2010. Limits

included English language, abstracts, and human

subjects. A search of the National Guideline

Clearinghouse at www.guideline.gov was also

performed using keywords including (1) head

injury, head trauma, and brain injury and (2) para-

meter and guideline.

Discussion of Issues

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

Summary
The need for acute imaging is generally based on

the severity of injury. It is agreed that severe TBI

(based on GCS score) indicates the need for

urgent CT imaging to determine the presence of

lesions that may require surgical intervention

(strong evidence). There is greater variability

concerning recommendations for imaging of

patients with mild or moderate TBI, or in pediatric

TBI patients, although there are several recent

guidelines (strong evidence) summarized in

take-home Tables 22.2, 22.3, and 22.5.

Supporting Evidence

There are several clinical prediction rules (strong

evidence) for evaluatingmild/minor head injury in

adults, based on prospective studies. TheCanadian

Head CT Rule [21] was developed from

prospective analysis of 3,121 patients with GCS

scores of 13–15. CT scan was recommended if

a patient had any of the following: GCS score

<15 after 2 h, suspected open or depressed skull

fracture, any sign of basal skull fracture, episode

(s) of vomiting, age greater than 65 (associated

with high risk for neurosurgical intervention),

amnesia for the period occurring 30 min or more

before impact, or if injury was due to a dangerous

mechanism, such as being struck by or ejected

from a motor vehicle (associated with a medium

risk for brain injury on CT). Another guideline by

Haydel and colleagues was developed after pro-

spective analysis of 520 patients in the first phase

and 909 patients in the second phase. After

recursive partitioning of variables in the first

phase, seven variables were tested in the second

phase, including headache, vomiting, age over

60 years, drug or alcohol intoxication, short-term

memory deficits, physical evidence of trauma

above the clavicles, and seizures. All patients

with positive CT scans had at least one variable,

resulting in 100 % sensitivity [22]. An older

guideline byMadden and colleagues prospectively

analyzed 51 clinical variables in 540 patients in

the first phase and ten remaining variables in

273 patients in the second phase. The resulting

sensitivity and negative predictive value were

96 % and 94 %, respectively [23].

A guideline, “Practice management guidelines

for themanagement ofmild traumatic brain injury”

developed by the Eastern Association for the

Surgery of Trauma (EAST) Practice Management

Guidelines Work Group (2001) [2], was based on
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level II evidence from several studies (three

retrospective and one uncontrolled prospective).

They reported that 3–17 % of patients with

mild injuries had significant CT findings, although

they noted that there was no uniform agreement

as to what constitutes a “positive” CT scan in

different studies. They also reported that a patient

with a normal head CT had 0–3 % probability

for neurological deterioration. Therefore, if a

patient had a GCS of 15 and no neurologic/

cognitive abnormalities, it was recommended

that the patient be discharged. CT was recom-

mended for all patients with transient neuro-

logical deficits.

One guideline for severe TBI, “Management

and Prognosis of Severe Traumatic Brain Injury,”

was jointly developed by the Brain Trauma

Foundation (BTF), American Association of

Neurological Surgeons (AANS) Joint Section

on Neurotrauma and Critical Care, and was

also approved by the American Society of

Neuroradiology, the American Academy of

Neurology, the American College of Surgeons,

the American College of Emergency Physicians,

the Society for Critical Care Medicine, and the

American Academy of Physical Medicine and

Rehabilitation [24, 25]. An extensive review

of previous CT literature supported the need

for CT in the acute period. CT was reported

to be abnormal in 90 % of patients with severe

head injury. CT is included as a necessary step

in the algorithm of initial management. A more

recent 3rd edition of Guidelines for the

Management of Severe Traumatic Brain Injury
(2007) does include the same CT information as

the 2000 edition.

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

Summary
CT is the mainstay of imaging in the acute period.

The majority of evidence relates to the use of CT

for detecting injuries that may require immediate

treatment or surgery. Speed, availability, and

lesser expense of CT studies remain important

factors for using this modality in the acute setting.

Sensitivity of detection also increases with repeat

scans in the acute period (strong evidence).

Supporting Evidence
The incidence of injury-related abnormalities on

CT is related to the severity of injury. After minor

head injury, the incidence is approximately 6 %

[26] and increases up to 15 % in the elderly

population [27]; those with GCS 13 or 14 have

higher frequency of abnormalities than those with

GCS 15 [28]. The incidence of CT abnormalities

in moderate head injury (with GCS of 9–13) has

been reported to be 61 % [29]. The sensitivity of

CT for detecting abnormalities after severe TBI

(GCS below 9) varies from 68 % to 94 %, while

normal scans range from approximately 7 % to

12 % [30]. Several studies have shown that

timing of CT studies also affects the sensitivity.

Oertel and colleagues (strong evidence) prospec-

tively studied 142 patients with moderate or

severe injury, who had undergone more than

one CT scan within the first 24 h, and found that

the initial CT scan did not detect the full extent of

hemorrhagic injuries in almost 50 % of patients,

particularly if scanned within the first 2 h [31].

Likelihood of progressive hemorrhagic injury

that potentially required surgical intervention

was greatest for parenchymal hemorrhagic con-

tusions (51 %), followed by epidural hematoma

(EDH) (22 %), subarachnoid hemorrhage (SAH)

(17 %), and subdural hemorrhage (SDH) (11 %).

Servedei and colleagues (strong evidence)

prospectively studied 897 patients with more

than one CT scan and found that 16 % of patients

with diffuse brain injury demonstrated significant

evolution of injury. This was more frequent in

those with midline shift, often evolving to mass

lesions [31]. Similar results have been seen in

retrospective studies [32]. Therefore, it may be

useful to perform repeat CT scans in the acute

period, particularly after moderate and severe

injury, although the timing has not been clearly

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

Summary

The overall sensitivity and specificity of MRI for

brain injury is generally superior to CT, although

most studies have been retrospective and very

few head-to-head comparisons have been

performed in the recent decade. CT is clearly

superior to MRI for the detection of fractures.

MRI outperforms CT in detection of most other

lesions (limited to moderate evidence), particu-

larly DAI. Because different sequences vary in

ability to detect certain lesions, it is often difficult

to compare results. MRI allows more detailed

analysis of injuries, including metabolic and

physiologic measures, but further evidence-

based research is needed.

There are fewer pediatric studies regarding the

use of imaging and outcome predictions.

Supporting Evidence

Early research on CT predictors was performed

with older technology that was less sensitive to

the presence of injuries. Some studies analyzed

the first scans while others analyzed the worst

scans. Many studies used a crude categorization

system, with limited information regarding the

degree of abnormalities. Others have attempted

to assess outcome prediction using more detailed

classification schemes. Accordingly, there has

been variability in the reported predictors and

success at prediction.

MRI has higher sensitivity than CT, though

most comparison studies were performed in the

late 1980s and early 1990s (with older-generation

or lower-field scanners). Orrison and colleagues

(moderate evidence) retrospectively studied

107 patients with MRI and CT within 48 h and

showed MRI had an overall sensitivity of 97 %

compared to 63 % for CT, even when a low-field

MRI scanner was used, with better sensitivity for

contusion, shearing injury, and subdural and EDH

[33]. Ogawa and colleagues (moderate evidence)

detected more lesions with conventional MRI than

CT with the exception of subdural and SAHs, in

a prospective study of 155 patients, although

they were studied at variable time points [34].

Other studies (moderate evidence) showed better

detection of nonhemorrhagic contusions and shear-

ing injuries [35] and of brain stem lesions [36],

using MRI.

Some lesions, such as DAI, are clearly better

detected with MRI and have been reported in

up to 30 % of patients with mild head injury

with normal CT [37] (limited evidence).

However, sensitivity depends on the sequence,

field strength, and type of lesion. Gradient

echo (GRE) sequences are best for detecting

hemorrhagic DAI, although the proportion of

hemorrhagic versus nonhemorrhagic DAI is not

truly known. An early report (limited evidence)

suggested that less than 20% of DAI lesions were

visibly hemorrhagic [38], but this is likely to be

erroneously low, due to poor sensitivity of the

imaging methods available at that time. Scheid

and colleagues (moderate evidence) prospectively

studied 66 patients using high-field (3.0 T) MRI

and found that T2*-weighted GRE sequences

detected significantly more lesions than conven-

tional T1- or T2-weighted sequences [39]. Tong

and colleagues studied a new susceptibility-

weighted imaging (SWI) sequence (at 1.5 T) that

is a modified GRE sequence and have shown

significantly better detection of small hemorrhagic

shearing lesions compared to conventional GRE

[40] (limited evidence).

The fluid attenuated inversion recovery (FLAIR)
sequence is useful for detecting SAH, SDH, contu-

sions, nonhemorrhagic DAI, and perisulcal lesions,

but there are few studies comparing the sensitivity

of FLAIR to other sequences. One study (limited to

moderate evidence) found that FLAIR sequences

were significantly more sensitive than spin echo

(SE) sequences (p < 0.01) in detection of all

lesions studied within 1–36 days (0.5 T), particu-

larly in those who had DAI-type lesions [41].

Diffusion-weighted imaging (DWI) has also

recently been shown to improve the detection of

nonhemorrhagic shearing lesions, although there
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are only a few small studies describing sensitiv-

ity. A small study (insufficient evidence) of

patients scanned within 48 h found that DWI

identified an additional 16 % of shearing lesions

that were not seen on conventional MRI. The

majority of DWI-positive lesions (65 %) had

decreased diffusion [42]. Another descriptive

study (limited evidence) characterized several

different types and patterns of DWI lesions,

although there was no comparison with other

MRI sequences or analysis of diffusion changes

over time [43]. A recent study (limited evidence)

found a strong correlation between apparent

diffusion coefficient (ADC) histograms and

GCS score [44]. There are even less data on the

sensitivity of diffusion tensor imaging (DTI).
A few small studies (insufficient or limited

evidence) have shown decreased anisotropy in

brain parenchyma of TBI patients [45–47].

There are various studies demonstrating the

use of specific imaging findings or patterns for

outcome prediction. These are discussed in the

sections that follow.

Imaging Classification Schemes
Several classification schemes have now been used

to predict clinical outcomes. The earliest and most

widely studied scheme, often named the “Marshall

CT classification,” is based on CT findings in the

Trauma Coma Databank (TCDB), developed by

Marshall and colleagues [48]; it is based on the

status of cisterns, midline shift, and mass lesions.

Six categories include (a) diffuse injury I (normal):

no visible intracranial pathology; (b) diffuse

injury II (small lesions): cisterns are present, mid-

line shift <5 mm, and no lesions greater than

25 cm3; (c) diffuse injury III (swelling): cisterns

are compressed, midline shift <5 mm, and no

lesions greater than 25 cm3; (d) diffuse injury IV

(shift): midline shift of>5 mm, no lesions greater

than 25 cm3; (e) any surgically evacuated lesion;

and (f) any nonevacuated mass lesion greater than

25 cm3. The TCDB classification was developed

in severely injured patients (GCS< 8) and initially

compared to discharge outcomes although it has

more recently been validated using 3- and 6-month

GOS [49]. It is reasonably good at predicting

mortality, but it may not be as applicable to

mild/moderately injured patients and has been

criticized as poorly predictive of functional

recovery [50]. The TCDB classification has been

variously modified, often to include the type,

number [32, 51], or location of lesions [52].

In the BTF/AANS guideline [25], an extensive

review of the previous CT literature (strong

evidence) showed that the TCDBCT classification

scheme strongly correlated with outcome.

Maas and colleagues subsequently developed

a more discriminative six-point CT score, deemed

the “Rotterdam Classification Scheme,” in which

certain individual CT characteristics of the

Marshall CT classification were emphasized, and

other findings were added. The scoring was based

on four main features: (a) status of basal cisterns

(normal, compressed, or absent), (b) degree of

midline shift (normal, shift less than 5 mm, or

greater than 5 mm), (c) presence of traumatic sub-

arachnoid or intraventricular hemorrhage, and

(d) presence of different types of mass lesions

(epidural vs. SDH). This prognostic scoring system

was tested in a large study population of moderate

and severely injured patients involved in the Inter-

national and North American Tirilazad trials.

They showed that this combination of individual

CT indicators had a better prediction and discrim-

ination of long-term outcome than theMarshall CT

classification system alone (strong evidence) [53].

Normal Scans
Extensive review (strong evidence) shows that

normal CT scans in severe TBI patients are pre-

dictive of favorable outcome (61–78.5 % positive

predictive value) [30]. In a more recent

study (moderate evidence), normal CT scans in

moderate/severe TBI patients were associated

with better neuropsychological performance at

6 months [54].

Brain Swelling
Brain swelling is a subjective finding and more

difficult to evaluate as an outcome predictor.

Partly compressed ventricles and cisterns are

not as reliably measured as obliterated ventricle

and cisterns [55].Marshall and colleagues (strong

evidence) studied the TCDB classification in

746 patients and reported that brain swelling on
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CT (categorized by diffuse injury III) was predic-

tive of mortality and that survivors showed

a trend of worse GOS associated with increasing

grade of diffuse injury [48]. Compressed basal

cisterns have been associated with a threefold risk

of raised ICP and two- to threefold increase in

mortality [25]. However, brain swelling on CT

does not appear to correlate with neuropsycho-

logical outcomes [56] (moderate evidence).

Midline Shift
Midline shift is felt to be less important than other

CT parameters for predicting mortality or GOS

[25]. However, some investigators have shown

that midline shift may be predictive of worse

outcomes based on rehabilitation measures such

as greater need for assistance with ambulation,

activities of daily living (ADLs), and supervision

at rehabilitation discharge [57].

Hemorrhage
The presence of hemorrhage has different prog-

nostic significance depending on extent and loca-

tion of blood. Traumatic SAH is a significant

independent prognostic indicator [25, 58] (strong

evidence), associated with a twofold increase in

mortality and a 70 % positive predictive value for

unfavorable outcome [25]. Mortality is higher

and outcome is worse with acute subdural

hematoma compared to extradural hematoma

[25]. Hematoma volume correlates with outcome

and has a 78–79 % positive predictive value for

an unfavorable outcome [25]. Another study

(moderate evidence) found that patients with

combined SDH + ICH on CT had poor outcome

even after surgery compared to EDH or ICH

alone [59]. A small study (limited evidence)

also found that IVH in all four ventricles was

significantly associated with poor outcome [60].

Number, Size, and Depth of Lesions
Some investigators have attempted to evaluate

the predictive ability of number, size, depth, or

location of lesions. Van der Naalt and colleagues

(moderate evidence) studied 67 patients with

mild/moderate TBI and found that the outcome

(1-year extended GOS or DOS) was related to

number, size, and depth of lesions on CT [6].

Kido and colleagues (moderate evidence) found

GOS was correlated with the size of intracranial

lesions (independent of compartment or brain

region) on CT [61]. A small MRI study (limited

evidence) suggested that size, depth, and multi-

plicity of lesions correlated with neurobehavioral

outcomes [62].

Location of lesions is partly related to

mechanism of injury and is associated with

different outcomes. The most available evidence

is related to brain stem injuries. Firsching

and colleagues (moderate evidence) studied

102 patients in coma with MRI in the first

8 days and found that mortality was 100 %

with lesions in the bilateral pons [52]. Kampfl

and colleagues (moderate evidence) studied

80 patients and also showed that lesion location

could predict recovery from post-traumatic

VS by 12 months, whereas clinical variables

such as initial GCS, age, and pupillary abnor-

malities were poor predictors. Logistic regres-

sion showed that corpus callosum and

dorsolateral brain stem injuries were predictive

of nonrecovery. This information is helpful in

that almost half of the patients with initial VS

may recover within 1 year [63]. The association

between extent or location of injuries and neu-

ropsychological recovery has been, up to now,

less studied, with only a few studies (limited

evidence) that suggest that location of injury

may be associated with specific neuropsycho-

logical impairments [62, 64].

Diffuse Axonal Injury
It has been repeatedly demonstrated that CT and

MR findings are poor predictors of functional

outcome of TBI patients, probably because DAI

is frequently not detected [7]. Because CT clearly

underestimates DAI, this can lead to inaccurate

prediction of outcome. CT studies, many of

which were performed with older-generation CT

scanners, predominantly report that DAI is asso-

ciated with mortality (limited evidence) [65] or

poor outcome (moderate evidence) [66, 67].

However, it has been shown that patients with

mild or moderate injuries can also have DAI

[37] that is better detected with newer-generation

CT scanners or MRI, and therefore better
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outcomes than previously realized. Severe DAI

can transform young productive individuals into

dependent patients requiring institutionalized

care; milder DAI can result in neuropsychiatric

problems, cognitive deficits including memory

loss, concentration difficulties, decreased atten-

tion span, intellectual decline, headaches, and

seizures [68]. The improved ability to detect

DAI on CT even in milder injuries has also

allowed comparison with neuropsychological

outcome. Wallesch and colleagues (moderate

evidence) studied 60 patients with mild or

moderate injuries, who underwent neuropsycho-

logical assessment 18–45 weeks later. Patients

with DAI identified on CT had relatively transient

deficits of psychomotor speed, verbal short-term

memory, and frontal lobe cognitive functions,

whereas patients with frontal contusions had

persistent behavior alterations [69].

MRI studies also suggest an association

between TBI severity and depth of axonal injury

as well as outcomes. However, most MRI studies

evaluating prognosis after DAI have consisted of

small sample sizes. Small studies (limited to

moderate evidence) have demonstrated that

patients in VS are more likely to have DAI

lesions in the corpus callosum and dorsolateral

brain stem [70], compared to patients with mild

TBI who were more likely to have lesions in

the subcortical white matter without involvement

of the corpus callosum or brain stem [66].

The presence of hemorrhage in DAI lesions may

also affect prognosis, although results depend on

the MRI sequence. One study of patients in VS

(moderate evidence) found more nonhemorrhagic

DAI lesions than hemorrhagic lesions, although

only T1- and T2-weighted sequences were

used [70]. In contrast, another study (limited

evidence) showed that hemorrhage in DAI lesions

(detected by GRE) was associated with poor out-

comes (6-month GOS) and that isolated

nonhemorrhagic DAI lesions were not associated

with poor outcome [71]. There is also disagree-

ment over whether the degree of hemorrhage cor-

relates with outcomes, although this may be partly

due to differences in outcomemeasures. One study

(moderate evidence) found that the number of

lesions (hypointense or hyperintense) detected by

T2*-weighted GRE images correlated with dura-

tion of coma and 3-month GOS [72]. However,

another study (moderate evidence) (MRI sequence

not specified) found no correlation between hem-

orrhagic lesion volume and neuropsychological

outcome measures obtained more than 6 months

after injury [73]. A more recent prospective study

(moderate evidence) of 66 patients imaged with

T2*-weighted GRE at 3.0 T found no correlation

between the total amount of microhemorrhages

and patient outcomes measured by GOS. How-

ever, these patients were imaged in the chronic

phase [39].

Combinations of Imaging Abnormalities
and Progressive Brain Injury
Some studies have shown that combinations of

imaging abnormalities are predictive of outcome,

although not necessarily in agreement. Fearnside

and colleagues (strong evidence) prospectively

studied 315 patients and found three CT findings

to be highly predictive of mortality – cerebral

edema, intraventricular blood, and midline shift.

Three other CT findings were highly predictive of

poor outcome in survivors – SAH, intracerebral

hematoma, or intracerebral contusion [74]. In

contrast, Lanoo and colleagues (moderate

evidence) retrospectively reviewed 115 patients

and found that subarachnoid, intracerebral, and

SDH were predictive of mortality but not signif-

icantly related to morbidity [75]. Wardlaw and

colleagues (moderate evidence) retrospectively

reviewed 414 patients and developed a simple

rating system of “overall appearance” of CT

findings. They reported that “massive” injuries

and SAH could predict poor prognosis (1-year

GOS) [50].

Measures of Atrophy
Quantification of the atrophy of various brain

structures/regions (such as corpus callosum,

hippocampus, and ventricles) has also been

studied with respect to predicting outcome, but

is time-consuming, and often requires experi-

enced raters and specialized software. Blatter

and colleagues (moderate evidence) studied

123 patients with moderate to severe TBI com-

pared to 198 healthy volunteers using MRI
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volumetric analysis of total brain volume, total

ventricular volume, and subarachnoid CSF vol-

ume. TBI patients, particularly if studied later,

had the greatest decrease in brain volume,

suggesting that progressive brain atrophy in TBI

patients occurs at a rate greater than with normal

aging [76]. However, because atrophy takes time

to develop, it cannot be used acutely as an early

predictor of outcome. Blatter and colleagues also

showed that correlations with cognitive outcomes

did not become significant until after 70 days

[76]. One study of late CT scans (moderate evi-

dence) of VietnamWar veterans with penetrating

or closed head injuries found that total brain

volume loss and enlargement of the third ventri-

cle were significantly related to cognitive abnor-

malities and return to work [77]. Another study

(moderate evidence) showed that frontotemporal

atrophy on late MRI was predictive of 1-year

outcome (measured by extended GOS or DOS)

[6]. In an MRI study (moderate evidence) of late

MRI findings and neuropsychological outcome,

hippocampal atrophy was correlated with verbal

memory function, whereas temporal horn

enlargement was correlated with intellectual out-

come [78].

Combinations of Clinical and Imaging
Findings
Numerous studies have attempted to analyze

combinations of clinical and imaging findings to

determine the best approach to predicting

outcome. The diversity of TBI makes this

a difficult although worthy task. There is agree-

ment that there is no one single variable that can

predict outcome after TBI. In fact, there is often

disagreement between studies regarding the

predictive value of certain clinical variables,

including GCS. Ideally, a combined clinical and

imaging approach to outcome prediction would

likely be most accurate. Ratanalert and col-

leagues (moderate evidence) studied 300 patients

and reported that logistic regression showed that

age, status of basal cisterns on initial CT, GCS at

24 h, and electrolyte derangement strongly

correlated with a 6-month GOS score [79]. Ono

and colleagues (moderate evidence) retrospec-

tively studied 272 patients who were first divided

into CT categories according to the TCDB

classification and found that within certain

groups, additional variables such as age and

GCS score were helpful predictors of outcome

[51]. Schaan and colleagues (moderate evidence)

studied the utility of creating a single score

based on a weighted scale of clinical variables

and CT findings including pupillary reaction,

hemiparesis, brain stem signs, contusion, SDH,

EDH, and cerebral edema. In their retrospective

study of 554 patients, they divided the range of

scores into three severity groups and found that

there were significant differences inmortality and

GOS scores between groups, suggesting that this

approach had predictive value [80].

What Are Considerations for Imaging
of Children with Head Trauma?

Summary
Pediatric TBI patients are known to have different

biophysical features, risks, mechanisms, and out-

comes after injury. There are also differences

between infants and older children, although this

remains controversial. Categorization of pediatric

age groups is variable, and measures of injury or

outcomes are inconsistent. TheGCS andGOS have

been used for pediatric studies, sometimes with

modifications [81–83], or with variable dichotomi-

zation [81, 84]. For infants and toddlers, some

investigators have used a Children’s Coma Scale

(CCS) [85]. There are several pediatric adaptations

of the GOS, such as the King’s Outcome Scale for

Childhood Head Injury (KOSCHI) [86], the

Pediatric Cerebral Performance Category Score

(PCPCS), or the Pediatric Overall Performance

Category Score (POPCS) [87].

A highly sensitive clinical decision rule, the

CHALICE rule (Table 22.2), has been derived for

the identification of children over 2½ years of

age, who should undergo CT imaging after head

trauma of any severity (moderate evidence). The

authors of the decision rule also showed that

calvarial plain radiographs have a poor sensitivity

for identifying pediatric patients with intracranial

pathology (moderate to strong evidence) and

hence are not recommended unless for highly
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selected patients with suspected nonaccidental

trauma [88]. A recommended decision tree for

children with acute head injury is shown in

Fig. 22.1. Two other prediction rules have

been developed for children with mild head injury

(moderate to strong evidence) [89, 90]. These rules

have the potential to improve and standardize the

care of pediatric patients with head injuries.

Supporting Evidence
The CHALICE (Children’s Head injury ALgo-

rithm for the prediction of Important Clinical

Events) study, conducted by Dunning and

colleagues, was a large prospective multicenter

diagnostic cohort study of 22,772 children over

the age of 2.5 years, with head injury of any

severity in the UK [88] (moderate evidence).

All children who had a clinically significant

head injury (death ¼ 15, need for neurosurgical

intervention ¼ 137, or abnormality on a CT

study ¼ 281) were identified. Multivariate

recursive partitioning on 40 clinical variables

was performed in order to create a highly

sensitive rule for predicting significant intracra-

nial pathology. Abnormalities on CT included

intracranial hematomas of any size, cerebral

contusion, diffuse cerebral edema, and depressed

skull fractures. Simple or nondepressed skull

fractures alone were not considered to be signif-

icant predictors of intracranial injury [88].

The CHALICE rule was derived (Table 22.2)

with a sensitivity of 98 % (95 % confidence

interval (CI) 96–100 %) and a specificity of

87 % (95 % CI 86–87 %) for the prediction of

clinically significant head injury and requires

a CT imaging rate of 14%. Prospective validation

of this rule with new cohorts is ongoing.

Two recent studies have been performed to

develop rules for use of CT in children with

mild head injury. The larger of the two studies

was performed by Kuppermann and colleagues

[89], who conducted a large multicenter prospec-

tive study in North America, in which 42,412

pediatric patients (younger than 18 years old)

with GCS scores of 14–15 were divided into

those younger than 2 years of age and those

2 years or older. Given increasing awareness of

radiation-induced malignancy, the investigators

sought to identify children at very low risk of

clinically important TBI, for whom CT might be

unnecessary. They developed prediction rules for

clinically important TBI – defined as death from

TBI, neurosurgery, intubation >24 h, or hospital

admission�2 nights. In the validation population

of children under 2 years of age, there was

a negative predictive value for clinically impor-

tant TBI of 100 % (95 % CI 99.7–100 %) and

sensitivity of 100 % (95 % CI of 86.3–100 %)

if there was normal mental status, no scalp

hematoma (except frontal), no loss of conscious-

ness or LOC of less than 5 s, non-severe injury

mechanism, no palpable skull fracture, and acting

normally according to the parents. In the valida-

tion population of children 2 years or older, there

was a negative predictive value of 99.95 % (95 %

CI of 99.81–99.99 %) and sensitivity of 96.8 %

(95 % CI of 89.0–99.6 %) if there was normal

mental status, no LOC, no vomiting, non-severe

injury mechanism, no signs of basilar skull

fracture, and no severe headache. Neurosurgery

events were not missed in either age group.

A more recent prospective multicenter cohort

study was performed in Canada, which resulted in

the development of the CATCH (Canadian

Assessment of Tomography for Childhood Head

injury) rule (Table 22.3) [90]. The investigators

enrolled 3,866 pediatric patients (aged 0–16 years)

with GCS of 13–15 and performed recursive

partitioning to find the best combination of predic-

tor variables that were highly sensitive (with max-

imal specificity) for detecting neurological injury

and presence of brain injury on CT. Four high-risk

factors were identified as being 100.0 % sensitive

(95 % CI of 86.2–100.0 %) for predicting the need

for neurological intervention and would result in

30.2 % of patients undergoing CT; these risk

factors included failure to reach GCS score of

15 within 2 h, suspicion of open skull fracture,

and worsening headache and irritability. Three

medium-risk factors were identified as being

98.1 % sensitive (95 % CI of 94.6–99.4 %) for

predicting brain injury by CT and would result in
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50.2 % of patients undergoing CT: these risk

factors included large boggy hematoma of the

scalp, signs of basal skull fracture, and dangerous

mechanism of injury.

Oman and colleagues studied the test perfor-

mance of the eight-variable NEXUS II decision

instrument to detect the presence of clinically

import intracranial injury (ICI) in 1,666 pediatric

patients with blunt head trauma and who had CT.

The decision instrument utilized seven variables

and correctly identified 136/138 cases (98.6 %

sensitivity) and classified 230 as low risk

(99.1 % NPV, 230/232; 15.1 % specificity,

230/1,528). Findings showed that significant ICI

is extremely unlikely in any child who does not

exhibit at least one of the following high-risk

criteria: (1) evidence of significant skull fracture

(diastatic, depressed, open, or basilar), (2) altered

level of consciousness, (3) neurological deficit,

(4) persistent vomiting, (5) presence of scalp hema-

toma, (6) abnormal behavior, and (7) coagulopathy

(moderate to strong evidence) [91].

Palchak and colleagues derived a rule on 2,043

pediatric patients under 18 years who had head

trauma and positive findings on history or clinical

examination such as loss of consciousness, mem-

ory loss, headache, or emesis [92]. Of the nine

predictive variables studied, abnormal mental

status, clinical findings of calvarial fracture, his-

tory of emesis, scalp hematoma in children

2 years of age or less, and cephalalgia were iden-

tified in 96 of 98 patients with a positive intracra-

nial lesion on CT (98 % sensitivity, 95 % CI

93–100 %) (moderate evidence). Since then,

they have tested the decision rule against

clinician judgment and found that application of

the rule to the study population would have

required 24.7 % (289/1,168) fewer CT scans.

The decision rule had 98.9 % sensitivity (88/89)

versus 94.4 % (84/89) for clinician judgment.

Specificity of the rule was 26.7 % (288/1,079)

versus 30.5 % (329/1,079) for judgment.

The decision rule classified children as being at

very low risk of ICI if none of the following

findings were present: abnormal mental

status, clinical signs of skull fracture, a history of

vomiting, scalp hematoma (in children <2 years),

and headache (strong evidence) [93].

Greenes and Shutzman [94] performed a pro-

spective study on 608 patients under 2 years

of age in a single hospital setting (moderate

evidence). Their study demonstrated that pediat-

ric patients with suspected nonaccidental trauma,

lethargy, or a major scalp hematoma had an

increased risk of significant intracranial injury.

This study found that loss of consciousness,

seizures, or emesis alone was not an adequate

predictor of intracranial injury, and, furthermore,

the absence of clinical symptoms or signs did not

fully exclude the possibility of having positive

intracranial pathology [94]. They allocated

patients into four risk groups, with CT imaging

recommended in the highest risk group of children

who vomited more than three times or had loss of

consciousness, lethargy, a high-risk mechanism,

or considerable bruising [94]. This study and the

CHALICE study showed that it was safe to dis-

charge children with a negative CT study [88, 94].

Haydel and Shembekar [95] evaluated the adult

New Orleans criteria [22] in children under age

5 years. They studied 175 children with GCS of 15

at a single institution. They concluded that the

14 positive CT scans could be identified with

this adult predictive rule [95]. The Canadian

CT rule for children was proposed by the

UK National Institute of Clinical Excellence

before the CHALICE study was published [88].

The CHALICE group assessed the diagnostic

performance of this rule in children [96] to detect

intracranial injury and found a sensitivity of 94 %

(95 % CI 91–97 %), specificity of 89 % (95 % CI

89–90 %), and a CT ordering rate of 12 % [88].

Boran and colleagues [97] studied 421

children with GCS of 15 and without any focal

neurological deficit (moderate evidence). Intra-

cranial lesion was noted in 37 cases (8.8 %).

The clinical parameters associated with an

increased incidence of intracranial pathology

were post-traumatic seizures and loss of con-

sciousness. However, when patients with these

predictive parameters were subtracted, intra-

cranial lesions were still identified in 4.1 % of
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the cases, and 1.8 % required neurosurgical

operation. Boran and colleagues also found a

low sensitivity of plain radiographs of 43.2 %

and specificity of 93 % [97]. The CHALICE

study [88] and other studies [98] support the

recommendation of not performing skull radio-

graphs except for highly selected patients who

may have had a nonaccidental injury. Calvarial

plain radiographs have a poor sensitivity for

identifying pediatric patients with intracranial

pathology (moderate to strong evidence) [88].

The literature on repeat CT scans in pediatric

patients seems to differ from adult studies, in that

the yield of new clinically significant lesions is

low in routine repeat studies (moderate evi-

dence). In addition, because of the long-term

effects of CT radiation exposure, the decision to

order a CT scan also should be weighed against

the risk of long-term radiation exposure.

Hollingworth and colleagues studied the preva-

lence of worsening brain injury on repeat CT,

predictors of worsening CT findings, and the

frequency of neurosurgical intervention after the

repeat CT, in 521 pediatric patients with moder-

ate or severe TBI. For severe TBI, the

multivariate-adjusted OR for worsening or new

second CT findings was 2.4. Children with mod-

erate or severe TBI, especially if they had ICI,

were more likely to have deteriorating CT (43 %,

107/248), and 10% (11/107) required surgery. Of

those with stable CT (57 %, 141/248), only 3 %

(4/141) required surgery. In most surgical

patients, repeat CT was preceded by rapid decline

in neurological status or elevated ICP [99]. Figg

and colleagues performed a retrospective study in

severely injured children and demonstrated that

most second scans showed no change (53 %).

Some showed improvement (34 %), and even

less showed worsening (13 %). Only five

(4.3 %) patients had a surgical intervention

based on the results of the second CT scan, but

all five scans were ordered based on a clinical

indicator (increased intracranial pressure or

worsening neurological status) and not on routine

follow-up [100] (moderate evidence). Similar

findings were reported by Tabori and colleagues

(limited evidence) [101]. Therefore, repeat CT

scans may be considered when there is evidence

of neurological deterioration or increasing intra-

cranial pressure. Routine repeat CT scans are not

recommended.

There is less literature on imaging and

prediction of outcome from head injury in pediatric

subjects, compared to adults. Importantly, within

the pediatric population, age may be a confounding

variable or effect modifier for outcomes. Levin and

colleagues (moderate evidence) studied 103

children at one of the original four centers partici-

pating in the TCDB and found heterogeneity in

6-month outcomes based on age. Worst outcomes

were found in the 0–4-year-old patients, and best

outcomes were found in the 5–10-year-old patients,

while adolescents had intermediate outcomes.

They suggested that studies involving severe TBI

in children should analyze age-defined subgroups

rather than pooling a wide range of pediatric

ages [102].

Many studies have consisted of relatively

small sample sizes and used varying outcome,

possibly accounting for conflicting reports

regarding outcomes related to TBI in children.

There have been several studies evaluating CT in

predicting outcome in children with variable

results. Suresh and colleagues (moderate

evidence) studied 340 children and compared

CT findings to discharge GOS outcomes. They

found that poor outcome (death) occurred in 16%

of their patients. In addition, progressively worse

outcomes were found with fractures, EDH, con-

tusion, diffuse head injury, and acute SDH [84].

Hirsch and colleagues (moderate evidence)

studied 248 children after severe TBI and

compared initial CT findings to the level of

consciousness (measured by a modified GCS

score) at 1 year after injury. They found that

children with normal CT, or isolated SDH or

EDH, were least impaired, while children with

diffuse edema had the most impairment.

Those with parenchymal hemorrhage, ventricular

hemorrhage, or focal edema had intermediate

outcomes [103]. A study of 82 children (moder-

ate evidence) found that unfavorable prognosis

(using a three-category Lidcombe impairment

scale) was more likely to occur after shearing

injury or intracerebral/subdural hematomas,

whereas a better outcome was more likely
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in patients with EDH [104]. Another study

of 74 children (moderate evidence) found

that the presence of traumatic SAH on CT was

an independent predictor of poorer discharge

outcome (p < 0.001) but did not find that DAI

or diffuse swelling was associated with outcome.

After stepwise logistic regression analysis,

CT findings did not have prognostic significance

compared to other variables such as GCS and the

oculocephalic reflex [82]. Another study (moder-

ate evidence) compared 59 children and 59 adults

and found that a CT finding of absent ventricles/

cisterns was associated with a slightly lower

frequency of poor outcome (6-month GOS) in

children, suggesting that diffuse swelling may

be more benign in children than adults unless

there was a severe primary injury or a secondary

hypotensive insult [55].

Bonnier and colleagues studied 50 children

with severe TBI before 4 years of age (moderate

evidence) [105]. TBI severity (initial GCS or

coma duration) was significantly associated with

subcortical lesions. A greater deterioration in

intellectual quotient over time was noted in

patients with subcortical lesions. Sigmund and

colleagues studied 40 children with TBI using

CT and MRI (moderate evidence) [106].

T2-weighted, FLAIR, and susceptibility-

weighted MRI findings showed no significant

difference in lesion volume between normal and

mild outcome groups but did indicate significant

differences between normal and poor and

between mild and poor outcome groups. CT

revealed no significant differences in lesion

volume between any groups. The findings suggest

that these MRI sequence findings provide a more

accurate assessment of injury severity and detec-

tion of outcome-influencing lesions than does CT

in pediatric DAI patients (moderate evidence).

There have been some studies specifically

evaluating MRI for outcome prediction in

children with TBI. Prasad and colleagues

(moderate evidence) prospectively studied 60

children with acute CT and MRI. Hierarchical

multiple regression indicated that the number of

lesions, as well as certain clinical variables such

as GCS (modified for children) and duration of

coma, was predictive of outcomes up to 1 year

(modified GOS) [81]. Several investigators have

studied the correlation between depth of lesion

and outcomes, with varying results. Levin and

colleagues (moderate evidence) studied 169

children prospectively as well as 82 patients ret-

rospectively with MRI at variable time points and

showed a correlation between depth of brain

lesions and functional outcome [107]. Grados

and colleagues (moderate evidence) studied 106

children with an SPGR (T1-weighted) MRI

sequence obtained 3 months after TBI and clas-

sified lesions into a depth-of-lesion model. They

found that depth and number of lesions predicted

outcome, although correlation was better with

discharge outcomes than 1-year outcomes [108].

Blackman and colleagues (moderate evidence)

studied 92 children in the rehabilitation setting

(using variable imaging modalities) and used a

depth-of-lesion classification (based on the

Grados model) to study neuropsychological

outcomes. They found that this classification

had limited usefulness. Although patients with

deeper lesions tended to have longer stays in

rehabilitation, they were able to “catch up” after

sufficient time had elapsed [109].

In a study of acute hemorrhagic DAI lesions

(moderate evidence) on MRI, Tong and

colleagues studied 40 children and found that

the degree and location of hemorrhagic lesions

correlated with GCS, duration of coma, and

outcomes at 6–12 months after injury [110].

Children with normal outcomes or mild disability

(n ¼ 30) at 6–12 months had, on average, fewer

hemorrhagic lesions (p ¼ 0.003) and lower

volume (p ¼ 0.003) of lesions than those who

were moderately or severely disabled or in

a vegetative state. In a subgroup of these patients,

Babikian and colleagues studied 18 children

and adolescents 1–4 years after injury using

SWI (limited evidence). Negative correlations

between lesion number and volume with

neuropsychologic functioning were shown [111].

Some have also studied volumetric changes

after TBI in children. Levin and colleagues (mod-

erate evidence) showed that in children, as in

adults, corpus callosum area (measured on sub-

acute MR) correlated with functional outcome.

They found that the size of the corpus callosum
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decreased after severe TBI in contrast to

mild/moderately injured children who showed

growth of the corpus callosum on follow-up

studies [112]. Wilde and colleagues studied

16 children with DAI and 16 individually

matched uninjured children (limited evidence)

[113], using morphologic measurements on

MRI. Analysis demonstrated significant volume

loss in the hippocampus, amygdala, and globus

pallidus in the TBI group. They also found

that a significant group difference was found in

cerebellar white matter volume with children in

the TBI group (limited evidence) [114].

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

Summary

There is moderate evidence that MR spectro-

scopic changes can help predict outcome after

TBI. SPECT hypoperfusion abnormalities may

be an indicator of a worse outcome in children

(moderate evidence). Brain PET metabolic

abnormalities may also predict outcome (limited

to moderate evidence). Data about functional

MRI (fMRI), MR perfusion, and DTI are limited.

Large studies are required with these advanced

imaging modalities to determine the role and

outcome after TBI.

Supporting Evidence
Table 22.1 describes briefly the current imaging

methods of TBI including principle, advantages/

limitations, and use.

DWI has also recently been shown to improve

the detection of nonhemorrhagic shearing lesions,

although there are only a few small studies

describing sensitivity. A small study (insufficient

evidence) of patients scanned within 48 h found

that DWI identified an additional 16% of shearing

lesions that were not seen on conventional MRI.

The majority of DWI-positive lesions (65 %) had

decreased diffusion [42]. Another descriptive

study (limited evidence) characterized several

different types and patterns of DWI lesions,

although there was no comparison with other

MRI sequences or analysis of diffusion changes

over time [43]. Schaefer and colleagues studied

26 patients (age range 4–72 years) with closed

head injury (limited evidence) [115]. This

study demonstrated strongest correlation between

signal-intensity abnormality volume on DWI and

modified Rankin score (r ¼ 0.772, p < 0.001).

Total lesion number also correlated well with the

modified Rankin score [115].

A few investigators have studied the role of

DTI.Wozniak and colleagues studied 14 children

with TBI and 14 controls aged 10–18 years who

had DTI studies and neurocognitive evaluations

at 6–12 months [116]. The TBI group had lower

fractional anisotropy (FA) in three white matter

regions: inferior frontal, superior frontal, and

supracallosal (limited evidence). Supracallosal

FA correlated with motor speed and behavior

ratings. Parent-reported executive deficits were

inversely correlated with FA. Levin and col-

leagues studied the use of DTI in 32 children

with moderate to severe TBI, compared to

36 children with orthopedic injury (OI). They

found that fractional anisotropy and ADC values

differentiated the groups and that both cognitive

and functional outcome measures were related to

the DTI findings. Dissociations were present

wherein the relation of fractional anisotropy to

cognitive performance differed between the TBI

and OI groups. A DTI composite measure of white

matter integrity was related to global outcome in

the children with TBI (moderate evidence) [117].

Magnetic resonance spectroscopy (MRS) can
detect subtle cellular abnormalities that may

more accurately estimate the extent of brain

injury, particularly DAI, compared to conven-

tional MRI. Investigators have compared MRS

findings from noncontused brain with various

measures of clinical neurological outcome such

as GOS or DRS scores and found a general trend

of reduced NAA corresponding to poor outcome

(limited evidence) [118–121]. However, results

are difficult to compare since varied anatomical

areas were studied, and results were often

acquired over a wide range of times after injury.

It is uncertain whether the timing of MRS mea-

surement affects outcome prediction. Subacute
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MRS studies have suggested that decreased NAA

correlates with poor outcomes. There have been

few acute MRS studies evaluating outcome pre-

diction. In a prospective MRS study [122] of 42

severely injured adults (limited to moderate evi-

dence), Shutter and colleagues measured quanti-

tative metabolite changes as soon as possible

(mean of 7 days) after injury, in normal appearing

GM and WM. In contrast to other studies, they

found no correlation between NAA-derived

metabolites and outcomes at 6–12 months, possi-

bly because their MRS studies were performed

earlier than others. However, glutamine/

glutamate (Glx) and Cho were significantly ele-

vated in occipital GM and parietal WM in

patients with poor 6–12-month outcomes, and

these two variables predicted outcome at 6–12

months with 89 % accuracy. A combination of

Glx and Cho ratios with the motor component of

the GCS score provided the highest predictive

accuracy (97 %). It may be that elevated Glx

and Cho are more sensitive indicators of injury

and predictors of poor outcome when spectros-

copy is obtained early after injury. This may be

a reflection of early excitotoxic injury (i.e., ele-

vated Glx) and of injury associated with mem-

brane disruption secondary to DAI (i.e., increased

Cho). An example of spectra from parietal and

occipital GM in a TBI patient with poor outcome

is shown in case study 2.

There have been few published results com-

paring data from multivoxel MR spectroscopy

(MRSI) to clinical outcomes. Holshouser and

colleagues studied MRSI (limited to moderate

evidence) in 42 patients with severe TBI,

obtained through the corpus callosum and

surrounding GM and WM. MRSI showed

significant decreases in NAA/Cre and increases

in Cho/Cre ratios in areas of visibly injured

and normal-appearing brain. Averaged ratios

from all regions were able to differentiate

between patients with mild, moderate, and

severe/vegetative neurological outcomes as mea-

sured with the GOS at 6 months compared to

control values. The results suggest that decreased

NAA-derived ratios and increased Cho/Cre

ratios, detected by MRSI, are associated with

worse outcomes [123].

There are a few MRS studies in children.

Makaroff and colleagues studied 11 children

with TBI (limited evidence) [124]. Four children

demonstrated elevated lactate and diminished

NAA within several regions, indicating global

ischemic injury. All four children had seizures,

abnormal neurological examination, and required

admission to the PICU. In four other children,

lactate was detected at least in one region, indi-

cating a focal ischemic injury. Two children had

seizures and two had abnormal neurological

examination. The remaining three children had

no evidence of elevated lactate. Clinically,

no seizures were demonstrated and no PICU

admission was required. Holshouser and

colleagues performed MRS in 40 children with

TBI 1–16 days after injury (moderate evidence)

[125]. Neurological outcome was evaluated at

6–12 months after TBI. A logistic regression

model demonstrated a significant decrease in the

NAA/creatine and increase in the choline/creatine

ratios in normal-appearing (p < 0.05) and visibly

injured brain (p < 0.001). In normal-appearing

brain, NAA/creatine decreased more in patients

with poor outcomes (1.32 � �0.54) than in those

with good outcomes (1.61��0.50). Babikian and

colleagues studied 20 children and adolescents and

demonstrated a moderate to strong correlation

between decreased NAA and worse cognitive

scores (limited evidence) [126]. Ashwal and col-

leagues in 38 children with TBI demonstrated that

the occipital glutamate/glutamine in the short-echo

MRS was significantly increased in TBI when

compared with controls (limited evidence) [127].

No difference was seen in this ratio between

children with good versus poor outcome.

They also demonstrated that occipital gray

matter myoinositol was increased in these children

with TBI (4.30 � 0.73) compared with controls

(3.53 � 0.48; p ¼ 0.003). In addition, those

with poor outcomes 6–12 months after injury had

higher myoinositol levels (4.78� 0.68) than those

with good outcomes (4.15 � 0.69; p ¼ 0.05)

(moderate evidence) [128] indicating that myoino-

sitol elevation after pediatric TBI is associated

with a poor neurological outcome. The reasons

for the increased myoinositol may be due to

astrogliosis or a disturbance in osmotic function.
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In this same group of children, Ashwal and

colleagues (moderate evidence) also demonstrated

significant decreases in NAA-derived ratios

and elevation of Cho/Cre measured in occipital

GM within 13 days of neurological insult.

These metabolite changes correlated with poor

neurological outcome at 6–12 months after

injury (n ¼ 52) [129]. In a subgroup of these

patients (n ¼ 24), neuropsychological evaluations

were performed at 3–5 years after neurological

insult. It was found that these metabolite changes

strongly correlated with below-average function-

ing in multiple areas including full-scale IQ,

memory, sensorimotor, and attention/executive

functioning [130].

Single photon emission computed tomography
can measure regional cerebral blood flow (CBF)

and assess localized perfusion deficits that may

correlate with cognitive deficits even in the

absence of structural abnormalities. However,

SPECT has low spatial and temporal resolution

and does not permit imaging of transient cogni-

tive events and interpretation is often highly sub-

jective. In addition, results of studies vary,

possibly related to the severity of injury or timing

of studies. SPECT studies generally show patchy

perfusion deficits, often in areas with no visible

injury on CT. One of the largest studies, although

retrospective, was performed by Abdel-Dayem

and colleagues (moderate evidence) who

reviewed SPECT findings in 228 subjects with

mild or moderate TBI. They found focal areas of

hypoperfusion in 77 % of patients. However,

there was no comparison to CT or MRI [131].

Stamatakis and colleagues (moderate evidence)

studied 61 patients with SPECT and MRI,

within 2–18 days after injury, and found that

SPECT detected more extensive abnormality

than MRI in acute and follow-up studies [132].

A small study (limited evidence) of patients

with persistent post-concussion syndrome after

mild TBI found that SPECT showed abnormali-

ties in 53 % of patients, whereas MRI and CT

only showed abnormalities in 9 % and 5 %,

respectively [133]. A more recent study by

Gowda and colleagues [134] studied 28 children

and 64 adults with SPECT using technetium

Tc99m ethyl cysteinate dimer within 72 h

of the traumatic brain injury. The most common

abnormality was hypoperfusion of the

temporal lobe in children and the frontal lobe

in adults (moderate evidence). A significantly

higher number of perfusion abnormalities were

seen in patients with post-traumatic amnesia

(p ¼ 0.03), loss of consciousness (p ¼ 0.02),

and post-concussion syndrome (p ¼ 0.01) than

in patients without these symptoms. CT findings

were abnormal in 31 (34 %) versus SPECT in

58 (63 %). Difference between the SPECT and

CT detection rate was statistically significant

(p < 0.05). The largest study with patient

outcomes was performed by Jacobs and

colleagues (moderate to strong evidence) who

prospectively studied 136 patients with mild

injury, within 4 weeks of injury. SPECT had

a high sensitivity and negative predictive

value. A normal scan reliably excluded clinical

sequelae of mild injury [135]. A small study

(limited evidence) of patients with severe

TBI and diffuse brain injury showed that total

CBF values initially increased above normal in

the first 1–3 days and then decreased below

normal in the subacute period of 14–42 days.

The early CBF increase has been postulated

to reflect vasodilatation due to high tissue

CO2 and lactic acidosis. They found that

the initial elevation and subsequent drop

in blood flow was more marked in the

poor-outcome group [136]. However, another

small study (limited evidence) of patients with

a spectrum of injury, studied within 3 weeks of

brain injury, found that focal zones of hyperemia

in normal-appearing brain were associated

with slightly better outcomes than patients

without hyperemia [93]. SPECT findings have

also been compared with neuropsychological

outcomes, although studies have consisted of

small sample sizes, and have found varying

results [133, 137].

Positron emission tomography can measure

regional glucose and oxygen utilization, CBF at

rest, and CBF changes related to performances of

different tasks. Spatial and temporal resolution is

also limited, although better than SPECT.
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However, PET is not widely available. A few

PET studies have reported various areas of

decreased glucose utilization, even without visi-

ble injury. Bergsneider and colleagues (limited

to moderate evidence) prospectively studied

56 patients with mild to severe TBI, evaluated

with 18F fluorodeoxyglucose (FDG)-PET within

2–39 days of injury, 14 of which had subsequent

follow-up studies. They describe in this and

previous reports that TBI patients demonstrate

a triphasic pattern of glucosemetabolism changes

that consist of early hyperglycolysis, followed by

metabolic depression, and subsequent metabolic

recovery (after several weeks). These patients

recovered metabolically, with similar patterns of

changes in glucose metabolism suggesting that

FDG-PET cannot estimate degree of functional

recovery [138]. Wu and colleagues [139]

performed a study evaluating the gray matter and

white matter with PET. Fourteen TBI patients

and 19 normal volunteers were studied with

a quantitative FDG-PET, a quantitative H2
15O-

PET, and MRI acutely following TBI. The gray to

white matter ratios for both FDG uptake rate and

changes of glucose metabolic rate were signifi-

cantly decreased in TBI patients (p < 0.001).

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 glucose metabolic rate

correlated with the initial Glasgow Coma Scale

(GCS) score of TBI patients, with r ¼ 0.64. The

patients with higher changes of glucose metabolic

rate (>1.54) showed good recovery a year after

TBI. A more recent study by Lupi and colleagues

evaluated PET in 58 consecutive patients (age

range 14–69 years) with brain injury (44 with

TBI) and demonstrated relative hypermetabolic

cerebellar vermis as a common finding in an

injured brain regardless of the nature of the trauma

[140].

There are few small studies evaluating sensi-

tivity of xenon CT and even fewer describing the

sensitivity of fMRI or MR perfusion. Newsome

and colleagues studied eight children with mod-

erate to severe TBI and eight matched, uninjured

control children with fMRI using an N-back task

to test effects of TBI on working memory perfor-

mance and brain activation (limited evidence)

[141]. Two patterns in TBI patients were seen.

Patients whose criterion performance was

reached at lower memory loads than control

children demonstrated less extensive frontal and

extrafrontal brain activation than controls.

Patients who performed the same, highest

(3-back) memory load as controls demonstrated

more frontal and extrafrontal activation than con-

trols. This is a small series and further longitudi-

nal studies are needed.

MR perfusion can also provide a measure of

tissue perfusion similar to results found using

PET or SPECT methods of CBF determination.

However, there have been little data in the liter-

ature regarding its use in predicting outcome after

TBI. To date, there is one small study (insuffi-

cient evidence) that showed that patients who had

reduced regional cerebral blood volume in areas

of contusions had poorer outcome. A subset of

these patients that had reduced regional cerebral

blood volume in normal-appearing white matter

had significantly poorer outcomes [142]. fMRI

can provide noninvasive, serial mapping of

brain activation, such as with memory tasks.

This form of imaging can potentially assess the

neurophysiological basis of cognitive impair-

ment, with better spatial and temporal resolution

than SPECT or PET. However, it is susceptible to

motion artifact and requires extremely coopera-

tive subjects and therefore is more successful in

mildly injured than moderate or severely injured

patients. There have only been a few small

studies (insufficient evidence) attempting to

correlate fMRI with outcomes [143, 144].

Take-Home Tables and Figure

Table 22.1 lists current imaging methods for

TBI. Table 22.2 shows suggested guidelines for

acute neuroimaging in children with severe TBI.

Table 22.3 shows suggested guidelines for

acute neuroimaging in children with mild

TBI. Table 22.4 shows a list of possible types

of head injuries, excluding penetrating or
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Table 22.1 Current imaging methods of traumatic brain injury (TBI)

Modality Principle and advantages/limitations Use in TBI

Potential

correlation with

outcome

CT Based on X-rays, measures tissue density;

rapid, inexpensive, and widespread

Detects hemorrhage and “surgical

lesions”

Short-term

outcome –

mortality versus

survival

Xenon CT

perfusion

Inhalation of stable xenon gas which acts as

a freely diffusible tracer; requires additional

equipment and software that is available

only in a few centers

Detects disturbances in CBF due to

injury, edema, or infarction

Long-term

outcome – global or

neuropsychological

MRI Uses RF pulses in magnetic field to

distinguish tissues, employs many different

techniques; currently has highest spatial

resolution; complex and expensive

Detection of various injuries and

sensitivity varies with different

techniques

Long-term

outcome – global or

neuropsychological

MRI –

FLAIR

Suppresses CSF signal Detection of edematous lesions,

particularly near ventricles and

cortex, as well as extra-axial blood

Long-term

outcome – global or

neuropsychological

MRI – T2*

GRE

Accentuates blooming effect, such as blood

products

Detection of small parenchymal

hemorrhages

Long-term

outcome – global or

neuropsychological

MRI – DWI Distinguishes water mobility in tissue Detection of recent tissue infarction

or traumatic cell death

Long-term

outcome – global or

neuropsychological

MRI – DTI Based on DWI, maps degree, and direction

of major fiber bundles; requires special

software

Detects impaired connectivity of

white matter tracts, even in normal-

appearing tissue

Long-term

outcome – global or

neuropsychological

MRI – MT Suppression of “background” brain tissue

containing protein-bound H2O, enhances

contrast between water and lipid-containing

tissue

May detect microscopic neuronal

dysfunction, even in normal-

appearing tissue

Long-term

outcome – global or

neuropsychological

MRI – MRS Analyzes chemical composition of brain

tissue; requires special software

Metabolite patterns indicate neuronal

dysfunction or axonal injury, even in

normal-appearing tissue

Long-term

outcome – global or

neuropsychological

MR

volumetry

Measures volumes of various brain

structures or regions, time-consuming,

requires special software

Detects atrophy of injured tissue and

can quantitate progression over time

Long-term

outcome – global or

neuropsychological

fMRI Measures small changes in blood flow

related to brain activation; requires

cooperative patients

Detects impairment or redistribution

of areas of brain activation

Long-term

outcome –

neuropsychological

MR

perfusion

(global,

non-fMRI)

Measures tissue perfusion using contrast or

noncontrast methods; better temporal

resolution than PET, SPECT; not as well

studied

Detects disturbances in CBF due to

injury, edema, or infarction

Long-term

outcome – global or

neuropsychological

SPECT Photon emitting radioisotopes used to

measure CBF

Detects disturbances in CBF due to

injury, edema, or infarction

Long-term

outcome – global or

neuropsychological

(continued)
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Table 22.1 (continued)

Modality Principle and advantages/limitations Use in TBI

Potential

correlation with

outcome

PET Positron emitting radioisotopes act as freely

diffusible tracers, used to measure CBF,

metabolic rate (glucose metabolism or

oxygen consumption), or response to

cognitive tasks; available only in a few

centers

Detects disturbances in CBF due to

injury, edema, or infarction

Long-term

outcome – global or

neuropsychological

Reprinted with kind permission of Springer Science+Business Media from Tong KA, Oyoyo U, Holshouser BA,

Ashwal S. Neuroimaging for traumatic brain injury. In: Medina LS, Blackmore CC, editors. Evidence-based imaging:

optimizing imaging in patient care. New York: Springer; 2006

CT computed tomography, MRI magnetic resonance imaging, FLAIR fluid attenuated inversion recovery, GRE
gradient recalled echo, DWI diffusion-weighted imaging, DTI diffusion tensor imaging, MT magnetization

transfer, MRS magnetic resonance spectroscopy, fMRI functional magnetic resonance imaging, SPECT single photon

emission computed tomography, PET positron emission tomography, and CBF cerebral blood flow

Table 22.2 The children’s head injury algorithm for the prediction of important clinical events (CHALICE) rule

A computed tomography scan is required if any of the following criteria are present

History

Witnessed loss of consciousness of >5 min duration

History of amnesia (either antegrade or retrograde) of >5 min duration

Abnormal drowsiness (defined as drowsiness in excess of that expected by the examining doctor)

�3 vomits after head injury (a vomit is defined as a single discrete episode of vomiting)

Suspicion of nonaccidental injury (NAI, defined as any suspicion of NAI by the examining doctor)

Seizure after head injury in a patient who has no history of epilepsy

Examination

Glasgow Coma Score (GCS) <14, or GCS <15 if <1 year old

Suspicion of penetrating or depressed skull injury or tense fontanelle

Signs of a basal skull fracture (defined as evidence of blood or cerebrospinal fluid from ear or nose, panda eyes,

Battle’s sign, hemotympanum, facial crepitus, or serious facial injury)

Positive focal neurology (defined as an focal neurology, including motor, sensory, coordination, or reflex

abnormality)

Presence of bruise, swelling, or laceration >5 cm if <1 year old

Mechanism

High-speed road traffic accident either as pedestrian, cyclist, or occupant (defined as accident with speed >40 m/h)

Fall of >3 m in height

High-speed injury from a projectile or an object

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

Reprinted with permission by BJ Publishing Group LTD from Dunning J, Daly JP, Lomas JP et al. Arch Dis Child.

2006;91:885–891
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missile injuries, or nonaccidental trauma.

Table 22.5 shows suggested guidelines for

acute CT imaging in adult patients with

mild TBI, modified from the Canadian Head

CT Rule [21], EAST guidelines [2], and the

Neurotraumatology Committee of the World

Federation of Neurosurgical Societies [32].

Figure 22.1 is an algorithm for children with

acute head injury.

Imaging Case Studies

Cases presented below highlight advantages and

limitationsof thedifferentneuroimagingmodalities.

Case 1: Example of MR Imaging for TBI

This case study illustrates imaging findings of DAI

in a 10-year-oldmale struck by a car (Fig. 22.2a–e).

Case 2: Example of MR Spectroscopy

This case study illustrates metabolite changes

in single-voxel short echo time proton spectra

(TE ¼ 20 ms) from a 28-year-old male

admitted to hospital with severe TBI (GCS of 4)

following a motor vehicle accident, compared

to a normal 27-year-old control subject

(Fig. 22.3a–d).

Table 22.3 Canadian assessment of tomography for

childhood head injury: the CATCH rule

CT of the head is required for children with minor head

injurya if any one of the following findings are present

High risk (need for neurological intervention)

1. Glasgow Coma Scale score <15 at 2 h after injury

2. Suspected open or depressed skull fracture

3. History of worsening headache

4. Irritability on examination

Medium risk (brain injury on CT scan)

1. Any sign of basal skull fracture (e.g., hemotympanum,

“raccoon” eyes, otorrhea or rhinorrhea of the

cerebrospinal fluid, Battle’s sign)

2. Large, boggy hematoma of the scalp

3. Dangerous mechanism of injury (e.g., motor vehicle

crash, fall from elevation�3 ft or 5 stairs, fall from

bicycle with no helmet)

Reprinted with permission from Osmond MH, Klassen TP,

Wells GA et al. Can Med Assoc J. 2010;182(4):341–348

CT computed tomography
aMinor head injury is defined as injury within the past 24 h

associated with witnessed loss of consciousness, definite

amnesia, witnessed disorientation, persistent vomiting

(more than one episode), or persistent irritability (in a

child under 2 years of age) in a patient with a Glasgow

Coma Scale score of 13–15

Table 22.4 Types of head injury (excluding penetrating/

missile injuries and nonaccidental trauma)

Primary injuries

Peripheral, non-intracranial

Scalp or soft tissue injury

Facial or calvarial fractures

Extra-axial

Extradural or epidural hemorrhage

Subdural hemorrhage

Traumatic subdural effusion or “hygroma”

Subarachnoid hemorrhage

Intraventricular hemorrhage

Parenchymal

Contusion

(a) Hemorrhagic

(b) Nonhemorrhagic

(c) Both

Shearing injury or “diffuse axonal injury”

(a) Hemorrhagic

(b) Nonhemorrhagic

(c) Both

Vascular

Arterial dissection/laceration/occlusion

Dural venous sinus laceration/occlusion

Carotid-cavernous fistula

Secondary injuries

Cerebral edema

Focal infarction

Diffuse hypoxic-ischemic injury

Hydrocephalus

Infection

Reprinted with kind permission of Springer Science+

Business Media from Tong KA, Oyoyo U, Holshouser

BA, Ashwal S. Neuroimaging for traumatic brain injury.

In: Medina LS, Blackmore CC, editors. Evidence-based

imaging: optimizing imaging in patient care. New York:

Springer; 2006
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Suggested Protocols for Acute
TBI Imaging

• CT: axial 5-mm images in standard and bone

algorithms; viewed with brain, intermediate,

and bone windows

• MR: T1-weighted, T2-weighted, FLAIR,

T2*-weighted GRE or SWI, DWI

Future Research

• Clinical trials have been disappointing in TBI

research, perhaps due to different mechanisms

of injury included in trials but also probably

due to nonuniformity in classification of

injuries and outcomes. There is a need for

a consistent, widely accepted classification of

information to facilitate comparisons of

different groups of patients and institutions.

The vast amount of clinical and imaging data

can yield elaborate approaches, but this

must be balanced with practicality in clinical

Table 22.5 Suggested guidelines for acute neuroimag-

ing in adult patients with mild TBI (GCS 13–15)

If GCS 13–15, CT recommended if have any one of the

following

High risk

GCS remains <15 at 2 h after injury

Suspected open or depressed skull fracture

Any clinical sign of basal skull fracture

Two or more episodes of vomiting

Aged 65 years or older

Medium risk

Possible loss of consciousness

Amnesia for period before impact, of at least 30 min

time span

Dangerous mechanism (pedestrian vs. motor vehicle,

ejected from motor vehicle, or fall from greater than

3 ft or 5 stairs)

Any transient neurological deficit

Headache and vomiting

If GCS of 15, patient can be discharged home without CT

scan if

Low risk

GCS remains 15

No loss of consciousness or amnesia

No neurologic/cognitive abnormalities

No headache, vomiting

Sources: Data from the Canadian Head CT Rule (21),

EAST guidelines (2), and the Neurotraumatology Commit-

tee of theWorld Federation of Neurosurgical Societies (32)

Reprinted with kind permission of Springer Science+

Business Media from Tong KA, Oyoyo U, Holshouser

BA, Ashwal S. Neuroimaging for traumatic brain injury.

In: Medina LS, Blackmore CC, editors. Evidence-based

imaging: optimizing imaging in patient care. New York:

Springer; 2006

CT computed tomography, TBI traumatic brain injury,GCS
Glasgow Coma Scale

Children with Suspected
Head Trauma

CHALICE RULE

Negative Positive

Clinical
Follow-up

CT Scan

Negative Positive

Neurosurgical
Consultation

Fig. 22.1 Recommended decision tree for children with

acute head injury (Reprinted with kind permission of

Springer Science+Business Media from Tong KA, Oyoyo

UE,Holshouser BA,Ashwal S,Medina SA. Evidence-based

neuroimaging for traumatic brain injury 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)
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Fig. 22.2 (a–e) Magnetic resonance imaging findings of

diffuse axonal injury (DAI) in a 10-year-old boy who was

struck by a car. He had an initial GCS score of 3, was in

a coma for 11 days, and had an elevated ICP. (a) His

admission CT scan was normal. (b) An MRI was obtained

2 days after injury. Subtle hyperintense signal is seen in the

right basal ganglia and posterior limb of the internal capsule

(arrow), on the T2-weighted images. (c) The FLAIR

sequence accentuates the edema in those areas (long
arrow) as well as along the periphery of the frontal lobes

(short arrows). (d) The standard T2*-GRE sequence shows

a subtle punctuate hypointense focus in the right internal

capsule (arrow). (e) The susceptibility-weighted imaging

(SWI) technique (a modified T2*-GRE sequence) shows

multiple tiny hemorrhagic foci within the bilateral basal

ganglia and capsular white matter (closed arrows) as well
as within the left frontal contusion (open arrow) (Reprinted
with kind permission of Springer Science+Business Media

from Tong KA, Oyoyo U, Holshouser BA, Ashwal S.

Neuroimaging for traumatic brain injury. In: Medina LS,

Blackmore CC, editors. Evidence-based imaging: optimiz-

ing imaging in patient care. New York: Springer; 2006)
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Fig. 22.3 (a–d) A 28-year-old man was admitted to the

hospital with severe TBI (GCS of 4) following a motor

vehicle accident. (a) Single-voxel short-echo magnetic

resonance spectroscopy taken from occipital gray matter

shows increased glutamate/glutamine (Glx) compared to

the control spectrum (b) (arrows). (c) Image taken from

parietooccipital white matter shows increased choline

(Cho, arrowheads) compared to the control spectrum.

(d) Evaluation at 6 months after the injury revealed

severe disabilities (GOS of 3) in this patient (Reprinted

with kind permission of Springer Science+Business

Media from Tong KA, Oyoyo U, Holshouser BA,

Ashwal S. Neuroimaging for traumatic brain injury.

In: Medina LS, Blackmore CC, editors. Evidence-based

imaging: optimizing imaging in patient care. New York:

Springer; 2006)
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situation. The system should be simple,

relevant, reliable, and acceptable to clinicians

in routine practice.

• Promising pediatric head trauma prediction

rules need to be validated in actual practice.

• More research is needed, and ultimately a

multimodal prognostic index for a wide range

of disability probably needs to be developed.

• The link between imaging findings, neuro-

behavioral deficits, and outcome requires

further research, particularly after mild TBI.

• Larger, prospective studies are needed to

evaluate the sensitivity, specificity, predictive

accuracy, and cost-effectiveness of various

neuroimaging methods in TBI.
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Key Points

• Head injury is the most common cause of

death from nonaccidental trauma, and the

majority of NAHI occurs in infants under age

1 year; its clinical presentation is nonspecific

(moderate evidence).

• NAHI is suspected when the magnitude of the

injury demonstrated clinically or on neuroim-

aging is discrepant with the history provided

(moderate evidence).

• Subdural hematoma is the most commonly

associated pathology with NAHI (moderate

evidence).

• None of the intracranial pathology is specific

or pathognomonic for NAHI.

• Temporal evolution of subdural hematoma

associated with NAHI is dynamic and

complex. For the best estimation of injury

timing, comparison of CT and MRI and

correlation with follow-up studies are often

needed.

• CT is the standard of care for the initial eval-

uation of NAHI. CT readily demonstrates

intracranial pathology requiring immediate

treatment (moderate evidence).

• MRI should be performed once the patient is

stabilized. Overall, MRI is more sensitive than

CT for diagnosis, documentation, characteri-

zation, and prognostication of intracranial

pathology associated with NAHI (limited

evidence).

Definition and Pathophysiology

Nonaccidental head injury (NAHI), the shaking

impact syndrome, is most commonly seen among

children under 3 years of age, with the majority

occurring during the first year [1, 2]. Because of

anatomic and developmental differences in the

brain and skull of young children, the mecha-

nisms and types of brain injury are distinctly

different from that seen in older children and

adults [3–5].

Rotational acceleration is considered as the

primary mechanism of diffuse, severe, and often

life-threatening brain injury, including diffuse

axonal injury (DAI) with disruption of axons

and tearing of bridging veins, which causes sub-

dural hematoma (SDH) and/or subarachnoid

hemorrhage (SAH) and is often associated with

retinal hemorrhage.

Impact loading causes focal strains at the site

of impact, deforming the skull and generating the

pressure waves in the brain. At the site of impact,

scalp hematoma, skull fracture, focal SDH/SAH,

and cortical contusion may occur. Impact inju-

ries, except epidural hematoma, are usually not

life threatening.

The term “shaken-baby” syndrome was

coined by Caffey to explain a constellation of

clinical findings of severe NAHI of infants with

retinal hemorrhage, SDH/SAH, and little or no

external cranial trauma [6, 7]. Repetitive, “pure”

rotational acceleration of the head on the weak

infant’s neck was considered as a mechanism of

injury. There has been controversy over

whether “shaking” alone can cause fatal

brain injury; some consider that violent shaking

alone causes serious or fatal injuries, but

many instances of “shaken-baby” syndrome

demonstrate clinical, radiological, and/or autopsy

evidence of blunt impact to the cranium [8, 9].

Thus, the term “shaken-impact” syndrome may

more accurately reflect the mechanisms of injury

observed [2].

The infant skull is easily deformable because

it consists of thin calvarial bones separated by

soft membranous sutures and fontanelles. Also,

the partially myelinated infant’s brain is

more deformable. Recent investigation based on

biomechanical analysis emphasizes the more

significant role of deformation-mediated impact

response rather than impact-induced rotational

acceleration force as the critical injurious

mechanism for an infant brain [3].

The focal injury to the craniovertebral junc-

tion has recently been proposed as the mechanism

of traumatic brain injury unique to young infants.

Significant deformation and shearing of the
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cervicomedullary junction and surrounding

soft tissue occur during violent shaking [10, 11].

Geddes et al. suggested that violent shaking

without impact may cause focal axonal injury of

the brainstem and upper cervical cord and/or

epidural hematoma in the craniovertebral junc-

tion, resulting in traumatic apnea. This, in turn,

causes secondary global hypoxic brain injury and

generalized brain edema [12–14].

Geddes et al. further proposed that SDH can be

caused by a combination of severe brain hypoxia,

brain swelling, and raised central pressure;

however, this hypothesis is not fully accepted

[15–17].

Epidemiology

Seven to nineteen percent of physically abused

victims suffer from CNS injury in the United

States, and approximately 1,500 will die

and 18,000 will be left with serious disability

every year [18–20]. Most NAHIs occur in infants

and toddlers. Nine to fourteen percent of child

head injuries are caused by inflicted trauma,

and boys are more commonly affected than girls

[21, 22]. The incidence of serious or fatal NAHI

in children less than 1 year of age is approxi-

mately 1 in 3,300 [21]; since many cases of

NAHI are mild or moderate in severity, the inci-

dence is probably significantly higher. Head

injury is the leading cause of child abuse fatality

and accounts for up to 80 % of fatal child abuse

injuries at the youngest ages [23]. Accidental HI

is uncommon in infancy. Ninety-five percent of

serious CNS injuries in infants less than 1 year of

age are attributable to abuse [24]. Approximately

80 % of deaths caused by traumatic head injury in

infants and children younger than 2 years were

the result of NAHI [25]. Among the victims of

severe NAHI, evidence of prior child abuse is

common [26].

Mortality rate of severeNAHI is approximately

60 %, and morbidity includes mental retardation,

cortical blindness, spasticity, seizures, and

microcephalus [16, 22].

Overall Cost to Society

The cost of child abuse to society is considerable.

According to the report released by Prevent Child
Abuse America [27] in 2008, the United States

spent $103.8 billion annually in response to child

abuse, of which $33.1 billion is for the direct

(immediate intervention) and $70.7 billion is for

the indirect (long-term) costs.

There are no data available on the social cost

of imaging for NAHI.

Goals of Imaging

The goals of imaging are as follows:

• Diagnose conditions requiring immediate

treatment and intervention.

• Fully document the nature and extent of

NAHI.

• Assist in the determination of timing of NAHI.

• Diagnose clinically unsuspected NAHI among

victims with extensive evidence of extracra-

nial abuse.

Methodology

A medical search was performed using PubMed

(National Library of Medicine, Bethesda,

Maryland) for original research publications

discussing the clinical diagnosis, imaging, and

effectiveness of imaging strategies in NAHI.

The search covered the period from 1966 to

December 2007. The search strategy employed

different combinations of the following terms:

(1) child abuse, (2) head injury, (3) brain injury,

(4) head trauma, (5) inflicted injury, (6) diagnosis,

and (7) therapy or surgery or etiology. Additional

articles were identified by reviewing the refer-

ence list of relevant publications, identifying

appropriate authors, and using the citation indices

for MeSH terms. This review was limited to

human studies and English-language literature.
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The authors performed a critical review of the

title and abstracts of the identified articles

followed by a review of the full text in articles

that were relevant.

Discussion of Issues

What Are the Clinical Findings That
Raise Suspicion of NAHI to Direct
Further Imaging?

Summary

The clinical presentation of NAHI is nonspecific

(moderate evidence). NAHI is suspected when

the magnitude of the injuries demonstrated

clinically or on neuroimaging is discrepant with

the history provided (moderate evidence).

Also, NAHI should be suspected when retinal

hemorrhage is present (moderate evidence).

Low threshold for neuroimaging is recommended

when physical abuse is suspected in a young child

less than 1 year of age (limited evidence).

Supporting Evidence

The clinical presentation of NAHI is nonspecific

and misleading. An accurate history is rarely

provided, and the story may change with time

(moderate evidence) [28, 29]. An alleged injury

mechanism in the history is often incompatible

with the nature and magnitude of injury demon-

strated by imaging and inconsistent with the

developmental physical ability of the victim.

The majority of victims are less than 3 years of

age [1, 2]. However, rare incidents of “shaken-

baby” syndrome have been reported in older

children. Salehi-Had et al. reported four fatal

cases of older children of age 2.5–7 years who

had acute SDH and RH without evidence of

impact trauma [30]. Approximately 30–70 % of

NAHIs demonstrate simultaneous fractures [19],

and 40 % of fatal NAHIs have a previous history

or imaging/autopsy evidence of previous head

trauma [26, 31].

A victim with a milder case of NAHI

may have a history of poor feeding, vomiting,

lethargy, and/or irritability of days’ or weeks’

duration. In a retrospective review of 173

children less than 3 years of age with NAHI,

Jenny et al. found that 31 % of victims had

been misdiagnosed during previous visit(s) as

gastroenteritis, influenza, possible sepsis, and

otitis media (moderate evidence) [28].

In more severe cases, a victim becomes

immediately symptomatic and clearly identifi-

able as head trauma with lethargy, seizures,

and coma without lucid interval. Respiratory

difficulty often progresses to apnea or bradycar-

dia requiring cardiopulmonary resuscitation

(moderate evidence). In a retrospective cohort

study by Willman et al. [32] of 95 children with

fatal accidental HI, all but one of the children

had an immediate decreased level of conscious-

ness. One exceptional case with an enlarging

epidural hematoma had a “lucid interval.”

There is no evidence of a prolonged “lucid

interval” in children with SDH and brain

edema.

Retinal hemorrhage is one of the cardinal

features of NAHI (moderate evidence). In

75–90 % of NAHI cases, unilateral or bilateral

retinal hemorrhages are present [33]. Numerous

preretinal, intraretinal, and subretinal hemor-

rhages extending out to the edges of the retina

and/or the splitting of the retina (retinoschisis)

are particularly indicative of shaken-baby

syndrome [34]. Retinal hemorrhage is not

pathognomonic for NAHI and occasionally is

seen in association with other causes including

accidental trauma, cardiopulmonary resuscita-

tion, and paroxysmal coughing episode [35].

Johnson et al. [36] reported only 2 cases of RH

among 215 children with severe accidental HI.

Schloff et al. reported 2 cases of RH among

57 children with intracranial hemorrhage from

nonabuse causes [37]. Sezen [38] reported 14 %

occurrence of less severe form of RH in

normal newborns, which regress to normal

rapidly in 4–6 weeks.

Adoption of a lower clinical threshold for

performing neuroimaging was recommended

when physical abuse is suspected or when
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“high-risk” criteria including rib fractures or

multiple fractures are present in a young child,

particularly when they are less than 1 year of age

[39, 40] (limited evidence).

Can Imaging Help to Predict NAHI?

Summary

SDH is the most commonly associated pathology

with NAHI (moderate evidence). Other patho-

logic and imaging findings frequently associated

with NAHI include complex skull fractures, dif-

fuse and multifocal SDH, interhemispheric SDH,

SDHwithmixed density, traumatic diffuse axonal

injury, and severe brain swelling. Evidence of

previous injuries, such as atrophy and ventricular

enlargement, is often seen in addition to the acute

findings associated with NAHI described above

(moderate evidence). None of the individual

pathologic findings are unique or pathognomonic

for NAHI, and image findings should be closely

correlated with history, clinical findings, physical

ability of the victim, and social background.

Supporting Evidence

Many comprehensive neuroradiologic reviews

are available and should be used as references

[41–46].

Child abuse causes approximately 10 % of

skull fractures in the pediatric population in gen-

eral and 30 % in children less than 2 years of age

[47, 48]. Minor domestic accidents rarely cause

skull fractures (moderate evidence) [49, 50].

Warrington et al. analyzed 11,466 questionnaires

regarding domestic accidents occurring in the

first 6 months of life and found the rate of con-

cussion or fracture to be less than 1 %. Falls from

beds and seats did not result in skull fractures

[51]. Complex skull fractures, such as fractures

crossing suture, diastatic fractures, depressed

fractures, and comminuted fractures in premobile

infants without history of violent trauma,

should raise suspicion of NAHI (limited

evidence) [24, 48, 52]. Such fractures, however,

have been observed in infants with impact to the

vertex, impact against more than one surface, fall

or drop downstairs, and an adult or older child

falling onto an infant.

NAHI is the predominant cause of SDH in

infancy [53], and SDH is the most common asso-

ciated intracranial pathology in NAHI (moderate

evidence). In a retrospective chart review of 173

children less than 3 years of age diagnosed with

NAHI, Jenny et al. found the following injuries:

SDH (87 %), diffuse parenchymal brain injury

(45 %), localized brain contusion (37 %), skull

fracture (32%), and epidural hematoma (2%) [28].

Reece and Sege [54] in 287 children’s head

injury series (age 1 week–6.5 years) reported the

prevalence of SDH in 46 % of abused children

compared with 10 % of accidental injury. Hobbs

et al. reported that 57 % of SDHs seen among

infants of age 0–2 years are caused by NAHI, as

opposed to 4 % by accident [53]. Also, in a pro-

spective, longitudinal analysis of CT/MRI find-

ings of inflicted (n ¼ 31) and noninflicted

(n ¼ 29) childhood traumatic head injury,

Ewing-Cobbs et al. found statistically significant

higher frequency of SDH and evidence of previ-

ous injuries among the inflicted injury group [55].

The incidence of isolated SDH/SAH as the only

gross finding in fatal AHI is less than 2%, while it

is 90–98 % in NAHI [23]. Other causes of SDH

are listed in Table 23.1 and should be excluded

with a combination of clinical history and rele-

vant laboratory investigation. SDH may result

from birth (moderate evidence). Looney et al.

[56] reported that 26 % of 76 asymptomatic

term infants (65 vaginally delivered and 23 with

cesarean delivery) who underwent MRI had focal

SDH near the tentorium and parafalcine location.

None, however, had interhemispheric SDH.

Diffuse subdural hematoma (SDH) involving

bilateral convexity, interhemispheric fissure, and

posterior fossa is a sign of violent trauma-

producing impulsive loading to the bridging

veins by rotational acceleration. The volume of

noncontact SDH, which is relatively small

ranging from 2 to 15 ml, does not, in and of itself,

manifest symptoms and almost never causes

death by its mass effect (limited evidence) [23].
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Contact SDH on the contrary tends to be

focal and monocentric and seen under the site of

impact.

Presence of SDHs of different ages suggests

trauma of a repetitive nature and heightens the

possibility of NAHI (limited evidence) [57].

Interhemispheric SDH was considered as

highly specific for abusive injury (limited evi-

dence). Zimmerman et al. reported a 69 % prev-

alence of parietooccipital interhemispheric SDH

in a retrospective CT review of 26 abused

children and suggested as a sign of NAHI [58].

However, accidental injury with significant

rotational acceleration in the sagittal plane, such

as a violent fall or a motor vehicle accident, also

causes interhemispheric SDH [59].

Mixed-density SDH is more frequently seen

among NAHI, while homogenous hyperdense

SDH is more frequent in AHI (limited evidence)

[57, 59].

Epidural hematoma is not a specific indicator

of NAHI (limited evidence) [1, 19, 60].

Cortical contusions often seen in older children

with violent accidental HI are less frequently seen

in infants with NAHI. When present, they are

seen in the cortex underneath the impact site.

Likely sites for cortical contusions caused by the

differential displacement of the brain and the skull

(gliding contusions) include the temporal tips

and frontal bases adjacent to the skull

base and parasagittal cerebral cortex along the

cerebral falx.

Traumatic diffuse axonal injuries are com-

monly seen in the corpus callosum, especially in

the splenium, the gray–white junction especially

of the superior frontal gyri, the periventricular

areas, and the dorsolateral quadrants of the rostral

brainstem. Occasionally, gross parenchymal tear

is seen at the gray–white junction [61].

This injury is unique to infants with blunt head

trauma and most commonly seen in the frontal

and anterior parietal lobes. This lesion can be

overlooked both by CT and at autopsy but is

reliably demonstrated by sonography [62].

Severe swelling of the brain suggests a poor

prognosis (limited evidence). Among profoundly

traumatized infants, Cohen reported an unusual

pattern of brain edema on CT that involves the

cerebral cortex and the subcortical white

matter in diffuse and symmetric fashion with

relative density preservation of the deep white

matter, basal ganglia, thalami, brainstem,

and cerebellum and applied the term “reversal

sign” [63].

Another unique CT pattern to predict poor

outcome is “tin ear” syndrome described by

Hanigan et al., who reported three fatal cases

of NAHI, age ranging from 24 to 36 months,

in which unilateral diffuse cerebral edema is

associated with ipsilateral SDH and bruises and

lacerations about the ear, resulting from a severe

blow [64].

Even though traumatic axonal injury to the

cervicomedullary junction and injury to the

craniocervical osseoligamentous structure are

postulated as a unique cause of the brain pathol-

ogy of NAHI [10–14], there are only anecdotal

reports of such injury demonstrated on neuroim-

aging and there is not enough evidence to support

systematic spine imaging to investigate such

injury without additional suggestive clinical or

radiological evidence.

NAHI carries a significantly worse clinical

outcome than does accidental HI. Early

clinical and neuroimaging findings in NAHI are

of prognostic value for neurodevelopmental

outcome (limited evidence). In a retrospective

medical chart review of 23 NAHI cases, Bonnier

et al. reported that the presence of intrapar-

enchymal lesions demonstrated on CT and/or

MRI in the first 3 months was significantly asso-

ciated with neurodevelopmental impairment [65].

Can CT and MR Imaging Help to
Determine Timing of Injury?

Summary

The evolution of SDHs associated with NAHI is

dynamic and complex. For the best estimation of

injury timing, comparison of CT and MRI and

correlationwith follow-up studies are often needed.
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Supporting Evidence
Scalp edema/hematoma becomes evident several

hours to 24 h after the impact injury. Nonvisua-

lization of scalp edema on a single neuroimaging

on arrival should not be taken as absence of

impact injury.

Skull fracture is a poor index of timing of

injury because of the lack of periosteal reaction

during healing.

On CT examination, the classical description

of temporal evolution of SDH can be simplified

as summarized in Table 23.2. The time course of

the evolution may vary considerably from patient

to patient and from location of SDH in the same

patient, however [66–68]. Subdural collection

with septation, mixed density, and layering sug-

gests rehemorrhage.

MRI evolution of hemoglobin products in the

SDH roughly follows that of parenchymal hema-

toma (limited evidence) [69, 70]. The evolution

of intraparenchymal hematoma on MRI is sum-

marized in Table 23.3. The signal pattern of

evolving SDH generally follows the one of

intraparenchymal hematomas in the acute and

subacute stage with slower rate because of higher

oxygen tension of the subdural space. The

chronic SDH is isointense to slightly hypointense

relative to gray matter on T1-weighted images

and hyperintense on T2-weighted images. Hemo-

siderin is rarely seen in chronic SDH.

Gradient-refocused echo sequence is the most

sensitive to detect the presence of hemoglobin

product with prominent hypointensity, but signal

characteristics do not change significantly

according to the age of hematoma and thus can-

not be used for timing of injury.

The temporal evolution of SDH should be

reevaluated applying the newer anatomic and

physiologic knowledge of the dural membrane

[57, 71, 72]. SDH is most often located in the

inner layer of the dura mater (dural border cell

layer) adjacent to the arachnoid membrane. His-

tologically, there is no actual or potential sub-

dural “space” in humans. In the border cell

layer, the bridging veins are less protected against

the shearing force. Furthermore, there appears to

be continuous and/or progressive bleeding or effu-

sion upon resolving acute SDH in this “intradural”

space after the initial trauma, which is further

facilitated by intracranial hypotension caused by

ongoing brain atrophy and treatment to decrease

intracranial pressure [71, 72]. So the evolution of

the SDH is dictated not only by the degradation of

hemoglobin products of the initial hematoma but

also by the dynamic physiologic phenomena tak-

ing place in the space, including clot matrix for-

mation, changes in red blood cell concentration

due to packing, changes in RBC hydration, retrac-

tion of clots, effusion of serous fluid through trau-

matized dura, escaped CSF into the subdural

space through the torn arachnoid membrane, and

rebleeding (limited evidence) [57].

Occasionally, a subdural collection is

hypodense, similar to CSF density in acute injury

(limited evidence) [57, 59, 73, 74]. Acute sub-

dural hygroma is considered as the result of exu-

date collection in the dural membrane. SDH in

anemic patients also may show low attenuation.

Mixed-density SDH is more commonly seen

in SDH in NAHI and is traditionally considered

“acute hemorrhage in the chronic hematoma,”

i.e., evidence of repeated injury, i.e., NAHI.

However, the following possibilities should also

be entertained: (1) acute SDH mixed with CSF

leaked through arachnoid tear, (2) a mixture of

subdural hygroma and hematoma, (3) low-

density SDH with thrombosed cortical veins,

and (4) sedimentation in the SDH (limited evi-

dence) [57, 59].

Because of the complexity involving the

timing determination, comparison between CT

and MRI and follow-up studies, either CT or

MR, are often necessary for accurate estimation

of injury timing.

In addition to the acute findings associated

with NAHI discussed above, attention should

also be paid to more subtle evidence of previous

brain injury. Ewing-Cobbs et al. performed a

prospective longitudinal study of 20 NAHI

and 20 accidental HI victims of less than

6 years of age and reported the statistically

significant higher prevalence of brain injury
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(up to 45 %) – namely, the presence of brain

atrophy, ventriculomegaly, and subdural hygroma

among the NAHI group [55].

What Is the Sensitivity and Specificity
of CT and MRI?

Summary

CT is a sensitive imaging test for SDH and skull

fracture. CT is the preferred imaging modality for

the evaluation of acute NAHI, adequately dem-

onstrating injuries that need urgent intervention.

Serial CT during the acute phase improves detec-

tion of intracranial hemorrhage (moderate evi-

dence). MRI should be performed within a few

days if the clinical symptoms are disproportion-

ate to CT findings. MRI without gadolinium is

more sensitive and specific than CT in the screen-

ing of subacute or chronic head injury and should

be the primary imaging modality used (moderate

evidence). MRI is superior to CT in determining

prognosis (limited evidence).

Supporting Evidence
The imaging tool that should be used initially in

the cases of suspected acute child abuse is CT

[65, 75]. CT is relatively sensitive and specific for

detecting the presence of intracranial hemor-

rhage, including parenchymal contusional hem-

orrhage, subdural and epidural hematoma, and

subarachnoid hemorrhage. The sensitivity of CT

for detecting abnormalities after severe traumatic

brain injury in adult patients varies from 68 % to

94%, while normal scans range from 7% to 12%

[76]. CT is adequate for demonstrating lesions

that require surgery [77] (moderate evidence);

however, CT often fails to reveal

nonhemorrhagic parenchymal injuries and brain

edema. Serial CT scans are useful to detect pro-

gressive intracranial hemorrhage after head

injury. Oertel et al. studied 142 adult patients

with moderate or severe head injury who had

undergone more than one CT scan and found

that the initial CT did not detect the full extent

of hemorrhage in 50 % of patients [78] (moderate

evidence).

MRI generally has a higher sensitivity and

specificity for detecting brain parenchymal injury

[79, 80] (moderate evidence). In a retrospective

study of 107 adult patients with acute traumatic

brain injury, MRI performed within 48 h of injury

had an overall sensitivity of 97 % compared to

63 % for CT, with better sensitivity for hemor-

rhagic and nonhemorrhagic contusions, shearing

injuries, and subdural and epidural hematomas

[79]. MRI is more sensitive to detect hypoxic–

ischemic injury, shearing injuries, lesions caused

by direct impact, compression, and penetration

injuries in NAHI [68, 77, 81–85] (moderate evi-

dence). In a study involving 19 cases of child

abuse, subdural hematomas, cortical contusions,

and shearing injuries were demonstrated with

particular advantage with MRI [77].

T2*-weighted images using gradient echo

(GRE) sequences are more sensitive in detecting

blood products than is conventional MRI [86].

FLAIR (fluid-attenuated inversion recovery)

sequences consist of an inversion recovery pulse

to null the signal fromCSF and a long echo time to

produce heavily T2-weighted images. FLAIR is as

sensitive as, or more sensitive than, CT in the

evaluation of acute subarachnoid hemorrhage

[87]. MRI with its multiplanar capability is more

sensitive than CT in detecting small SDH or sub-

arachnoid bleeds. Diffusion-weighted imaging

(DWI) is sensitive in detecting acute and subacute

parenchymal injuries including hypoxic–ischemic

injury and nonhemorrhagic DAI [84, 88–91].

MRI yields more information than CT in

demonstrating the distribution and mechanisms

of injury in NAHI and provides better prognosti-

cation when performed between 0.5 and 3months

after injury [65] (limited evidence). Usefulness of

serial MR imaging in young patients with head

trauma has not been established. Single-photon

emission computed tomography (SPECT) and

positron emission tomography (PET) permit
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in vivo assessment of regional blood flow and

metabolism. However, the spatial and temporal

resolution is limited and not widely available.

How Should the Newer MR Imaging
Techniques Be Used?

Summary

Use of newer MR imaging techniques including

DWI, susceptibility-weighted imaging, and MR

spectroscopy may improve the clinical care and

management of children with traumatic brain

injury (limited evidence). These techniques bet-

ter characterize the nature, mechanism, and evo-

lution of injuries that lead to progressive

neurodegeneration, recovery, or subsequent plas-

ticity. DWI is especially useful in the early detec-

tion of acute and subacute brain parenchymal

injury (moderate evidence).

Supporting Evidence
Diffusion-Weighted Imaging DWI is sensitive to

alteration in diffusion of water molecules and can

discriminate vasogenic and cytotoxic brain

edema. There are more free interstitial water

molecules in vasogenic edema (increased

ADC), while there are restricted water molecules

in the cellular edema (decreased ADC). DWI is

more sensitive than conventional MRI in

detecting early changes of NAHI and more exten-

sive involvement of acute or subacute brain

parenchymal injury [84, 88–92] (moderate evi-

dence). Suh et al. retrospectively evaluated 18

children within 5 days of presentation, and 89 %

showed abnormalities on DWI. In 81 % of posi-

tive cases, DWI revealed more extensive brain

injury than did conventional MRI [89]. DWI

characteristics of the normal brain in young

infants differ significantly from those in adults

[93]. ADC values in both gray and white matter

of young infants are considerably higher than in

adults, reflecting the high water content of the

pediatric brain [94]. Abnormalities of the

pediatric brain become apparent on DWI

(hyperintensity on DWI is associated with

decreased ADC) within a few hours after injury

before they appear on T2-weighted images. In

adults, abnormalities become apparent on

T2-weighted images within 24 h. In the

undermyelinated infant brain with increased

water content, however, “DWI-positive and

T2-negative” duration of parenchymal injury

may last up to 48–72 h, even up to 1 week in

some cases. The parenchymal abnormalities

displayed on DWI can be far more extensive

than are detected on other sequences. The

parenchymal hyperintensity on DWI with a

decreased ADC value mainly represents

cytotoxic brain edema in acute and subacute

ischemia, which is usually irreversible, and

results in necrosis or neuronal apoptotic

cell death. An optimal window level setting is

essential for accurate diagnosis. Quantifying the

ADC value is useful to detect extensive paren-

chymal abnormalities (Fig. 23.1). The severity of

abnormality on DWI correlates with the patient’s

outcome [89] (limited evidence).

Diffusion Tensor Imaging Diffusion tensor

imaging (DTI) allows evaluation of the white

matter tract by demonstrating the intrinsic direc-

tionality of water diffusion in the white matter

(anisotropy). DTI demonstrates normal

myelination earlier than does conventional MR

imaging [95, 96]. The anisotropic pattern is

nonspecific and varies depending on the extent

of edema, gliosis, myelination, and the irregular-

ity of axonal orientation. DTI may contribute to

the early evaluation of NAHI (limited evidence).

Most DTI studies in TBI have been performed on

adult patients. In a study of 20 adults within

7 days of trauma, reduction of fractional anisot-

ropy (FA) values in the internal capsules and

corpus callosum correlated better with the

Glasgow Coma Scale and the Rankin Scale

scores than with the ADC values of DWI [97].

In a study of five adults within 24 h of trauma, FA
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revealed regions of reduced anisotropy, while

other MRI sequences were normal [98].

DTI potentially increases early detection of

parenchymal injury in NAHI, but not enough

bodies of evidences exist in the literature.

Susceptibility-Weighted Imaging Susceptibility-

weighted imaging (SWI) is a newer gradient echo

sequence that is more sensitive than T2*-

weighted gradient echo sequence in detecting

susceptibility-related effects of blood products,

especially hemorrhagic diffuse axonal injury

[99, 100]. SWI may contribute to the evaluation

of hemorrhagic parenchymal lesions in NAHI

(limited evidence). In 40 children and adoles-

cents with mild to severe TBI and DAI, the num-

ber and the volume of hemorrhagic lesions

demonstrated on SWI were significantly corre-

lated with the patient’s outcome [86].

MR Spectroscopy MR spectroscopy (MRS)

allows noninvasive in vivo analysis of neuro-

chemicals and metabolites and has shown poten-

tial for providing prognostic information in

pediatric patients with head injury [101–103]

(limited evidence). In a study of 54 pediatric

patients with NAHI, MRS showed decreased

N-acetyl aspartate (NAA) (decreased neuronal

activity), increased choline (breakdown product

of myelin and cell membranes), and increased

lactate (metabolic acidosis) [102]. The degree of

these changes seems to be related to the severity

of brain damage and prognosis [101, 102, 104–

108] (limited evidence). In 38 children with TBI,

significantly increased myoinositol (product

reflecting glial cell proliferation) and glutamate/

glutamine (Gx) were observed when compared to

controls [104]. In experimental studies of acute

subdural hematomas in the infant rat, the gluta-

mate concentration in the extracellular fluid of

the cortex was increased more than seven times

over the base level [109]. Gx levels peak early

after injury and then fall rapidly [110, 111]. This

grading may become important in the future since

the neuroprotective effects of several kinds of

selective glutamate receptor antagonists have

been reported in animal studies [112–114].

Take-Home Tables

Table 23.1 shows the differential diagnoses for

SDH. Table 23.2 shows the evolution of subdural

hematoma on CT. Table 23.3 shows evolution of

intraparenchymal hematoma on MR primary.

Imaging Case Studies

Case 1

Figure 23.1ABC shows the advantage of DWI

in demonstrating parenchymal injury in NAHI.

Case 2

Figure 23.2ABC represents imaging of SDHs

of different ages.

Table 23.1 Differential diagnosis of SDH

NAHI

Accidental HI

Perinatal

Fetal

Traumatic delivery

“Normal” vaginal delivery [56]

Aneurysms, arteriovenous malformations

Arachnoid cyst

Meningitis

Coagulopathies: vitamin K deficiency [115]

Metabolic disorders

Glutaric aciduria type I [116, 117]

Galactosemia

Pyruvate carboxylase deficiency

Menkes disease [118]

Hypernatremia

Paroxysmal coughwith increased intrathoracic pressure [119]

Reprinted with kind permission of Springer Science+

Business Media from Sato Y, Moritani T. Imaging of

nonaccidental head injury. In: Medina LS, Applegate KE,

Blackmore CC, editors. Evidence-based imaging in pedi-

atrics. New York: Springer; 2010
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Suggested Imaging Protocols

Neuroimaging in the setting of suspected abuse

depends on the child’s age, signs, and symptoms.

Consensus opinion by experts formulated the

ACR Appropriateness Criteria® [120] and pro-

vided a guideline:

1. Children 2 years of age or younger with

suspicion of abuse without focal signs and

symptoms: skeletal survey including AP and

lateral radiographs of skull

2. Children 2 years of age or younger with

histories of head trauma without neurologic

deficits: brain CT or MRI for documentation

of abuse

3. Children up to 5 years of age with neurologic

signs and symptoms:

(a) Unstable patients: noncontrast CT to

detect lesions requiring urgent interven-

tion, followed by MRI once stabilized

(b) Stable patients: MRI

4. Suggested MRI sequences include sagittal T1,

axial T1, FLAIR, T2, T2*-GRE, DW1/ADC,

and contrast-enhanced T1 in axial and coronal

planes

In addition, neuroimaging, either CT or MRI,

is recommended among the young infants less

than 1 year of age when they are found to have

multiple fractures or rib fractures.

Future Research

• To better define the temporal evolution of

SDH on newer MRI protocols and CT equip-

ment for better dating

• To better understand the unique biomechanics

of the traumatic brain injury of infants corre-

lating biomechanical, anatomical, pathologi-

cal, and imaging data

• To determine the advantages, limitations,

and pitfalls of newer imaging techniques

including DWI, DTI, SWI, and MR

spectroscopy

• Assessment of the effects of imaging on the

patient’s prognosis, outcome, and costs of

diagnosis and management

• To define newer imaging guidelines for

NAHI incorporating recent neuroscientific

and neuroimaging advancement including

serum- and CSF biochemical markers [121]

• To understand the cost-effectiveness of

screening head CT in asymptomatic infants

with physical abuse

Table 23.2 Evolution of subdural hematoma on CT

�3 h Iso- to hypodense to brain

�7 days Hyperdense

�1 month Isodense

1 month Hypodense

Reprinted with kind permission of Springer Science+

Business Media from Sato Y, Moritani T. Imaging of

nonaccidental head injury. In: Medina LS, Applegate

KE, Blackmore CC, editors. Evidence-based imaging in

pediatrics. New York: Springer; 2010

Table 23.3 Evolution of intraparenchymal hematoma on

MR primary

T1-weighted T2-weighted Hb products

�12 h Iso- to

hypointense

Hyperintense Oxy-Hb

�3 days Hypointense Hypointense Doxy-Hb

�7 days Hyperintense Hypointense Met Hb

(intracellular)

�1 month Hyperintense Hyperintense Met Hb

(extracellular)

�1 month Hypointense Hypointense Hemosiderin,

ferritin

Reprinted with kind permission of Springer Science+

Business Media from Sato Y, Moritani T. Imaging of

nonaccidental head injury. In: Medina LS, Applegate

KE, Blackmore CC. editors. Evidence-based imaging in

pediatrics. New York: Springer; 2010
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Fig. 23.1 MRI of a 2-month-old boy with NAHI.

(a) T2-weighted image shows intraparenchymal hemor-

rhages (arrows) and bilateral frontal chronic subdural

hematomas. (b) DWI shows extensive parenchymal

abnormalities. There is diffuse increased signal in both

hemispheres with relative sparing of the right frontal area

(arrow) and deep white matter adjacent to the ventricle.

(c) Calculated ADC values are decreased

(0.26–0.45 � 10–3/mm2 per s) in the abnormal paren-

chyma (Reprinted with kind permission of Springer

Science+Business Media from Sato Y, Moritani T. Imag-

ing of nonaccidental head injury. In: Medina LS,

Applegate KE, Blackmore CC, editors. Evidence-based

imaging in pediatrics. New York: Springer; 2010)
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Fig. 23.2 A 4-month-old infant with NAHI. CT (a) and
axial T1- (b) and axial T2-weighted image (c) show bilat-

eral chronic SDH and subacute SDH in the left convexity

(arrow) (Reprinted with kind permission of Springer

Science+Business Media from Sato Y, Moritani T. Imag-

ing of nonaccidental head injury. In: Medina LS,

Applegate KE, Blackmore CC, editors. Evidence-based

imaging in pediatrics. New York: Springer; 2010)

23 Nonaccidental Head Injury: Evidence-Based Neuroimaging 397



References

1. Duhaime AC, Alario AJ, Lewander WJ, et al. Pedi-

atrics. 1992;90(2 Pt 1):179–85.

2. American Academy of Pediatrics: Committee on Child

Abuse and Neglect. Pediatrics. 2001;108(1):206–10.

3. Goldsmith W, Plunkett J. Am J Forensic Med Pathol.

2004;25(2):89–100.

4. Hymel KP, Bandak FA, Partington MD, Winston

KR. Child Maltreat. 1998;3(2):116–28.

5. Pierce MC, Bertocci GE, Berger R, Vogeley E.

Neurosurg Clin N Am. 2002;13(2):155–68.

6. Caffey J. Am J Dis Child. 1972;124(2):161–9.

7. Caffey J. Pediatrics. 1974;54(4):396–403.

8. Duhaime AC, Gennarelli TA, Thibault LE, Bruce DA,

Margulies SS, et al. J Neurosurg. 1987;66(3):409–15.

9. Cory CZ, Jones BM. Med Sci Law.

2003;43(4):317–33.

10. Morison CN, Minns RA. In: Minns RA, Brown JK,

editors. Shaking and other non-accidental head

injuries in children. London: Mac Keith; 2005.

p. 109–46.

11. Hadley MN, Sonntag VK, Rekate HL, Murphy A.

Neurosurgery. 1989;24(4):536–40.

12. Geddes JF, Hackshaw AK, Vowles GH, Nickols CD,

Whitwell HL. Brain. 2001;124(Pt 7):1290–8.

13. Geddes JF, Vowles GH, Hackshaw AK,

Nickols CD, Scott IS, et al. Brain. 2001;124(Pt

7):1299–306.

14. Shannon P, Smith CR, Deck J, Ang LC, Ho M, et al.

Acta Neuropathol. 1998;95(6):625–31.

15. Geddes JF, Tasker RC, Hackshaw AK, et al.

Neuropathol Appl Neurobiol. 2003;29(1):14–22.

16. Punt J, Bonshek RE, Jaspan T, McConachie NS, Punt

N, et al. Pediatr Rehabil. 2004;7(3):173–84.

17. Geddes JF, Tasker RC, Adams GG, Whitwell HL.

Pediatr Rehabil. 2004;7(4):261–5.

18. U.S. Department of Health and Human Services,

Administration on Children, Youth and Families.

Child maltreatment 2003. Washington, DC: U.S.

Government Printing Office; 2005.

19. Merten DF, Osborne DR, Radkowski MA, Leonidas

JC. Pediatr Radiol. 1984;14(5):272–7.

20. Tsai FY, Zee CS, Apthorp JS, Dixon GHJ. Comput

Tomogr. 1980;4(4):277–86.

21. Keenan HT, Runyan DK, Marshall SW, et al. J Am

Med Assoc. 2003;290(5):621–6.

22. Dashti SR. Pediatr Neurosurg. 1999;31(6):302–6.

23. Case ME, Graham MA, Handy TC, Jentzen JM,

Monteleone JA. National Association of Medical

Examiners Ad Hoc committee on shaken baby syn-

drome. Am J ForensicMed Pathol. 2001;22(2):112–22.

24. Billmire ME, Myers PA. Pediatrics.

1985;75(2):340–2.

25. Bruce DA, Zimmerman RA. Pediatr Ann.

1989;18(8):482–4. 486–9, 492–4.

26. Alexander R, Crabbe L, Sato Y, Smith W, Bennett T.

Am J Dis Child. 1990;144(1):58–60.

27. Wang CT, Holton J. Total estimated cost of child

abuse and neglect in the United States. Prevent

Child Abuse America Web site. Updated September

2007. Accessed 15 Aug 2008.

28. Jenny C, Hymel KP, Ritzen A, Reinert SE, Hay TC.

J Am Med Assoc. 1999;281(7):621–6.

29. Duhaime AC, PartingtonMD. Neurosurg Clin NAm.

2002;13(2):149–54. v.

30. Salehi-Had H, Brandt JD, Rosas AJ, Rogers KK.

Pediatrics. 2006;117(5):e1039–44.

31. Kleinman PK, Marks Jr SC, Richmond JM,

Blackbourne BD. AJR Am J Roentgenol.

1995;165(3):647–50.

32. Willman KY, Bank DE, Senac M, Chadwick DL.

Child Abuse Negl. 1997;21(10):929–40.

33. Morad Y, Kim YM, Armstrong DC, Huyer D, Mian

M, et al. Am J Ophthalmol. 2002;134(3):354–9.

34. Levin AV. Neurosurg Clin N Am.

2002;13(2):201–11. vi.

35. Aryan HE, Ghosheh FR, Levy ML. J Clin Neurosci.

2005;12(6):624–31.

36. Johnson DL, Braun D, Friendly D. Neurosurgery.

1993;33(2):231–4. discussion 234–5.

37. Schloff S, Mullaney PB, Armstrong DC, et al. Oph-

thalmology. 2002;109(8):1472–6.

38. Sezen F. Br J Ophthalmol. 1971;55(4):248–53.

39. Laskey AL, Holsti M, Runyan DK, Socolar RR.

J Pediatr. 2004;144(6):719–22.

40. Rubin DM, Christian CW, Bilaniuk LT, Zazyczny

KA,DurbinDR. Pediatrics. 2003;111(6 Pt 1):1382–6.

41. Kleinman PK, Barnes PD. In: Kleinman PK, editor.

Diagnostic imaging of child abuse. 2nd ed. St. Louis:

Mosby; 1998. p. 285–342.

42. Barnes PD, Krasnokutsky M. Top Magn Reson

Imaging. 2007;18(1):53–74.

43. Barnes PD. Top Magn Reson Imaging.

2002;13(2):85–93.

44. Lonergan GJ, Baker AM, Morey MK, Boos SC.

Radiographics. 2003;23(4):811–45.

45. David TJ. Pediatr Radiol. 2008;38(Suppl 3):S370–7.

46. Jaspan T. Pediatr Radiol. 2008;38(Suppl 3):S378–87.

47. Johnstone AJ, Zuberi SH, Scobie WG. J Accid

Emerg Med. 1996;13(6):386–9.

48. Hobbs CJ. Arch Dis Child. 1984;59(3):246–52.

49. Helfer RE, Slovis TL, Black M. Pediatrics.

1977;60(4):533–5.

50. Nimityongskul P, Anderson LD. J Pediatr Orthop.

1987;7(2):184–6.

51. Warrington SA, Wright CM, ALSPAC Study Team.

Arch Dis Child. 2001;85(2):104–7.

52. Meservy CJ, Towbin R, McLaurin RL,

Myers PA, Ball W. AJR Am J Roentgenol.

1987;149(1):173–5.

53. Hobbs C, Childs AM,Wynne J, Livingston J, Seal A.

Arch Dis Child. 2005;90(9):952–5.

54. Reece RM, Sege R. Arch Pediatr Adolesc Med.

2000;154(1):11–15.

55. Ewing-Cobbs L, Kramer L, Prasad M, et al. Pediat-

rics. 1998;102(2 Pt 1):300–7.

398 Y. Sato and T. Moritani



56. Looney CB, Smith JK, Merck LH, et al. Radiology.

2007;242(2):535–41.

57. Hymel KP, Jenny C, Block RW. Child Maltreat.

2002;7(4):329–48.

58. Zimmerman RA, Bilaniuk LT, Bruce D, Schut L,

Uzzell B, et al. Radiology. 1979;130(3):687–90.

59. Tung GA, Kumar M, Richardson RC, Jenny C,

Brown WD. Pediatrics. 2006;118(2):626–33.

60. Shugerman RP, Paez A, Grossman DC, Feldman

KW, Grady MS. Pediatrics. 1996;97(5):664–8.

61. Lindenberg R, Freytag E. Arch Pathol.

1969;87(3):298–305.

62. Jaspan T, Narborough G, Punt JA, Lowe J. Pediatr

Radiol. 1992;22(4):237–45.

63. Cohen RA. AJR Am J Roentgenol.

1986;146(1):97–102.

64. Hanigan WC, Peterson RA, Njus G. Pediatrics.

1987;80(5):618–22.

65. Bonnier C, Nassogne MC, Saint-Martin C, Mesples

B, Kadhim H, et al. Pediatrics. 2003;112(4):808814.

66. Bergström M, Ericson K, Levander B, Svendsen P.

J Comput Assist Tomogr. 1977;1(4):449–55.

67. Lee KS, Bae WK, Bae HG, Doh JW, Yun IG.

J Korean Med Sci. 1997;12(4):353–9.

68. Dias MS, Backstrom J, Falk M, Li V. Pediatr

Neurosurg. 1998;29(2):77–85.

69. Bradley WG. Radiology. 1993;189(1):15–26.

70. Fobben ES, Grossman RI, Atlas SW, et al. Am

J Roentgenol. 1989;153(3):589–95.

71. Haines DE. Anat Rec. 1991;230(1):3–21.

72. Haines DE, Harkey HL, Al-Mefty O. Neurosurgery.

1993;32(1):111–20.

73. Joy HM, Anscombe AM, Gawne-Cain ML. Clin

Radiol. 2007;62(7):703–6.

74. Wells RG, Sty JR. Arch Pediatr Adolesc Med.

2003;157(10):1005–10.

75. Duhaime AC, Christian CW, Rorke LB, Zimmerman

RA. N Engl J Med. 1998;338(25):1822–9.

76. The Brain Trauma Foundation. The American Asso-

ciation of Neurological Surgeons. The joint section

on neurotrauma and critical care. J Neurotrauma.

2000;17(6–7):597–627.

77. Sato Y, YuhWT, SmithWL, Alexander RC, Kao SC,

et al. Radiology. 1989;173(3):653–7.

78. Oertel M, Kelly DF, McArthur D, et al. J Neurosurg.

2002;96(1):109–16.

79. Orrison WW, Gentry LR, Stimac GK, Tarrel RM,

Espinosa MC, et al. AJNR Am J Neuroradiol.

1994;15(2):351–6.

80. Ogawa T, Sekino H, Uzura M, et al. Acta Neurochir

Suppl (Wien). 1992;55:8–10.

81. Ball Jr WS. Radiology. 1989;173(3):609–10.

82. Chabrol B, Decarie JC, Fortin G. Child Abuse Negl.

1999;23(3):217–28.

83. Blumenthal I. Postgrad Med J. 2002;78(926):732–5.

84. Poussaint TY, Moeller KK. Neuroimaging Clin

N Am. 2002;12(2):271–94. ix.

85. Gerber P, Coffman K. Childs Nerv Syst.

2007;23(5):499–507.

86. Tong KA, Ashwal S, Holshouser BA, et al. Ann

Neurol. 2004;56(1):36–50.

87. Stuckey SL, Goh TD, Heffernan T, Rowan D. Am

J Roentgenol. 2007;189(4):913–21.

88. Parizel PM, Ceulemans B, Laridon A, Ozsarlak O,

Van Goethem JW, et al. Pediatr Radiol.

2003;33(12):868–71.

89. Suh DY, Davis PC, Hopkins KL, Fajman NN,

Mapstone TB. Neurosurgery. 2001;49(2):309–18.

discussion 318–20.

90. Biousse V, SuhDY, Newman NJ, Davis PC,Mapstone

T, et al. Am J Ophthalmol. 2002;133(2):249–55.

91. Chan YL, Chu WC, Wong GW, Yeung DK. Pediatr

Radiol. 2003;33(8):574–7.

92. Field AS, Hasan K, Jellison BJ, Arfanakis K,

Alexander AL. AJNR Am J Neuroradiol.

2003;24(7):1461–4.

93. Tanner SF, Ramenghi LA, Ridgway JP, et al. AJR

Am J Roentgenol. 2000;174(6):1643–9.

94. MorrissMC, ZimmermanRA,Bilaniuk LT,Hunter JV,

Haselgrove JC. Neuroradiology. 1999;41(12):929–34.

95. Neil JJ, Shiran SI, McKinstry RC, et al. Radiology.

1998;209(1):57–66.

96. Wimberger DM, Roberts TP, Barkovich AJ, Prayer

LM, Moseley ME, et al. J Comput Assist Tomogr.

1995;19(1):28–33.

97. Huisman TA, Schwamm LH, Schaefer PW, et al.

AJNR Am J Neuroradiol. 2004;25(3):370–6.

98. Arfanakis K, Haughton VM, Carew JD, Rogers BP,

Dempsey RJ, et al. AJNR Am J Neuroradiol.

2002;23(5):794–802.

99. Haacke EM, Cheng NY, House MJ, et al. Magn

Reson Imaging. 2005;23(1):1–25.

100. Grados MA, Slomine BS, Gerring JP, Vasa R,

Bryan N, et al. J Neurol Neurosurg Psychiatr.

2001;70(3):350–8.

101. Holshouser BA, Ashwal S, Luh GY, et al. Radiology.

1997;202(2):487–96.

102. Ashwal S, Holshouser BA, Shu SK, et al. Pediatr

Neurol. 2000;23(2):114–25.

103. Brenner T, Freier MC, Holshouser BA, Burley T,

Ashwal S. Pediatr Neurol. 2003;28(2):104–14.

104. Ashwal S, Holshouser B, Tong K, et al.

J Neurotrauma. 2004;21(11):1539–52.

105. Ashwal S, Babikian T, Gardner-Nichols J, Freier MC,

Tong KA, et al. Arch Phys Med Rehabil. 2006;87(12

Suppl 2):S50–8.

106. Yeo RA, Phillips JP, Jung RE, Brown AJ, Campbell

RC, et al. J Neurotrauma. 2006;23(10):1427–35.

107. Babikian T, FreierMC,Ashwal S, RiggsML, Burley T,

et al. Magn Reson Imaging. 2006;24(4):801–11.

108. Hunter JV, Thornton RJ, Wang ZJ, et al. Am

J Neuroradiol. 2005;26(3):482–8.

109. Bullock R, Butcher SP, Chen MH, Kendall L,

McCulloch J. J Neurosurg. 1991;74(5):794–802.

110. Schuhmann MU, Stiller D, Thomas S, Brinker T,

Samii M. Acta Neurochir Suppl. 2000;76:3–7.

111. Zhang H, Zhang X, Zhang T, Chen L. Clin Chem.

2001;47(8):1458–62.

23 Nonaccidental Head Injury: Evidence-Based Neuroimaging 399



112. Duhaime AC, Gennarelli LM, Boardman C.

J Neurotrauma. 1996;13(2):79–84.

113. Ikonomidou C, Qin Y, Labruyere J, Kirby C,

Olney JW. Pediatr Res. 1996;39(6):1020–7.

114. Smith SL,Hall ED. JNeurotrauma. 1998;15(9):707–19.

115. Brousseau TJ, Kissoon N, McIntosh B. J EmergMed.

2005;29(3):283–8.

116. Bishop FS, Liu JK, McCall TD, Brockmeyer DL.

J Neurosurg. 2007;106(3 Suppl):222–6.

117. Gago LC, Wegner RK, Capone Jr A, Williams GA.

Retina. 2003;23(5):724–6.

118. Nassogne MC, Sharrard M, Hertz-Pannier L, et al.

Childs Nerv Syst. 2002;18(12):729–31.

119. Geddes JF, Talbert DG. Neuropathol Appl

Neurobiol. 2006;32:625–34.

120. Slovis TL, Smith WL, Strain JD et al. Suspected

physical abuse – child. ACR Appropriateness

Criteria®. American College of Radiology Web

Site. http://www.acr.org. Updated 2005. Accessed

30 Apr 2008.

121. Berger RP, Kochanek PM, Pierce MC. Child Abuse

Negl. 2004;28(7):739–54.

400 Y. Sato and T. Moritani

http://www.acr.org


Headache Disorders: Evidence-Based
Neuroimaging 24
L. Santiago Medina, Melissa M. Debayle, and Elza Vasconcellos

Contents

Key Points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 403

Definition and Pathophysiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 403

Epidemiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 404

Adults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 404

Children . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 404

Overall Cost to Society . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 404

Goals of Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 404

Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 405

Discussion of Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 405

Which Adults with New-Onset Headache Should Undergo Neuroimaging? . . . . . . . . . 405

What Neuroimaging Approach Is Most Appropriate in High-Risk Adults with

New Onset of Headache? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 405

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

Headaches? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 406

What Is the Recommended Neuroimaging Examination in Adults with Headache

and Known Primary Neoplasm Suspected of Having Brain Metastases? . . . . . . . . . 408

When Is Neuroimaging Appropriate in Children with Headache? . . . . . . . . . . . . . . . . . . . . 408

What Is the Sensitivity and Specificity of CT and MR Imaging for

Space-Occupying Lesions? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 409

L.S. Medina (*)

Division of Neuroradiology-Neuroimaging, Department of Radiology, Miami Children’s Hospital, Miami, FL, USA

Herbert Wertheim College of Medicine, Florida International University, Miami, FL, USA

Former Lecturer in Radiology, Harvard Medical School, Boston, MA, USA

e-mail: smedina@post.harvard.edu; Santiago.medina@mch.com

M.M. Debayle

Department of Radiology, Mount Sinai Medical Center, Miami Beach, FL, USA

e-mail: mdebayle@msmc.com

E. Vasconcellos

Department of Neurology, Miami Children’s Hospital, Miami, FL, USA

e-mail: evasconcellos@nnpmd.com

L.S. Medina et al. (eds.), Evidence-Based Neuroimaging Diagnosis and Treatment,
DOI 10.1007/978-1-4614-3320-0_25, # Springer Science+Business Media New York 2013

401

mailto:smedina@post.harvard.edu
mailto:Santiago.medina@mch.com
mailto:mdebayle@msmc.com
mailto:evasconcellos@nnpmd.com


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

Intracranial Aneurysm in Patients with Headache and

Subarachnoid Hemorrhage? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 410

What Is the Role of Advanced Imaging Techniques in Primary Headache

Disorders? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 411

What Is the Cost-effectiveness of Neuroimaging in Patients with Headache? . . . . . . . . 412

Take-Home Tables and Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 413

Imaging Case Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 413

Suggested Protocols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 414

Future Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 415

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 417

402 L.S. Medina et al.



Key Points

• CT imaging remains the initial test of choice

for (1) new onset of headache in high-risk

adults and (2) headache suggestive of sub-

arachnoid hemorrhage (limited evidence).

• MRI is recommended in adults with nonacute

headache and unexplained abnormal neuro-

logic examination (moderate evidence).

• In adults with headache and known primary

neoplasm suspected of having 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 head-

ache and an abnormal neurologic examination

or seizures (moderate evidence).

• Sensitivity and specificity of MR imaging are

greater than CT for nonsubarachnoid hemor-

rhagic intracranial lesions. For intracranial

surgical space-occupying lesions, however,

there is no difference in diagnostic perfor-

mance between MR imaging and CT (limited

evidence).

• Conventional CT angiography (CTA) and MR

angiography (MRA) have sensitivities greater

than 85 % for detection of aneurysms greater

than 5 mm. Multidetector CT (MDCT) sensi-

tivity and specificity is greater than 90 % for

aneurysms greater than 4 mm (moderate

evidence).

• MDCT angiography and digital subtraction

angiography (DSA) have similar sensitivities

and specificities for detection of aneurysms

greater than 4 mm (moderate evidence).

Please see dedicated intracranial aneurysm

chapter for more details about test of choice

for ruptured versus nonruptured aneurysms.

• Advanced brain imaging may help differenti-

ate the different types of primary headache

disorders. Migraine disorders have a brain

stem, primarily pontine, origin (limited evi-

dence). 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 primary head-

aches such as migraine and cluster headaches

may share a common pain pathway – the

trigeminovascular innervation – their underly-

ing pathogenesis differs significantly.

Definition and Pathophysiology

Headaches can be divided into primary and sec-

ondary (Table 24.1). 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 exam-

ination help distinguish between primary and sec-

ondary 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 progressive headache, with gradual

increase in frequency and severity. Acute recur-

rent headaches in an otherwise healthy child most

often represent migraine or episodic tension-type

headaches [2]. Sinus disease is a common cause

of acute headache. Chapter 35 on sinus disease

provides a comprehensive discussion on this

topic.

Fourteen studies have reported white matter

abnormalities in patients with migraine head-

aches, ranging from 12 % to 46 %. White matter

abnormalities were reported more frequently in

the frontal region of the centrum semiovale. Six

of the eight studies using controls found a higher

incidence of white matter abnormalities in

migraineurs [3]. The cause of white matter abnor-

malities in migraine is uncertain but may be

related to increased platelet aggregability with

microemboli, abnormal cerebrovascular regula-

tion, repeated attacks of hypoperfusion during

the aura, and presence of antiphospholipid

antibodies [4–7].
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Epidemiology

Adults

Headache is a very common symptom among

adults, accounting for 18 million (4 %) of the

total outpatient visits in the United States each

year [8]. In any given year, more than 70 % of the

US population has a headache [9]. An estimated

23.6 million people in the USA have migraine

headaches [10, 11].

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 [10, 12]. Brain metastases

are the most common intracranial tumors, far

outnumbering primary brain neoplasms [13].

Approximately 58 % of primary brain neoplasms

in adults are malignant [13]. Common primary

malignant neoplasms include astrocytoma and

glioblastoma multiforme [13]. Benign brain

tumors account for 38 % of primary brain neo-

plasms [13]. Despite their “benign” name, they

may have aggressive characteristics causing sig-

nificant morbidity and mortality [13]. The menin-

gioma is the most common type [13].

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 [14]. In

approximately 50 % of patients with migraines,

the headache disorder starts before the age of

20 years [10]. 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 [8]. A small percentage

of headaches in children are secondary in nature.

A primary concern in children with headache is

the possibility of a brain tumor [15, 16]. Although

brain tumors constitute the largest group of solid

neoplasms in children and are second only to

leukemia in overall frequency of childhood

cancers, the annual incidence is low at 3 in

100,000 persons [16]. Primary brain neoplasms

are far more prevalent in children than they are in

adults [17]. They account for almost 20 % of all

cancers in children but only 1 % of cancers in

adults [10]. Central nervous system (CNS)

tumors are the second cause of cancer-related

deaths in patients younger than 15 years [18].

Overall Cost to Society

Headache is the most common and one of the

most disabling types of chronic pain among chil-

dren and adolescents [19, 20]. The incidence of

migraine peaks in adolescence, but the preva-

lence of migraine continues to increase and is

highest in the most productive years of life

between the ages of 25 and 55 years [21, 22].

The direct and indirect annual cost of migraine

in the USA has been estimated at more than

$5.6 billion [23]. A recent US study showed that

migraine families incur far higher direct and

indirect health-care costs (70 % higher than

nonmigraine families) with most of the difference

concentrated in outpatient costs [24]. 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 $2,500 higher than when both a parent

and child were affected [19]. Work absence

days, short-term disability, and workman’s com-

pensation days all were higher among migraine

families than among families without

a migraineur [24].

Goals of Imaging

• Diagnose secondary causes of headache

(Table 24.1) for initiation of appropriate

treatment.

• Exclude secondary etiologies of headache in

patients with atypical primary headache

disorders.

• Decrease the risk of brain herniation prior to

lumbar puncture by excluding intracranial

space-occupying lesions.
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• 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 February 2011.

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

The most common causes of secondary headache

in adults are brain neoplasms, aneurysms, arte-

riovenous malformations, intracranial infections,

and sinus disease. History and physical examina-

tion findings may increase the yield of the

diagnostic study discovering an intracranial space-

occupying lesion in adults. Table 24.2 shows the

scenarios that should warrant further diagnostic

testing (limited evidence) [8, 10, 25]. The factors

outlined in Table 24.2 increase the pretest probabil-

ity of finding a secondary headache disorder.

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

Summary

CT examination studies have been the standard of

care for the initial evaluation of acute-onset head-

ache because CT is faster, more readily available,

less costly than MR imaging, and less invasive

than lumbar puncture [10]. In addition, CT has

a higher sensitivity than MR imaging for acute

subarachnoid hemorrhage (SAH) [26, 27]. The

data reviewed demonstrate that 11 % to 21 % of

patients presenting with new-onset headache

have serious intracranial pathology (moderate

and limited evidence) [10, 28–30]. Unless further

data becomes available that demonstrates higher

sensitivity of MR imaging, CT study is

recommended in the assessment of all patients

who present with new-onset headache (limited

evidence) [10]. Lumbar puncture is

recommended in those patients in which the CT

scan is normal or nondiagnostic and the clinical

evaluation reveals abnormal neurologic findings

or in those patients in whom SAH is strongly

suspected (limited evidence) [10]. Figure 24.1

shows a suggested decision tree to evaluate

adult patients with acute-onset headache.

Supporting Evidence

Duarte and colleagues [28] studied 100 consecu-

tive patients over a 1-year period (moderate

evidence): Inclusion criteria were patients admitted

to the neurology unit with recent onset of headache.

Recent onset of headache was defined by the

authors as persistent headache of less than 1 year’s

duration.All the patients studied had an unenhanced

and enhanced head CT. Lumbar puncture, MR

imaging, and MR angiogram were performed in

selected cases. Tumors were identified in 21 % of

the patients, which comprised 16 % of the patients

with a negative neurologic examination.

A smaller-scale prospective study examined

the association of acute headache and SAH (lim-

ited evidence) [29]. All patients were examined

using state-of-the art CT scanner technology.

Patients had a mean headache duration of approx-

imately 72 h [29]. Of the 27 patients studied, 20

had a negative CT and 4 were diagnosed with

SAH. Among the remaining 3 patients, 1 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 5 of 9 patients.
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A retrospective study of 1,111 patients with

acute headache who had CT evaluation revealed

120 (10.8 %) abnormalities, including hemor-

rhage, infarct, or neoplasm (limited evidence)

[30]. All imaging studies were done at two teach-

ing institutions over a 3-year period. There were

statistical differences in the percentage of intracra-

nial lesions based on the setting in which the CT

was ordered. The inpatient rate (21.2%)was twice

that of emergency patients (11.7%) and three times

more than for outpatients (6.9 %; P < 0.005).

Of 155 CT studies performed for headache as the

sole presenting symptom (13.9 %), 9 (5.8 %)

patients had acute intracranial abnormalities. One

study in the outpatient setting that studied 1,284

patients with new headaches found no serious

intracranial disease (limited evidence) [7]. The

difference in prevalence of disease between emer-

gency patients, inpatients, and outpatients is prob-

ably related to patient selection bias.

A study was conducted on 256 adult patients

(median age 45 +/� 18 years, range 18–93)

presenting to 8 emergency departments of the

Emilia-Romagna region in Italy for nontraumatic

headache (NTH) as the chief complaint over

a period of 30 days [31]. Noncontrast head CT

was performed on all nonpregnant patients. An

analysis comparing scenarios 1, 2, and 3 versus

scenario 4 was performed based on 180 patients

who completed the follow-up telephone inter-

view at least 3 months after the ED visit. The

authors of this study concluded that a simple

diagnostic algorithm can be used to distinguish

malignant headaches (scenarios 1, 2, 3) from

benign headaches (scenario 4). This algorithm

showed a sensitivity of 100 % (95 % CI,

81–100 %) and a specificity of 64 % (95 % CI,

56–71 %). The likelihood ratio for a positive test

was 2.67 (95 % CI, 2.15–3.31 %) and the likeli-

hood ratio for a negative 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”)

• With acute onset (thunderclap headache) or

• With neurologic signs (or nonfocal as

decreased level of consciousness) or

• With vomiting or syncope at the onset of

headache

Scenario 2: Adult patients admitted to ED for

severe headache with fever and/or neck

stiffness

Scenario 3: Adult patients admitted to ED for

• Headache of recent onset (days or weeks) or

• Progressively worsening headache, or persis-

tent headache

Scenario 4: Adult patients with a previous history

of headache

• Complaining of a headache very similar to

previous attacks in terms of intensity, dura-

tion, and associated symptoms [31]

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

Summary

Most of the available literature (moderate and lim-

ited evidence) suggests that there is no need for

neuroimaging in patients with migraine and normal

neurologic examination. Neuroimaging is indicated

in patientswith nonacute headache and unexplained

abnormal neurologic examination or in patients

with atypical features or headache that does not

fulfill the definition of migraine. A few studies

have shown significant lesions in few patients

(0.7–1.4 %) with chronic headaches and normal

neurologic exam (moderate and limited evidence).

Supporting Evidence
Evidence-based guidelines on the use of diagnos-

tic imaging in patients presenting with migraine

have been developed by a multispecialty group

called the US Headache Consortium [32]. Data

were examined from 28 studies (moderate and

limited evidence): six nonblinded prospective

and 22 retrospective studies. The specific recom-

mendations from the US Headache Consortium

are as follows: (1) Neuroimaging should be con-

sidered in patients with nonacute headache and

unexplained abnormal findings on the neurologic

examination. (2) Neuroimaging is not usually

warranted in patients with migraine and normal

findings on neurologic examination. (3) A lower
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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) [33] in 48 headache patients revealed

5 patients with neoplasms and 1 patient with an

arteriovenous malformation. Of these patients,

5 had physical examination signs and 1 had head-

ache on exertion. Weingarten and colleagues

(limited evidence) [34] 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

abnormalities 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

neuroimaging in patients with headache and

a normal neurologic examination based on

a review of the literature (moderate and limited

evidence) [35]. They concluded that routine imag-

ing “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” [10].

This statement was based on a 1994 literature

review by Frishberg [36] 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 arteriovenous malformation were

noted, resulting in a yield of 0.4% (4 in 1,000). The

summary statement mentions, however, that

“patients with atypical headache patterns,

a history of seizure, or focal neurological signs or

symptoms, CT or MRI may be indicated” [10, 35].

In another study with 402 inpatients imaged

(70 plain CT, 292 contrast-enhanced CT, 40 both)

for chronic headaches (defined as recurrent head-

ache ranging from 6 months to several years), only

1.4 % scans showed significant lesions such as

osteomas, low-grade glioma, and aneurysm [37].

The medical records and MR images of 402

adult patients with chronic headache (duration of

3 months or more) who had been evaluated by the

neurology service and were found to have no

other neurologic symptoms/findings were retro-

spectively 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 ten-

sion headaches, 14.1 % of those who had atypical

headaches, and 3.8 % of those who had other

types of headaches [38]. A retrospective review

was performed of the MR images of 306 patients

(195 patients had contrast, 23 patients had

repeated imaging) with chronic (duration of

1 month or more) or recurrent headaches without

prior head surgery, head trauma, or seizure, and

normal neurologic findings. 55.2 % had no abnor-

malities, 44.1 % had minor abnormalities, and

0.7 % (2) had clinically significant abnormalities

(pituitary macroadenoma and subdural hemor-

rhage) [39]. Another study reviewed 1,876

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 1,432 patients, MRI in 580, and 136 patients

had both. 22 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), hydrocephalus (2), Arnold-

Chiari type I malformation (1), ischemic stroke

(1), cavernous angioma (1), arteriovenous mal-

formation (1), low-grade astrocytoma (1), brain

stem glioma (1), colloid cyst (1), and posterior

fossa papilloma (1). The rate of significant intra-

cranial abnormalities in patients with headache

and normal neurologic exam was 0.9 % (95 % CI

0.5, 1.4) [40].
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What Is the Recommended
Neuroimaging Examination in Adults
with Headache and Known Primary
Neoplasm Suspected of Having
Brain Metastases?

Summary

In patients older than 40 years with known pri-

mary neoplasm, brain metastasis is a common

cause of headache [41]. 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 (mod-

erate evidence). In patients with suspected metas-

tases to the central nervous system, enhanced

brain MR imaging is recommended.

Supporting Evidence

Davis and colleagues (moderate evidence) [42]

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 [43] reported similar

findings (moderate evidence). They studied

44 patients with small cell carcinoma to detect

cerebral metastases. All patients were studied

with contrast-enhanced CT scan and gadolin-

ium-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 concluded that gadolinium-enhanced T1-

weighted images remain the most accurate tech-

nique in the assessment of cerebral metastases.

A study by Sze and colleagues [44] performed

prospective and retrospective studies in 75

patients (moderate evidence). In 49 patients,

MR imaging and contrast-enhanced CT were

equivalent. In 26 patients, however, results were

discordant, with neither CT nor MR imaging

being consistently superior. MR imaging demon-

strated more metastases 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

Determination of the appropriateness of imaging

is made based on the frequency, pattern, family

history, and associated seizure or neurologic find-

ings (Table 24.3) (moderate evidence). These

guidelines reinforce the primary importance of

careful acquisition of the medical history and

performance of a thorough examination, includ-

ing a detailed neurologic examination [45].

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. 24.2).

Supporting Evidence

In 2002, the American Academy of Neurology

and Child Neurology Society published evi-

dence-based neuroimaging recommendations

for children [46]. Six studies (one prospective

and five retrospective) met inclusion criteria

(moderate evidence). Data on 605 of 1,275 children

with recurrent headache who underwent neuroim-

aging found only 14 (2.3 %) with nervous system

lesions that required surgical treatment. All 14 chil-

dren had definite abnormalities on neurologic

examination. The recommendations from this

study were as follows: (1) Neuroimaging should

be considered in children with an abnormal 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) occurrence of sei-

zures. (2) Neuroimaging is not indicated in children

with recurrent headaches and a normal neurologic

examination. (3) Neuroimaging should be
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considered in children with recent onset of severe

headache, change in the type of headache, or if

there are associated features suggestive of neuro-

logic dysfunction.

Medina and colleagues [45] performed

a 4-year retrospective study of 315 children with

no known underlying CNS disease who

underwent brain imaging for a chief complaint

of headache (moderate evidence). All patients

underwent brain MR imaging; 69 patients also

underwent brain CT. Clinical data were correlated

with findings from MR imaging and CT, and the

final diagnosis, using logistic regression. Thirteen

(4 %) patients had surgical space-occupying

lesions, 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

vomiting, 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 [47] (limited to moder-

ate evidence). These included 5 sinus disease,

4 tumors, 4 old infarcts, 3 Chiari I, 2 moyamoya,

1 intracranial vascular stenosis, 1 internal jugular

vein occlusion, 1 arteriovenous malformation,

1 demyelinating disease, and 1 intracerebral hem-

orrhage. When sinus disease was excluded,

3 patients (1.2 %) with normal neurologic symp-

toms and signs had imaging findings that resulted

in a change in management (limited to moderate

evidence).

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

Summary
Sensitivity and specificity of MR imaging is

greater than CT for intracranial lesions. For sur-

gical intracranial space-occupying lesions, how-

ever, there is no difference between MR imaging

and CT in diagnostic performance (moderate evi-

dence). The use of intravenous contrast material

after unenhanced CT of the brain in children did

not frequently change the diagnosis (moderate

evidence).

Supporting Evidence

Sensitivity and specificity of CT andMR imaging

for intracranial lesions is shown in Table 24.4.

Medina and colleagues (moderate evidence) [45]

showed that the overall sensitivity and specificity

with MR imaging (92 % and 99 %, respectively)

were higher than with CT (81 % and 92%, respec-

tively). Comparison of patients who underwent

both MR imaging and CT revealed no significant

disagreement between the tests for surgical space-

occupying lesions (McNemar test, P ¼ 0.75). 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 insignif-

icant abnormalities, but MRI imaging may be no

more sensitive than CT in identifying clinically

significant pathology [32].

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 [38]. Sensitivity,

specificity, positive predictive value, and nega-

tive predictive value for unenhanced scans were

97 %, 89 %, 87 %, and 97 %, respectively [48].

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 intravenous contrast material after unenhanced

CT of the brain in children did not frequently

change the diagnosis [48].
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What Is the Sensitivity and Specificity
of CT and MRI for Detecting an
Intracranial Aneurysm in Patients with
Headache and Subarachnoid
Hemorrhage?

Summary

Chapter 14 Intracranial Aneurysms provides

a comprehensive discussion on this topic. In

North America, 80–90 % of nontraumatic sub-

arachnoid hemorrhage (SAH) in older children

and adults is caused by the rupture of intracranial

aneurysms [49]. CT angiography (CTA) and MR

angiography (MRA) have sensitivities greater

than 85 % for aneurysms greater than 5 mm.

Most recent studies with newer generations of

multidetector CT report sensitivity and specific-

ity greater than 90 % for aneurysms greater than

4 mm (moderate evidence). Studies that have

compared CTA and digital subtraction angiogra-

phy (DSA) report similar sensitivities and speci-

ficities (moderate evidence). The sensitivity of

CTA and MRA examinations drops significantly

for aneurysms less than 5 mm. Thereby, DSA

remains the current gold standard for evaluation

of a ruptured intracranial aneurysm.

Supporting Evidence
White et al. [50] 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 evaluation criteria by using intrinsically

weighted standardized assessment to determine

suitability for inclusion (moderate evidence). The

rates of aneurysm accuracy for CTA and MRA

were 89 % and 90 %, respectively. The study

showed greater sensitivity for aneurysms larger

than 3 mm than for aneurysms smaller than 3 mm

for CTA (96 % vs. 61 %) and for MRA (94 % vs.

38 %).

White et al. [51] 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, respectively. The accuracy rates for brain

aneurysm for the best observer were 73 % and

67 % for CTA and MRA, respectively. The sen-

sitivity 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 [52] reported

a sensitivity of 97 % and specificity of 100 %

(limited evidence). Teksam and colleagues stud-

ied 100 consecutive patients with 113 aneurysms

with multidetector CT (MDCT) [53] 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 [54], Karamessini and colleagues dem-

onstrated a sensitivity of 89 % and specificity of

100 % for CTA and sensitivity of 88 % and

specificity of 98 % for DSA when compared

with the reference standard of surgical findings

(moderate evidence). Therefore, CTA was equiv-

alent to DSA. Tipper and colleagues’ study

reported using 16-row MDCT in 57 patients

with 53 aneurysms [55] and found a sensitivity

and specificity 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 with a range of 1.9–28.1 mm [30].

A study published by Taschner and colleagues

[56] in 2007 in 27 consecutive patients with

24 aneurysms using a 16-row multisection CTA

reported an overall sensitivity and specificity of

100 % and 83 %, respectively (limited evidence).

Papke and colleagues compared DSA with

16-row CTA in 87 patients [57] and reported

a sensitivity and specificity of 98 % and 100 %
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for DSA and CTA, respectively (moderate

evidence). Yoon and colleagues using 16-row

multidetector CTA in 85 patients [58] had overall

sensitivity and specificity of 92.5 % and 93.3 %,

respectively (moderate evidence). For aneurysms

less than 3 mm, however, sensitivity decreased

for reader 1 and reader 2 to 74.1 % and 77.8 %,

respectively (Yoon). A more recent study

performed by Lubicz and colleagues [49] in 54

consecutive patients with 67 aneurysms using

a 64-row multisection CTA reported an overall

sensitivity and specificity of 94 % and 90.2 %,

respectively (moderate evidence). For aneurysms

less than 3 mm, CTA had a mean sensitivity of

70.4 % [59]. Intertechnique and interobserver

agreements were good for aneurysm detection

with a mean kappa of 0.673 [59]. Agid and col-

leagues [60] studied 73 patients with 47 aneu-

rysms using a 64-row multisection CTA and

reported an overall sensitivity and specificity of

98 % and 98 %, respectively (moderate

evidence).

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

Summary

High-resolution MR technique using transverse

relaxation rates has demonstrated increased tis-

sue iron levels in the brain stem (periaqueductal

gray, red nuclei, and substantia nigra) in patients

with headache disorders (limited evidence).

Functional MR has demonstrated activation of

the red nuclei and substantia nigra in patients

during spontaneous migraine episodes (limited

evidence) [61, 62]. Patients with migraine disor-

ders also have activation in the dorsolateral pons

both on PET and functional MRI (limited evi-

dence) [63–67]. In cluster headache disorders,

MR phosphorus spectroscopy (31P-MRS) has

demonstrated brain mitochondrial dysfunction

(limited evidence) [68, 69]. PET has demon-

strated strong activation in the hypothalamic

gray matter in acute cluster headache attacks

(limited evidence) [70]. In contrast to migraine

disorders, there is no brain stem activation during

acute cluster headache episodes compared with

the resting state [71]. These initial studies suggest

that, although primary headaches such as

migraine and cluster headache may share

a common pain pathway – the trigeminovascular

innervation – their underlying pathogenesis dif-

fers significantly [68].

Supporting Evidence

The underlying pathophysiology of migraine dis-

orders is not well understood [72]. Conventional

CT and MRI studies are usually normal with no

evidence of a structural lesion. Studies have

shown involvement of the nociceptive pathways

in chronic daily headaches and migraines [72].

A study performed by Raskin and colleagues [73]

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 disor-

ders [73]. Reports of multiple sclerosis plaque

[74] and cavernous malformation [75] involving

the PAG and causing migraine-like disorders

have been reported. Imaging studies have been

performed to study the iron homeostasis in the

midbrain. High-resolution MR techniques have

been used to map the transverse relaxation rates

R2 (1/T2), R2* (1/T2*), and R20 (R2*-R2) in the
PAG, red nuclei (RN), and substantia nigra (SN)

[76]. A positive correlation (r¼ 0.80; P< 0.006)

was identified between the duration of illness and

the increase in R20 (increased tissue iron levels)

for patients with episodic migraine disorders and

chronic daily headaches [76, 77] (limited

evidence).

Another study by Kruit and colleagues [78] 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 demonstrated acti-

vation of the RN and SN in patients during spon-

taneous migraine episodes (limited evidence)

[61, 62].
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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) [68, 69]. In

a study of nine patients, PET demonstrated strong

activation in the hypothalamic gray matter in

acute cluster headache attacks (limited evidence)

[70]. In contrast to migraine disorders, there is

no brain stem activation during acute cluster

headache episodes compared with the resting

state [71].

PET demonstrates activation in the rostral

brainstem, i.e., the dorsolateral pons, which

lateralizes with the attack in both infrequent and

frequent migraines. These changes persist after

successful treatment of the attack but are not

present interictally and are not seen in other pri-

mary headaches [63–67]. 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

trinitrate has shown that the changes in the dor-

solateral 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 induced by glyceryl trinitrate in controls

and migraineurs, the pontine change was

not seen. Further study is needed, but these find-

ings demonstrate that migraine is a disorder

localized in the brain with pontine representation

[63, 67, 79, 80].

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

Summary

No well-designed cost-effectiveness analysis

(CEA) in adults could be found in the literature.

A CEA study [81] assessed the clinical and eco-

nomic consequences of three diagnostic strate-

gies 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 [81]. This model sug-

gests that MR imaging maximizes quality-

adjusted life years (QALY) gained at

a reasonable cost-effectiveness ratio in patients

at high risk of having a brain tumor. Conversely,

the strategy of no imaging with close clinical

follow-up is cost saving in low-risk children.

Although the CT-MR imaging strategy

maximizes QALY gained in the intermediate-

risk patients, its additional cost per QALY

gained is high. In children with headache, appro-

priate 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 [81]. A decision-analytic

Markov model and CEA were performed incor-

porating the risk group pretest 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 nonmigraine headaches of

more than 6 months’ duration as the sole symp-

tom (pretest probability of brain tumor was

0.01 % [1 in 10,000]), close clinical observation

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 1,000]), CT-MR imaging was the most

effective strategy but cost more than $1 million

per QALY gained compared with no neuroimag-

ing. This cost is not typically justified by

health policy makers. For high-risk children

with headache of less than 6 months’ duration
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and other clinical predictors of a brain tumor, such

as an abnormal neurologic examination (pretest

probability of brain tumor 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 [82],

colonoscopy for colorectal cancer screening for

persons older than 40 years at $90,000 per life

year saved [82, 83], and annual cervical cancer

screening for women beginning at age 20 years at

$220,000 per life year saved [82, 84]. Therefore,

this CEA model supports the use of MR imaging

in high-risk children.

Take-Home Tables and Figures

Tables 24.1 through 24.4 highlight data and

guidelines.

Figures 24.1 and 24.2 show algorithms for use

in adults and children with headaches.

Imaging Case Studies

Case 1: Colloid Cyst: Patient Presented with

Headache and Vomiting (Fig. 24.3a, b)

Case 2: Chiari I: Patient Presented with Persistent

Headaches Triggered by Cough or Exertion

(Valsalva Maneuver) (Fig. 24.4a, b)

Table 24.1 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:

optimizing imaging in patient care. New York: Springer; 2006)
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Case 3: Brain Stem Infiltrative Glial Neoplasm:

Patient Present with Ataxia and Headaches

(Fig. 24.5a, b)

Suggested Protocols

1. CT imaging [85, 86]

(a) CT without contrast. Axial 5–10-mm

nonspiral images should be used to assess

for subarachnoid hemorrhage, tumor hem-

orrhage, or calcifications.

In infants and toddlers, axial 2.5–5-mm

sections are recommended.

(b) CT with contrast. Axial 5–10-mm

nonspiral enhanced images should be

used in patients with suspected neoplasm,

infection, or other focal intracranial

lesion. If indicated, CT angiography can

be performed as part of the enhanced CT.

Contrast-enhanced CT angiography

should ideally be done in a multidetector

CT scanner with multiplanar and 3D

reconstructions.

2. MR imaging [85, 86]

Basic brain MR protocol sequences include

sagittal T1-weighted conventional spin-echo

(repetition time, 600 ms; echo time 11 ms

[600/11]), axial proton density-weighted con-

ventional or fast spin-echo (2,000/15), axial

T2-weighted conventional or fast spin-echo

(3,200/85), axial FLAIR (fluid attenuation

inversion recovery) spin-echo (8,800/152,

inversion time [TI] 2,200 ms), and coronal

T2-weighted fast spin-echo (3,200/85)

images. In patients with suspected neoplasm,

infection, or focal intracranial lesions,

gadolinium-enhanced T1-weighted conven-

tional spin-echo (600/11) images should be

acquired in at least two planes. If MR angio-

gram is indicated, then a 3D time-of-flight

study of the circle of Willis should be

performed. Consideration should be given to

Table 24.2 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: optimizing imaging in patient

care. New York: Springer; 2006)

Table 24.3 Suggested guidelines for neuroimaging in

pediatric patients with headache

Persistent headaches of less than 6 months’ duration

Headache associated with abnormal neurologic

examination

Headache associated with seizures

Recent onset of severe headache or change in the type of

headache

Persistent headache without family history of migraine

Headaches that persistently awaken a child from sleep or

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 et al. [45])

Table 24.4 Diagnostic sensitivity and specificity of CT

and MR imaging

Variable Baseline % Range % Reference

Diagnostic tests

MR imaging

Sensitivity 92 82–100 [35, 68, 69]

Specificity 99 81–100 [35, 69]

CT

Sensitivity 81 65–100 [35, 68, 69]

Specificity 92 72–100 [35, 68, 69]

(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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complementing the MRA with a multiphase

dynamic contrast-enhanced study to reduce

potential flow artifacts and to assess arterial,

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

• Large diagnostic performance studies compar-

ing the sensitivity, specificity, and ROC

curves of neuroimaging in adults and children

with headache

• Cost-effectiveness analysis of neuroimaging

in adults with headaches

Headache
in adults

Guidelines

Reassess

Clinical follow-up
and medical treatment

LP

CT+

+

+

+

−−

−

Non invasive neuroimaging
CTA, MR, and MRA

In selected cases
invasive angiography
and endovascular
treatment

Surgery or
other
appropriate
treatment

Fig. 24.1 Decision tree for use in adults with new-onset

headache. For those patients who meet any of the guide-

lines in Table 24.2, CT is suggested. For patients who do

not meet these criteria or those with negative diagnostic

(Box 2). For patients who do not meet these criteria or

those with negative workup, clinical observation with

periodic reassessment is recommended. If CT is positive,

further workup with CT angiography or MR imaging plus

MR angiography is recommended. In selected case,

conventional angiography 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 angiography or

MR angiography is warranted. Abbreviations: CTA CT

angiography, LP lumbar puncture,MRAMR angiography,

MRI MR imaging (Reprinted with permission from

Medina et al. [41])

Headache
in children

Guidelines

Neuroimaging
MR or CT

Clinical follow-up
and medical treatment

Reassess

Surgical or other
appropriate treatment

+

+

−

−

Fig. 24.2 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 24.2).

For patients who do not meet these criteria or those with

negative findings from imaging studies, clinical observation

with periodic reassessment is recommended (Reprinted with

permission from Medina et al. [45])
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Fig. 24.3 (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 with colloid

cyst (Reprinted with kind permission of Springer

Science+Business Media from Medina LS, Shah A,

Vasconcellos E. Adults and children with headache: evi-

dence-based role of neuroimaging. In Medina LS, Black-

more CC, editors. Evidence-based imaging: optimizing

imaging in patient care. New York: Springer; 2006)

Fig. 24.4 (a) Unenhanced CT at craniocervical junction

was interpreted as unremarkable. (b) Sagittal MRI

T1-weighted image reveals pointed cerebellar tonsils

extending more than 5 mm below the foramen magnum

consistent with Chiari I. No cervical cord hydrosyrinx

noted (Reprinted with 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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Key Points

• Brain imaging is necessary for optimal local-

ization, characterization, and management of

brain cancer prior to surgery in patients with

suspected or confirmed brain tumors (strong

evidence).

• Due to its superior soft tissue contrast,

multiplanar capability, and biosafety, mag-

netic resonance imaging (MRI) with and with-

out gadolinium-based intravenous contrast

material is the preferred method for brain

cancer imaging when compared to computed

tomography (moderate evidence).

• No adequate data exist on the role of imaging

in monitoring brain cancer response to therapy

and differentiating between tumor recurrence

and therapy-related changes (insufficient

evidence).

• No adequate data exist on the role of

nonanatomic, physiology-based imaging,

such as proton MR spectroscopy, perfusion

and diffusion MRI, and nuclear medicine

imaging (SPECT and PET) in monitoring

treatment response or in predicting prognosis

and outcome in patients with brain cancer

(insufficient evidence).

• Human studies conducted on the use of mag-

netic resonance spectroscopy (MRS) for brain

tumors demonstrate that this noninvasive

method is technically feasible and suggest

potential benefits for some of the proposed

indications. However, there is a paucity of

high-quality direct evidence demonstrating

the impact on diagnostic thinking and thera-

peutic decision making.

• There is added value of fMRI in the surgical

planning of patients with suspected brain can-

cer or focal brain lesion (moderate evidence).

Definition and Pathophysiology

The term brain cancer, or more commonly

referred to as brain tumor, is used here to describe

all primary and secondary neoplasms of the brain

and its covering, including the leptomeninges,

dura, skull, and scalp. Brain cancer is comprised

of a variety of central nervous system tumors with

a wide range of histopathology, molecular/

genetic profile, clinical spectrum, treatment pos-

sibilities, and patient prognosis and outcome. The

pathophysiology of brain cancer is complex and

dependent on various factors, such as histology,

molecular and chromosomal aberration, tumor-

related protein expression, primary versus

secondary origin, and host factors [1–4].

Unique Challenges of Brain Cancer

When compared to systemic cancers (e.g., lung,

breast, colon), brain cancer is unique in several

different ways. First, the brain is covered by

a tough, fibrous tissue dura mater and a bony

skull that protects the inner contents. This rigid

covering allows very little, if any, increase in

volume of the inner content, and therefore, brain

tumor cells adapt to grow in a more infiltrative

rather than expansive pattern. This growth pat-

tern limits the disruption to the underlying

cytoarchitecture. Second, the brain capillaries

have a unique barrier known as the blood–brain

barrier (BBB), which limits the entrance of sys-

temic circulation into the central nervous system.

Cancer cells can hide behind the protective bar-

rier of BBB, migrate with minimal disruption to

the structural and physiologic milieu of the brain,

and escape imaging detection since intravenous

contrast agent becomes visible when there is

BBB disruption, allowing the agent to leak into

the interstitial space [5–9].

Epidemiology

Adult Brain Cancer

Primary malignant or benign brain cancers were

estimated to be newly diagnosed in about 35,519

Americans in 2001 (CBTRUS, 2000). Primary

brain cancers are among the top 10 causes of

cancer-related deaths (American Cancer Society,

1998). Nearly 13,000 people die from these

cancers each year in the USA (CBTRUS, 2000).
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About 11–12 per 100,000 persons in the USA are

diagnosed with a primary brain cancer each year,

and 6–7 per 100,000 are diagnosed with

a primary malignant brain cancer. Almost 1 in

every 1,300 children will develop some form of

primary brain cancer before age 20 years

(CBTRUS, 1998). Between 1991 and 1995,

23 % of childhood cancers were brain cancers,

and about one-fourth of childhood cancer deaths

were from a malignant brain tumor.

The epidemiologic study of brain cancer is

challenging and complex due to number of fac-

tors unique to this disease. First, primary and

secondary brain cancers are vastly different dis-

eases that clearly need to be differentiated and

categorized, which is an inherently difficult task.

Second, histopathologic classification of brain

cancer is complicated due to the heterogeneity

of the tumors at virtually all levels of structural

and functional organization such as differential

growth rate, metastatic potential, sensitivity irra-

diation and chemotherapy, and genetic liability.

Third, several brain cancer types have benign and

malignant variants with a continuous spectrum of

biologic aggressiveness. It is therefore difficult to

assess the full spectrum of the disease at presen-

tation [10].

The most common primary brain cancers are

tumors of neuroepithelial origin, which include

astrocytoma, oligodendroglioma, mixed glioma

(oligoastrocytoma), ependymoma, choroid plexus

tumors, neuroepithelial tumors of uncertain origin,

neuronal and mixed neuronal-glial tumors, pineal

tumors, and embryonal tumors. Themost common

type of primary brain tumor that involves the

covering of the brain (as opposed to the substance)

is meningioma, which accounts for more than

20 % of all brain tumors [11]. The most common

type of primary brain cancer in adults is glioblas-

toma multiforme (GBM). In adults, brain metasta-

ses far outnumber primary neoplasms owing to

high incidence of systemic cancer (e.g., lung and

breast carcinoma).

The incidence rate of all primary benign

and malignant brain tumors based on the

Central Brain Tumor Registry of the United

States [12] is 14 cases per 100,000 person-years

(5.7 per 100,000 person-years for benign tumors

and 7.7 person-years for malignant tumors). The

rate is higher in males (14.2 per 100,000 person-

years) than females (13.9 per 100,000 person-

years). According to the Surveillance,

Epidemiology, and End Results (SEER), the 5-

year relative survival rate following the diagnosis

of a primary malignant brain tumor (excluding

lymphoma) is 32.7 % for males and 31.6 % for

females. The prevalence rate for all primary brain

tumors based on CBTRUS is 130.8 per 100,000,

and the estimated number of people living with

a diagnosis of primary brain tumors was 359,000

persons. Two-, five-, and ten-year observed and

relative survival rates for each specific type of

malignant brain tumor, according to the SEER

report from 1973 to 1996, showed that GBM has

the poorest prognosis. More detailed information

on the brain cancer survival data is available at

the website of the Central Brain Tumor Registry

of the United States (http://www.cbtrus.org/

2001/table2001_12.htm).

In terms of brain metastases, the exact annual

incidence remains unknown due to a lack of

dedicated national cancer registry but is esti-

mated to be 97,800–170,000 new cases each

year in the USA. The most common types of

primary cancer causing brain metastasis are can-

cers of the lung, breast, unknown primary, mela-

noma, and colon.

Pediatric Brain Cancer

The epidemiologic studies of brain cancer sug-

gest that the incidence of pediatric brain cancer is

rising, but the actual details remain unclear.

There are two fundamental problems that might

explain the difficulty in elucidating epidemiolog-

ical changes in pediatric brain cancer. First, the

definition and histopathological criteria for each

type of primary pediatric brain cancer remain

inconsistent and variable. Second, there is a lack

of true brain cancer registry that is critical for

monitoring incidence and epidemiology. Rather,

data from nine registries have been compiled

since 1973 by the National Cancer Institute as

the SEER program and extrapolated to represent

national data. These data demonstrate an overall
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incidence of pediatric central nervous system

cancer to be 3.5 per 100,000 children less than

15 years of age. Pediatric central nervous system

cancers account for about 15–20 % of all child-

hood cancers and the peak age is 5–8 years old.

There is no definitive evidence to suggest any

gender or race predilection for pediatric brain

tumors. An additional source of epidemiologic

information is a report from the Central Brain

Tumor Registry of the United States [12],

a nonprofit agency organized for the purpose of

collecting and publishing epidemiologic data for

brain tumors (CBTRUS, 2002). Syndromes asso-

ciated with central nervous system tumors are

neurofibromatosis type 1 and 2, tuberous sclero-

sis type 1 and 2, von Hippel–Lindau syndrome,

Li–Fraumeni syndrome, nevoid basal cell carci-

noma, Turcot’s syndrome, Gorlin syndrome,

ataxia-telangiectasia syndrome, Gardner’s syn-

drome, and Down syndrome [13]. The molecular

genetics of pediatric brain tumors may provide

valuable insights into the etiology and biology of

these tumors, but the specific genetic alterations

for tumor development in a majority of patients

remain elusive.

The most common primary pediatric brain

cancers are astrocytomas, which account for

approximately 50 % of all pediatric CNS tumors

[14]. Pediatric astrocytomas can arise within the

optic pathway (15–25 %), cerebral hemisphere

(12 %), spine (10–12 %), and brain stem (12 %)

[15]. Contrary to adult primary brain cancer,

which is more common in supratentorial brain,

more than half of all pediatric brain cancers occur

in infratentorial brain. The most common

infratentorial pediatric brain cancer is medullo-

blastoma/primary neuroectodermal tumor

(PNET) (30–35 %), closely followed by pilocytic

astrocytoma (20–35 %), brain stem gliomas

(25 %), ependymoma (10 %), and other miscel-

laneous types (5 %) [15]. The long-term survival

rate for the two most common types of pediatric

brain cancers, namely, pilocytic astrocytoma and

medulloblastoma, differs substantially in that

medulloblastoma tends to have poorer survival

especially when it occurs in children younger

than 3 years of age or those with metastatic dis-

ease at the time of initial diagnosis [15].

Overall Cost to Society

Brain cancer is a rare neoplasm but affects people

of all ages [10]. It is more common in the pediat-

ric population and tends to cause high morbidity

and mortality [15]. The overall cost to society in

dollar amount is difficult to estimate and may not

be as high as other, more common systemic can-

cers. The cost of treating brain cancer in the USA

is difficult to determine but can be estimated to be

far greater than four billion dollars per year based

on 359,000 estimated number of people living

with brain cancer [12] and $11,365.23 per patient

for initial cost of surgical treatment. There are

very few articles in medical literature that address

the cost-effectiveness or overall cost to society in

relation to imaging of brain cancer. One of the

few articles that discusses the actual monetary

cost to society is a 1998 article by Latif et al.

[16] from Great Britain. The team measured the

mean costs of medical care for 157 patients with

brain cancer in British Pounds. Based on this

study, the average cost of imaging was less than

3 % of the total, whereas radiotherapy was

responsible for greater than 50 % of the total

cost. The relative contribution of imaging in this

study appears low, however, and what is not

known from this report is what kind and how

often imaging was done in these patients with

brain cancer during their hospital stay and as

outpatients. In addition, the vastly different

health care reimbursement structure in Britain

and the USA makes interpretation difficult.

Goals of Imaging

The goals of imaging in patients, pediatric or

adult age group, with suspected brain cancer are

(1) diagnosis at acute presentation, (2) preopera-

tive or treatment planning to further characterize

brain abnormality, and (3) posttreatment evalua-

tion for residual disease and therapy-related

changes. The role of imaging is critically depen-

dent upon the clinical context that the study is

being ordered [17]. The initial diagnosis of brain

cancer is often made on a CT scan in an
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emergency room setting when a patient presents

with an acute clinical symptom such as seizure or

focal neurologic deficit. Once a brain abnormal-

ity is detected on the initial scan, MRI with con-

trast agent is obtained to further characterize the

lesion and the remainder of the brain and to serve

as a part of preoperative planning for a definitive

histologic diagnosis. If the nature of the brain

lesion is still in question after a comprehensive

imaging, further imaging with advanced tech-

niques such as diffusion, perfusion, or proton

spectroscopic imaging may be warranted to

differentiate brain cancer from tumor-mimicking

lesions such as infarcts, abscesses, or demyelinat-

ing lesions [18–20]. In the immediate postopera-

tive imaging, the most important imaging

objectives are to (a) determine the amount of

residual or recurrent disease; (b) assess early post-

operative complications such as hemorrhage, con-

tusion, or other brain injury; and (c) determine

delay treatment complications such as radiation

necrosis and treatment leukoencephalopathy.

Methodology

A MEDLINE search was performed using

PubMed (National Library of Medicine,

Bethesda, Maryland) for original research publi-

cations discussing the diagnostic performance

and effectiveness of imaging strategies in brain

cancer. Systematic literature review was

performed from 1966 to January 2010. Keywords

included are (1) brain cancer, (2) brain tumor,

(3) glioma, (4) diagnostic imaging, and (5) neuro-

surgery. In addition, the following three cancer

databases were reviewed:

1. The SEER program maintained by the

National Cancer Institute (http://www.seer.

cancer.gov) for incidence, survival, and mor-

tality rates, classified by tumor histology,

brain topography, age, race, and gender.

SEER is population-based reference standard

for cancer data and collects incidence and

follow-up data on malignant brain cancer

only.

2. The Central Brain Tumor Registry of the

United States [12] (http://www.cbtrus.org)

collects incidence data on all primary brain

tumors from 11 collaborating state registries;

however, follow-up data are not available.

3. The National Cancer Data Base (NCDB)

(http://www.facs.org/cancer/ncdb) serves as a

comprehensive clinical surveillance resource

for cancer care in the USA. While not

population-based, the NCDB identifies newly

diagnosed cases and conducts follow-up on

all primary brain tumors from hospitals

accredited by the American College of

Surgeons. The NCDB is the largest of the

three databases and also contains more com-

plete information regarding treatment of

tumors than SEER or CBTRUS databases.

Discussion of Issues

Who Should Undergo Imaging to
Exclude Brain Cancer in Adult
Individual?

Summary

The scientific evidence on this topic is limited.

No strong evidence studies are available. Most of

the available literature is classified as limited and

moderate evidence. First, the three most common

clinical symptoms of brain cancer are headache,

seizure, and focal weakness – all of which are

neither unique nor specific for the presence of

brain cancer (see Chap. 15, “Seizures Disorders:

Evidence-Based Neuroimaging” on seizures and

Chap. 24, “Headache Disorders: Evidence-Based

Neuroimaging” on headaches). Second, the clin-

ical manifestation of brain cancer is heavily

dependent on the topography of the lesion. For

example, lesions in the motor cortex may have

more acute presentation, whereas more insidious

onset of cognitive or personality changes are

commonly associated with prefrontal cortex

tumors [21, 22].

Despite the aforementioned nonspecific clini-

cal presentation of subjects with brain cancer,

a summary of the guidelines is shown in

Table 25.1. A relatively acute onset of any one

of these symptoms that progresses over time

should strongly warrant a brain imaging. Newton
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et al. [23] cite a consensus among neurologists

that the most specific clinical feature of a brain

cancer versus other brain mass lesions is not one

particular individual symptom or sign but, rather,

progression over time.

Supporting Evidence
It remains difficult, however, to narrow down the

criteria for the “suspected” clinical symptomatol-

ogy of brain cancer. In a retrospective study of

653 patients with supratentorial brain cancer,

Salcman [24] found that the three most common

clinical features of brain cancer were headache

(70 %), seizure (54 %), and cognitive or person-

ality change (52 %), followed by focal weakness

(43 %), nausea or vomiting (31 %), speech dis-

turbances (27 %), alteration of consciousness

(25 %), sensory abnormalities (14 %), and visual

disturbances (8 %) (moderate evidence). Simi-

larly, Snyder et al. [25] studied 101 patients

who were admitted through an emergency room

and discharged with a diagnosis of brain cancer

(moderate evidence). They found that the three

most frequent clinical features were headache

(55 %), cognitive or personality changes (50 %),

and ataxia (40 %), followed by focal weakness

(36 %), nausea or vomiting (36 %), papilledema

(27 %), cranial nerve palsy (25 %), seizure

(24 %), visual disturbance (20 %), speech distur-

bance (20 %), sensory abnormalities (18 %), and

positive Babinski’s sign (17 %). No combination

of these factors has been shown to reliably differ-

entiate brain cancer from other benign causes.

Who Should Undergo Imaging to Exclude
Brain Cancer in Pediatric Age Group?
Summary
Determination of which children with clinical

suspicion of brain cancer should undergo imag-

ing is a complex issue for a number of reasons. As

in adults, the three most common clinical symp-

toms of brain cancer are headache, seizure, and

focal weakness – all of which are neither unique

nor specific for the presence of brain cancer.

Hence, it is difficult to perform a prospective

study based on these clinical symptoms to deter-

mine whether or not imaging is indicated.

Second, as discussed earlier, the clinical

manifestation of brain cancer is heavily depen-

dent on the topography of the lesion. Third,

neurocognitive dysfunction may not necessarily

be due to a mass lesion within the brain but can

also be the secondary effects of systemic disease,

chemical or hormonal imbalance, toxic exposure,

drug or radiation therapy, or nonorganic neuro-

degenerative disorder [21, 22].

Despite the aforementioned nonspecific clini-

cal presentation of subjects with brain cancer,

there are guidelines one can use to determine

who should undergo imaging (Table 25.1).

A relatively acute onset of any one of these

symptoms that progresses over time should

strongly warrant brain imaging, preferably with

MRI (strong evidence). See also Chaps. 15, “Sei-

zures Disorders: Evidence-Based Neuroimaging”

and 24, “Headache Disorders: Evidence-Based

Neuroimaging” on seizures and headaches.

Supporting Evidence

It remains difficult, in children as well as adults,

to define criteria for “suspected” brain cancer. It

should be noted that there is marked difference

between adult and pediatric subjects with

suspected brain cancer in terms of epidemiology,

clinical presentation, tomography of the lesion,

histologic tissue type, metastatic potential, and

prognosis [26]. Headache, posterior fossa symp-

toms such as nausea and vomiting, ataxia, and

cranial nerve symptoms predominate in children

due to the fact that the overwhelming majority of

pediatric brain cancers occur infratentorially

[15]. Table 25.1 lists various clinical symptoms

that are associated with pediatric brain cancer.

The two most common types of pediatric brain

cancer are medulloblastoma and juvenile

pilocytic astrocytoma (JPA), both of which com-

monly occur in the posterior fossa. Medulloblas-

tomas and other small round blue cell tumors

(pineoblastoma and primitive neuroectodermal

tumor) have high propensity to spread along the

leptomeningeal route within the central nervous

system [13]. JPAs are also commonly seen in

supratentorial brain, especially near the hypotha-

lamic region [26, 27]. Prognosis differs vastly

depending on the tissue histology and metastatic

potential since medulloblastoma and other
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small-cell tumors tend to have aggressive biology

and poor outcome, whereas JPAs tend to have

more favorable long-term prognosis [1, 10, 15].

Non-migraine, nonchronic headache in a child

should raise a high suspicion for an intracranial

mass lesion, especially if there are any additional

posterior fossa or visual symptoms, and imaging

should be conducted without delay. (See details

in Chap. 24, “Headache Disorders: Evidence-

Based Neuroimaging” on headaches.)

What Imaging Is Appropriate in
High-Risk Pediatric Subjects?
Summary

In the high-risk children suspected of having

brain cancer, MRI without and with gadolinium-

based contrast agent is the imaging modality of

choice (Table 25.2). There is no evidence to

suggest that the addition of other diagnostic

tests, such as CT, catheter angiography, or PET

scan, improves either the cost-effectiveness or

the outcome in the high-risk group at initial pre-

sentation (Table 25.2) (strong evidence).

Supporting Evidence
There is strong evidence to suggest that MRI is

the diagnostic imaging test of choice in high-risk

subjects suspected of having brain cancer

[17, 28, 29] (Table 25.2). For example, superior-

ity of MRI over CT in detection of brain cancer

has been supported by an animal study done by

Whelan et al. [30]. However, since CT scanners

are more widely available and easily performed

than MR scanners, especially in an emergency

department setting, it is commonly performed

even though CT is inferior to MR in lesion

detection and characterization. Table 25.3 lists

advantages and limitations of CT and MRI in

the evaluation of children with suspected brain

cancer.

Unenhanced CT is good for assessing acute

intracranial hemorrhage, midline shift/mass effect,

or hydrocephalus. CT, however, is not ideal for

detecting subtle parenchymal abnormality [17].

As seen in Fig. 25.1, in comparing an unenhanced

CT and an enhanced MRI, a rather large abnor-

mality can be quite subtle to detect on the CT

study due to its inferior soft tissue contrast,

whereas the lesion is clearly visible in the MRI.

However, CT does have advantage in depicting

calcium much better than MRI as can be seen in

Fig. 25.1. Contrast-enhanced CT offers improved

sensitivity, but the addition of iodinated contrast

agent is not without risk of anaphylactic reaction

(truly the risk is very low for nonionic low-

osmolar contrast in children – moderate to severe

reactions are less than 1:10,000). As shown in

Fig. 25.2, MRI is superior to CT in its ability to

depict brain cancer in multiple planes with greater

soft tissue resolution and without the use of ioniz-

ing radiation. It is important to note that the addi-

tion of MRI contrast agent, gadolinium, is

necessary to fully characterize the extent of dis-

ease, especially to assess leptomeningeal spread of

disease (Fig. 25.2d–f) (Table 25.2). Table 25.4

lists suggested MR imaging protocol for

a pediatric subject suspected of having brain can-

cer. Imaging strategy in pediatric brain cancer

subjects should be tailored to the need of clinical

management and treatment decisions.

Nuclear Medicine Imaging Tests

There has been tremendous progress in research

involving various brain radiotracers, which pro-

vide the valuable functional and metabolic path-

ophysiology of brain cancer. Yet the question

remains as to how best to incorporate radiotracer

imaging methods into diagnosis and management

of patients with brain cancer. The most widely

used radiotracer imaging method in brain cancer

imaging is 201thalium single-photon emission

computed tomography (SPECT) (Table 25.2).

Although very useful, it has a limited role in

initial diagnosis or predicting the degree of

brain cancer malignancy. Positron emission

tomography (PET) using 18F-2-fluoro-2-deoxy-

D-glucose (FDG) radiotracer can be useful in

differentiating recurrent brain cancer from radia-

tion necrosis, but similar to SPECT, its ability as

an independent diagnostic and prognostic value

above that of MR imaging and histology remains

debated [31] (Table 25.2).

In pediatric patients with brain cancer, it is

important to assess whether imaging of the entire

craniospinal axis is warranted to detect any drop

metastases and staging (Table 25.2). This is
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especially true for children with aggressive neo-

plasm with high propensity for tumor spread

along the cerebrospinal fluid route such as medul-

loblastoma/PNET and ependymoma.

In pediatric patients with suspected brain met-

astatic disease, MRI is the imaging test of choice,

especially when leptomeningeal spread of disease

is considered. CT is indicated when there is

suspected calvarial metastasis. Surveillance imag-

ing withMRI is a cost-effective way ofmonitoring

disease stability or symptomatic progression in

pediatric patients with brain cancer [32].

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

Summary
The sensitivity and specificity of MRI is higher

than CT for brain neoplasms (moderate evi-

dence). Therefore, in high-risk subjects suspected

of having brain cancer, MRI with and without

gadolinium-based contrast agent is the imaging

modality of choice to further characterize the

lesion. Table 25.3 lists advantages and limitations

of CT and MRI in the evaluation of subjects with

suspected brain cancer.

There is no strong evidence to suggest that the

addition of other diagnostic tests, such as MR

spectroscopy, perfusion MR, PET, or SPECT,

improves either the cost-effectiveness or the out-

come in the high-risk group at initial presentation.

Supporting Evidence

Medina et al. [28] found in a retrospective study of

315 pediatric patients that overall MR imaging

was more sensitive and specific than CT in

detecting intracranial space-occupying lesions

(92 % and 99 %, respectively, for MR imaging

vs. 81 % and 92 %, respectively, for CT). How-

ever, no difference in sensitivity and specificity

was found in the surgical space-occupying lesions

[28]. Table 25.3 lists sensitivity and specificity of

MRI and CT for brain cancer as outlined by Hutter

et al. [33]. Figures 25.2 and 25.3 illustrate limita-

tions and advantages of MRI and CT.

There is limited evidence behind perfusion

MR in tumor diagnosis and grading despite sev-

eral articles proposing its useful role. Similar to

proton MR spectroscopy (see section “What Is

the Appropriate Imaging in Subjects at Risk for

Brain Cancer?”), perfusion MR imaging remains

an investigational tool at this time pending stron-

ger evidence proving its effect on health out-

comes of patients with brain cancer.

Special Case: Neuroimaging
Differentiation of Posttreatment
Necrosis from Residual Tumor
Imaging differentiation of treatment necrosis and

residual/recurrent tumor is challenging because

they both can appear similar and also can coexist

in a single given lesion. Hence, the traditional

anatomy-based imaging methods have a limited

role in the accurate differentiation between the

two entities. Nuclear medicine imaging tech-

niques such as SPECT and PET provide func-

tional information on tissue metabolism and

oxygen consumption and thus offer theoretical

advantage over anatomic imaging in differentia-

tion tissue necrosis and active tumor. Multiple

studies demonstrate that SPECT is more sensitive

and specific than is PET in differentiating tumor

recurrence from radiation necrosis [33]

(Table 25.3). There is also insufficient evidence

of the role of MR spectroscopy in this topic

(see section “What Is the Appropriate Imaging

in Subjects at Risk for Brain Cancer?”).

Special Case: Neuroimaging Modality in
Patients with Suspected Brain Metastatic
Disease
Brain metastases are far more common than pri-

mary brain cancer in adults, owing to higher

prevalence of systemic cancers and their propen-

sity to metastasize [34–36]. Focal neurologic

symptoms in a patient with history of systemic

cancer should raise a high suspicion for intracra-

nial metastasis and prompt imaging. The pre-

ferred neuroimaging modality in patients with

suspected brain metastatic disease is MRI with

single dose (0.1 mmole/kg body weight) of
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gadolinium-based contrast agent. 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).

Davis and colleagues (moderate evidence)

[37] studied comparative imaging studies in 23

patients comparing contrast-enhanced MRI with

double-dose delayed CT. Contrast-enhanced

MRI demonstrated more than 67 definite or typ-

ical 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 [38] reported similar findings (moder-

ate evidence). They studied 44 patients with

small-cell carcinoma to detect cerebral metasta-

ses. 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. Sze and

colleagues [39] performed prospective and retro-

spective studies in 75 patients (moderate evi-

dence). In 49 patients, MR imaging and

contrast-enhanced CT were equivalent. In

26 patients, however, results were discordant,

with neither CT nor MR imaging being consis-

tently superior. MR imaging demonstrated more

metastases in 9 of these 26 patients. Contrast-

enhanced CT, however, better depicted lesions

in 8 of 26 patients.

There are several reports on using triple dose

of contrast agent to increase sensitivity of lesion

detection [40, 41]. In another study, Sze et al.

[42], however, have found that routine triple-

dose contrast agent administration in all cases of

suspected brain metastasis was not helpful, could

lead to increasing number of false-positive

results, and concluded that the use of triple-dose

contrast material is beneficial in selected cases

with equivocal findings or solitary metastasis.

Their study was based on 92 consecutive patients

with negative or equivocal findings or a solitary

metastasis on single-dose contrast-enhanced MR

images that underwent triple-dose studies.

Special Case: How Can Tumor Be
Differentiated from Tumor-Mimicking
Lesions?
There are several intracranial disease processes

that can mimic brain cancer and pose a diagnostic

dilemma on both clinical presentation and con-

ventional MRI [19, 43–47], such as infarcts, radi-

ation necrosis, demyelinating plaques, abscesses,

hematomas, and encephalitis. On imaging, any

one of these lesions and brain cancer can both

demonstrate contrast enhancement, perilesional

edema, varying degrees of mass effect, and cen-

tral necrosis.

There are numerous reports in the literature of

misdiagnosis and mismanagement of these sub-

jects who were erroneously thought to have brain

cancer and, in some cases, went on to surgical

resection for histopathologic confirmation

[18, 46, 48]. Surgery is clearly contraindicated

in these subjects and can lead to unnecessary

increase in morbidity and mortality. A large

acute demyelinating plaque, in particular, is noto-

rious for mimicking an aggressive brain cancer

[46, 49–52]. Due to presence of mitotic figures

and atypical astrocytes, this uncertainty occurs

not only on clinical presentation and imaging

but also on histopathological examination [46].

The consequence of unnecessary surgery in sub-

jects with tumor-mimicking lesions can be quite

grave, and hence, every effort should be made to

differentiate them from brain cancer. Anatomic

imaging of the brain suffers from nonspecificity

and its inability to differentiate tumor from

tumor-mimicking lesions [18]. Recent develop-

ments in nonanatomic, physiology-based MRI

methods, such as diffusion/perfusion MRI and

25 Brain Cancer: Evidence-Based Neuroimaging 427



proton spectroscopic imaging, promise to provide

information not readily available from structural

MRI and improve diagnostic accuracy [53, 54].

Diffusion-weighted MRI has been shown to be

particularly helpful in differentiating cystic/

necrotic neoplasm from brain abscess by demon-

strating marked reduced diffusion within an

abscess. Chang et al. [55] compared diffusion-

weighted imaging (DWI) and conventional ana-

tomic MRI to distinguish brain abscesses from

cystic or necrotic brain tumors in 11 patients with

brain abscesses and 15 with cystic or necrotic brain

gliomas ormetastases. They found that postcontrast

T1WIs yielded a sensitivity of 60%, a specificity of

27 %, a positive predictive value (PPV) of 53 %,

and a negative predictive value (NPV) of 33 % in

the diagnosis of necrotic tumors. DWI yielded

a sensitivity of 93 %, a specificity of 91 %, a PPV

of 93 %, and a NPV of 91 %. Based on the analysis

of receiver operating characteristic curves, they

found clear advantage of DWI as a diagnostic tool

in detecting abscess when compared to postcontrast

T1-weighted images. Figure 25.4 illustrates the

value of DWI in differentiating pyogenic abscess

and high-grade brain tumor.

Table 25.5 lists neurological diseases that

can mimic brain cancer both on clinical grounds

and on imaging. By using DWI, acute infarct

and abscess could readily be distinguished from

brain cancer since reduced diffusion seen with

the first two entities [55–59]. Highly cellular

brain cancer can have reduced diffusion but

not to the same degree as acute infarct or

abscess [60].

What Is the Role of Proton Magnetic
Resonance Spectroscopy in the
Diagnosis and Follow-up of Brain
Neoplasms?

Summary
The Blue Cross Blue Shield Association

(BCBSA) Medical Advisory Panel concluded

that the MRS in the evaluation of suspected

brain cancer did not meet the Technology

Evaluation Center (TEC) criteria as a diagnostic

test; hence, further studies in a prospectively

defined population are needed. A similar conclu-

sion was obtained by the systematic literature

review done by Hollingworth et al. [61]. How-

ever, the study highlighted two important find-

ings in the literature: (1) one large study

demonstrating a statistically significant increase

in diagnostic accuracy for indeterminate brain

lesions from 55 %, based on MR imaging, to

71 % after analysis of 1H-MR spectroscopy

[61], and (2) several studies have found that 1H-

MR spectroscopy is highly accurate for

distinguishing high- and low-grade gliomas,

though the incremental benefit of 1H-MR spec-

troscopy in this setting is less clear [61].

Figure 25.5 shows a prominent lactate peak seen

on a single-voxel MRS of a right frontal anaplas-

tic astrocytoma.

Supporting Evidence

No systematic review ofMRS has been done only

for pediatric patients with brain neoplasms. The

systematic reviews available include adult and

pediatric patients. The BCBSA Medical Advi-

sory Panel made the following judgments about

whether 1 H-MRS for evaluation of suspected

brain tumors meets the BCBSA TEC criteria

based on the available evidence [62]. The Advi-

sory Panel reviewed seven published studies that

included a total of up to 271 subjects [63–69].

These seven studies were selected for inclusion in

the review of evidence because (1) the sample

size was at least 10, (2) criteria for a positive test

were specified, (3) there was a method to confirm
1H-MRS diagnosis, and (4) the report provided

sufficient data to calculate diagnostic test

performance (sensitivity and specificity). The

reviewers specifically addressed whether
1H-MRS for evaluation of suspected brain tumors

meets the following five TEC criteria:

1. The technology must have approval from the

appropriate governmental regulatory bodies.

2. The scientific evidence must permit conclu-

sions concerning the effect of the technology

on health outcomes.
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3. The technology must improve the net health

outcomes.

4. The technology must be as beneficial as any

established alternatives.

5. The improvement must be attainable outside

the investigational settings.

With the exception of the first criterion, the

reviewers concluded that the available evidence

on 1H-MRS in the evaluation of brain neoplasm

was insufficient. The TEC also concluded

that the overall body of evidence does not pro-

vide strong and consistent evidence regarding

the diagnostic test characteristics of MRS in

determining the presence or absence of

brain neoplasm, both for differentiation

of recurrent/residual tumor versus delayed radi-

ation necrosis [69] and for diagnosis of brain

tumor versus other nontumor diagnosis [63, 64,

66–68]. Assessment of the health benefit of MRS

in avoiding brain biopsy was evaluated in two

studies [63, 68], but the results were limited by

study limitations. Therefore, human studies

conducted on the use of MRS for brain tumors

demonstrate that this noninvasive method is

technically feasible and suggest potential bene-

fits for some of the proposed indications. How-

ever, there is a paucity of high-quality direct

evidence demonstrating the impact on diagnostic

thinking and therapeutic decision making.

The systematic review by Hollingworth et al.

showed no articles evaluated patient health or

cost-effectiveness [61]. Methodologic quality

was mixed; most used histopathology as the ref-

erence standard but did not specify blinded inter-

pretation of histopathology [61]. One large study

demonstrated a statistically significant increase in

diagnostic accuracy for indeterminate brain

lesions from 55 %, based on MR imaging, to

71 % after analysis of 1H-MR spectroscopy

[61]. Several studies have found that 1H-MR

spectroscopy is highly accurate for distinguishing

high- and low-grade gliomas, though the incre-

mental benefit of 1H-MR spectroscopy in this

setting is less clear. Interpretation for the other

clinical subgroups is limited by the small number

of studies [61].

Can Imaging Be Used to Differentiate
Posttreatment Necrosis from Residual/
Recurrent Tumor?

Summary
No adequate data exist on the role of imaging in

monitoring pediatric brain cancer response to

therapy and differentiating between tumor recur-

rence and therapy-related changes (insufficient

evidence).

Supporting Evidence

Imaging differentiation of posttreatment necrosis

and residual/recurrent tumor is challenging

because they can appear similar and can coexist

in a single given lesion. Hence, the traditional

anatomy-based imaging methods have a limited

role in the accurate differentiation of the two

entities. Nuclear medicine imaging techniques

such as SPECT and FDG PET have been pro-

posed as a diagnostic alternative, particularly

when coregistered with MRI to provide func-

tional information on tissue metabolism and

oxygen consumption and thus offer a theoretical

advantage over anatomic imaging in differentiat-

ing tissue necrosis and active tumor. Chao et al.

[70] studied 47 patients with brain tumors treated

with stereotactic radiosurgery and followed with

FDG PET. For all tumor types, the sensitivity

of FDG PET for diagnosing tumor was 75 %

and the specificity was 81 %. For brain metastasis

without MRI coregistration, FDG PET had

a sensitivity of 65 % and a specificity of 80 %.

For brain metastasis with MRI coregistration,

FDG PET had a sensitivity of 86 % and specific-

ity of 80 %. MRI coregistration appears to

improve the sensitivity of FDG PET, making it

a useful modality to distinguish between radia-

tion necrosis and recurrent brain metastasis [70].

Khan et al. [71] studied the value of SPECT

versus PET in 19 patients with evidence of

tumor recurrence of CT or MR images using

both 201TI SPECT and FDG PET imaging and

were unable to detect a statistically significant

difference in sensitivity or specificity between

the two scans. They found both techniques to be
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sensitive for tumor recurrence for lesions 1.6 cm

or larger and concluded that SPECT, given its

greater availability, simplicity, ease of interpre-

tation, and lower cost, is a better method of

choice [71]. However, there is insufficient data

to determine whether SPECT, PET, or any other

imaging modality can confidently discriminate

tumor recurrence from treatment effect.

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

Summary
The addition of fMRI in the surgical planning of

patients with suspected brain neoplasm or focal

brain lesions can influence diagnostic and thera-

peutic decision making (moderate evidence).

Supporting Evidence
fMRI is a noninvasive tool to assess brain func-

tion and has been around since the early 1990s,

largely as a research tool with limited clinical

availability and application. Over the past several

years, however, fMRI has crossed over to the

clinical realm and is gaining more acceptance as

a useful clinical tool. The growing use of fMRI in

clinical areas include mapping of critical or elo-

quent areas such as the motor cortex in patients

undergoing brain surgery, early identification of

psychiatric disorder, and measurement of the

effect of therapies on neurodegenerative and

neurodevelopmental disorders. Figure 25.6

shows the location of motor cortex activation in

relation to a frontal brain tumor that can be useful

in surgical planning of the tumor. Medina et al.

[72] evaluated the effect of adding fMRI on

diagnostic work-up and treatment planning

in 53 patients with seizure disorders who are

candidates for surgical treatment. They found

that fMRI results influenced diagnostic and ther-

apeutic decision making. Specifically, the

fMRI results indicated language dominance

changed, confidence level in identification of

critical brain function areas increased, patient

and family counseling were altered, and

intraoperative mapping and surgical approach

were altered [72].

What Is the Cost-effectiveness of
Imaging in Patients with Suspected
Primary Brain Neoplasms and Brain
Metastatic Disease?

Summary

Routine brain CT in all patients with lung cancer

has a cost-effectiveness ratio of $69,815 per

QALY. However, the cost per QALY is highly

sensitive to variations in the negative predictive

value of a clinical evaluation as well as to the cost

of CT. CEA of patients with headache suspected

of having a brain neoplasm is presented in

Chap. 24, “Headache Disorders: Evidence-

Based Neuroimaging” on headaches.

Supporting Evidence

In a study from the surgical literature, Colice

et al. [73] compared the cost-effectiveness of

two strategies for detecting brain metastases by

CT in lung cancer patients: (1) routine CT for all

patients irrespective of clinical (neurologic,

hematologic) evidence of metastases (CT first)

and (2) CT for only those patients in whom clin-

ical symptoms developed (CT deferred). For

a hypothetical cohort of patients, it was assumed

that all primary lung carcinomas were potentially

resectable. If no brain metastasis were detected

by CT, the primary lung tumor would be resected.

Brain metastasis as detected by CT would dis-

qualify the patient for resection of the primary

lung tumor. Costs were taken from the payer’s

perspective and based on prevailing Medicare

payments. The rates of false-positive and false-

negative findings were also considered in the

calculation of the effectiveness of CT. The cost

of the CT-first strategy was $11,108 and the cost

for the CT-deferred strategy $10,915; however,

the CT-first strategy increased life expectancy by

430 S. Cha

http://dx.doi.org/10.1007/978-1-4614-3320-0_25
http://dx.doi.org/10.1007/978-1-4614-3320-0_25


merely 1.1 days. Its cost-effectiveness ratio was

calculated to be $69,815 per QALY. The cost per

QALY is highly sensitive to variations in the

negative predictive value of a clinical evaluation

as well as to the cost of CT. This study is instruc-

tive, because it highlights the importance of

considering false-positive and false-negative

findings and performing sensitivity analysis. For

a detailed discussion of the specifics of the

decision-analytic model and sensitivity analysis,

the reader is referred to the article by Hutter et al.

and Colice et al. [33, 73].

Take-Home Tables and Figures

Tables 25.1–25.5 serve to highlight key recom-

mendations and supporting evidence. Figure 25.1

shows an algorithm to study patients with

suspected brain cancer.

Imaging Case Studies

Case 1: 17-year-old girl with left-sided weakness

with clinical suspicion for acute stroke

(Fig. 25.2)

Case 2: 42-year-old woman with difficulty in

balancing and left-sided weakness and

a pathologic diagnosis of GBM (Fig. 25.3)

Case 3: 53-year-old man with right frontal

abscess with irregular enhancement with cen-

tral necrosis simulating a brain cancer

(Fig. 25.4)

Table 25.1 Clinical symptoms suggestive of a brain

cancer

Non-migraine, nonchronic headache of moderate to

severe degree (see Chap. 24, “Headache Disorders:

Evidence-Based Neuroimaging”)

Partial complex seizure (Chap. 15, “Seizure Disorders:

Evidence-Based Neuroimaging”)

Focal neurological deficit

Speech disturbance

Cognitive or personality change

Visual disturbance

Altered consciousness

Sensory abnormalities

Gait problem or ataxia

Nausea and vomiting without other gastrointestinal illness

Papilledema

Cranial nerve palsy

Reprinted with kind permission of Springer Science+

Business Media from Cha S. Imaging in brain cancer. In

Medina LS, Blackmore CC, editors. Evidence-based

imaging: optimizing imaging in patient care. New York:

Springer; 2006

Table 25.2 Sensitivity and specificity of brain tumor

imaging

Type of brain

cancer

Imaging

modality

Sensitivity

(%)

Specificity

(%)

Primary brain

cancer

MRI with

contrast

Gold

standard

–

CT with

contrast

87 79

Primary brain

cancer in

children

MRI 92 99

(Medina et al.

[28])

CT 81 92

Brain

metastasis

MRI with

single-dose

contrast

93–100 –

MRI without

contrast

36 –

201Tl SPECT 70 –
18FDG PET 82 38

Recurrent

tumor versus

treatment-

related necrosis

201Tl SPECT 92 88
18FDG PET

MRI with

coregistration

86 80

MRI without

coregistration

65 80

Source: Adapted from Hutter et al. [33], with permission

from Elsevier

(Reprinted with kind permission of Springer Science+

Business Media from Cha S. Imaging in brain cancer. In

Medina LS, Blackmore CC, editors. Evidence-based

imaging: optimizing imaging in patient care. New York:

Springer; 2006)
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Case 4: Single-voxel MR spectroscopy in

a 59-year-old woman, right frontal grade III

anaplastic astrocytoma (Fig. 25.5)

Case 5: Functional MR imaging (fMRI) of motor

activation in a 22-year-old man with right

frontal grade II astrocytoma located near the

motor cortex (Fig. 25.6)

Future Research

• Rigorous technology assessment of noninva-

sive imaging modalities such as MRS, diffu-

sion and perfusion MRI, fMRI, PET, and

SPECT

• Assessment of the effects of imaging on the

patient outcome and costs of diagnosis and

management

• Rigorous cost-effectiveness analysis of com-

peting imaging modalities

• Development and clinical validation of phys-

iologic MRI to assess biologic and molecular

features of pediatric brain cancer

• Identification and validation of noninvasive

imaging biomarkers of tumor activity during

and after therapy

• Development and clinical validation of phys-

iologic MRI to assess biologic and molecular

features of pediatric brain cancer

• National database dedicated to epidemiology

of adult and pediatric brain cancer

Table 25.3 Advantages and limitations of computed

tomography (CT) and magnetic resonance imaging (MRI)

Advantages Limitations

Computed

tomography

Widely available Inferior soft tissue

resolution

Short imaging time Prone to artifact in

posterior fossa

Lower cost Ionizing radiation

Excellent for

detection of acute

hemorrhage or bony

abnormality

Risk of allergy to

iodinated contrast

agent

Magnetic

resonance

imaging

Multiplanar

capability

Higher cost

Superior soft tissue

resolution

Not as widely

available

No ionizing

radiation

Suboptimal for

detection of acute

hemorrhage or bony/

calcific abnormality

Safer contrast agent

(gadolinium-based)

profile

Reprinted with kind permission of Springer Science+

Business Media from Cha S. Imaging in brain cancer. In

Medina LS, Blackmore CC, editors. Evidence-based

imaging: optimizing imaging in patient care. New York:

Springer; 2006

Table 25.4 MR imaging protocol for a subject with

suspected brain cancer

3D-localizer

Axial and sagittal precontrast T1-weighted imaging

Diffusion-weighted imaging

Axial fluid-attenuated inversion recovery (FLAIR)

Axial T2-weighted imaging

Axial, coronal, and sagittal postcontrast T1-weighted

imaging

Optional: dynamic contrast-enhanced perfusion MR

imaging, Proton MR spectroscopic imaging

Consider doing gadolinium-enhanced MRI of entire spine

to rule out metastatic disease

Reprinted with kind permission of Springer Science+

Business Media from Cha S. Imaging in brain cancer. In

Medina LS, Blackmore CC, editors. Evidence-based

imaging: optimizing imaging in patient care. New York:

Springer; 2006

Table 25.5 Brain-cancer-mimicking lesions

Infarct

Radiation necrosis

Abscess

Demyelinating plaque

Subacute hematoma

Encephalitis

Reprinted with kind permission of Springer Science+

Business Media from Cha S. Imaging in brain cancer. In

Medina LS, Blackmore CC, editors. Evidence-based

imaging: optimizing imaging in patient care. New York:

Springer; 2006
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•Progressive personality or cognitive changes

Noncontrast head CT

MRI with contrast as outpatient MRI with contrast as inpatient

Unequivocal brain cancer Equivocal brain cancer

Preoperative MRI with contrast

Normal Abnormal

•Nonchronic seizure or headache

•Acute focal neurologic deficit

•Blood

•Cerebrospinal fluid

•EEG/EMG

•SPECT or PET

•Proton spectroscopy

•Perfusion/diffustion MRI

Patients with suspected brain cancer
based on clinical examination

Laboratory test:

Nonanatomic imaging:

Fig. 25.1 Decision flow chart to study patients with

suspected brain cancer. In patients presenting with acute

neurologic event such as seizure or focal deficit,

noncontrast head CT examination should be done expedi-

tiously to exclude any life-threatening conditions such as

hemorrhage or herniation (Reprinted with kind permission

of Springer Science+BusinessMedia fromCha S. Imaging

of brain cancer. In Medina LS, Blackmore CC, editors.

Evidence-based imaging: optimizing imaging in patient

care. New York: Springer; 2006)
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Fig. 25.2 Seventeen-year-old girl with left-sided weak-

ness with clinical suspicion for acute stroke. (a)
Unenhanced CT images (top row), enhanced CT images

(middle row), and perfusion maps (bottom row) through
the level of temporal lobe and basal ganglia demonstrate

no obvious mass lesion. (b) Axial fluid-attenuated inver-

sion recovery (FLAIR) MR images done 3 days after

the CT clearly show large extent of abnormality

(white arrows) involving most of the right medial tempo-

ral extending superiorly to basal ganglia and thalamus.

Dysembryoblastic neuroepithelial tumor was at surgery

(Reprinted with kind permission of Springer Science+

Business Media from Cha S. Imaging of brain cancer. In

Medina LS, Blackmore CC, editors. Evidence-based

imaging: optimizing imaging in patient care. New York:

Springer; 2006
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Fig. 25.3 Forty-two-year-old woman with difficulty in

balancing and left-sided weakness and a pathologic diag-

nosis of GBM. (a) Contrast-enhanced CT image demon-

strates an enhancing solid and necrotic mass (large black
arrow) within the right superior frontal gyrus associated

with surrounding low density (small arrows). (b) Contrast-
enhanced T1-weighted MR image performed on the same

day as the CT study shows similar finding. (c) FLAIR MR

image clearly demonstrates two additional foci of cortically

based signal abnormality (white arrows) that were found to
be infiltrating glioma on histopathology (Reprinted with

kind permission of Springer Science+Business Media

from Cha S. Imaging of brain cancer. In Medina LS,

Blackmore CC, editors. Evidence-based imaging: optimiz-

ing imaging in patient care. New York: Springer; 2006

Fig. 25.4 Fifty-three-year-old man with right frontal

abscess with irregular enhancement with central necrosis

simulating a brain cancer. (a) FLAIR MR image demon-

strates a large mass lesion (black arrow) with extensive

surrounding edema that crosses the corpus callosum

(white arrow). (b) Contrast-enhanced T1-weighted MR

image shows thick rim enhancement (black open arrow)
and central necrosis associated with the mass. Similar

pattern of abnormality is noted within the frontal sinuses

(open white arrows). (c) Diffusion-weighted MR image

depicts marked reduced diffusion within the frontal lesion

(black arrow) and the frontal sinus lesion (white arrows),
both of which were proven to be a bacterial abscess at

histopathology (Reprinted with kind permission of

Springer Science+Business Media from Cha S. Imaging

of brain cancer. In Medina LS, Blackmore CC, editors.

Evidence-based imaging: optimizing imaging in patient

care. New York: Springer; 2006
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Fig. 25.5 Single-voxel MR spectroscopy in a 59-year-

old woman right frontal grade III anaplastic astrocytoma.

(a) Axial postcontrast T1-weighted image shows

a nonenhancing right frontal mass. (b) Axial FLAIR

image clearly demonstrates a hyperintense mass. (c)
A screen save image from single-voxel MRS shows

a box overlaid on an axial T2-weighted image showing

the mass. (d) A single-voxel MRS using echo time of

288 ms demonstrates a prominent doublet lactate peak at

1.3 ppm suggestive of an aggressive tumor (Reprinted

with kind permission of Springer Science+Business

Media from Cha S. Imaging of brain cancer. In Medina

LS, Blackmore CC, editors. Evidence-based imaging:

optimizing imaging in patient care. New York: Springer;

2006. Images # UC Regents)

436 S. Cha



References

1. Burger PC, Vogel FS. In: Burger PC, Vogel FS, edi-

tors. Surgical pathology of the central nervous system

and its coverings. New York: Wiley; 1982. p. 223–66.

2. Burger PC, et al. Cancer. 1985;56:1106–11.

3. Kleihues P, Sobin LH. Cancer. 2000;88(12):2887.

4. Kleihues P, Ohgaki H. Toxicol Pathol. 2000;28(1):

164–70.

5. Go KG. Adv Tech Stand Neurosurg. 1997;23:47–142.

6. Sato S, et al. Acta Neurochir Suppl. 1994;60:116–18.

7. Stewart PA, et al. J Neurosurg. 1987;67(5):697–705.

8. Stewart PA, et al. Microvasc Res. 1987;33(2):270–82.

9. Abbott NJ, et al. Adv Drug Deliv Rev.

1999;37(1–3):253–77.

10. DeAngelis LM. N Engl J Med. 2001;344(2):114–23.

11. Longstreth Jr WT, et al. Cancer. 1993;72(3):639–48.

12. CBTRUS. Statistical report: primary brain tumors in

the United States, 1998–2002. Chicago: Central Brain

Tumor Registry of the United States; 2005.

13. Becker LE. Neuroimaging Clin N Am. 1999;9(4):

671–90.

14. Rickert CH, Probst-Cousin S, Gullotta F. Childs Nerv

Syst. 1997;13(10):507–13.

15. Pollack IF. Semin Surg Oncol. 1999;16(2):73–90.

16. Latif AZ, et al. Br J Neurosurg. 1998;12(2):118–22.

17. Ricci PE. Neuroimaging Clin N Am. 1999;9(4):

651–69.

18. Cha S, et al. AJNR Am J Neuroradiol. 2001;22(6):

1109–16.

19. Kepes JJ. Ann Neurol. 1993;33(1):18–27.

20. De Stefano N, et al. Ann Neurol. 1998;44(2):273–8.

21. Porter RJ, et al. Br J Psychiatry. 2003;182:214–20.

22. Meyers CA. Oncology (Hunting). 2000;14(1):75–9;

discussion 79, 81–82, 85.

23. Newton HB, et al. Ann Pharmacother. 1999;33(7–8):

816–32.

24. SalcmanM. In: Wilkins R, Rengachary S, editors. Neu-

rosurgery. New York: McGraw-Hill; 1985. p. 579–90.

25. Snyder H, et al. J Emerg Med. 1993;11(3):253–8.

26. Miltenburg D, LouwDF, Sutherland GR. Can J Neurol

Sci. 1996;23(2):118–22.

27. Davis FG, McCarthy BJ. Curr Opin Neurol.

2000;13(6):635–40.

28. Medina LS, et al. Radiology. 1997;202(3):819–24.

29. Medina LS, Kuntz KM, Pomeroy S. Pediatrics.

2001;108(2):255–63.

30. Whelan HT, et al. Pediatr Neurol. 1988;4(5):279–83.

31. Benard F, Romsa J, Hustinx R. Semin Nucl Med.

2003;33(2):148–62.

32. Kovanlikaya A, et al. Eur J Radiol. 2003;47(3):188–92.

33. Hutter A, et al. Neuroimaging Clin N Am.

2003;13(2):237–50. x–xi.

34. Walker AE, Robins M, Weinfeld FD. Neurology.

1985;35(2):219–26.

35. Wingo PA, Tong T, Bolden S. CA Cancer J Clin.

1995;45:8–30.

36. Patchell RA. Neurol Clin. 1991;9:817–27.

37. Davis PC, et al. AJNR Am J Neuroradiol.

1991;12(2):293–300.

38. Golfieri R, et al. Radiol Med (Torino). 1991;82(1–2):

27–34.

39. Sze G, et al. Radiology. 1988;168(1):187–94.

Fig. 25.6 Functional MR imaging (fMRI) of motor acti-

vation in a 22-year-old man with right frontal grade II

astrocytoma located near the motor cortex. (a) Axial

FLAIR image shows a mass near the right motor cortex.

(b) fMRI color map demonstrates the motor cortex to be

located immediately posterior and not within the right

frontal low-grade tumor. (c) Postoperative axial FLAIR

image shows minimal residual signal abnormality at the

resection site anterior to normal-appearing motor cortex

(Reprinted with kind permission of Springer Science+

Business Media from Cha S. Imaging of brain cancer. In

Medina LS, Blackmore CC, editors. Evidence-based

imaging: optimizing imaging in patient care. New York:

Springer; 2006. Images # UC Regents)

25 Brain Cancer: Evidence-Based Neuroimaging 437



40. Kuhn MJ, et al. Comput Med Imaging Graph. 1994;

18(5):391–9.

41. Yuh WT, et al. AJNR Am J Neuroradiol. 1995;

16(2):373–80.

42. Sze G, et al. AJNR Am J Neuroradiol. 1998;

19(5):821–8.

43. Morgenstern LB, Frankowski RF. J Neurooncol. 1999;

44(1):47–52.

44. Barcikowska M, et al. Folia Neuropathol. 1995;

33(1):55–7.

45. Kim YJ, et al. AJR Am J Roentgenol. 1998;

171(6):1487–90.

46. Zagzag D, et al. Am J Surg Pathol. 1993;17(6):537–45.

47. Itto H, et al. No To Shinkei. 1972;24(4):455–8.

48. Babu R, et al. J Neurooncol. 1993;17(1):37–42.

49. Dagher AP, Smirniotopoulos J. Neuroradiology.

1996;38(6):560–5.

50. Giang DW, et al. Neuroradiology. 1992;34(2):150–4.

51. Kurihara N, et al. Clin Imaging. 1996;20(3):171–7.

52. Prockop LD, Heinz ER. Arch Neurol. 1965;

13(5):559–64.

53. Schaefer PW, Grant PE, Gonzalez RG. Radiology.

2000;217(2):331–45.

54. Cha S, et al. Radiology. 2002;223(1):11–29.

55. Chang SC, et al. Clin Imaging. 2002;26(4):227–36.

56. Castillo M, Mukherji SK. Semin Ultrasound CT MR.

2000;21(6):405–16.

57. Ebisu T, et al. Magn Reson Imaging. 1996;

14(9):1113–16.

58. Laing AD, Mitchell PJ, Wallace D. Australas Radiol.

1999;43(1):16–19.

59. Tsuruda JS, et al. AJNR Am J Neuroradiol. 1990;

11(5):925–31;discussion 932–934.

60. Okamoto K, et al. Eur Radiol. 2000;10(8):1342–50.

61. Hollingworth W, et al. AJNR Am J Neuroradiol.

2006;27:1404–11.

62. Technology Evaluation Center. TEC Bull (Online).

2003;20(1):23–6.

63. Adamson AJ, et al. Radiology. 1998;209(1):73–8.

64. Rand SD, et al. AJNR Am J Neuroradiol. 1997;

18(9):1695–704.

65. Shukla-Dave A, et al. Magn Reson Imaging.

2001;19(1):103–10.

66. Kimura T, et al. NMR Biomed. 2001;14(6):339–49.

67. Wilken B, et al. Pediatr Neurol. 2000;23(1):22–31.

68. Lin A, Bluml S, Mamelak AN. J Neurooncol. 1999;

45(1):69–81.

69. Taylor JS, et al. Int J Radiat Oncol Biol Phys. 1996;

36(5):1251–61.

70. Chao ST, et al. Int J Cancer. 2001;96:191–7.

71. Khan D, et al. AJR Am J Roentgenol. 1994;

163:1459–65.

72. Medina LS, et al. Radiology. 2005;236:247–53.

73. Colice GL, et al. Chest. 1995;108(5):1264–71.

438 S. Cha



Brain Infections: Evidence-Based
Neuroimaging 26
Hui Jie Jenny Chen and Pamela W. Schaefer

Contents

Key Points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 440

Definition and Pathophysiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 440

Epidemiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 440

Overall Cost to Society . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 441

Goals of Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 442

Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 442

Discussion of Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 442

Which Patients with Suspected Brain Infection Should Undergo Head

CT Imaging Prior to Lumbar Puncture? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 442

What Kind of Conventional Imaging Is Appropriate? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 444

What Is the Role of Advanced Imaging Techniques (Diffusion, Perfusion, and MR

Spectroscopy) in the Evaluation of Brain Infections? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 446

Take-Home Tables and Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 449

Imaging Case Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 449

Suggested Imaging Protocols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 449

Computed Tomography (CT) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 449

Magnetic Resonance Imaging (MRI) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 450

Future Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 450

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 457

H.J.J. Chen (*) � P.W. Schaefer

Department of Neuroradiology, Massachusetts General Hospital, Boston, MA, USA

e-mail: jenzhao@ucla.edu; pschaefer@partners.org

L.S. Medina et al. (eds.), Evidence-Based Neuroimaging Diagnosis and Treatment,
DOI 10.1007/978-1-4614-3320-0_27, # Springer Science+Business Media New York 2013

439

mailto:jenzhao@ucla.edu
mailto:pschaefer@partners.org


Key Points

• Clinical presentation alone was found to have

97 % negative predictive value for pending

brain herniation in a cohort study on patients

with suspected bacterial meningitis, and cur-

rent practice guideline suggests that neuroim-

aging plays little role before lumbar puncture

unless patients have the risk factors for

“impending herniation” (moderate evidence)

[1, 15–18] (Table 26.1).

• Brain imaging is cost-effective in HIV-

positive adult patients with neurological

symptoms and CD4 count <200 [2, 11, 33]

(moderate evidence).

• Brain imaging is not necessary in HIV-

positive patients if they have no neurological

symptoms (moderate evidence) [34–36].

• Conventional MR is more sensitive than CT in

diagnosing encephalitis (moderate evidence)

[4, 7, 25–29].

• A set of diagnostic criteria based on both post-

contrast CT imaging features and clinical pre-

sentation are both sensitive (99.5%) and specific

(98.9 %) in diagnosing solitary cerebral cysti-

cercus granulomas [moderate evidence] [42].

• Diffusion-weighted imaging is effective in

differentiating brain abscess from other intra-

cranial ring-enhancing lesions such as

necrotic tumors and should be used routinely

when a ring-enhancing lesion is seen on post-

contrast images (moderate evidence) [46–49,

59, 63, 71] (Table 26.5).

• Diffusion-weighted imaging may facilitate

more effective diagnosis of brain infections

without abscess formation [limited evidence]

[4, 7, 58, 70].

• Diffusion-weighted imaging is more sensitive

(92.3 % sensitivity, 95 % CI 74.8–99.5 %)

than conventional MR imaging in the diagno-

sis of Creutzfeldt-Jakob disease (CJD) [mod-

erate evidence] [52–55].

• MR spectroscopy (MRS) is effective in differ-

entiating brain abscess from other intracranial

ring-enhancing lesions (moderate evidence)

[1, 2, 49, 51]. However, its cost-effectiveness

has not been fully evaluated.

• MR Perfusion may be useful in differentiating

cerebral abscesses from necrotic brain tumors

[limited evidence] [56, 57].

Definition and Pathophysiology

Brain infection is usually caused by bacteria,

viruses, fungi, or parasites [1]. Organisms can

infect the brain via hematogenous spread (most

commonly from the lungs), direct extension from

the sinonasal cavity, direct implantation (instru-

mentation or trauma), and CSF spread from

a spinal cord or spinal subarachnoid space infec-

tion. Less frequently, infections in the epidural or

subdural spaces can also spread directly to the

meninges and brain parenchyma [1]. The organ-

ism causing an infection can often be predicted

based on the patient’s age, geographic location,

immune status, and clinical history (e.g., trauma,

sinusitis, pneumonia) [1]. HIV-positive patients

can acquire infection due to HIV itself or due to

a myriad of opportunistic infections. In addition,

these patients are susceptible to autoimmune

conditions such as acute disseminated encepha-

lomyelitis (ADEM) or acute demyelinating

polyneuropathy during the initial and middle

phases of HIV infection and neoplasm during

the late phase of HIV infection [2].

Epidemiology

Meningitis and encephalitis are the two main

types of brain infection. Acute bacterial menin-

gitis is one of the top ten causes of infection-

related death, and 30–50 % of survivors have

permanent neurological disability. The estimated

incidence of acute bacterial meningitis is 0.4–6

per 1,000,000 adults per year. The causative

organisms are often related to a patient’s demo-

graphics (e.g., age and geographic location) [1].

Most bacterial cerebral infections can be

treated successfully when the diagnosis is early,
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but delayed diagnosis results in permanent brain

injury and is a major cause of disability [3]. The

majority of pathogens that cause encephalitis are

viruses. However, despite extensive testing,

a specific virus cannot be identified in the major-

ity of cases. Furthermore, even when an organism

is identified, no effective specific treatment is

available for most viruses with the exception of

herpes viruses and HIV [4]. Herpes simplex

type 1 (HSV-1) is the causative agent in 95 % of

herpetic encephalitis cases and the most common

cause of fatal sporadic encephalitis. It also

accounts for up to 20 % of all cases of encepha-

litis. Its incidence is 1–4 cases per 1,000,000 [5].

The mortality rate ranges from 50 % to 70 % in

untreated HSV-1 cases [5].

Neurocysticercosis is an infection of the brain

and meninges by the larval stage of the tapeworm

Taenia solium [6]. It is the leading cause of

acquired epilepsy and the most common helmin-

thic infection of the brain globally [6, 7]. While it

was once thought to be eradicated in the United

States, it is now a major public health concern,

especially in the southwest part of the USA, as

a result of the rising number of immigrants from

endemic areas since the late twentieth century

[8, 9]. For example, 10 % of adults with new

onset seizures in one emergency department in

Los Angeles, California, have neurocysticercosis

[9]. Sixty percent of cysticercosis infections

involve the CNS [8].

Patients may be immunocompromised due to

HIV infection or following bone marrow or solid

organ transplantation, among other etiologies [7].

HIV is not only a neurotropic virus itself and the

cause of HIV encephalopathy, it is also associ-

ated with a number of opportunistic infections,

including tuberculosis, toxoplasmosis (most

common parasitic infection, CD4 count <100),

cryptococcus (most common fungal infection),

cytomegalovirus (CMV) (most common cause

for encephalitis in patients with CD4 count

<50), and progressive multifocal leukoence-

phalopathy (PML) (3–5 % of HIV-positive pop-

ulation) [7]. Seventy percent of all HIV patients

develop neurological symptoms during their

illness [10]. The HIV virus is present in the

CNS of most infected children regardless of

their age, CD4 count, or stage of disease [2]. In

addition, most opportunistic infections in adults

result from reactivation and not from primary

exposure. However, this is not the case for pedi-

atric patients, who are usually less exposed to

these pathogens and have less time to allow

reactivation of a latent infection. Therefore, com-

mon HIV-related infections, such as tuberculosis

(TB), are not common in pediatric patients [2].

It should be noted that since the advent of

HAART therapy, the incidence of HIV-related

dementia, opportunistic infections, and primary

CNS lymphoma has markedly fallen [11].

In other immunocompromised patients, themost

frequent brain infections are fungal in etiology,

including aspergillosis and mucormycosis [12].

Overall Cost to Society

While, to our knowledge, cost-effectiveness stud-

ies have not been performed, the cost of brain

infections to society is potentially high for

a number of reasons: (1) The morbidity and

mortality rates in previously healthy, young, and

productive individuals are high. (2) The hospital-

ization and rehabilitation periods are relatively

long. (3) The diagnostic process with imaging

and microbiological testing is expensive and fre-

quently ineffective. (4) Pharmaceutical treat-

ments are expensive [13]. According to one

study based on 4,225 patients admitted to Johns

Hopkins neurology service between October

2004 and December 2005 [13], 80 % of patients

with neurological infections were aged between

18 and 65 years. The mortality rate in this cohort

of patients was 12 %, compared to 3.1 % for all

patients admitted to the neurology service at the

same period of time. Severe morbidity as defined

by prolonged rehabilitation period or discharge to

a long-term care facility or another health care

facility for further treatment was 28 % for

patients with brain infection, compared to 19 %

for all admissions [13].
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Goals of Imaging

Cerebrospinal fluid (CSF) analysis, biopsy, and

other laboratory analysis remain the gold stan-

dard for identifying the infectious agent based on

a recently published practice guideline [14].

The overall goals of imaging are based on

three stages of patient care:

1. Initial imaging for the diagnosis and guidance

of treatment and procedures

2. Subsequent imaging exams for following

posttreatment changes or complications

(HACTIVE – hydrocephalus, abscess,

cerebritis/cranial nerve lesions, thrombosis

(arterial or venous), infarction, ventriculitis/

vasculopathy, and extra-axial collection) [1]

(Fig. 26.2)

3. Imaging after initial infection has subsided in

patients presenting with postinfectious syn-

dromes, such as acute disseminated encepha-

lomyelitis (ADEM, Guillain-Barre syndrome

(GBS)) and immune reconstitution inflamma-

tory syndrome, and neoplasm (in immuno-

compromised patients) [1, 10]

Methodology

A MEDLINE search was performed using

PubMed (National Library of Medicine, Bethesda,

Maryland) for original research publications

addressing the diagnostic performance and effec-

tiveness of imaging strategies for brain infection.

The search covered the years from April 1959 to

December 2010. The search strategy employed

different combinations of terms including (but

not limited to) brain, infection, radiology,

imaging, socioeconomic, cost-effective, HIV,

immunocompromised, pediatric, meningitis,

CNS, encephalitis, diffusion-weighted imaging,

Creutzfeldt-Jakob disease, neurocysticercosis,

and brain abscess. Reviewing the reference lists

of relevant papers identified additional articles.

This review was limited to human studies and

acquired adult and pediatric infections. Congen-

ital brain infection is not included in the discus-

sion. The first author performed an initial review

of the titles and abstracts of the identified articles

followed by review of the full text in articles that

were relevant.

Discussion of Issues

Which Patients with Suspected Brain
Infection Should Undergo Head CT
Imaging Prior to Lumbar Puncture?

Summary
There is moderate evidence that clinical presenta-

tion alone was found to have 97 % negative pre-

dictive value for pending brain herniation in

a cohort study on patients with suspected bacterial

meningitis. Therefore, the current practice guide-

line suggests that neuroimaging plays little role

before lumbar puncture unless patients have the

risk factors for “impending herniation” [1, 15–18].

Supporting Evidence

Head CT Before Lumbar Puncture Raised intra-

cranial pressure resulting in brain herniation has

been recognized as a major complication of bac-

terial meningitis (4–6 %) based on postmortem

pathological data since the early 1960s [19].

Additionally, profoundly increased intracranial

pressure is also associated with up to 50 %

increased mortality [19]. However, the incidence

of brain herniation as a result of lumbar puncture

is unknown; it is proposed to be from less than

1.2 % to up to 6 % based on the observation that

most herniation occurs following lumbar punc-

ture [15]. Nonetheless, studies have also shown

that brain herniation can occur without lumbar

puncture as a natural progression of the disease.

The authors found insufficient evidence on the

direct cause-effect relationship between lumbar

puncture and subsequent brain herniation.

CT of the head is frequently ordered before

lumbar puncture in patients with suspected brain

infection, since there is a theoretical risk of

transtentorial brain herniation, because lumbar

puncture can result in a small, transient cerebro-

spinal fluid pressure gradient secondary to the

removal of CSF and the opening made in the

arachnoid membrane [16, 17]. However, in one
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study, nearly 40% of physicians ordered a screen-

ing CT primarily because they thought it was the

“standard of care” or because of fear of litigation

[17]. Most CTs of the head obtained in patients

with proven bacterial and viral brain infections

are normal [7]. A number of studies have exam-

ined both the relationship between brain hernia-

tion and lumbar puncture in patients with CNS

infections [15, 20, 21] and the role of imaging in

identifying patients at risk of brain herniation

[15–18, 20, 21]. The most cited study on this

subject is a prospective cohort study by Hasbun

et al. (moderate evidence) [16], which suggests

that performing CT of the brain before lumbar

puncture is not necessary in patients without risk

factors for herniation on presentation (moderate

evidence). In the study, 235 out of 301 (78 %)

adults with suspected meningitis underwent CT

of the head before undergoing lumbar puncture.

CT was abnormal in 56 of the 235 patients

(24 %), and only 11 patients (5 %) had evidence

of mass effect. A set of baseline clinical features

were found to be associated with abnormal find-

ings on CT of the head and included age (�60

years), compromised immune status, a history of

central nervous system disease, a history of sei-

zure within 1 week before presentation, and neu-

rologic deficits [16]. Ninety-six of the 235 (41 %)

patients imaged had none of these clinical fea-

tures, and 93 of these 96 patients also had normal

CT scans, yielding a negative predictive value of

97 %. The remaining three patients subsequently

underwent lumbar puncture, without evidence of

brain herniation [16]. Therefore, the most recent

IDSA (Infectious Diseases Society of America)

guideline does not recommend performing

head CT prior to lumbar unless the patient pre-

sents with clinical risk factors of impending

herniation (Fig. 26.1) [15]. Table 26.3 lists the

recommended criteria for selecting which

patients with suspected bacterial meningitis to

image before lumbar puncture. Figure 26.1 out-

lines the initial imaging strategy recommended

by IDSA for both adult and pediatric patients

suspected of having bacterial meningitis.

Cost-effectiveness Study On average, lumbar

puncture is delayed for 2 h if a screening CT is

performed first, and there is a trend of delayed

administration of empirical antibiotics in the

same group [17]. In a cohort study of 269 patients

with community-acquired bacterial meningitis

proven by lumbar puncture within 24 h of pre-

sentation, delay in therapy after arrival in the

emergency department was associated with

adverse clinical outcome when a patient’s condi-

tion advanced to the highest stage of prognostic

severity before the initial antibiotics were given.

While no formal cost analysis was conducted, it is

conceivable that subsequently increased compli-

cations, hospitalization, and increased duration of

treatment will increase the cost of care [17, 22].

On the other hand, if the antimicrobial treatment

is performed before a screening CT, isolation

of the microbial pathogen from CSF during

a subsequent lumbar puncture may not be diag-

nostic [17]. In addition, clinicians should be cau-

tious of a normal CT of the head, since brain

herniation as a result of increased intracranial

pressure caused by meningitis itself cannot be

completely excluded [18].

Applicability to Children The Hasbun et al.

study did not include pediatric patients [17].

However, the risk of brain herniation secondary

to meningitis is apparently equal to or higher than

the risk in adults [20]. According to one source,

while some authorities permit possible delay of

lumbar puncture in adult patients with seizures

due to higher chance of elevated intracranial

pressure, delay of lumbar puncture in children is

not recommended given the higher occurrence

rate of seizures in children with brain infection

[15]. The authors have not found studies or clear

guidelines regarding performing a screening CT

in the pediatric population suspected of having

a brain infection. However, with recent introduc-

tion of a “rapid-sequence” MRI, the disadvantage

of long MRI scanning time requiring sedation

in the pediatric population has been addressed

[23, 24]. In our institution, “rapid-sequence”

MRI consists of obtaining an ultrafast

T2-weighted (half-Fourier acquisition single-

shot turbo spin-echo) pulse sequence in three

planes through the whole brain, with each imag-

ing plane requiring 30 s. The patient is held still
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by a parent, and no sedation is required. There is

limited evidence that “rapid-sequence” MRI can

provide equivalent (and possibly more) informa-

tion than a non-contrast CT including ventricular

size (i.e., if there is evidence of hydrocephalus),

and the option of less radiation exposure in

a pediatric population is very desirable [23, 24].

Therefore, this seems to be a promising imaging

strategy for children requiring pre-lumbar punc-

ture, though its effectiveness needs to be further

investigated.

What Kind of Conventional Imaging Is
Appropriate?

Summary

Significant advances in MR technology now

allow for more timely and accurate diagnosis of

brain infections.

• There is moderate evidence that conventional

MR is more sensitive than CT in diagnosing

brain infections, especially encephalitis

[4, 25–29].

• There is moderate evidence demonstrating

that MR is complementary to CSF polymerase

chain reaction (PCR) analysis for the diagno-

sis of herpes simplex virus encephalitis

[4, 30–32].

Supporting Evidence
Conventional MRI Versus CT Several cohort

studies comparing conventional MRI (T2,

FLAIR, pre- and post-contrast-enhanced

T1-weighted images) to CT in detecting early

intracranial pathology demonstrated that conven-

tional MRI is significantly more sensitive, espe-

cially in the case of encephalitis (moderate

evidence) [25–29]. In a study with limited evi-

dence, eight patients with HHV-6 encephalopa-

thy and nine patients with HSE encephalopathy

underwent MR exams, and all had abnormal MRI

findings in the early and middle periods of their

disease. However, among the patients who

underwent CT in the early period, none of

the four with HHV-6 encephalopathy and six of

the seven with HSE had abnormal findings [26].

Henkes et al. provided moderate evidence in

a study of 129 AIDS patients demonstrating that

in 20 % of patients, the MR exams (unenhanced

T2-weighted images alone) demonstrated intra-

cranial manifestations of HIV while the CT scans

were normal. MR provided additional diagnostic

information not present on a concurrently

performed abnormal CT scan in another 20 % of

patients [28].

While the authors were not able to find

a larger, prospective, generalized study on this

particular subject, the most recent encephalitis

management guideline by IDSA (Infectious

Disease Society of America) published in 2008

has recommended MRI as the neuroimaging

modality of choice, over CT [4].

MRI Versus CSF PCR Analysis in Herpes Sim-
plex Encephalitis CSF PCR has high sensitivity

(96–98 %) and specificity (95–99 %) for diagnos-

ing herpes simplex virus, a disease that can be

effectively treated but can result in high mortality

if the diagnosis is delayed or missed [4, 30].

However, sensitivity for PCR is not 100 %, and

false negatives do occur [4, 32]. Two studies

with limited evidence [31, 32] suggested that

a combination of clinical presentation, imaging

findings, and CSF PCR analysis should be used to

more efficiently diagnose HSV encephalitis

[14, 31, 32]. There have been case reports where

MRI findings were highly suggestive of HSV,

initial PCR was negative, and repeat PCR was

positive [31]. The authors concluded that

a second LP should be considered with discordant

imaging and PCR results [31]. However, the

authors have not found a large-scale study com-

paring the sensitivity between MR and CSF PCR

analysis. In terms of specificity, PCR is superior,

as many imaging findings are nonspecific or at

best suggestive [4, 31]. On the other hand, MRI

often prompts CSF PCR analysis when HSV is

not initially suspected clinically [31].

Imaging Used for Assessing Complications from

Brain Infections Complications from brain
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infection can be grouped into acute versus sub-

acute and chronic processes. In the acute setting,

when patients do not improve after treatment as

expected or when patients develop new neurolog-

ical symptoms immediately following initial

diagnosis, imaging is indicated [1]. A group of

common but serious complications from bacterial

meningitis can be detected with MR or CT. These

include hydrocephalus, abscess, cerebritis/cranial

nerve lesions, thrombosis (arterial or venous),

infarction, ventriculitis/vasculopathy, and extra-

axial collection (HACTIVE) [1].

In the subacute to chronic setting, imaging can

be useful in detecting postinfectious syndromes,

such as acute disseminated encephalomyelitis

(e.g., ADEM), Guillain-Barre Syndrome (GBS),

and immune reconstitution inflammatory syn-

drome (e.g., HIV patients), and neoplasm (e.g.,

primary CNS lymphoma) [1, 10] (Fig. 26.2).

Special Case 1: HIV-Infected Adults HIV-

related CNS infections include primary HIV

infection (e.g., dementia) and opportunistic

infections. Since the advent of HAART, the inci-

dences of these infections and primary CNS lym-

phoma have markedly decreased [11]. Relatively

new causes for neurological complications in

HIV-positive patients include IRIS (immune

reconstitution inflammatory syndrome) and reac-

tions to medications [11]. Along with clinical

information (i.e., CD4 count, history, etc.), imag-

ing plays a pivotal role in managing HIV-positive

patients with neurological symptoms (moderate

evidence) [2, 11, 33–36].

There is moderate evidence that CT should be

used to detect clinically significant neuropathol-

ogy among HIV-positive patients (or patients at

high risk for HIV) with new focal or non-focal

neurological symptoms [33]. In Tso et al., an

early retrospective study of 146 patients

(114 patients with known HIV seropositivity,

32 patients with HIV risk factors but unknown

HIV status), there was significant correlation

between neurological complaints and abnormal

CT findings (moderate evidence). Simple linear

regression showed significant positive correlation

between specific neurological complaints and

lesion found on CT (versus normal CT). (Altered

mental status: p ¼ 0.0051, extremity paresis:

p ¼ 0.00001) [33]. Similar percentages of HIV-

positive patients and of patients at risk with

unknown HIV status had abnormal scans [33].

Among all CNS opportunistic infections in

HIV patients, toxoplasmosis is the most common

infection [14]. One author suggests that for HIV

patients with a CD4 count <200 cells/mm3, who

are considered at the highest risk for HIV-related

cerebral complications, CTwith and without con-

trast can sometimes obviate the need for LP if the

findings suggest toxoplasmosis, primary CNS

lymphoma, or PML [11]. However, no apparent

consensus was found in terms of which modality

is better at making the initial diagnosis [36]. In

cases with a typical appearance of toxoplasmosis

(multiple ring- or solid enhancing lesion), medi-

cations should be promptly started. Follow-up

imaging may show treatment response in up to

80 % of patients according to one author in

approximately 1 week [14], but other diagnoses

should be considered if the lesions are unchanged

or have progressed. Among the differential diag-

noses, CNS lymphoma is the most challenging,

especially when there is a large solitary lesion

[14]. There is moderate evidence that thallium-

201 single-photon emission computed tomogra-

phy (TI-201 SPECT) can accurately differentiate

primary brain lymphoma from other CNS lesions

in HIV-positive patients (sensitivity 86 %, spec-

ificity 83 %) and that diagnostic accuracy is

improved with a combination of TI-201 SPECT

and serum Toxoplasma IgG [37]. There is also

limited evidence that diffusion-weighted imaging

can help with differentiating toxoplasmosis from

lymphoma, though significant overlap in ADC

values is still problematic [38].

In Post et al. [34], an early (1991) prospective

cohort study of 119 HIV-positive patients with-

out other intracranial disease (e.g., opportunistic

infection and tumor), there was a statistically sig-

nificant difference in the frequency of abnormal

brain MRIs found between the symptomatic and

asymptomatic groups (p ¼ 0.001) (moderate
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evidence). Additionally, statistically significant

correlations between cortical atrophy and CD4

count (p ¼ 0.015) and between cortical atrophy

and viral load (p < 0.001) were also reported

[34]. However, with moderate evidence, the

authors suggest that screening MRI for asymp-

tomatic HIV patients is low yield because while

MR imaging can show indirect evidence of HIV

infection early in the disease, the abnormalities

will be minor and seen only in a minority of

neurologically asymptomatic subjects (moderate

evidence). In this study, 20 patients received

zidovudine, but no significant difference in imag-

ing findings was found between patients with and

without the treatment. In a subsequent follow-up

study [35], MR progression (in 1–2 years) of

intracranial pathology was shown to be minimal

in asymptomatic HIV patients, and it was only

seen in a minority of neurologically symptomatic

HIV patients with clinical deterioration (limited

evidence) [35].

Special Case 2: Neurocysticercosis Neurocysti-

cercosis (NCC) is the most common CNS helmin-

thic infection and the leading cause of acquired

epilepsy in the world, and cases of neurocysti-

cercosis (NCC) are increasing in the USA as

a result of immigration [6]. Both initial clinical

and imaging presentations of NCC are highly var-

iable depending on the stage and location of the

infection [6, 9, 39]. A set of complex objective

clinical diagnostic criteria was last updated in

2000 to improve sensitivity and specificity of diag-

nosis [40, 41] (Table 26.4). These diagnostic

criteria are based on a combination of (a) clinical

findings, (b) cysticercus-specific IgG antibody

level as determined with an enzyme-linked

immunoelectrotransfer blot assay, (c) an enzyme-

linked immunosorbent assay in either serum

or CSF, and (d) MR or CT imaging findings

[6, 40–42]. While the criteria appear intuitive and

are widely cited in the literature, the authors have

not found large population studies to validate this

set of criteria either from endemic regions around

the world or in the USA [6]. In terms of the

imaging component of this proposed criteria, the

group used studies with limited evidence [43, 44]

for “absolute criteria” and a study with moderate

evidence [42] for its “major criteria.” Nonetheless,

the importance of imaging in both the diagnostic

and follow-up phases must be stressed, as the

sensitivity (65–98 %) and specificity (67–100 %)

of current serology tests are highly variable due to

the nature of the disease [6, 45]. CT is more

sensitive in detecting calcified NCC than MRI,

and 50 % of NCC lesions calcify [6, 39]. In addi-

tion, with moderate evidence, Rajshekhar et al.

[42] showed that a set of diagnostic criteria with

emphasis on post-contrast CT findings had

a sensitivity of 99.5 %, a specificity of 98.9 %,

a PPV of 99 %, and a NPV of 99.5 % for the

diagnosis of a solitary cerebral cysticercus granu-

loma [42]. However, MRI does have higher con-

trast resolution, which makes it easier to detect

intraventricular lesions which are often isodense

to CSF on CT [6, 39]. Besides diagnosing the

disease, both CT and MR are also useful for:

1. Identifying the distinct stages of NCC, which

are important in terms of designing the right

treatment strategy. Imaging also helps with

assessing treatment response [6, 39]. For

example, live cysts are often isointense to

CSF. However, with degeneration or after

antihelminthic medication, the cyst fluid

becomes more proteinaceous and gelatinous

and shows progressive T1 hyperintensity or

MRI [39].

2. Following the number and size of the cystic

lesions after treatment [39].

3. Detecting related complications, such as

hydrocephalus and vasculopathy [39].

What Is the Role of Advanced Imaging
Techniques (Diffusion, Perfusion, and
MR Spectroscopy) in the Evaluation of
Brain Infections?

Summary

• There is moderate evidence confirming the

effectiveness of diffusion-weighted imaging

in differentiating pyogenic abscesses from

other ring-enhancing/cystic brain parenchy-

mal lesions [14, 46–50].

• There is moderate evidence that in addition to

diffusion-weighted imaging, MR spectroscopy
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can further differentiate pyogenic abscesses

from necrotic tumors [1, 2, 47, 49, 51].

• There is moderate evidence that diffusion-

weighted imaging is more sensitive (92.3 %

sensitivity, 95 % CI 74.8–99.5 %) in the diag-

nosis of Creutzfeldt-Jakob disease (CJD)

[52–55].

• There is limited evidence that in addition to

diffusion-weighted imaging, MR perfusion

imaging can further differentiate pyogenic

abscesses from necrotic tumors [56, 57].

• There is limited evidence that diffusion-

weighted imaging is useful in diagnosing

brain infection other than intracranial pyo-

genic fluid collections [4, 7, 29, 58].

Supporting Evidence

Diffusion-Weighted Imaging (DWI) in Differen-

tiating Abscess from Other Ring-Enhancing/
Cystic Lesions DWI has been proposed as the

diagnostic method of choice for pyogenic abscess

when a ring-enhancing lesion is seen [14]. There

is moderate evidence suggesting that diffusion-

weighted imaging is both more sensitive

(95.2 %) and more specific (95.7 %) than con-

ventional MR (61.9 % sensitive, 60.9 % specific)

imaging in differentiating pyogenic abscess from

other ring-enhancing brain lesions [46–49]

(Tables 26.5, 26.6). Use of DWI for diagnosing

any pyogenic intracranial fluid collection is also

supported by moderate evidence [50].

In Lai PH et al., a prospective study, with

moderate evidence, of 50 patients with intra-

cranial ring-enhancing lesions, the diagnostic

accuracy, sensitivity, specificity, positive pre-

dictive value, and negative predictive value of

DWI were shown to be much higher than con-

ventional MRI (Table 26.6) [47]. In B€ukte

Y et al., another prospective study with moder-

ate evidence, comparing the findings of con-

ventional MR with those of DWI in 63 cystic

intracranial lesions in 48 patients, the authors

concluded that the sensitivity of DWI for dif-

ferentiating abscesses from primary brain

tumors was 100 %, for differentiating abscesses

from metastatic tumors was 73 %, and for dif-

ferentiating benign from malignant lesions was

90 % [48]. In Mishra et al., a prospective study

with moderate evidence, a group of 52 patients

with intracranial cystic lesions were evaluated

with conventional MR and DWI techniques; the

sensitivity and specificity of DWI for differen-

tiating brain abscess from other lesions were

72 % and 100 %, respectively [49]. In Leuthardt

EC et al., a retrospective study with limited

evidence, five patients in combination with

a meta-analysis of 15 previous studies includ-

ing a total of 204 patients with ring-enhancing

lesions, the majority of pyogenic abscesses

(38 out of 39 lesions) demonstrated signifi-

cantly more DWI hyperintensity and ADC

hypointensity than nonpyogenic lesions (165

lesions) [46].

Several studies have suggested that calcu-

lated ADC values alone do not allow a reliable

differentiation of abscess from other ring-

enhancing lesions due to a large overlap

[59, 60]. However, there is limited evidence

that the majority of necrotic glioblastomas do

not demonstrate diffusion restriction within the

necrotic cavity and that additional quantitative

and qualitative methods can increase the speci-

ficity of ADC values as an extension of the DWI

technique [61–63]. For example, Reiche et al.

concluded that the addition of FA (fractional

anisotropy) values may result in better differen-

tiation between pyogenic abscesses and cystic

neoplasms in ring-enhancing lesions with

decreased ADC values [63].

Additionally, there is limited evidence that

DWI is superior to conventional MR in

assessing treatment response of intracranial

abscess [64–66]. In Cartes-Zumelzu et al. (lim-

ited evidence) [64], seven adult patients with

intracranial abscesses were treated with either

surgical drainage (6/7) or antibiotics (1/7). The

ADC values appeared to parallel treatment

response and clinical course (based on regular

neurological exams and CRP levels). In Fanning

et al. (limited evidence) [66], eight pediatric

patients with 13 intracranial abscesses were

followed throughout their clinical courses. At

initial diagnosis, all collections showed diffu-

sion restriction (mean ADC 0.61 � 0.15 �
10�3 mm2/s). On follow-up, in patients with

persistent clinical sepsis, the collections showed
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ADC values (0.66 � 0.21 � 10�3 mm2/s) that

remained significantly lower than those of nor-

mal cortical gray matter (ADC value: 1.06 �
0.10 � 10�3 mm2/s, p < 0.001). Clinical clear-

ance of infection was associated with ADC

values (1.57 � 0.15 � 10�3 mm2/s) that were

significantly higher than those of normal cortical

gray matter (p < 0.01).

Diffusion-Weighted Imaging (DWI) in Diagnos-
ing Other Brain Infections Including Creutzfeldt-

Jakob Disease (CJD) There is moderate evi-

dence that DWI is the most sensitive modality

for diagnosing early CJD [52–55]. In Shiga et al.

[53], a case-controlled study with moderate evi-

dence, 26 out of 36 total patients with eventual

diagnosis of either probable or definite CJD were

examined using DWI along with procedures used

in the World Health Organization CJD diagnostic

criteria, including EEG, CSFNSE (neuron-specific

enolase), and CSF 14-3-3 protein detection. DWI

had 92.3 % sensitivity (95 % CI 74.8–99.5 %),

while EEG periodic sharp wave complex had

50 % sensitivity (p< 0.0005). DWI was not statis-

tically significantly more sensitive than CSF NSE

(neuron-specific enolase) (sensitivity 73.3 %,

p ¼ 0.06) or CSF 14-3-3 protein detection (sensi-

tivity 84 %, p¼ 0.36). Diagnostic specificity using

DWI was 93.8 % (95 % CI 79.2–99.2 %) [53]. In

one limited case series, Demaerel et al. [54], DWI

had 100 % sensitivity and 100 % specificity for

detecting sporadic CJD, in comparison to 100 %

sensitivity and 43 % specificity using 14-3-3 pro-

tein, and 40 % sensitivity and 85 % specificity

using EEG [54]. The “pulvinar sign,” an MR find-

ing that suggests probable variant CJD (vCJD),

was 100 % sensitive on FLAIR images in one

study [67]. However, the number of patients

(two) with DWI in that study was too small to

verify the additional value of DWI [67].

There is limited evidence that diffusion-

weighted imaging has clinical value in evaluating

other nonpyogenic brain infections. For example,

DWI was found to be more sensitive in early

detection and disease monitoring of PML, HSV,

enterovirus 71, and West Nile virus [4, 7, 58].

MR Spectroscopy and Perfusion-Weighted Imag-

ing (PWI) in Differentiating Abscess from
Necrotic Neoplasm There is moderate evidence

that MR spectroscopy increases the sensitivity and

specificity in differentiating abscesses fromnecrotic

neoplasms, especially when used in combination

with other advanced MR techniques [1, 2, 47,

49, 51]. Typical MRS of an abscess demonstrates

elevated lipid, lactate, alanine, and various amino

acid peaks and low NAA and Cr peaks [1]. The

diagnostic accuracy, sensitivity, specificity, positive

predictive value, and negative predictive value for

differentiating abscess from ring-enhancing neo-

plasm using MRS alone and MRS with DWI are

summarized in Table 26.6 [47]. In another study

with moderate evidence, MR spectroscopy was

found to have higher sensitivity (96 %) than DWI

(72 %) and the same specificity (100 %) [49]. The

authors of the study suggested that MR spectros-

copy should be obtained on all DWI-negative ring-

enhancing brain lesions [49]. There is limited

evidence thatMRScan further distinguishabscesses

of different infectious etiologies (e.g., tuberculosis

versus bacterial versus fungal) [1, 68, 69].

There is limited evidence that perfusion-

weighted MR can differentiate necrotic tumor

(higher cerebral blood volume in the enhancing

ring) from pyogenic abscess (lower cerebral

blood volume in the enhancing rim) [56, 57].

Applicability to Children There is limited evi-

dence thatDWImay bemore sensitive for detecting

pediatric CNS infection (encephalitis, abscess, and

postinfectious infarction) because of the high water

content of the pediatric brain [29, 70].

Cost-effectiveness Analysis Given the short

additional exam time (approximately 2 min) and

high sensitivity and high specificity of the

DWI sequence for identifying pyogenic brain

abscesses, this sequence is now routinely added

to existing conventional MR protocols in evalu-

ating pyogenic infections and ring-enhancing

lesions. However, the cost-effectiveness of other

advanced MR techniques, such as MR spectros-

copy and MR perfusion, is still unknown.

448 H.J.J. Chen and P.W. Schaefer



Take-Home Tables and Figures

Tables 26.1 through 26.6 highlight data, evi-

dence, options, and strategies.

Figure 26.1 is an algorithm for pediatric and

adult patients with suspected acute meningitis.

Imaging Case Studies

Case 1: Basilar TB Meningitis (Fig. 26.2a–e)

Case 2: Streptococcus Pneumonia Meningitis

(Fig. 26.3a–f)

Case 3: Biopsy-Proven Streptococcus Brain

Abscess (Fig. 26.4a–f)

Case 4: History of a Grade 2 Oligoastrocytoma

(Fig. 26.5a–e)

Suggested Imaging Protocols

Computed Tomography (CT)

A non-contrast CT of the brain is usually the

modality of choice as it is sufficient and cost-

effective to exclude findings that may preclude

lumbar puncture and will not obscure other

findings such as subarachnoid hemorrhage

[5, 12].

The standard non-contrast-enhanced CT pro-

tocol of the head includes 5-mm thick axial

images through the entire brain, to be viewed in

brain, soft tissue, and bone windows. A low-dose

pediatric CT protocol (typically 120 mA,

140 kVp, depending on the size of the child) is

used for pediatric patients.

Table 26.1 Summary of evidence for selected imaging strategies

Imaging strategies Evidence Example

CT brain before lumbar puncture in subjects with suspected infection and with

one or more risk factors for brain herniation (Table 26.3)

Moderate evidence

[1, 16–18]

Patients with suspected infection but no risk factors for brain herniation do not

require a CT brain before lumbar puncture

Moderate evidence

[16]

Brain imaging is not necessary in asymptomatic HIV patients Moderate evidence

[34–36]

Diffusion-weighted imaging is effective in differentiating brain abscesses

from other intracranial ring-enhancing lesions and should be used routinely

when a ring-enhancing lesion is seen on post-contrast images

Moderate evidence

[46–49]

Figures 26.4 and

26.5

Conventional MR is more sensitive than CT in diagnosing brain infection Moderate evidence

[4, 7, 25–29]

Figure 26.3

Brain imaging is cost-effective in HIV adult patients with neurological

symptoms and CD4 count <200 (Both CT and MR)

Moderate evidence

[3, 15, 33]

Diffusion-weighted imaging is more sensitive (92.3 % sensitivity, 95 % CI

74.8–99.5 %) than conventional MR imaging in the diagnosis of

Creutzfeldt-Jakob disease (CJD)

Moderate evidence

[52–55]

MR spectroscopy (MRS) is effective in differentiating brain abscesses from

other intracranial ring-enhancing lesions. However, the cost-effectiveness of

MRS has not been fully evaluated

Moderate evidence

[1, 2, 47, 48, 51]

MR perfusion may be useful in evaluating brain infection Limited evidence

[56, 57]

Figure 26.4

CT with contrast is both sensitive and specific in diagnosing solitary cerebral

cysticercus granulomas

Strong evidence [42]
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While contrast-enhanced CT can increase

sensitivity in detecting small lesions and

leptomeningeal spread, it usually does not pro-

vide additional information under the condition

that a lumbar puncture will be routinely

performed. In addition, the value of contrast-

enhanced CT is even less, since most CT find-

ings will be normal or nonspecific in meningitis

cases [12].

Magnetic Resonance Imaging (MRI)

Conventional gadolinium-enhanced MRI of the

brain includes [5, 12]:

• Axial and sagittal pre-contrast T1W images

• Axial, coronal, and sagittal gadolinium-

enhanced T1W images

• Axial T2 and FLAIR images

• Diffusion-weighted images (DWI/ADC)

• GRE images

Additional images using advanced MR tech-

niques for specific suspected etiology include:

• MR spectroscopy (MRS)

• MR angiography (MRA) (e.g., for complica-

tions such as focal vasospasm, aneurysm, or

thrombosis)

• CISS/FIESTA (e.g., for detecting intraventric-

ular neurocysticercosis)

• MR perfusion

Pediatric population: T2 HASTE, rapid brain

protocol

Future Research

• Cost-effectiveness of advanced MR tech-

niques (MR spectroscopy and MR perfu-

sion) should be encouraged, as there is

existing promising evidence for their

utilization.

• Validation in larger population of previously

proposed neurocysticercosis diagnostic

criteria will be beneficial to both endemic

regions in the world as well as the United

States [6].

Table 26.2 Imaging options for brain infections

Imaging option for brain infectionc

Imaging

studies

Contrast

required

Timed

(minutes)

Radiation Costs§§

CT Yes Seconds Yes $

MR

conventionala
Yes 18 No $$

MRSb No 22 No $$$$

PWIb Yes 22 No $$$$

DWIa No 21 No $$

CISS/

FIESTAb
No 23 No $$$

MRAb No 22 No $$$

aConventional MR study includes standard sagittal T1,

axial pre- and post-gadolinium T1, axial T2, axial GRE,

and axial FLAIR sequences
bConventional MR plus additional sequences added for

more specific findings of a particular infectious etiology
cCongenital CNS infection and congenital HIV infection are

not included in the targeted population to image in this table
dThe fastest time is included in the final calculation.

Timing also varies between scanners.
eThe cost is based on relative reimbursable rate and dura-

tion of the exam

Table 26.3 Recommended criteria for adult patients

with suspected bacterial meningitis who should undergo

CT prior to lumbar puncture

Criterion Comment

Immunocompromised

state

HIV infection or AIDS, receiving

immunosuppressive therapy, or

status posttransplantation

History of prior CNS

disease

Mass lesion, stroke, or focal

infection

New onset seizurea Within 1 week of presentation for

adultsb

Papilledema Presence of venous pulsations

suggests absence of increased

intracranial pressure

Abnormal level of

consciousness

Focal neurologic

deficit

Including dilated nonreactive

pupil, abnormalities of ocular

motility, abnormal visual fields,

gaze palsy, arm or leg drift

Reprinted with permission from Tunkel et al. [15]
aSome would not perform a lumbar puncture on patients

with prolonged seizures or would delay lumbar puncture

for 30 min in patients with short and convulsive seizure
bDelayed LP is not practical in the pediatric population

with new onset of seizure due to high prevalence in this

population (30 %)
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Table 26.4 Diagnostic criteria for human neurocysticercosis

Diagnostic criteria Criteria

Absolute criteria 1. Histologic demonstration of the parasite from biopsy of a brain or spinal cord lesion

2. Direct visualization of subretinal parasite via fundoscopic exam

3. Evidence of cystic lesions with scolex on MRI or CT

Major criteria 1. Evidence of lesions suggestive of neurocysticercosis on neuroimaging studiesa

2. Positive serum EITBb tests for the detection of anticysticercal antibody

3. Resolution of intracranial cystic lesions after therapy with albendazole or praziquantel

4. Spontaneous resolution of small single enhancing lesionsc

Minor criteria 1. Lesions compatible with neurocysticercosis on neuroimaging studiesd

2. Clinical manifestations suggestive of neurocysticercosise

3. Positive CSF ELISA for detection of anticysticercal antibodies or cysticercal antigens

4. Cysticercosis outside the CNSf

Epidemiologic criteria 1. Evidence of a household contact with Taenia solium infection

2. Individuals coming from or living in an area where cysticercosis is endemic

3. History of frequent travel to cysticercosis-endemic areas

Diagnostic certainty Criteria

Definitive 1. Presence of one absolute criterion

2. Presence of two major plus one minor and one epidemiologic criterion

Probable 1. Presence of one major plus two minor criteria

2. Presence of one major plus one minor and one epidemiologic criterion

3. Presence of three minor plus one epidemiologic criterion

Reprinted with permission from Del Brutto et al. [41]
aCT or MRI showing cystic lesions without scolex, enhancing lesions, or typical parenchymal brain calcifications
bEnzyme-linked immunoelectrotransfer blot assay using purified extracts of Taenia solium antigens, as developed by the

Centers for Disease Control and Prevention (Atlanta, GA)
cSolitary ring-enhancing lesions measuring less than 20 mm in diameter in patients presenting with seizures, a normal

neurologic examination, and no evidence of an active systemic disease
dCT or MRI showing hydrocephalus or abnormal enhancement of the leptomeninges and myelograms showing multiple

filling defects in the column of contrast medium
eSeizures, focal neurologic signs, intracranial hypertension, and dementia
fHistologically confirmed subcutaneous or muscular cysticercosis, plain X-ray films showing “cigar-shaped” soft tissue

calcifications, or direct visualization of cysticerci in the anterior chamber of the eye
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Table 26.5 Summary of evidence from the literatures on effectiveness of diffusion-weighted imaging in differentiating

brain abscess from ring-enhancing lesions

Literature

reviewed Sample size Findings

Level of

evidence

Guzman

et al. [71]

32 cystic masses,

32 patients

The ADC values calculated in patients with brain infections

(mean 0.68 � 103 mm2/s) were significantly lower than those

measured in patients with neoplastic lesions (mean 1.63 SD

103 mm2/s; p < 0.05) (CI 95 %, p < 0.05)

Moderate

Leuthardt

et al. [46]

5 cystic masses, 5 patients

(+literature review)

Although not definitive for brain abscess, restricted water

diffusion is an important MR imaging sign that is useful in

neurosurgical treatment strategies for ring-enhancing lesions

Tung et al.

[59]

5 cystic masses, 5 patients Although an important diagnostic sign, restricted water

diffusion is not specific for brain abscess

Insufficient

Dorenbeck

et al. [60]

27 cystic masses,

26 patients

DWI with calculated ADC values does not allow the reliable

differentiation of enhanced central necrotic intracranial lesions

Limited

Lai et al.

[47]

50 cystic masses,

50 patients

The diagnostic accuracy, sensitivity, specificity, positive

predictive value, and negative predictive value of DWI were

shown to be much higher than conventional MRI (Table 26.4)

Moderate

B€ukte et al.
[48]

63 cystic masses,

48 patients

The sensitivity of DWI for differentiating abscesses from

primary brain tumors was 100 %, for differentiating abscesses

from metastatic tumors was 73 %, and for differentiating

benign from malignant lesions was 90 %

Moderate

Mishra et al.

[49]

52 cystic masses,

52 patients

The sensitivity of DWI for differentiation of brain abscess from

other ring-enhancing lesions was 72 %, whereas the specificity

was 1

Moderate

Table 26.6 Differentiation of brain abscesses from cystic tumors by conventional MRI, DWI, and MRS (50 cystic

lesions, 50 patients)

Modality Accuracy (%)a Sensitivity (%) Specificity (%) PPV (%) NPV (%)

Conventional MRI 61.4 (45.2–75.6) 61.9 (38.4–81.9) 60.9 (38.5–80.3) 59.1 (36.4–79.3) 63.6 (40.7–82.8)

DWI 95.5 (85.1–99.4) 95.2 (76.2–99.9) 95.7 (78.1–99.9) 95.2 (76.2–99.9) 95.7 (78.1–99.9)

MRS 93.2 (81.4–98.6) 85.7 (63.7–97) 100 (85.2–100) 100 (81.5–100) 88.5 (69.8–97.6)

DWI + MRS 97.7 (88.3–99.9) 95.2 (76.2–99.9) 100 (85.2–100) 100 (83.2–100) 95.8 (78.9–99.9)

Reprinted with permission from Lai et al. [47]

Data in parentheses are 95 % CI
aEven though the p value and/or CI for accuracy and predictive value are valid only if the prevalence is invariant for all
populations
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Suspicious for bacterial meninigitis

Yes

YesNo

Does the patient have one or more risk factors for
pending hemiation listed in Table II?

STAT blood cultures and
lumbar puncture

Empirical treatments

CSF finding consistent with
bacterial meningitis

Empirical treatments

Negative CT brain

Lumbar puncture

More targeted treatments

STAT blood cultures

Fig. 26.1 Initial imaging strategy algorithm for pediatric and adult patients with suspected acute meningitis (Data from

Tunkel et al. [15])
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Fig. 26.2 (a–e) 6-year-old girl with weakness. Basilar

TBmeningitis. (a, b) FLAIR-weighted images demonstrate

mild hydrocephalus; periventricular hyperintensity, consis-

tent with transependymal edema; subtle hyperintensity in

the right temporal lobe, right basal ganglia, and left

lentiform nucleus, suspicious for edema or infarction; and

basilar subarachnoid space hyperintensity, suspicious for

meningitis. (c) Gadolinium-enhanced T1-weighted image

demonstrates basilar leptomeningeal enhancement

suggesting meningitis. (d) Diffusion-weighted images dem-

onstrate restriction in the right temporal and occipital lobes,

right insula, bilateral basal ganglia, and left cingulate gyrus,

consistent with acute to subacute ischemia. (e) MRA dem-

onstrates irregularities along the bilateral anterior and

middle arteries, suggesting vasculopathy secondary to bas-

ilar meningitis
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Fig. 26.3 (a–f) 38-year-old previously healthy woman

presented with headache and fever. Streptococcus

pneumoniae meningitis. (a, b) Non-contrast head CT and

axial T2-weighted images appear normal. (c) Diffuse

sulcal FLAIR hyperintensity is consistent with high

protein content in the subarachnoid space. (d, e, f)
Leptomeningeal enhancement on post-contrast

T1-weighted images is consistent with inflammatory

changes of the meninges
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Fig. 26.4 (a–f) 80-year-old man with biopsy-proven

streptococcus brain abscess. (a) Axial T2-weighted

image shows a hypointense rim with surrounding

vasogenic edema. (b) Axial T1-weighted gadolinium-

enhanced image shows a ring-enhancing lesion with sur-

rounding edema. (c–d) DWI hyperintensity and ADC

hypointensity consistent with diffusion restriction seen

in a pyogenic abscess. (e) MR perfusion (CBV map)

image through the same level shows no significant periph-

eral increase in CBV. (f) Magnified view of the CBV map

in the region of the lesion
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Key Points

• Imaging is indicated in patients with signs and

symptoms of pituitary hormonal excess or

deficiency (moderate evidence).

• MRI is the modality of choice in the initial

investigation and follow-up of pituitary disor-

ders (moderate evidence).

• Dynamic MRI and SPGR sequences are useful

adjuncts to conventional MRI in the diagnosis

of pituitary microadenomas (limited

evidence).

• MRI is useful in the determination of tumor

extent preoperatively (moderate evidence).

• Inferior petrosal sinus sampling is highly sen-

sitive for establishing the pituitary source for

hypercortisolism when MRI is equivocal

(moderate evidence).

Definition and Pathophysiology

This chapter will primarily focus on the role of

imaging in the evaluation of pituitary neoplasms

(adenomas). Pituitary adenomas are usually

benign indolent neoplasms. Although some may

lead to symptoms due to hormonal hyperactivity

with debilitating systemic consequences or

from involvement of adjacent critical structures,

many are asymptomatic and discovered inciden-

tally. Adenomas arise from clonal mutations

of somatic cells and their cause remains

unknown. Oncogenes are not known to play

a significant role in their genesis [1]. Definitive

treatment involves any combination of medical

and surgical intervention depending on the

type of hormone they elaborate, their size, and

local extent.

Incidence/Prevalence

In a meta-analysis by Ezzat et al. [2], the overall

prevalence of pituitary adenomas in autopsy and

imaging series was found to be 16.7 %.

McDowell et al. [1] estimate that adenomas are

more common in females and also that

males were more likely to present with

larger tumors. They also identified a greater

incidence in the African American population.

About 10 % of MRI studies are estimated to

reveal an incidental pituitary lesion or

“incidentaloma” [3]. Incidentalomas are defined

as circumscribed regions of decreased density/

intensity on CT and MR scans, less than 10 mm

in size. Less than 1 % of these are hormonally

active.

Goals of Imaging

The overall goals of imaging are:

1. To identify the presence of a sellar lesion and

establish a differential diagnosis

2. To map the extent of the lesion, with

respect to the optic pathways and cavernous

sinuses

3. To enable monitoring of response to medical,

surgical, or radiation therapy

Methodology

The search strategy employed both a MEDLINE

search using PUBMED (National Library of

Medicine, Bethesda) and Google Scholar for

original research publications describing the

diagnostic performance and effectiveness of

different imaging modalities in the evaluation

of pituitary disorders. The search covered the

period January 1976 to February 2010. Different

combinations of the following terms were

employed: (1) Pituitary, (2) Sella, (3) MRI

or CT or Venous sampling, and (4) Adenoma.

Additional papers were identified by reviewing

the reference list of selected publications.

Only human studies in the English language lit-

erature were evaluated. The authors reviewed the

titles and abstracts, and publications that were

deemed relevant were then more thoroughly

analyzed.
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Discussion of Issues

Selection of Appropriate Imaging
Strategy

Selection of Subjects for Initial Imaging
Summary
Imaging of the pituitary is indicated in patients who

demonstrate laboratory evidence of pituitary dys-

function after secondary causes of pituitary hor-

monal excess or deficiency have been (moderate

evidence). Imaging is also required to help diagnose

the nature of pituitary disease, assess the effect of

pituitary tumors on adjacent structures, guide sur-

gical approach, and to enable appropriate monitor-

ing of a lesion during the course of treatment.

Supporting Evidence

There is a general medical consensus for the need

for pituitary imaging in patients with hyperpro-

lactinemia. In an audit by Davies et al. [4], there

was broad agreement on the need for imaging

(MRI) in every patient with prolactin levels con-

sistently above 1,000 mU/L to exclude an ade-

noma. It was also agreed that in patients with

PRL above 6,000 mU/L, the presence of

a prolactinoma can be assumed but that imaging

was warranted to determine its size and extent

and to enable monitoring during treatment. The

same audit also revealed a lack of consensus on

the appropriate strategy to evaluate Cushing’s

disease (MRI vs. CT vs. CRH stimulation), but

agreement existed that a series of dynamic tests

was required. Guidelines issued by the Pituitary

Society for the diagnosis and management of

prolactinomas also recommend the use of gado-

linium enhanced MRI after excluding potential

secondary causes of hyperprolactinemia, includ-

ing pregnancy. CT with contrast was deemed less

effective in the diagnosis of small adenomas but

was recommended if MRI was unavailable or

contraindicated [5].

Selection of Imaging Strategy
Summary
MRI is superior to CT in the evaluation of the

pituitary gland and of parasellar lesions

(moderate evidence). Gadolinium-enhanced

MRI is useful when unenhanced imaging fails to

reveal a lesion. Dynamic MRI and SPGR

sequences may be of use in equivocal cases (lim-

ited evidence). There is no standard dynamic

MRI technique. Selective venous sinus sampling

is a highly sensitive and specific technique for the

establishment of a pituitary source of high ACTH

when MRI fails to do so (moderate evidence).

Supporting Evidence

Several studies have evaluated the role of MRI

and CT in the diagnosis of sellar lesions. Early

studies demonstrated the superiority of

unenhanced MRI [6, 7] over CT in the detection

of adenomas and assessment of their parasellar

extent. Peck et al. [8] demonstrated a sensitivity

of 71 % for the detection of ACTH-producing

microadenomas on a 1.5 T scanner. The use of

a gadolinium contrast agent enabled identifica-

tion of 10 out of 12 microadenomas in

patients with Cushing’s disease in a series by

Dwyer et al [9]. Escourolle et al. [10] also

reported that MRI with contrast was able to iden-

tify ACTH producing microadenomas with

a sensitivity of 69 %, compared to 50 % with

CT. Conflicting reports do, however, exist in the

early literature. In a study by Nichols et al. [11],

MRI was found to be superior to CT in the deter-

mination of extrasellar extension but the two

exams were equivalent in terms of overall lesion

detection. Davis et al. [12], in a series of 13

microprolactinomas, found that unenhanced

MRI was able to detect only 3, whereas CT was

able to do so in 6 cases. Similar findings were

reported by Pojunas et al. [13], who also com-

pared unenhanced MRI with CT. However, the

improved sensitivity of MRI today, which

approaches 90 % [14], may be attributable to

many factors, including the development of sys-

tems with higher field strength and higher signal-

to-noise, superior spatial resolution, the use of

gadolinium contrast agents, and an overall

improvement in experience with image interpre-

tation [14–16]. The unenhanced T1 weighted

image, for many, remains the mainstay of ade-

noma detection. Gadolinium appears to confer

a modest increase in sensitivity. For example,
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Dwyer et al., in a series of 12 patients with

Cushing’s disease, found that MR with the use

of gadolinium was able to detect a microadenoma

in 2 additional patients out of 12, compared to

unenhanced imaging [9].

False negative results with conventional MRI

are usually due to the fact that some

microadenomas remain isointense in signal to

normal pituitary gland on precontrast and

postcontrast sequences. The rationale behind the

use of dynamic MRI techniques is that adenomas

have dual blood supply from the hypothalamic-

pituitary portal system and the meningohy-

pophyseal branches of the internal carotid arteries

and would, therefore, be expected to demonstrate

a temporal difference in enhancement with

respect to the normal gland during the adminis-

tration of a bolus of contrast. Sakamoto et al. [17]

described a dynamic technique that involved the

acquisition of 7–10 SE images after rapid admin-

istration of a contrast bolus over a 20–30 s period.

They observed that peak adenoma enhancement

occurred 60–200 s after injection. Adenomas

were best visualized during the early phases of

injection, during which time they enhanced less

than the normal gland. Dwyer et al. [9] warned of

the variability in peak adenoma enhancement and

cautioned that there was a period where imaging

may not depict an adenoma due to enhancement

identical with that of the normal gland.

Kucharczyk et al. [18] described the use of

a dynamic keyhole FSE MR technique where

six sets of images were acquired through the

gland. Three slices per glandular location are

obtained at 11 s intervals, with a final set at

100 s. Dynamic studies revealed a lesion in

13/18 (sensitivity approximately 72 %) patients

as opposed to 10/18 (sensitivity approximately

55 %) when compared to the conventional

enhanced MRI [19, 20]. Rand et al. [20] con-

curred with these findings but used a slightly

different technique, which obtained 10 slices per

location, at 3 locations in the gland, at 11 s inter-

vals. A different dynamic technique again was

described by Bartynski et al. [19], where one-

third of a dose of 0.1 mmol/kg contrast was

infused over a 30 s period, followed by a dynamic

scan for 160 s. During the course of the dynamic

scan, the remainder of the contrast was adminis-

tered and was followed by a coronal conventional

SE sequence. In 42–47 % of the cases, the

dynamic study was better than the standard

postcontrast sequence in lesion detection. They

also emphasized the value of analyzing both, as in

9 % of cases a lesion was seen only on the stan-

dard sequences. In a study using a half-dose pro-

tocol, Portocarrero et al. [21] were able to

identify 100 % of ACTH producing

microadenomas. In contrast to the above studies,

no benefit was found in a dynamic technique in

a series of 26 patients with ACTH dependant

Cushing’s syndrome [22, 23]. They obtained

nine sets of five images through the gland during

injection of a bolus of contrast using a 1.0 T

scanner. In their series of 21 patientswithCushing’s

disease (14 surgically confirmed ACTH secreting

microadenomas, 3 macroadenomas, and 4 glands

which were surgically negative), conventionalMRI

was able to detect 8 out of 14 tumors with no false

positives, whereas dynamic MR was able to detect

11 of 14 tumors but with 3 false positive cases. The

above studies also reflect the variability in the liter-

ature with regard to the technique of dynamic imag-

ing, if performed. Unfortunately, no consensus

exists regarding what the optimal dynamic tech-

nique should be. Newer MR systems, with

improved coils, better magnetic gradients, better

magnetic homogeneity, and higher field strengths

are capable of better temporal and spatial resolu-

tion. Further research to enable refinement and

standardization of dynamic MRI and to validate it

against standard postcontrast imaging would be of

considerable importance. Dynamic studies appear

to increase the sensitivity ofMRI in the detection of

microadenomas by a modest, but unquantifiable,

degree and may be best utilized in cases where

conventional MRI is negative in a patient in

whom the presence of a pituitary lesion is strongly

suspected on clinical and biochemical grounds.

The addition of a high-resolution 3-D MR

technique, typified by the spoiled gradient echo

(SPGR) sequence, to a standard pituitary MRI

study has also been recommended by some

authors [22, 23]. Patronas et al. [23], in a series

of 50 patients with corticotroph adenomas, dem-

onstrated an improved sensitivity of 80 % for
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a postcontrast SPGR sequence compared with the

conventional postcontrast spin echo sequence

(sensitivity 49 %), but also described a higher

false-positive rate of 4 % compared to 2 %

when compared to the conventional enhanced

technique. According to Batista et al., this tech-

nique is especially of value in children and ado-

lescents with Cushing’s disease [23]. In a series of

20 such patients, SPGR detected 18/28 adenomas

(64 % sensitivity) but conventional contrast-

enhanced imaging did so in only 5/28 (18 % sen-

sitivity). The superiority of SPGR, according to

the authors, may be due to its short acquisition

time (which translates into less artifact), and supe-

rior spatial resolution (the ability to acquire 1 mm

thin sections with no interslice gap). However, it is

conceivable that in both of these studies the per-

formance of the SPGR and conventional

postcontrast spin echo sequence as a component

of the same examination influenced the ability to

detect microadenomas. The separation of the

imaging times may result in the lesion being better

depicted due to its inherent contrast enhancement

characteristics as opposed to a superior perfor-

mance for the sequence. Given that the SPGR

sequence does not involve a significant increase

in scan time, these sequences may be added to or

used in place of a standard pituitary MR imaging

protocol, when concern for amicroadenoma, espe-

cially a corticotroph adenoma, exists.

The Role of Interior Petrosal
Sinus Sampling
Cushing’s syndrome is produced by two broad

categories associated with hypercortisolism –

those that are dependent on ACTH and those

that are not. The former includes ACTH

hyperproduction from a pituitary adenoma and

ectopic sources. The lateral includes functional

adrenal adenomas and carcinoma. The two cate-

gories can be differentiated by measurement of

plasma ACTH concentration before and after

ovine corticotropin-releasing hormone (O-CRH)

administration. The diagnosis of ACTH depen-

dent Cushing syndrome can be problematic and

the source of increased ACTH production diffi-

cult to determine by MRI and biochemical

methods. In such cases, selective sampling of

the pituitary venous effluent into the inferior

petrosal sinuses, cavernous sinuses, or the inter-

nal jugular veins before and after O-CRH stimu-

lation accurately localizes the source of ACTH

production. Corrigan et al. [24] in 1977 demon-

strated the feasibility of inferior petrosal sinus

sampling (IPSS) as an accurate technique to

localize the source of ACTH excess in a patient

with Cushing syndrome. Oldfield et al. [25] were

able to surgically confirm the laterality of

a microadenoma in 7/10 patients with Cushing’s

syndrome using IPSS. A sensitivity for IPSS of

95 % in the diagnosis of surgically confirmed

Cushing’s disease was also reported in a series

of 246 patients by Oldfield, Doppman et al. [26].

A similar result (92.2 % sensitivity, 90 % speci-

ficity) was reported for IPSS by Bonelli et al [27].

Jugular venous sampling was suggested as a safer

alternative by Ilias et al. [28], but appeared to be

less sensitive than IPSS (83 % compared to

94 %). Cavernous sinus sampling has also been

suggested as an alternative, given the greater

proximity of the cavernous sinus to the pituitary

gland. Its sensitivity was found to be approxi-

mately 93 %, by Fujimura et al [29]. However,

cavernous sinus sampling is more invasive and is

not a routinely employed technique. The validity

of IPSS as the gold standard in the confirmation

of a pituitary origin of ACTH excess has been

confirmed by several studies. The sensitivity and

specificity of IPSS has ranged from 90 % to

100 % in most analyses [30]. Midgette et al.

[31], in a cost benefit analysis, recommended

that given its high cost, IPSS be reserved for

those cases where the high-dose dexamethasone

suppression test is negative.

How Is Preoperative Assessment of the
Extent of a Sellar Lesion Best
Performed?

Summary

MRI is superior to CT in the evaluation of the

extent of sellar lesions (moderate evidence).The

relationship of these lesions to the optic pathways

is best assessed with MRI. Neither MRI nor CT is

accurate enough in the estimation of cavernous

27 Sellar Lesions: Evidence-Based Neuroimaging 463



sinus involvement, although MRI is superior.

MRI is more specific than it is sensitive for cav-

ernous sinus invasion. The only reliable sign of

such invasion is circumferential encasement of

the cavernous internal carotid artery by tumor.

The value of MRI in the preoperative determina-

tion of adenoma consistency, information that is

useful in surgical planning, is uncertain.

Supporting Evidence
The single most important feature that precludes

complete resection of a macroadenoma is inva-

sion of the cavernous sinuses. The difficulty in

accurately determining whether the sinuses are

involved lies in the inability of modern imaging

methods to consistently demonstrate the gracile

medial cavernous sinus wall. Differentiation

between simple displacement and actual invasion

is often difficult with imaging. In a small early

series of 20 patients with macroadenomas,

Nichols et al. [11] found that MRI was superior

to CT in the assessment of extrasellar extension.

In all 20 of these patients, unenhanced MRI was

superior to CT in characterization of the extent of

disease. MRI was found to be more specific

(85.7 %) than sensitive (55 %) in a series of

30 patients by Scotti et al [32]. Cottier et al. [33]

evaluated the performance of contrast enhanced

MRI in 106 patients with macroadenomas. They

evaluated the following features on coronal

enhanced images: (1) total encasement of the

ICA, (2) displacement of the ICA, (3) asymmetry

of the cavernous sinuses, (4) non-depiction of the

lateral, superior, inferolateral, and carotid sulcus

venous compartments of the cavernous sinuses,

(5) lateral bulging of the lateral dural wall,

(6) non-depiction of the medial wall, (7) crossing

of three intercarotid lines drawn along the medial

and lateral walls and through the centers of the

supraclinoid and cavernous segments of the ICA,

(8) percentage of encasement of the ICA and,

lastly, (9) pattern of lateral expansion relative to

the ICA. All cases were correlated with surgical

findings. The presence of normal gland interposed

between the tumor and the cavernous sinus, depic-

tion of a normal medial carotid sulcus venous

component, encasement of less than 25 % of ICA

circumference, and failure of tumor to pass the

medial intercarotid line were features that had

a 100 % negative predictive value. The only reli-

ably specific sign, however, was encasement of

greater than 67 % of the ICA circumference with

a PPV of 100%. Obliteration of the carotid venous

sulcus compartment and crossing of the lateral

intercarotid line by tumor demonstrated PPVs of

95 % and 85 %, respectively. The value of the

lateral intercarotid line was also described by

Knosp et al. [34], who reported invasion in 12/14

cavernous sinuses when the lateral carotid tangent

was crossed by tumor. In a study of 103 patients,

Vieira et al. [35] stated that the finding most spe-

cific for cavernous sinus invasion was encasement

of greater than 30 % of the ICA circumference, as

opposed to 67 % in Cottier’s series. The presence

of normal gland between the tumor and sinus,

demonstration of the carotid sulcus compartment

and encasement of less than 25 % of the ICA

excluded sinus invasion, findings consistent with

those of Cottier et al. The use of higher field

strength magnets may enable characterization of

extrasellar extension with greater sensitivity.

Wolfberger et al. [36] demonstrated an improved

sensitivity and specificity of 83 % and 84 %,

respectively, for invasion of the medial cavernous

sinus wall on a 3.0 T system compared with 67 %

and 58 % on 1.5 T systems.

The primary objective of transsphenoidal sur-

gery is to remove as much tumor as is safely

possible to achieve decompression of the optic

chiasm. In about 5–14 % of cases, the fibrous

consistency of tumors precludes their complete

removal [37]. Failure of adequate tumor resection

may warrant repeat surgery and/or radiotherapy.

On the other hand, soft tumors may be amenable

to aspiration. Knowledge of tumoral consistency

is therefore useful information to possess preop-

eratively. Early approaches to using adenoma

consistency with MRI involved using T2

weighted sequences, the theory being that fibrous

adenomas would be expected to be hypointense

on such sequences. However, findings have been

conflicting with some authors reporting that hard

tumors were hypointense on T2WI [38] while

others have stated that the opposite was true

[39]. Pierallini et al. [40] described the use of

diffusion weighted imaging (DWI) to
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characterize adenoma consistency and found

a significant correlation between tumor consis-

tency and the determined apparent diffusion

coefficient (ADC) values with softer tumors dem-

onstrating lower values and appearing

hyperintense on DWI. Boxerman et al. [37] in

a recent study reported the converse, i.e., that

the harder the tumor, the lower the ADC value.

Suzuki et al. found no correlation between ade-

noma consistency and ADC values [41].

The role of intraoperative MRI in assessing

the completeness of tumor resection has been

studied by some authors [42, 43]. Intraoperative

MRI was found to increase the completeness of

tumor resection from 58 % to 82 % in a series of

85 patients with macroadenomas in whom com-

plete removal was intended [42]. In a series of

23 patients with acromegaly, Fahlbusch et al. [43]

reported that high-field-strength (1.5 T)

intraoperative MRI enabled achievement of

endocrine normalization from 33 % to 44 %.

However, they also reported a false negative

rate of 23 % with this technique and were unable

to demonstrate residual tumor in 6/23 patients

who had persistent growth hormone elevation

after initial surgery. The authors argue that

intraoperative MRI provided immediate quality

control, eliminated the need for the 3-month wait

period that is necessary for an artifact-free

follow-up MRI to determine if residual tumor is

present, and enabled immediate treatment plan-

ning with either surveillance, transcranial resec-

tion, or radiotherapy. However, the operational

costs of intraoperative MRI remain high and no

cost benefit analyses to support its routine use in

this situation exist in the literature.

How Is Follow-up Imaging Evaluation
of Adenomas Best Achieved?

Summary

Postoperative follow-up is best performed with

contrast-enhanced MRI, with a first follow-up

scan advocated by most authors 3–4 months

after surgery (limited evidence). For follow-up

imaging of nonsurgically treated incidentalomas

no one particular imaging strategy exists.

Supporting Evidence
Recurrence after surgery is reportedly more

likely to occur with functional ACTH adenomas

and with hormonally silent adenomas compared

to the other varieties [44]. Consensus appears to

exist in the literature with regard to the use of

MRI to follow up the postoperative sella. The

optimal time to obtain a baseline is generally

believed to be about 3–4 months after surgery,

given that the appearance of the immediate post-

operative pituitary gland may not be significantly

different from its preoperative state [45–47].

Yoon et al. [48], however, advocate early follow-

up with MRI within a week after surgery and

found residual tumor in 22/83 patients, confirmed

either by repeat surgery, biochemical abnormal-

ity, or demonstrable growth over serial MRI

scans. Clinical practice guidelines issued by the

Endocrine Society annual meeting in 2011, based

on both systematic reviews of evidence and dis-

cussions through a series of conference calls and

e-mails and one in-person meeting, recommend

the initial evaluation of a patient with a pituitary

incidentaloma to include laboratory screening for

hormone hyper- and hyposecretion in all patients

including those with and without symptoms. The

measurement of a screening prolactin level was

met with universal consensus. Nonsurgical

follow-up was recommended with clinical

assessments and functional testing for patients

who do not meet criteria for surgical removal of

a pituitary incidentaloma. As for follow-up imag-

ing of nonsurgically treated incidentalomas, the

task force considered that repeat scanning within

the first year was warranted for all patients

because despite the slow growth of most

incidentalomas, some have a propensity to

enlarge, and the true proliferative nature of

incidentalomas is unknown. In the absence of

growth, they recommend that the interval

between MRI scans can be increased. The task

force also believes that evidence did not support

one particular algorithm for the frequency of

follow-up imaging, but recommended repeating

MRI every year in macroincidentalomas, every

1–2 years in microincidentalomas for the next

3 years, and then every other year for the next

6 years and gradually less frequently
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indefinitely so long as the lesion continues not

to threaten the patient’s health. Some task

force members also advocated imaging every

5 years [49].

Take-Home Tables

Tables 27.1 and 27.2 highlight data and evidence.

Table 27.1 Imaging options

Lesion detection Differential diagnosis Contrast Radiation Cost Sensitivity

Radiography + – – Y + NA

CT ++ ++ + Y ++ 80–85 % (14)

MRI +++ +++ + N ++ 85–90 % (14)

Angiography

with petrosal

sinus sampling

+++ – + Y ++++ 96 % (30)

Table 27.2 Recommendations for neuroendocrine imaging

Clinical indication Most appropriate imaging modality

Hypopituitarism MRI without and with contrast (8)

MRI without contrast (7)

Obesity/eating disorder MRI without and with contrast (4)

MRI without contrast (4)

Hyperthyroidism MRI without and with contrast (8)

MRI without contrast (7)

Cushing’s syndrome MRI without and with contrast (8)

MRI without contrast (7)

Inferior petrosal sinus sampling, if MRI negative (4)

Hyperprolactinemia MRI without and with contrast (8)

MRI without contrast (7)

Acromegaly/gigantism MRI without and with contrast (8)

MRI without contrast (7)

Growth hormone deficiency, growth

retardation, panhypopituitarism

MRI without and with contrast (7)

MRI without contrast (5)

Diabetes insipidus MRI without and with contrast (7)

MRI without contrast (6)

Pituitary apoplexy MRI without and with contrast (8)

MRI without contrast (7)

Postoperative sella MRI without and with contrast (8)

MRI without contrast (7)

Precocious puberty MRI without and with contrast (8)

MRI without contrast (7)

Modified from the American College of Radiology Appropriateness Criteria ®, last reviewed 2008; http://www.acr.org/

secondarymainmenucategories/quality_safety/app_criteria.aspx, consensus and evidence based

Rating scale – 1, 2, 3 usually not appropriate; 4, 5, 6 may be appropriate; 7, 8, 9 usually appropriate
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Fig. 27.1 A tiny adenoma is demonstrated in the left half

of the gland on the dynamic images (a, arrows). Note that
the adenoma is isointense to the remainder of the gland on

the later phases of the dynamic series and is imperceptible

on the postcontrast coronal SE T1 weighted image (b)

Fig. 27.2 A lesion is barely demonstrable on the contrast enhanced SE T1 weighted coronal image (a) in this patient

with Cushing’s disease. On the contrast enhanced SPGR image (b), a microadenoma is clearly seen
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Imaging Case Studies

Figures 27.1 through 27.4 highlight different case

studies.

Future Research

• Establish the true utility of dynamic MRI and

develop a standardized technique.

• Refine MRI techniques to enable an increase

in the detection rate of small functional

microadenomas.

• Improve the sensitivity of MRI in the detec-

tion of cavernous sinus invasion.

• Explore the role of advanced MRI techniques

(diffusion, perfusion, and MR spectroscopic

imaging) to enable preoperative assessment

of tumoral consistency.

• Determine the role of routine intraoperative

MRI and evaluate its cost effectiveness.

Fig. 27.3 Coronal T2, T1, and postcontrast T1 weighted

images in a patient with Cushing’s disease. Although

a subtle right-sided contour deformity is suggested

(arrows), a discrete adenoma is not demonstrable. An

adenoma was, however, correctly lateralized to the right

side by inferior petrosal sinus sampling (b)
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Key Points

• The natural history of low back pain (LBP) is

typically benign; in the absence of “red flags,”

imaging can safely be limited to a minority of

patients with LBP in the primary care setting

(strong evidence).

• LBP imaging is often performed to rule out

a serious etiology, especially metastases.

While the first-line study is plain radiographs,

magnetic resonance (MR) is more sensitive.

However, initial imaging with MR has not yet

proven to be cost-effective (moderate

evidence).

• Many incidental findings are discovered when

imaging the lumbar spine, including disk des-

iccation, annular tears, bulging disks, and her-

niated disks. Their eventual correlation with

back pain is not known. However, while disk

bulges and protrusions are common in asymp-

tomatic individuals, extrusions are not (strong

evidence).

• Imaging can diagnose surgically treatable

causes of radiculopathy (herniated disks and

spinal stenosis). However, these are typically

not the causes of LBP and are often incidental

findings in asymptomatic individuals; further-

more, the long-term efficacy of corrective

surgery for these conditions has not been

established (moderate evidence).

Spondylolysis is relatively common in adolescent

athletes and should be suspected when pain

develops in such subjects. Because spondylolysis

may not be apparent on radiography, SPECT or

CT may be warranted (limited evidence).

Definition and Pathophysiology

Low back pain (LBP) is a pervasive problem that

affects two-thirds of adults at some time in their

lives. Fortunately, the natural history of LBP is

usually benign, and diagnostic imaging can be

restricted to a small percentage of LBP sufferers.

This chapter reviews the evidence regarding both

the diagnostic accuracy of common imaging

modalities for several common conditions and

the utility of imaging in patients with LBP in

the primary care setting. The most common

spine imaging tests are plain X-rays, computed

tomography (CT), MR, and bone scanning. We

do not review other modalities (conventional

myelography, discography, and positron emis-

sion tomography), which are usually ordered by

specialists prior to surgical intervention. This

work is based partly on an article we previously

published in the Annals of Internal Medicine [1].

Nontraumatic low back pain is a relatively

common condition in both children and adults.

Though extensively studied in the adult popula-

tion, relatively less is known about the preva-

lence, etiology, and significance of back pain in

the pediatric age group.

The etiology of nontraumatic low back pain in

children and adolescents is not well understood.

Etiological studies have grouped the factors asso-

ciated with pediatric back pain into four broad

categories: anthropometry, lifestyle, mechanical,

and psychosocial/behavioral fractures. All of

these factors are somewhat controversial [2].

Among the anthropometry factors that have

been implicated are height, rate of growth, and

spinal mobility, though the evidence supporting

all of these factors is somewhat in conflict. The

primary lifestyle factors that have been impli-

cated include participation in sports, specifically

weight lifting, skiing, and gymnastics [3–6],

though, conversely, sedentary activity has also

been implicated [7]. The main mechanical

fracture that has attracted much attention is the

use of heavy school backpacks. Currently, the

American Academy of Pediatrics recommends

that backpacks not exceed 10–20 % of the child’s

body weight, though this recommendation is based

on limited evidence [8, 9]. Finally, as in adults,

psychosocial factors appeared to have a role [2].

Pediatric back pain can be grouped into broad

categories. In addition to trauma, spondylolysis

and spondylolisthesis are important causes of

pediatric back pain, particularly in athletes [5, 6].

Scoliosis and spinal dysraphism may also

contribute to back pain. (See Chap. 33, “Pediatric

Dysraphism and Scoliosis: Evidence-Based
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Neuroimaging” on “Scoliosis and Spine

Dysraphism.”) In addition, benign and malignant

bone tumors and infections can be the etiology of

both chronic and acute symptomatology. Finally,

degenerative conditions, though less frequently

seen in adults, can also occur in the pediatric age

group, including disk herniations and disk and

end plate degeneration.

Epidemiology and Differential
Diagnosis of LBP in Primary Care

Low back pain ranks among the most common

reasons for physician visits and is the most

common reason for work disability in the USA

[10–12]. Among those with uncomplicated back

pain, it is often impossible to distinguish a precise

anatomic cause, and early treatments are gener-

ally aimed at symptomatic relief, so a precise

anatomic diagnosis is usually both unnecessary

and impossible. In fact, a definitive diagnosis is

not reached in as many as 85 % of patients with

LBP [13], and when the etiology cannot be deter-

mined, it is frequently assumed to result from

muscle sprains or strains, ligamentous injuries,

and spinal degenerative changes.

Further complicating matters, there are

numerous imaging findings in the spines of

asymptomatic patients. These include spinal

stenosis, mild scoliosis, transitional vertebra,

spondylolysis, Schmorl’s nodes, spina bifida,

and degenerative changes [14]. For example,

spinal stenosis is present in up to 20 % of

asymptomatic adults over the age of 60. The

relationship of these findings to back pain is

questionable because they are equally prevalent

among persons with and without pain [15].

Steinberg and colleagues [14] studied the radio-

graphs of a large group of male army recruits with

and without LBP. While they attempted to find

a correlation between numerous variables and

LBP (including right and left scoliosis, lordosis,

degree of lordosis, vertebral rotation, spina bifida

at multiple levels, transitional vertebra, wedge

vertebra, degenerative changes, Schmorl’s

nodes, unilateral spondylolysis, bilateral

spondylolysis, spondylolisthesis, spinal canal

anteroposterior diameter, interpedicular distance,

and intra-apophyso-laminar space), they found an

association with only six of the variables. The

most statistically significant difference was the

presence of right-sided scoliosis (16.8 % vs.

5.6 % in the control group, p < 0.0001). The

study also found that lumbarization of S1,

wedge vertebra, bilateral spondylolysis, and

spondylolisthesis had weaker associations with

LBP, with p values up to 0.04. Since the authors

did not have a priori hypotheses, their study suf-

fers from the problem of multiple comparisons,

limiting the conclusions that can be drawn.

Except for right-sided scoliosis, all the other

associations must be viewed as exploratory and

require independent confirmation.

Still, researchers continue to explore the rela-

tionship between possibly incidental findings,

especially of intervertebral disk herniation, and

the symptoms of back pain. Herniated disks are

clearly not the culprit in the vast majority of

patients with LBP. Only 2 % of persons with

LBP actually undergo surgery for a disk hernia-

tion [16, 17]. Moreover, imaging tests identify

herniated disks among a large fraction of people

without LBP (from 20 % to 80 %, depending on

age, selection, and definition of disk herniation)

(Fig. 28.1a, b) [18–20]. These asymptomatic her-

niations appear to be clinically unimportant. In

a prospective study, our group found that the

prevalence of most disk abnormalities, including

desiccation, loss of disk height, bulge, annular

tear, and protrusion, were not significantly differ-

ent between asymptomatic subjects with and

without a history of prior LBP [20]. Boos and

colleagues [21] followed asymptomatic individ-

uals with a high rate of disk herniations (73%) for

5 years. They concluded that while the presence

of disk abnormalities did not predict future LBP,

psychosocial factors, mostly related to occupa-

tion, did. In employees, who are on work disabil-

ity for LBP, degenerative imaging findings on

radiographs and MRI do not predict disability

and pain at 1 year, while psychosocial factors,

such as depression, anxiety, and fear-avoidance,

do [22]. Certain imaging findings are likely quite

important clinically. Disk extrusions, a subtype

of herniation, are much less prevalent than disk
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protrusions in patients without LBP and are typ-

ically considered a clinically important imaging

finding [18–20, 23].

Imaging is indicated when infection or malig-

nancy is being considered as well as when

patients present with cauda equina syndrome,

a true surgical emergency. These serious condi-

tions occur less than 5 % of the time in the

primary care setting, with only 0.7 % of LBP

patients having metastatic cancer (with breast,

lung, and prostate being the most common pri-

mary tumors), 0.01 % having spinal infections,

and 0.0004 % having cauda equina syndrome

[24]. In their recent retrospective chart review

of 2007 lumbar film reports, van den Bosch

et al. [25] reported the overall likelihood of find-

ing a serious condition, such as infection or pos-

sible tumor at <1 %, with no tumors found in

patients younger than 55.

The prevalence of low back pain in pediatric

patients is not clearly established. A prospective

study in Belgium of children 9–12 years of age

demonstrated that 18 % who had not reported

back pain at baseline had at least one episode

over the 2-year study [9]. However, a meta-

analysis of published lifetime prevalence studies

performed by Jeffries et al. found a range of

5–74 % [26, 27].

Overall Cost to Society

In 1998, health-care costs for LBP (inpatient care,

office visits, prescription drugs, and emergency

room visits) totaled $90.7 billion. This was 2.5 %

of the national health-care expenditure and did

not include physical therapy, chiropractic care, or

nursing home care. The data to calculate these

figures came from a national database and

included only patients with back disorders, disk

disorders, and back injuries, as per International

Classification of Diseases (ICD-9) codes. Conse-

quently, a substantial proportion of LBP patients,

such as those with malignancy, infection, or oste-

oporotic compression fractures as the primary

etiology of pain, were likely excluded from

these estimates. Finally, this estimate does not

include non-health-care expenditures such as

workers’ compensation, sick leave, and disability,

an important consideration since LBP is the

largest cause of disability and workers’ compen-

sation claims in the USA [28, 29]. Data on the

cost of pediatric back pain are not available.

Goals of Imaging

There are two major goals in imaging primary

care patients with LBP: (1) to exclude serious

disease (tumor, infection, or neural tissue com-

promise requiring decompression) and (2) to find

a treatable explanation for the patient’s pain.

Methodology

We performed four Medline searches using

PubMed. The first covered the period 1966 to

September 2001, and the second, to update the

literature search from the original article on

which this chapter is based, covered September

2001 through August 2004. The third was

performed to update the chapter and covered

1996 through December 2009, searching specifi-

cally for randomized controlled trials related to

vertebroplasty. The fourth search was performed

to update the chapter covering January 2010 to

September 2011. For children with nontraumatic

back pain, the search time frame was January 1,

1980 to December 31, 2008. For the first two

searches, we used the following search terms:

(1) back pain, (2) intervertebral disk displace-

ment, (3) sciatica, (4) spinal stenosis, and

(5) diagnostic imaging. We applied the subhead-

ings diagnosis, radiography, or radionuclide

imaging to the first statement. We excluded

animal experiments and articles on pediatric

patients. We also excluded case reports, review

articles, editorials, and non-English-language

articles. We included only articles describing

plain X-rays, CT, MR (including MR

myelography), and bone scanning. In the first

search, the total number of citations retrieved

was 1,468. Two reviewers (J.G.J. and R.A.D.)

reviewed all the titles and subsequently the

abstracts of 568 articles that appeared pertinent;
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the full text of 150 articles was then reviewed. At

each step, the articles’ authors and institutions

were masked. Disagreements regarding inclusion

of particular articles, which occurred in approxi-

mately 15 %, were settled by consensus. In the

second search, the total number of citations

retrieved was 558. Two reviewers (M.B.K.S.

and J.G.J.) reviewed all the titles and subse-

quently the abstracts of 168 articles that appeared

pertinent. Finally, we reviewed the full text of

75 articles. Disagreements regarding inclusion

of particular articles, which occurred in 12 %

(9/75), were settled by consensus between the

two reviewers. Only those articles meeting our

inclusion criteria were cited for this chapter.

Because most studies had several potential

biases, our estimates of sensitivity and specificity

must be considered imprecise. The most common

biases were failure to apply a single reference test

to all cases, test review bias (study test was

reviewed with knowledge of the final diagnosis),

diagnosis review bias (determination of final

diagnosis was affected by the study test), and

spectrum bias (only severe cases of disease were

included). Because of these sorts of limitations,

we did not perform a formal meta-analysis.

Discussion of Issues

What Is the Role of Imaging in Patients
Suspected of Having a Herniated Disk?

Summary

Radiculopathy is a common and well-accepted

indication for imaging; however, it is not an

urgent indication, and with 4–8 weeks of conser-

vative care, most patients improve. Urgent MR

and consultation are needed if the patient has

signs or symptoms of possible cauda equina syn-

drome (bilateral radiculopathy, saddle anesthe-

sia, or urinary retention). Current literature

suggests that MR is slightly more sensitive

(0.6–1.0 vs. 0.6–0.9) than CT in its ability to

detect a herniated disk (moderate evidence).

Plain radiography has no role in diagnosing her-

niated disks (strong evidence), though it does,

like the other modalities, show degenerative

changes that are sometimes associated with her-

niated disks. Finally, all three methods com-

monly reveal findings in asymptomatic subjects.

Supporting Evidence
(a) Plain Radiography Because radiographs

cannot directly visualize disks or nerve roots,

their usefulness is limited. Plain film signs of

disk degeneration include disk space narrowing,

osteophytes, and end plate sclerosis. Indirect

signs of possible nerve root compromise include

facet degeneration as manifested by sclerosis and

hypertrophy.

In their recent prospective study examining

patients with chronic LBP, Peterson and col-

leagues [30] considered whether a relationship

existed between radiographic lumbar spine

degenerative changes and disability or pain

severity. They found no link between the severity

of lumbar facet degeneration and self-reported

pain or disability levels (moderate evidence).

While they did find a weak link between the

number of degenerative disk levels and the sever-

ity of degenerative changes at these levels with

pain in the week immediately preceding the

exam, they found no correlation to pain or dis-

ability over the patients’ entire pain episode

(which in some cases had lasted greater than

5 years) (moderate evidence). Furthermore, in

greater than a quarter of the patients, all of

whom were considered chronic LBP sufferers,

no degenerative changes were evident on their

radiographs. Even in those patients with degen-

erative findings, the severity of degeneration was

rated as mild in approximately 50%. Lundin et al.

[31] studied athletes for 12–13 years and found

only a borderline correlation between loss of disk

height at baseline and back pain (p¼ 0.06). How-

ever, they found a highly significant correlation

between a decrease in disk height over the inter-

vening 12–13 years and the development of LBP

(p ¼ 0.005) (strong evidence).

(b) Computed Tomography In an often-cited

study by Thornbury and colleagues [32], CT

had a sensitivity of 88–94 % forherniated disks

and a specificity of 57–64 %, similar to that for

MR (Fig. 28.2) (moderate evidence). The area
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under a receiver operating characteristic (ROC)

curve for CT was 0.85–0.86. Diagnosis review

bias likely inflated these estimates of accuracy.

Interestingly, a study by Jackson et al. [33]

arrived at similar estimates of sensitivity and

specificity (86 % and 60 %, respectively) despite

the selective use of a surgical reference standard

(moderate evidence). Not taken into account in

these studies is that herniated disks are commonly

present in asymptomatic persons. While likely

representing real anatomic abnormalities, these

findings are irrelevant for clinical decision mak-

ing and thus reduce test specificity (Table 28.1).

Finally, while these studies suggest CT is com-

parable to MR for diagnosing disk disease, an

important drawback of CT compared with MR

is that with only axial image acquisition, it is

more difficult to subcategorize disk herniations

into protrusions versus extrusions (see section

below on MR). However, multidetector CTs,

with thin-section acquisition, allow high-quality

sagittal reformations to potentially overcome this

limitation.

We did not find any data regarding the accu-

racy of CT for nerve root impingement. However,

because surrounding fat provides natural con-

trast, CT, as opposed to plain radiography, can

accurately depict the foraminal and

extraforaminal nerve roots, directly visualizing

nerve root displacement or compression. But CT

is less effective in evaluating the intrathecal

nerve roots (limited evidence) [34].

(c) Magnetic Resonance MR has good sensitiv-

ity and variable specificity for disk herniations.

Thornbury et al. [32] (moderate evidence) dem-

onstrated a sensitivity for herniated disks of

89–100 % but a specificity of only 43–57 %.

The area under the ROC curve was 0.81–0.84.

In a cohort of 180 patients, Janssen et al. [35]

found a sensitivity and specificity of 96 % and

97 %, respectively. Although this study avoided

test review bias, diagnosis review bias was likely

present, with selective application of the surgical

reference standard (moderate evidence).

While data regarding sensitivity and specific-

ity of MR for nerve root compromise is lacking,

MR has several advantages over CT, including

superior soft tissue contrast, multiplanar imaging,

and the ability to characterize intrathecal nerve

roots [20, 36–38]. Still unclear is how best to

evaluate nerve root compromise. In

a prospective evaluation of 96 consecutive

lumbar spine MRs, Gorbachova and Terk [39]

found no correlation between nerve root sleeve

diameter and disk pathology, concluding that

measuring the nerve diameter is not clinically

useful (strong evidence). Pfirrmann and col-

leagues [40] devised a reliable grading system

for nerve root compromise: (1) normal, (2) nerve

root contacted, (3) nerve root displaced, and

(4) nerve root compressed. They retrospectively

evaluated 500 nerve roots in 250 symptomatic

patients and then compared their MR grading

system to a similar surgical scale in the 94 nerve

roots that were evaluated operatively. They found

that their system correlated well with surgical

findings and that intra- and interobserver reliabil-

ity for the grading scale was high with kappa

values of 0.72–0.77 for intraobserver and

0.62–0.67 for interobserver reliability (moderate

evidence).

Despite the high prevalence of herniated disks

(from 20 % to 80 %, depending on age, selection,

and definition of disk herniation) (Table 28.1)

[18–20] and evidence of disk degeneration

among asymptomatic individuals (on MR

46–93 %), several studies have attempted to cor-

relate disk disease with disability and pain. In

a prospective study of 394 patients, Porchet

et al. [41] found that leg pain (but not back

pain), disability, and bodily pain (all p < 0.005)

were significantly associated with MR disk dis-

ease severity. Beattie and colleagues [36] also

studied MR abnormalities and their correlation

to pain, finding relationships between distal leg

pain and both disk extrusions and severe nerve

compression (p < 0.008 and <0.005, respec-

tively). Interestingly, however, in the majority

of the participants, they found no MR abnormal-

ity that corresponded to the distribution of the

patient’s pain.

In a prospective trial, our group found that

extrusions, but not bulges or protrusions, were

significantly associated with a history of LBP

(p < 0.01) [42]. Ahn and colleagues [43], though

28 Adults and Children with Low Back Pain in Primary Care Setting 479



they did not use the terms protrusion or extrusion,

agreed that distinguishing the type of herniation

is important. Comparing transligamentous herni-

ations (extrusions or migrated extrusions) to pro-

trusions and bulges, they found that patients with

transligamentous herniations had slightly better

outcomes. In 2001, the North American Spine

Society, the American Society of Neuroradiology,

and the American Society of Spine Radiology

jointly published recommendations regarding the

use of a consensus nomenclature for describing

disk abnormalities that incorporated these terms

(protrusions and extrusions) [44]. Brant-Zawadzki

et al. argued that the distinction between

protrusions and extrusions is important because

extrusions are rare in asymptomatic subjects

(1 %), but bulges (52 %) and protrusions (27 %)

are common [45].

In a series of 125 subjects, Brant-Zawadzki

et al. [45] looked at the inter- and intraobserver

agreement for four categories of disk morphol-

ogies (normal, bulge, protrusion, and extrusion).

The authors defined a bulge as a circumferential

and symmetrical extension of disk material

beyond the interspace, while a herniation was

a focal or asymmetrical extension of disk mate-

rial. Protrusions and extrusions are subcategories

of herniations. Protrusions are broad based, while

extrusions have a “neck” that makes the base

against the parent disk narrower than the extruded

material itself (Fig. 28.3a, b, c). Using these def-

initions for disk morphologies, the interreader

kappa was 0.59, indicating moderate agreement.

Intraobserver agreement was slightly higher,

ranging from 0.69 to 0.72, indicating substantial

agreement. Others have obtained comparable

degrees of interreader agreement (k ¼ 0.59) in

cohorts of 34 and 45 patients, respectively

[46, 47]. In a study of the reliability of chiroprac-

tors’ interpretations, Cooley and colleagues [48]

found interexaminer reliability comparable to

that of radiologists (k ¼ 0.60).

Magnetic resonance myelography (MRM)

is a relatively new method that uses heavily

T2-weighted three-dimensional (3D) images to

provide high contrast between cerebrospinal

fluid (CSF) and the cord and nerve roots. Because

of the high contrast of CSF, MRM has been used

for diagnosing suspected spinal stenosis. How-

ever, its role in disk imaging has not been well

established. In one prospective evaluation of pre-

operative candidates with prior diagnoses of disk

herniation, Pui and Husen [49] found no differ-

ence between the sensitivity and specificity of

MRM and conventional MR for diagnosis of

disk herniation (strong evidence). Spectrum bias

was likely present, since the reference standard,

which was applied to all patients, was surgical

confirmation. Also, MRM may be useful in the

diagnosis of dorsal root pathology. In their pro-

spective study of 83 patients with MR-verified

lumbar disk herniation and sciatica, Aoto et al.

[50] found that swelling in the dorsal root ganglia

at clinically involved lumbar nerve segments was

clearly seen on MRM, and the degree of root

swelling correlated with pain severity.

The evidence for the use of gadolinium to

detect nerve root enhancement, and thereby

increase specificity, is conflicting [51–53]

(moderate evidence). Autio and colleagues [54]

prospectively studied 63 patients with unilateral

sciatica to determine the relevance of enhance-

ment patterns. They found a negative correlation

between the duration of symptoms and the extent

of enhancement. While they failed to find

a correlation between enhancement and multiple

clinical symptoms, they did find a significant cor-

relation between percent rim enhancement

(greater than 75 %) and the presence of an abnor-

mal Achilles reflex, with a sensitivity and speci-

ficity of 76 % and 82 %, respectively (moderate

evidence). Currently, gadolinium is usually

reserved for the evaluation of postoperative

patients. But even in postoperative imaging, its

role has recently been challenged. In

a prospective study of postdiskectomy patients,

Mullin et al. [55] found no significant difference

between pre- and postcontrast sensitivity

(92–93 %) and specificity (97 %) for recurrent

disk herniation (strong evidence).

Aprill and Bogduk [56] proposed the term

high-intensity zone (HIZ) to describe the pres-

ence of focal high signal in the posterior annulus

fibrosus on T2-weighted images (Fig. 28.4).
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However, over a decade after publication of their

manuscript, the clinical importance of annular

tears remains uncertain. While some investiga-

tors have not found a strong relationship between

the presence of an annular tear and either positive

discography [57] (moderate evidence) or clinical

symptoms [58] (moderate evidence), others have

found a correlation [56, 59] (limited evidence and

moderate evidence). In a retrospective twin

cohort study, Videman and colleagues [60]

found that annular tears were present in 15 % of

their patients and were statistically significantly

associated with many of the LBP parameters they

studied. The most significant association existed

between annular tears and pain intensity in the

past year [odds ratio (OR) 2.2, 95 % confidence

interval (CI) 1.3–3.9] (moderate evidence). Sim-

ilar associations existed between annular tears

and any LBP in the past year, disability from

LBP in the past year, and LBP at the time of the

study. But as with other imaging findings, the

high prevalence of annular tears in subjects

without LBP calls its clinical value into question

[23, 57].

What Is the Role of Imaging in Patients
with Low Back Pain Suspected of
Having BonyMetastatic Spine Disease?

Summary
Both radionuclide studies and MR are sensitive

and specific studies for detecting metastases

(strong evidence). We did not identify studies

supporting the use of CT for detecting bony spi-

nal metastases; however, CT does depict cortical

bone well. Plain films are the least sensitive imag-

ing modality for detecting metastases (strong evi-

dence). Nevertheless, current recommendations

still advocate using plain films as the initial imag-

ing in selected patients.

Supporting Evidence
(a) Plain Radiographs Radiographs are

a specific but relatively insensitive test for

detecting metastatic disease. A primary limita-

tion is that 50 % of trabecular bone must be lost

before a lytic lesion is visible (limited evidence)

[61, 62]. If only lytic or blastic lesions are

counted as a positive study, radiographs are

60 % sensitive and 99.5 % specific for metastatic

disease (limited evidence [61, 62], strong evi-

dence [63]). If one includes compression frac-

tures as indicating a positive examination, then

sensitivity is improved to 70 %, but specificity is

decreased to 95 %.

(b) Computed Tomography We found no ade-

quate data describing the accuracy of CT for the

detection of metastases.

(c) Magnetic Resonance While the sensitivity of

MR for metastases is likely high, the variable

quality of the available literature makes arrival

at a summary estimate difficult. In five studies of

patients with metastatic cancer or other infiltra-

tive marrow processes, MR appeared more sen-

sitive than bone scintigraphy. The sensitivity of

MR ranged from 83 % to 100 %, and specificity

was estimated at 92 %. These studies used a com-

bination of biopsy and follow-up imaging as the

reference standard. Several biases (selection,

sampling, nonuniform application of reference

standard, and diagnosis review) likely inflated

apparent performance [64–68] (Algra, moderate

evidence; Avrahami, moderate evidence; Carroll,

moderate evidence; Carmody, limited evidence;

and Kosuda, moderate evidence).

(d) Bone Scanning and Single-Photon Emission

Computed Tomography In seven studies, the

sensitivity of radionuclide bone scans for tumor

ranged from 74 % to 98 % (all moderate evidence

except for McNeil, which was limited evidence)

[69–76]. Spectrum bias, incorporation bias, test

review bias, and diagnosis review bias were all

present and likely inflated the accuracy estimates.

(e) Cost-Effectiveness Analysis Despite advances

in imaging over the past decade, there is no com-

pelling evidence to justify substantial deviation

from the diagnostic strategy published by the

Agency for Health Care Research and Quality

(AHRQ) in 1994 [77]. These guidelines reflect
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the growing evidence-based consensus that plain

radiography is unnecessary for every patient with

back pain because of the low yield of useful find-

ings, potentially misleading results, high dose of

gonadal radiation, and interpretation disagree-

ments. However, in patients in whom the pretest

probability of a serious underlying condition is

elevated (e.g., patients older than the age of 50

and patients with a history of a primary cancer),

the combination of radiographs and laboratory tests

such as an erythrocyte sedimentation rate (ESR) or

CBC is likely the appropriate first step.

MR is clearly a more accurate diagnostic test

for detecting tumor than are radiographs; never-

theless, it is not a cost-effective initial option.

This is nicely illustrated in the recent paper by

Joines et al. [78]. Building a decision analytic

model to compare strategies for detecting cancer

in primary care patients with LBP, they com-

bined information from the history, ESR, and

radiographs and compared this strategy to one

that used MR on all patients. They found that to

detect a case of cancer, the MR strategy costs

approximately ten times as much as the radio-

graph strategy ($50,000 vs. $5,300). Even more

impressive was that the incremental cost of

performing MR on all patients was $625,000

per additional case found. The authors did not

attempt to convert cost per case detected

into cost per life year saved or cost per

quality-adjusted life year (QALY). However,

since metastatic cancer presenting with back

pain is usually incurable, the life year costs

would likely be much greater. Hollingworth

and colleagues [79] attempted to further

elaborate on Joines et al.’s conclusions by lim-

iting the MR imaging to rapid MR. In a decision

model created for a hypothetical cohort of

primary care patients referred to exclude cancer

as the etiology of their back pain, they also

found that there was not enough evidence to

advocate routine rapid MR for this purpose.

While there was a small increase in quality-

adjusted survival (0.00043 QALYs), the

incremental cost was large ($296,176). Using

rapid MR rather than radiographs, fewer than

one new case of cancer was detected per 1,000

patients imaged.

What Is the Role of Imaging in Patients
with Back Pain Suspected of Having
Infection?

Summary
When infection is suspected, MR is the imaging

modality of choice. Its sensitivity and specificity

are superior to the alternatives (moderate evi-

dence), and the images obtained provide the ana-

tomic information needed for surgical planning.

Supporting Evidence

(a) Plain Radiographs In contrast to metastatic

disease, radiographic changes in infection are

generally nonspecific. Furthermore, radiographic

changes occur relatively late in the disease

course. Findings of infection after several weeks

include poor cortical definition of the involved

end plate with subsequent bony lysis and

decreased disk height. A paraspinous soft tissue

mass may also be present. In one study, the over-

all sensitivity of radiographs for osteomyelitis

was 82 % and the specificity was 57 % (strong

evidence) [80].

(b) Computed Tomography We found no ade-

quate data describing the accuracy of CT for

detecting infection in the lumbar spine.

(c) Magnetic Resonance In the single best-

designed study, the sensitivity of MR for infec-

tion was 96 % and the specificity was 92 %,

making MR more accurate than radiographs or

bone scans [80] (strong evidence). Perhaps more

importantly, MR delineates the extent of infec-

tion better than other modalities, which is critical

to surgical planning.

The characteristic MR appearance of pyo-

genic spondylitis is diffuse low marrow signal

on T1-weighted images and high signal on

T2-weighted images (Fig. 28.5a, b). These

changes reflect increased extracellular fluid.

Although classically two vertebral bodies are

involved along with their intervening disk, the

early imaging is more variable, occasionally with

only one vertebral body being involved [80]. The

disk itself is high in signal and may herniate

through a softened end plate. Gadolinium may
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increase the specificity of MR, with enhancement

of an infected disk and end plates, although rigor-

ous evidence is lacking [81].

We found no studies quantifying the accuracy

of MR for epidural abscesses, but because of

greater soft tissue contrast, MR should be better

able to characterize the extent of an epidural

process than CT.

(d) Bone Scanning and Single-Photon Emission
Computed Tomography In one study investigat-

ing bone scanning and infection, the sensitivity

was moderately high at 82%, but specificity poor,

only 23 % [82] (moderate evidence). In the same

study, gallium-67 SPECT had a 91 % sensitivity

and 92 % specificity.

What Is the Role of Imaging in Patients
with Low Back Pain Suspected of
Having Compression Fractures?

Summary

There are no good estimates on which imaging

modality is best for compression fracture imag-

ing. When differentiation between metastatic and

osteoporotic collapse is sought, MR is currently

the method of choice (weak evidence).

Supporting Evidence

(a) Plain Radiographs Various biases (diagnosis

review bias, test review bias, and selective use of

reference standards) make it difficult to provide

a summary estimate of the radiographic sensitiv-

ity and specificity for acute compression frac-

tures. While radiographs are likely reasonably

sensitive, they probably cannot distinguish

between acute and chronic compression frac-

tures. Clues that a fracture is old include the

presence of osteophytes or vertebral body fusion.

Because MR identifies marrow edema or an asso-

ciated hematoma and because bone scan evalu-

ates metabolic activity, they provide more useful

information regarding fracture acuity (limited

evidence) [83].

(b) Computed Tomography We found no ade-

quate data describing the accuracy of CT for

either the detection of compression fractures or

the differentiation of acute from chronic com-

pression fractures.

(c) Magnetic Resonance We were unable to

identify accurate sensitivity and specificity esti-

mates for MR imaging in compression fractures.

While there is an abundance of literature on MR

and compression fractures, the overwhelming

majority of articles focus on differentiating

malignant from osteoporotic etiologies.

(d) Bone Scanning and Single-Photon Emission
Computed Tomography Bone scans are widely

used for differentiating acute from older (sub-

acute or chronic) compression fractures. Old

fractures should be metabolically inactive, while

recent fractures should have high radiotracer

uptake [65]. We did not identify articles that

allowed us to calculate sensitivity and specificity

for this condition.

What Is the Role of Imaging in Patients
with Back Pain Suspected of Having
Ankylosing Spondylitis?

Summary
There are only a few studies that attempt to deter-

mine which imaging modality is best for

diagnosing ankylosing spondylitis (AS). Plain

radiographs and bone scans with SPECT both

have relatively high specificity (both estimated

at 1.0); specificity on CT and MR is currently not

available. Plain radiographs appear to be ade-

quate for initial imaging in a patient suspected

of having AS (weak evidence).

Supporting Evidence

(a) Plain Radiographs The characteristic imag-

ing findings in AS are osteitis, syndesmophytes,

erosions, and sacroiliac joint erosions, with joint

erosions occurring relatively early and being

readily detectable by radiography. While the sen-

sitivity of radiographs is poor (45 %), the speci-

ficity appears high (100 %), although in the single

study examining this issue, spectrum bias likely

inflated both estimates (moderate evidence) [84].
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(b) Computed Tomography We found no ade-

quate data describing the accuracy of CT for

diagnosis of AS.

(c) Magnetic Resonance In a small study by

Marc et al. [84], MR showed abnormalities in

17 of 31 subjects with spondyloarthropathies

yielding a sensitivity of 55 %. Specificity could

not be determined [84] (moderate evidence).

(d) Bone Scanning, Single-Photon Emission

Computed Tomography, and PET-CT In two

studies, bone scan sensitivity ranged from 25 %

to 85 %, with the higher sensitivity achieved by

using SPECT [84, 85] (both studies moderate

evidence). Specificity ranged from 90 % to

100 %. These studies suffered from a lack of

high-quality reference standards and independent

interpretations. Using modified New York

criteria and radiography as the gold standard

[28], F fluoride PET-CT is 80 % sensitive and

77 % specific to detect sacroiliitis in the setting of

ankylosing spondylitis [86] (moderate evidence).

What Is the Role of Imaging in Patients
with Back Pain Suspected of Having
Spinal Stenosis?

Summary

Both CT and MR can be used to diagnose central

stenosis (moderate evidence). On MR, the radi-

ologists’ general impression, rather than

a millimeter measurement, is valid.

Supporting Evidence

(a) Plain Radiographs No studies provided good

estimates of radiographic accuracy in detecting

central stenosis. Since radiographs can only esti-

mate bony canal compromise, the sensitivity for

central stenosis is undoubtedly poorer than that of

CT or MR, which depicts soft tissue structures.

(b) Computed Tomography A meta-analysis by

Kent et al. [87] reported CT sensitivity for central

stenosis of 70–100 % and specificity of 80–96 %

(limited evidence). Methodologic quality was vari-

able but generally poor, making pooling of the data

impractical. Central stenosis is also common in

asymptomatic persons, with a prevalence of

4–28 % (limited evidence) [88], and thus, the spec-

ificity of CT for central stenosis, as it is for disk

herniations, is likely less than the reported estimates.

(c) Magnetic Resonance In the 1992 meta-

analysis by Kent et al. [87], the sensitivity of

MR for stenosis was 81–97 %, while specificity

ranged from 72 % to 100 % (limited evidence).

Using stricter criteria for false positives, specific-

ity was 93–100 %.

Of note, two recent studies suggest that the

readers’ general impression of central stenosis is

valid. In a retrospective study comparing electro-

myogram (EMG) findings to radiologists’ MR

interpretations, Haig et al. [89] found that the

radiologists’ subjective sense of central stenosis

(normal, mild, moderate, or severe) was statisti-

cally significantly correlated with the EMG

(r ¼ 0.4, p < 0.017) (moderate evidence).

Speciale et al. [90] assessed the intra- and

interobserver reliability of physicians for classify-

ing the degree of lumbar stenosis. Two neurosur-

geons, two orthopedic spine surgeons, and three

radiologists reviewed MRs from patients with

a clinical and radiologic diagnosis of lumbar spinal

stenosis.While the interobserver reliability was fair

among all specialties (k < 0.26), it was highest

among radiologists (moderate with k ¼ 0.40) and

considerably lower among the surgeons (k ¼ 0.21

for neurosurgeons and k ¼ 0.15 for orthopedic

surgeons). In concordance with Haig’s work, they

found that the readers’ subjective evaluation of

stenosis significantly correlated with the calculated

cross-sectional area (p < 0.001).

(d) Bone Scanning and Single-Photon Emission

Computed Tomography Bone scanning has no

role in central stenosis imaging.

What Are Patients’ Perceptions of the
Role of Imaging in Low Back Pain?

Summary
Themajority of patients with LBP think imaging is

an important part of their care. However,
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in patients who are imaged, results of satisfaction

with care are conflicting and overall not signifi-

cantly higher than in those who were not imaged.

Additionally, when plain radiographs are obtained,

outcome is not significantly altered (and in some

cases, is worse). But whenMR or CT is used early

in the workup of LBP, there is a very slight

improvement in patient outcome (weak evidence).

Supporting Evidence
While the majority of studies attempt to validate

a modality by its diagnostic accuracy, possibly

more important is whether the test actually alters

patient outcomes. In their recent randomized con-

trolled trial, Kerry et al. [91] studied 659 patients

with LBP, randomizing 153 patients to either

lumbar spine radiographs or care without imag-

ing while also studying 506 patients in an obser-

vational arm (strong evidence). At 6 weeks and at

1 year, there was no difference between the

groups in physical functioning, disability, pain,

social functioning, general health, or need for

further referrals. However, in the treatment arm

at both 6 weeks and 1 year, there was a small

improvement in self-reported overall mental

health (Table 28.2). In a similar randomized con-

trolled trial of 421 patients, Kendrick and col-

leagues [92] actually found a slight increase in

pain duration and a decrease in overall function-

ing in the radiograph group at 3 months, though at

9 months there was no difference between the

groups (strong evidence).

A few studies have attempted to demonstrate

how CT and MR relate to outcome. In a large

randomized study, Gilbert et al. [93] studied

782 patients, randomizing them to early imag-

ing with CT or MR, or imaging only if a clear

indication developed (strong evidence). They

found that treatment was not influenced by

early imaging. However, while both groups

improved from baseline, there was slightly

more improvement in the early imaging arm at

both 8 (p ¼ 0.005) and 24 (p ¼ 0.002) months.

In a subgroup of these patients, Gillan et al. [94]

found that while there was an increase in

diagnostic confidence in the early imaging group

(Table 28.2), imaging did not change diagnostic

or therapeutic impact (strong evidence).

Our group also performed a randomized con-

trolled trial assigning primary care patients with

LBP to receive either lumbar spine radiographs or

a rapid lumbar spine MR [95] (strong evidence).

We found nearly identical outcomes in the two

groups. Vroomen and colleagues [96], however,

did find in patients with leg pain, utilizing early

MR helped predict the patient’s prognosis (strong

evidence).

Patient satisfaction and expectations must also

be accounted for when developing an imaging

strategy. Many patients with LBP believe

imaging is important or necessary to their care

[97–99]. However, there are conflicting results

regarding improved satisfaction of care when

imaging is actually performed. In their random-

ized trial using plain radiographs, Kendrick and

colleagues [92] discovered that if participants had

been given the choice, 80 % would have elected

to be imaged (strong evidence). They also found

that while satisfaction was similar at 3 months in

both the imaging and nonimaging groups

(Table 28.3), by 9 months, the intervention

group was slightly more satisfied with their

care. In the same cohort, Miller et al. [99]

reported that the imaging group had a higher

overall satisfaction score at 9 months. In

a comparable study, Kerry and colleagues [91]

found no difference in early patient satisfaction

(strong evidence). They did not provide data for

long-term satisfaction. Finally, in our comparison

of rapid MR to radiographs, there was no differ-

ence in overall patient satisfaction between the

two groups, but patients who received an MR

were more reassured [95] (strong evidence).

Which Children Should Undergo
Imaging for Nontraumatic Back Pain?

Summary

There are no validated clinical prediction rules

for determining which subjects with

nontraumatic low back pain should undergo

imaging. However, imaging is clearly indicated

if there is clinical concern for infection, tumor,

or scoliosis. Imaging is probably not indicated in

subjects without concern for one of the preceding
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entities, in whom the pain has been of relatively

short duration and intensity and in whom the

physical examination is benign (insufficient

evidence).

Spondylolysis is relatively common in adoles-

cent athletes and should be suspected when pain

develops in such subjects. Because spondylolysis

may not be apparent on radiography, SPECT or

CT may be warranted (limited evidence).

Supporting Evidence

There are no quality clinical trials on the value of

imaging in children and adolescents with

nontraumatic back pain. In addition, there are no

validated clinical prediction rules for determining

which children and adolescents should undergo

imaging. Evidence supporting the use of imaging

is mainly epidemiological, based on the relatively

high yield for imaging in selected groups. Several

studies from the 1980s reported that diagnosable

pathology could be found in 52–84 % of

children with back pain [27, 100, 101]. However,

a more recent paper by Bhatia et al. revealed

pathology in only 22 % [102]. The reason for

this difference is not clear, but it may be that

there is increasing reporting of uncomplicated

mechanical back pain in children, leading to

more frequent imaging of children with no verte-

bral pathology.

Imaging is indicated in patients who may be at

risk for vertebral osteomyelitis or diskitis (and in

those with scoliosis (Chap. 33, “Pediatric

Dysraphism and Scoliosis: Evidence-Based Neu-

roimaging”)). Risk factors for these conditions

include fever, malaise, weight loss, neurological

deficit, focal deformity, and pain at night [8, 103,

104]. In addition, imaging is indicated when

a significant scoliosis is present (see Chap. 33,

“Pediatric Dysraphism and Scoliosis: Evidence-

Based Neuroimaging”).

Among children and adolescents who have

a short duration of pain and no antecedent history

of significant trauma andwithout physical findings

on examination that put the child into a high-risk

category for one of the diagnoses above, imaging

can be withheld. Though substantiating evidence

is lacking, a reasonable list of risk factors that

might promote imaging includes point tenderness

over the bony elements, particularly the pars

interarticularis, radicular pain, abnormal neuro-

logic examination, and pain with spinal flexion

and extension [8] (insufficient evidence).

In a small prospective study of 87 patients seen

by a single pediatric orthopedic surgeon byFelman

et al. [105], the predictors of constant pain, night

pain, radicular pain, and abnormal neurologic

examination could be combined into a clinical pre-

diction rule to define subjects at high risk for

underlying pathologic diagnosis (spondylo-

listhesis, scoliosis, tumor, disk degeneration,

dysraphism). Patients with none of these predictors

had only a 19 % probability of underlying pathol-

ogy, while patients of all four predictors had

a probability of 100 % for an underlying specific

diagnosis. These results have not been validated,

but the resultsmay be useful in identifying subjects

in whom additional imaging is indicated, after

negative radiography [105] (limited evidence).

When imaging is indicated, radiography will

almost always be the initial imaging modality of

choice. The accuracy of radiography is not

established. However, a recent prospective

study by Bhatia et al. determined that among

13 patients in this series, 10 had definitive diag-

nosis by radiography, with the remainder requir-

ing CT, bone scan, or MRI [102]. Similarly, in the

Feldman et al. study, of 31 subjects with specific

pathological diagnoses, 21 were diagnosed by

initial radiography, with an additional 10 being

diagnosed by MRI performed for high clinical

suspicion. Thus in this small study, radiography

has a sensitivity of 68 % (21 of 31) for clinically

important conditions [105]. The specificity of

radiography has not been documented. Despite

the relatively modest accuracy of radiography;

however, the relatively low radiation, low cost,

and availability make this the initial imaging

modality of choice. CT is the preferred imaging

modality when spondylolysis is suspected. Bone

scan is useful when symptoms are difficult to

localize or if the acuteness of findings on other

imaging evaluation is in question. MRI is the

imaging modality of choice for infection, tumor,

or neural element pathology (limited evidence).
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Special Case: Spondylolysis
Spondylolysis is the leading cause of low back

pain in adolescents after exclusion of patients in

whom no specific diagnosis can be made. In the

Bhatia et al. study, spondylolysis accounted for

11 % of patients presenting with low back pain

[102]. The overall prevalence of spondylolysis

may be as high as 4.4 % in small children and

6 % in adults [106]. It is particularly prevalent in

athletes, specifically gymnasts, weight lifters,

skiers, runners, and swimmers [8–12], and is the

cause of back pain in an estimated 50 % of cases

[107, 108]. Spondylolysis may be acute or

chronic. Acute spondylolysis may be precipitated

by exercise and may be amenable to conservative

therapy [6]. The prognosis and treatment in

chronic spondylolysis or in spondylolisthesis is

less clear.

There is no consensus on the appropriate

imaging evaluation of spondylolysis, and multi-

ple modalities may be required in some individ-

uals [107, 109–111]. Unfortunately, however,

reliable data on the sensitivity and specificity of

any imaging modality in this clinical setting are

lacking. Though often the initial imaging, radi-

ography is considered relatively insensitive for

spondylolysis [112]. CT scanning has been pro-

moted as an effective method for determining the

acuteness of spondylolysis and for determining

the potential for bony healing and the extent to

which healing has occurred [6, 112, 113]. The

accuracy of CT for staging and following

spondylolysis may be increased by performing

thin-section scanning in the plane of the

pars articularis with angled reformations

(Fig. 28.6a, b, c). However, reliable data on CT

accuracy do not exist [110, 112] (insufficient

evidence).

SPECT scan may be more sensitive for the

diagnosis of spondylolysis [114], but it is less

specific and provides less detailed anatomic

information [115]. Scintigraphy may also help

differentiate painful acute spondylolysis from

chronic spondylolysis that is not a cause of pain

[116, 117]. MRI [118–121] and PET-CT [122]

show promise but have not been well evaluated in

this population (insufficient evidence).

A reasonable imaging approach for suspected

spondylolysis is initial imaging with radiography,

followed by SPECT if no other cause of pain is

identified and the subject is at high risk. If SPECT

is negative, then no further imaging is indicated.

However, if SPECT is positive, thin-section CT

can be performed to define and stage the lesion

(limited evidence).

Overall Modality Accuracy Summary

Table 28.4 summarizes the diagnostic accuracy

parameters for each of the four modalities

described. The likelihood ratio (LR) summarizes

the sensitivity and specificity information in

a single number, comparing the probability of

having a positive test result in patients with the

disease with the probability of a positive test

in patients without the disease, or LR + ¼
[probability (+test j disease)]/[probability (+test j
no disease)]. This is equivalent to [sensitivity/

(1 � specificity)]. Similarly, the LR for

a negative test is [(1 � sensitivity)/specificity].

The larger the LR, the better the test is for ruling

in a diagnosis; conversely, the smaller the LR, the

better it is for excluding a diagnosis. LRs greater

than 10 or less than 0.1 are generally thought to be

clinically useful. A LR equal to 1 provides no

clinically useful information.

Take-Home Tables and Figures

Tables 28.1–28.4 and Figs. 28.1–28.6 serve to

highlight key recommendations and supporting

evidence.

Suggested Imaging Protocols

Plain Radiographs

Lateral and anteroposterior (AP) radiographs

should be obtained for initial imaging in primary

care patients with LBP; recent evidence supports

lateral radiographs alone.
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Supporting Evidence

The 1994 AHRQ evidence-based guidelines for

the diagnosis and treatment of patients with acute

LBP [77] recommend only two views of the

lumbar spine be obtained routinely [123, 124].

More recently, a prospective study by Khoo et al.

[125] suggests that a single lateral radiograph

may be as effective as the standard two-view

Table 28.1 Studies of lumbar spine imaging in asymptomatic adults

Prevalence of anatomic conditions

Modality (references) Age group description

Herniated

disk

Bulging

disk

Degenerated

disk Stenosis

Annular

tear

Plain X-rays [129] 14–25 years, high-performance

athletes (n ¼ 143)

20 %

Plain X-rays [14] Army recruits, 18 years old

�2 months

4 % (vs. 5 %

of sx pts.)

Myelography [130] Mean age ¼ 51, referred for

posterior fossa

31 %

acoustic neuroma (n ¼ 300)

CT [131] Mean age ¼ 40

<40 years (n ¼ 24) 20 % 0 %

>40 years (n ¼ 27) 27 % 3 %

MR [132] Women mean age¼ 28 (n¼ 86) 9 % 44 %

MR [18] Under age 60 (n ¼ 53) 22 % 54 % 46 % 1 %

�Age 60 (n ¼ 14) 36 % 79 % 93 % 21 %

MR [19] Mean age ¼ 42 (n ¼ 98) 28%a 52 % 7 % 14 %

MR [20] Mean age ¼36, matched age +

occupation

76%b 51 % of

disks

85 %

exposure to pts. having

diskectomy (n ¼ 46)

MR [133] Mean age ¼ 28 (n ¼ 41)

MR [134] Median age ¼ 42 referred for

head or

33%c 81 % 56 % 56 %

neck imaging (n ¼ 36)

MR [135] Mean age ¼ 35 (n ¼ 60) 56–60 % 20–28 % 72 % 19–20 %

MR [57] Mean age ¼ 40 (n ¼ 54) 24 %

MR [23] Mean ¼ 54 (n ¼ 148) 38%d 64 % 91 % 10 % 38 %

MR [21, 136] 20–50, unrelated trauma 73 % (7 %

with

extrusion)

49 % 29 %

MR [23] Mean age ¼ 54, VA patients 38 % 64 % 91 % 10 % 38 %

MR [57] Mean age ¼ 40.1, cohort of

prior cervical diskectomy

39 %

Source: Adapted with permission from Jarvik JG, Deyo RA. Diagnostic evaluation of low back pain with emphasis on

imaging. Ann Intern Med. 2002 Oct 1;137(7):586–97

Reprinted with kind permission of Springer Science+Business Media from Sammer MBK, Jarvik JG. Imaging of adults

with low back pain in the primary care setting. In: Medina LS et al. editors. Evidence-based imaging: improving the

quality of imaging in patient care. New York: Springer Science+Business Media; 2011

sx symptomatic
aSixty-four percent had disk bulge, protrusion, or extension; only 1 % had extrusions
bNerve root compression in 4 %; contact or displacement of nerve root in 22 %
cZero percent had extrusions
dSix percent had extrusions, 3 % had nerve root compromise
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Table 28.2 Patient outcome

Imaging type Comparison Difference (95 % CI, p)

Plain radiographs

Kerry et al. [91] Radiograph versus no radiograph Mental health

6 weeks �8 (�14 to �1, p < 0.05)

1 year �8 (�15 to �2, p < 0.05)

Kendrick et al. [92] Radiograph versus no radiograph

Pain at 3 months 1.26 (1.0–1.6, p < 0.04)

Disability at 3 months �1.90 (CI not provided, p < 0.05)

CT/MR

Gilbert et al. [93] Early CT or MR versus selective delayed Acute LBP score

8 months �3.05 (�5.16 to �0.95, p < 0.005)

2 years �3.62 (�5.92 to �1.32, p < 0.002)

Gillan et al. [94] Early CT or MR versus selective delayed

Treatment altered p ¼ 0.733

Median change in diagnostic confidence p ¼ 0.001

Jarvik et al. [95] Early MR versus plain radiograph

Mean back-related disability �0.59 (�1.69 to 0.87, p ¼ 0.53)

(Roland) at 12 months

Vroomen et al. [96] Prognostic value of MR for sciatic

Favorable prognosis, annular rupture p ¼ 0.02

Favorable prognosis, nerve root compression p ¼ 0.03

Poor prognosis, disk herniation into foramen p ¼ 0.004

Reprinted with kind permission of Springer Science+Business Media from Sammer MBK, Jarvik JG. Imaging of adults

with low back pain in the primary care setting. In: Medina LS, Blackmore CC, editors. Evidence-based imaging:

optimizing imaging in patient care. New York: Springer; 2006

Table 28.3 Patient satisfaction

Study Comparison Difference (95 % CI, p when provided)

Kendrick et al. [92] and Miller et al. [99] Radiograph versus no radiograph

Satisfaction at 3 months �1.50 (CI not provided, p ¼ 0.13)

Satisfaction at 9 months �2.69 (CI not provided, p < 0.01)

Kerry et al. [91] Radiograph versus no radiograph

Satisfaction with initial

consultation/6 weeks

Very satisfied 1.0/1.0

Satisfied 0.87 (0.40–1.9)/0.89 (0.37–2.1)

Indifferent or dissatisfied 0.41 (0.12–1.3)/0.54 (0.19–1.5)

Jarvik et al. [95] Rapid MR versus radiograph

Overall satisfaction at 12 months 0.30 (�0.42 to 0.99)

Correlation of satisfaction with Pearson correlation coefficients

reassurance at 1, 3, and 12 months p < 0.001 for all

Reprinted with kind permission of Springer Science+Business Media from Sammer MBK, Jarvik JG. Imaging of adults

with low back pain in the primary care setting. In: Medina LS, Blackmore CC, editors. Evidence-based imaging:

optimizing imaging in patient care. New York: Springer; 2006
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Table 28.4 Accuracy of imaging for lumbar spine conditionsa, b

Sensitivity Specificity Likelihood ratio + Likelihood ratio �
X-ray

Cancer 0.6 0.95–0.995 12–120 0.40–0.42

Infection 0.82 0.57 1.9 0.32

Ankylosing spondylitis 0.26–0.45 1 Not defined 0.55–0.74

CT

Herniated disk 0.62–0.9 0.7–0.87 2.1–6.9 0.11–0.54

Stenosis 0.9 0.8–0.96 4.5–22 0.10–0.12

MR

Cancer 0.83–0.93 0.90–0.97 8.3–31 0.07–0.19

Infection 0.96 0.92 12 0.04

Ankylosing spondylitis 0.56

Herniated disk 0.6–1.0 0.43–0.97 1.1–33 0–0.93

Stenosis 0.9 0.72–1.0 3.2–not defined 0.10–0.14

Radionuclide

Cancer

Planar 0.74–0.98 0.64–0.81 3.9 0.32

SPECT 0.87–0.93 0.91–0.93 9.7 0.14

Infection 0.90 0.78 4.1 0.13

Ankylosing spondylitis 0.26 1.0 Not defined 0.74

Source: aReprinted with permission from Jarvik JG, Deyo RA. Diagnostic evaluation of low back pain with emphasis on

imaging. Ann Intern Med. 2002 Oct 1;137(7):586–97
bEstimated ranges derived from multiple studies. See specific test sections in text for references

Fig. 28.1 Magnetic resonance (MR) of the lumbar spine

in a patient without low back pain (LBP) (rigorously

determined for entry into a longitudinal study of people

without LBP). T1-weighted (a) and T2-weighted (b) sag-
ittal images demonstrate a moderate-sized disk extrusion

(arrow) at L5/S1. This is one example of many incidental

findings (Reprinted with kind permission of Springer

Science+Business Media from Sammer MBK, Jarvik JG.

Imaging of adults with low back pain in the primary care

setting. In: Medina LS, Blackmore CC, editors. Evidence-

based imaging: optimizing imaging in patient care.

New York: Springer; 2006)
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examination. In 1,030 lumbar spine radiographs,

the AP film significantly altered the diagnosis in

only 1.3 % of cases (all cases of possible

sacroiliitis or pars defects). More importantly,

infection andmalignancy were not missed on the

lateral film alone. In certain circumstances,

other views are important. When compared

with AP views alone, oblique films better dem-

onstrate the pars interarticularis in profile to

assess for spondylolysis. Flexion-extension

films are used to assess instability, and angled

views of the sacrum are used to assess sacroiliac

joints for AS. Limiting the number of views is

particularly important to younger females,

because the gonadal dose of two views alone is

equal to the gonadal radiation of daily chest

X-rays for several years [126–128].

Fig. 28.2 Axial computed tomography (CT) image dem-

onstrates a relatively hyperdense focal disk herniation

(arrows) outlined by lower density cerebrospinal fluid

(CSF) within the spinal canal. This example shows CT’s

ability to depict disk herniations (Reprinted with kind

permission of Springer Science+Business Media from

Sammer MBK, Jarvik JG. Imaging of adults with low

back pain in the primary care setting. In: Medina LS,

Blackmore CC, editors. Evidence-based imaging: optimiz-

ing imaging in patient care. New York: Springer; 2006)

Fig. 28.3 T2-weighted MR images in two different

patients showing a disk protrusion (arrow) (a) versus

disk extrusion (arrows) (b and c). See text for definition.
Protrusions are common in asymptomatic individuals and

may clinically act as false positives (Reprinted with kind

permission of Springer Science+Business Media from

Sammer MBK, Jarvik JG. Imaging of adults with low

back pain in the primary care setting. In: Medina LS,

Blackmore CC, editors. Evidence-based imaging: optimiz-

ing imaging in patient care. New York: Springer; 2006)
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Computed Tomography

For routine lumbar spine imaging in the Univer-

sity of Washington health system, we use

a multidetector CT with 2.5-mm detector colli-

mation and 2.5-mm intervals at 140 kVp and

200–220 mA. If the radiologist determines prior

to the study that sagittal and coronal reformats are

needed, we scan at 1.25 mm with 1.25-mm

intervals.

Supporting Evidence

We found no studies to support specific CT imag-

ing protocols.

Magnetic Resonance

The MR sequences we use for routine lumbar

spine imaging in the University of Washington

system are as follows:

1. Sagittal T1-weighted 2D spin echo, TR

400/TE minimum, 192 � 256 matrix, 26-cm

field of view (FOV), 4-mm slice thickness, and

1-mm skip

2. Sagittal T2-weighted fast-recovery (frFSE)

fast spin-echo 2D spin echo, TR 4000/TE

110, echo train length (ETL) 25, 224 � 320

matrix, 26-cm FOV, 4-mm slice thickness,

and 1-mm skip

3. Axial T1-weighted 2D spin echo, TR 500/TE

minimum, 192 � 256 matrix, 20-cm FOV,

4-mm slice thickness, and 1-mm skip

4. Axial T2-weighted FSE-XL, TR 4000/TE

102, ETL 12, 192 � 256 matrix, 20-cm FOV,

4-mm slice thickness, and 1-mm skip

Supporting Evidence

We found no studies to support specific MR

imaging protocols.

Future Research

• It is uncertain which imaging findings are the

best predictors of surgical benefit in patients

undergoing fusion for degenerative disease.

Prospective cohort studies and randomized

treatment trials could help to determine

which imaging variables are key determinants

of outcome.

• While compression fractures are readily iden-

tified on imaging, their natural history, includ-

ing identifying which fractures will lead to

chronic pain and what their best management

is, has not yet been described.

• Both MR and bone scans are highly effective

in identifying metastases. Because MR is

more costly than bone scans, future studies

may compare the cost-effectiveness of each

option and may focus on whether patient out-

come is changed from use of either method.

Fig. 28.4 Sagittal T2-weighted MR demonstrating high-

intensity zone (HIZ) (arrow) in an asymptomatic subject

(Reprinted with kind permission of Springer Science+

Business Media from Sammer MBK, Jarvik JG. Imaging

of adults with low back pain in the primary care setting. In:

Medina LS, Blackmore CC, editors. Evidence-based

imaging: optimizing imaging in patient care. New York:

Springer; 2006)
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Fig. 28.5 Sagittal MR of the thoracic spine demonstrat-

ing characteristic findings of diskitis and osteomyelitis,

with virtual obliteration of the intervertebral disk, low

signal on T1-weighted (a) and high signal on T2-weighted
(b) images adjacent to the destroyed disk. Note the poste-

rior extension of the process into the spinal canal and

epidural space, causing compression of the cord

(arrows) (Reprinted with kind permission of Springer

Science+Business Media from Sammer MBK, Jarvik JG.

Imaging of adults with low back pain in the primary care

setting. In: Medina LS, Blackmore CC, editors. Evidence-

based imaging: optimizing imaging in patient care.

New York: Springer; 2006)
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• With infection, molecular imaging techniques

may eventually be developed that can

identify specific organisms based on imaging

properties.

• Data on the best imaging technique to diag-

nose AS are sparse. Future studies may deter-

mine the role and cost-effectiveness of MR in

early diagnosis.

• In patients with spinal stenosis and symptom-

atic herniated disks, definitive studies to

document patient outcomes from surgical

intervention are needed.

Acknowledgment This work was supported in part by

grant 1 P60 AR48093 from the National Institute for

Arthritis, Musculoskeletal, and Skin Diseases.

References

1. Jarvik JG, Deyo RA. Ann Intern Med.

2002;137(7):586–97.

2. Rossi F, Dragoni S. Radiographics. 2001;66:

699–707.

3. Soler T, Calderon C. Am J Sports Med. 2000;

28:57–62.

4. Micheli LJ, Wood R. Arch Pediatr Adolesc Med.

1995;149:15–8.

5. Standaert CJ, Herring SA. Arch Phys Med Rehabil.

2007;88:537–40.

6. Ogon M, et al. Clin Orthop Related Res. 2001;

390:151–62.

7. Bernstein RM, Cozen H. Am Fam Physician.

2007;76:1669–76.

8. Szpalski M, et al. Eur Spine J. 2002;11:459–64.

Fig. 28.6 Spondylolysis in a 15-year-old female. Initial

axial CT (a) shows irregular linear lucencies through the

bilateral pars interarticularis (arrows). Angled thin-

section oblique reformation (b) demonstrates smooth mar-

gins indicating an acute injury (arrow). Follow-up CT 4

months later reveals near-complete healing (c) on angled

thin-section oblique reformation (Reprinted with kind

permission of Springer Science+Business Media from

Blackmore CC. Imaging of the spine for traumatic and

nontraumatic etiologies. In: Medina LS et al. editors.

Evidence-based imaging in pediatrics. New York:

Springer; 2010)

494 K.F. Linnau et al.



9. Anderson JM, Schutt AH. Mayo Clin Proc.

1980;55(8):499–504.

10. Frymoyer JW. Back pain and sciatica. N Engl J Med.

1988;318:291–300.

11. Barondess JA. The future of generalism. Ann Intern

Med. 1993;119(2):153–60.

12. Salkever DS. Morbidity cost: national estimates and

economic determinants. NCHSR Research Summary

Serials. DHHS Publication.1985. Report No.: (PHS)

86–3343; 1985.

13. White AAD, Gordon SL. Spine. 1982;7(2):141–9.

14. SteinbergEL,LugerE,ArbelR,MenachemA,Dekel S.

Clin Radiol. 2003;58(12):985–9.

15. van Tulder MW, Assendelft WJ, Koes BW,

Bouter LM. Spine. 1997;22(4):427–34.

16. Deyo R, Tsui-Wu Y. Spine. 1987;12:264–8.

17. Currey HL, Greenwood RM, Lloyd GG, Murray RS.

Rheumatol Rehabil. 1979;18(2):94–104.

18. Boden SD, Davis DO, Dina TS, Patronas NJ,

Wiesel SW. J Bone Joint Surg Am. 1990;72(3):

403–8.

19. Jensen MC, Brant-Zawadzki MN, Obuchowski N,

Modic MT, Malkasian D, Ross JS. N Engl J Med.

1994;331(2):69–73.

20. Boos N, Rieder R, Schade V, Spratt KF, Semmer N,

Aebi M. Spine. 1995;20(24):2613–25.

21. Boos N, Semmer N, Elfering A, Schade V, Gal I,

Zanetti M, et al. Spine. 2000;25(12):1484–92.

22. Jensen OK, Nielsen CV, Stengaard-Pedersen K.

Spine J. 2010;10(8):659–75.

23. Jarvik JJ, Hollingworth W, Heagerty P, Haynor DR,

Deyo RA. Spine. 2001;26(10):1158–66.

24. Deyo RA, Rainville J, Kent DL. J Am Med

Assoc. 1992;268(6):760–5.

25. van den Bosch MA, Hollingworth W, Kinmonth AL,

Dixon AK. Clin Radiol. 2004;59(1):69–76.

26. Hamilton MG, Myles ST. J Neurosurg. 1992;77(5):

700–4.

27. Jeffries LJ, Milanese SF, Grimmer-Somers KA.

Spine. 2007;32:2630–7.

28. Luo X, Pietrobon R, Sun SX, Liu GG, Hey L. Spine.

2004;29(1):79–86.

29. Klein BP, Jensen RC, Sanderson LM. J Occup Med.

1984;26:443.

30. Peterson CK, Bolton JE, Wood AR. Spine.

2000;25(2):218–23.

31. Lundin O, Hellstrom M, Nilsson I, Sward L. Scand

J Med Sci Sports. 2001;11(2):103–9.

32. Thornbury JR, Fryback DG, Turski PA, Javid MJ,

McDonald JV, Beinlich BR, et al. Radiology.

1993;186(3):731–8.

33. Jackson RP, Cain Jr JE, Jacobs RR, Cooper BR,

McManus GE. Spine. 1989;14(12):1362–7.

34. Wilmink JT. AJNR Am J Neuroradiol. 1989;10(2):

233–48.

35. Janssen ME, Bertrand SL, Joe C, Levine MI. Ortho-

pedics. 1994;17(2):121–7.

36. Beattie PF, Meyers SP, Stratford P, Millard RW,

Hollenberg GM. Spine. 2000;25(7):819–28.

37. Vroomen PC, de Krom MC, Wilmink JT.

J Neurosurg. 2000;92(2 Suppl):135–41.

38. Rankine JJ, Fortune DG, Hutchinson CE, Hughes

DG, Main CJ. Spine. 1998;23(15):1668–76.

39. Gorbachova TA, Terk MR. Skeletal Radiol. 2002;

31(9):511–5.

40. Pfirrmann CW, Dora C, Schmid MR, Zanetti M,

Hodler J, Boos N. Radiology. 2004;230(2):583–8.

41. Porchet F, Wietlisbach V, Burnand B, Daeppen K,

Villemure JG, Vader JP. Neurosurgery.

2002;50(6):1253–9. discussion 9–60.

42. Jarvik JG, Haynor DR, Hollingworth W, Deyo RA.

Longitudinal assessment of imaging and disability of

the back: a prospective cohort study of asymptomatic

VA patients. Chicago: RSNA; 1999.

43. Ahn SH, Ahn MW, Byun WM. Spine. 2000;25(4):

475–80.

44. Fardon DF, Milette PC. Spine. 2001;26(5):E93–113.

45. Brant-Zawadzki MN, Jensen MC, Obuchowski N,

Ross JS, Modic MT. Spine. 1995;20(11):1257–63.

discussion 64.

46. Milette PC, Fontaine S, Lepanto L, Cardinal E,

Breton G. Spine. 1999;24(1):44–53.

47. Jarvik J, HaynorD,Koepsell T,BronsteinA,AshleyD,

Deyo R. Acad Radiol. 1996;3:537–44.

48. Cooley JR, Danielson CD, Schultz GD, Hall TA.

J Manipulative Physiol Ther. 2001;24(5):317–26.

49. Pui MH, Husen YA. Australas Radiol. 2000;44(3):

281–4.

50. Aota Y, Onari K, An HS, Yoshikawa K. Spine.

2001;26(19):2125–32.

51. Kikkawa I, SugimotoH, SaitaK,OokamiH,NakamaS,

Hoshino Y. J Orthop Sci. 2001;6(2):101–9.

52. Lane JI, Koeller KK, Atkinson JL. AJNR Am

J Neuroradiol. 1994;15(7):1317–25.

53. Crisi G, Carpeggiani P, Trevisan C. AJNR Am

J Neuroradiol. 1993;14(6):1379–92.

54. Autio RA, Karppinen J, Kurunlahti M, Kyllonen E,

Vanharanta H, Tervonen O. Spine. 2002;27(13):

1433–7.

55. Mullin WJ, Heithoff KB, Gilbert Jr TJ, Renfrew DL.

Spine. 2000;25(12):1493–9.

56. Aprill C, Bogduk N. Br J Radiol. 1992;65(773):

361–9.

57. Carragee EJ, Paragioudakis SJ, Khurana S. Spine.

2000;25(23):2987–92.

58. Rankine JJ, Gill KP, Hutchinson CE, Ross ER,

Williamson JB. Spine. 1999;24(18):1913–9. discus-

sion 20.

59. Lam KS, Carlin D, Mulholland RC. Eur Spine J.

2000;9(1):36–41.

60. Videman T, Battie MC, Gibbons LE, Maravilla K,

Manninen H, Kaprio J. Spine. 2003;28(6):582–8.

61. Sartoris DJ, Andre M, Resnik CS, Resnick D,

Resnick C. Radiology. 1986;160(3):707–12.

28 Adults and Children with Low Back Pain in Primary Care Setting 495



62. SartorisDJ,Clopton P,NemcekA,DowdC,ResnickD.

Radiology. 1986;160(2):479–83.

63. Deyo RA, Diehl AK. J Gen InternMed. 1988;3:230–8.

64. Algra PR, Bloem JL, Tissing H, Falke THM, Arndt

JW, Verboom LJ. Radiographics. 1991;11:219–32.

65. Avrahami E, Tadmor R, Dally O, Hadar H. J Comput

Assist Tomogr. 1989;13(4):598–602.

66. Carroll KW, Feller JF, Tirman PF. J Magn Reson

Imaging. 1997;7(2):394–8.

67. Carmody RF, Yang PJ, Seeley GW, Seeger JF, Unger

EC, Johnson JE. Radiology. 1989;173:225.

68. Kosuda S, Kaji T, Yokoyama H, Yokokawa T,

Katayama M, Iriye T, et al. J Nucl Med. 1996;

37(6):975–8.

69. McDougall IR, Kriss JP. J Am Med Assoc. 1975;

231(1):46–50.

70. Corcoran RJ, Thrall JH, Kyle RW, Kaminski RJ,

Johnson MC. Radiology. 1976;121(3Pt. 1):663–7.

71. Savelli G,Chiti A,Grasselli G,MaccauroM,RodariM,

Bombardieri E. Anticancer Res. 2000;20(2B):

1115–20.

72. Petren-Mallmin M. Acta Radiol Suppl. 1994;

391:1–23.

73. McNeil BJ. Semin Nucl Med. 1978;8(4):336–45.

74. Jacobson AF. Yield of bone scintigraphy. Arch Intern

Med. 1997;157(1):105–9.

75. Even-Sapir E, Martin RH, Barnes DC, Pringle CR,

Iles SE, Mitchell MJ. Radiology. 1993;187(1):193–8.

76. Han LJ, Au-Yong TK, TongWC, Chu KS, Szeto LT,

Wong CP. Eur J Nucl Med. 1998;25(6):635–8.

77. Bigos S, Bowyer O, Braen G, Brown K, Deyo RA,

Haldeman S, et al. Acute low back problems in

adults. Clinical Practice Guideline No. 14. AHCPR

Publication. Rockville, MD: Agency for Health Care

Policy and Research, Public Health Service, U.S.

Department of Health and Human Services 1994

12/94. Report No.: 95–0642; 1994.

78. Joines JD, McNutt RA, Carey TS, Deyo RA,

Rouhani R. J Gen Intern Med. 2001;16:14–23.

79. Hollingworth W, Gray DT, Martin BI, Sullivan SD,

Deyo RA, Jarvik JG. J Gen Intern Med. 2003;

18(4):303–12.

80. Modic M, Feiglin D, Piraino D, Boumphrey F,

Weinstein M, Duchesneau P, et al. Radiology.

1985;157:157–66.

81. Breslau J, Jarvik JG, Haynor DR, Longstreth Jr WT,

Kent DL, Maravilla KR. AJNR Am J Neuroradiol.

1999;20(4):670–5.

82. Love C, Patel M, Lonner BS, Tomas MB, Palestro

CJ. Clin Nucl Med. 2000;25(12):963–77.

83. Yamato M, Nishimura G, Kuramochi E, Saiki N,

Fujioka M. Radiat Med. 1998;16(5):329–34.

84. Marc V, Dromer C, LeGuennec P,Manelfe C, Fournie

B. Rev Rheum Engl Ed. 1997;64(7–9):465–73.

85. Hanly JG, Barnes DC, Mitchell MJ, MacMillan L,

Docherty P. J Rheumatol. 1993;20(12):2062–8.

86. Strobel K, Fischer DR, Tamborrini G, Kyburz D,

Stumpe KD, Hesselmann RG, et al. Eur J Nucl Med

Mol Imaging. 2010;37(9):1760–5.

87. Kent D, Haynor D, Larson E, Deyo R. AJR Am

J Roentgenol. 1992;158:1135–44.

88. Porter RW, Bewley B. Spine. 1994;19(2):173–5.

89. Haig AJ, Weiner JB, Tew J, Quint D, Yamakawa K.

Spine. 2002;27(17):1918–25. discussion 24–5.

90. Speciale AC, Pietrobon R, Urban CW, Richardson

WJ, Helms CA, Major N, et al. Spine.

2002;27(10):1082–6.

91. Kerry S, Hilton S, Dundas D, Rink E, Oakeshott P.

Br J Gen Pract. 2002;52(479):469–74.

92. Kendrick D, Fielding K, Bentley E, Kerslake R,

Miller P, Pringle M. Br Med J. 2001;322(7283):

400–5.

93. Gilbert FJ, Grant AM, Gillan MG, Vale LD,

Campbell MK, Scott NW, et al. Radiology. 2004;

231(2):343–51.

94. Gillan MG, Gilbert FJ, Andrew JE, Grant AM,

Wardlaw D, Valentine NW, et al. Radiology. 2001;

220(2):393–9.

95. Jarvik JG, Hollingworth W, Martin B, Emerson SS,

Gray DT, Overman S, et al. J Am Med

Assoc. 2003;289(21):2810–8.

96. Vroomen PC, Wilmink JT, de Krom MC. Neurora-

diology. 2002;44(1):59–63.

97. EspelandA,BaerheimA,AlbrektsenG,KorsbrekkeK,

Larsen JL. Spine. 2001;26(12):1356–63.

98. Kerry S, Hilton S, Patel S, Dundas D, Rink E, Lord J.

Health Technol Assess. 2000;4(20):1–4.

99. Miller P, Kendrick D, Bentley E, Fielding K. Spine.

2002;27(20):2291–7.

100. Turner PG, Hancock PG, Green JH. Spine.

1989;14:812–4.

101. King HA. Evaluating the child with back pain. 1986;

33(6):1489–1493.

102. Bhatia NN, et al. J Pediatr Orthop. 2008;28:230–3.

103. Wilne S, et al. Lancet Oncol. 2007;8:685–95.

104. Garg S, Dormans JP. J Am Acad Orthop Surg.

2005;13(6):372–81.

105. Feldman DS, et al. J Pediatr Orthop. 2006;26:353–7.

106. Frederickson BE, et al. J Bone Joint Surg Am.

1984;66:699–707.

107. Sassmannshausen G, Smith BG. Clin Sports Med.

2002;21(1):121–32.

108. DePalma MJ, Bhargava A. Curr Sports Med Rep.

2006;5(1):44–9.

109. Standaert CJ, Herring SA. Br J Sports Med.

2000;34(6):415–22.

110. McCleary MD, Congeni JA. Curr Sports Med Rep.

2007;6(1):62–6.

111. Waicus KM, Smith BW. Curr Sports Med Rep.

2002;1(1):52–8.

112. Congeni J, McCulloch J, Swanson K. Am J Sports

Med. 1997;25(2):248–53.

113. Fujii K, et al. J Bone Joint Surg Br. 2004;86:225–31.

114. Sanpera I, Beguiristain-Gurpide JL. J Pediatr Orthop.

2006;26:221–5.

115. Garces GL, et al. Int Orthop. 1999;23(4):213–5.

116. Elliott S, Hutson MA, Wastie ML. Clin Radiol.

1988;39(3):269–72.

496 K.F. Linnau et al.



117. Lowe J, et al. Spine. 1984;9(6):653–5.

118. Bennett DL, Nassar L, DeLano MC. Skeletal Radiol.

2006;35(7):503–9.

119. Masci L, et al. Br J Sports Med. 2006;40(11):940–6.

discussion 946.

120. Udeshi UL, Reeves D. Clin Radiol. 1999;54(9):

615–9.

121. Campbell RS, Grainger AJ. Clin Radiol.

1999;54(1):63–8.

122. Ovadia D, et al. J Pediatr Orthop. 2007;27(1):90–3.

123. Robbins SE, Morse MH. Clin Radiol. 1996;

51(9):637–8.

124. Scavone JG, Latshaw RF, Weidner WA. Am

J Roentgenol. 1981;136(4):715–7.

125. Khoo LA, Heron C, Patel U, Given-Wilson R,

Grundy A, Khaw KT, et al. Clin Radiol. 2003;

58(8):606–9.

126. Antoku S, Russell W. Radiology. 1957;101:669–78.

127. Hall FM. Radiology. 1976;120:443–8.

128. Webster E, Merrill O. Radiation hazards: II. N Engl

J Med. 1957;257:811–9.

129. Hellstrom M, et al. Acta Radiol. 1990;31(2):

1127–132.

130. Hitselberger WE, Witten RM. J Neurosurg.

1968;28(3):204–206.

131. Wiesel S, et al. Spine. 1984;9:549–551.

132. Weinreb JC, et al. Radiology. 1989;170(1pt 1):

125–128.

133. Burns JW, et al. Aviat Space Environ Med.

1996;67(9):849–853.

134. Stadnik TW, et al. Radiology. 1998;201(1):49–55.

135. Weishaupt D, et al. Radiology. 1998;209(3):

661–666.

136. Elfering A, et al. Spine. 2002;27(2):125–134.

28 Adults and Children with Low Back Pain in Primary Care Setting 497



Spinal Injections for Low Back Pain:
Evidence-Based Treatment 29
John A. Carrino and Nikolai Bogduk

Contents

Key Points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 500

Definition and Pathophysiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 500

Epidemiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501

Overall Cost to Society . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501

Goals of Injections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501

Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501

Discussion of Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 502

What Is the Role of Therapeutic Spinal Injections for Acute Low Back Pain? . . . . . . . 502

What Is the Role of Therapeutic Spinal Injections for Chronic Low Back Pain? . . . . 502

Special Case: Imaging Guidance and Safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 506

Take-Home Table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 507

Imaging Case Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 507

Suggested Injection Protocols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 507

Future Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 507

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 508

J.A. Carrino (*)

Russell H. Morgan Department of Radiology and Radiological Science, Johns Hopkins University School of Medicine,

Baltimore, MD, USA

e-mail: carrino@jhmi.edu

N. Bogduk

Newcastle Bone and Joint Institute, Royal Newcastle Center, University of Newcastle, Newcastle, NSW, Australia

e-mail: Vicki.caesar@hne.health.nsw.gov.au

L.S. Medina et al. (eds.), Evidence-Based Neuroimaging Diagnosis and Treatment,
DOI 10.1007/978-1-4614-3320-0_30, # Springer Science+Business Media New York 2013

499

mailto:carrino@jhmi.edu
mailto:Vicki.caesar@hne.health.nsw.gov.au


Key Points

• Lumbar intradiscal therapy (injection, dener-

vation, thermomodulation) procedures are of

no benefit for the majority of patients with

chronic low back pain (moderate evidence).

• Lumbar facet joint intra-articular steroid

injection is of no benefit for chronic low-

back pain (moderate evidence).

• Neurolytic treatment of lumbar facet joints

(lumbar radiofrequency medial branch

neurotomy) is of moderate benefit for chronic

low back pain when positive response to

medial branch diagnostic blocks are used as

the selection criteria (moderate evidence).

• Sacroiliac joint intra-articular steroid injection

is of no benefit for chronic low back pain

(limited evidence).

• Sacroiliac joint intra-articular steroid injection

is of great benefit for low back pain in patients

with inflammatory spondyloarthropathy (limited

evidence).

• Lumbar epidural steroid injection is of no benefit

for chronic low back pain (moderate evidence).

Definition and Pathophysiology

Low back pain is a distinctly different condition

from lumbar radicular pain (sometimes called

“sciatica”). Radicular pain is lancinating

pain that travels into the lower limb along a

narrow band [1]. It is caused by disc herniation,

foraminal stenosis, lateral recess stenosis, or

other space-occupying lesions in the vertebral

canal that compromise lumbosacral nerve roots.

In contrast, low back is dull, aching pain that is

centered on the lumbar, or lumbosacral, spine but

may radiate into the buttocks or proximal thigh; it

can radiate beyond the knee but not typically so.

Its causes are elusive and difficult to determine.

Back pain may be classified according to the

length of time symptoms persist: acute<6 weeks,

subacute 6–12 weeks, and chronic >12 weeks.

This is significant because the biology, pathol-

ogy, natural history, and evidence base for each

class of back pain are distinctly different.

Acute low back pain is largely a benign con-

dition with a favorable natural history. Investiga-

tions are only indicated in cases of acute low back

pain when alerting features (“red flags”) of seri-

ous conditions are present [2]. “Red flags” is the

term referring to the clinical/physical features

indicating the possible presence of serious

but relatively uncommon diseases requiring

specific evaluation and treatment. Such condi-

tions include tumors, infection, fractures, and

neurological damage.

The International Association for the Study of

Pain (IASP) defines chronic pain as pain that has

persisted for longer than 3 months [1]. Individ-

uals vary in their potential to develop chronic

pain. A combination of behaviors, beliefs, and

emotions may be involved in the transition from

acute to chronic pain [3].

The causes or sources of chronic low back

pain typically cannot be determined using con-

ventional medical imaging. Degenerative disc

disease (DDD) is a morphologic descriptor of

age-related changes (desiccation, height loss,

osteophytes) that show no clinically significant

association with pain. Therefore, it does not con-

stitute a diagnosis of back pain. Spinal stenosis

can cause radiculopathy and related neurologic

symptoms, but stenosis, per se, is not a cause of

back pain. In patients with spinal stenosis, back

pain might be caused by conditions that happen

also to cause stenosis (e.g., facet arthropathy), or

it may be unrelated to the stenosis.

Some causes or sources of chronic low back

pain can be identified if invasive diagnostic tests

are used. Diagnostic blocks can be used to try to

identify pain stemming from the zygapophysial

(facet) joints or the sacroiliac joints, and discog-

raphy can be tried to diagnose internal disc dis-

ruption (IDD). IDD is a specific condition

characterized by degradation of the matrix of

the nucleus pulposus and fissures (radial �
circumferential) that penetrate the annulus

fibrosus without breaching the outer lamella.

These morphological features correlate with the

disc being painful [4]. Affected discs exhibit

biophysical features that correlate with the disc

being painful [5]. The putative mechanical

etiology of internal disc disruption is fatigue
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failure of the endplate, which precipitates the

biophysical features of the condition [6]. The

biochemical features have been produced by

endplate fractures in animal models [7–9].

Epidemiology

Back pain is highly prevalent, affecting most indi-

viduals at some point in their lives. Disc degener-

ation is not synonymous with back pain and related

disability. A large study, using multiple regression

analysis, showed that age changes and degenera-

tive changes did not correlate with the disc being

painful [4, 10]. An estimated 75 % of the popula-

tion has had an episode of back pain at some point

in their life [11]. While most acute back pain

resolves within a few months, surveys report that

approximately 5–10 % of the population has

chronic back pain [11], a percentage which implies

significant social and economic impacts [12]. The

risk of low back pain increases with age [13].

Those affected can have disabling symptoms

that can dramatically affect their quality of life

and ability to perform a variety of activities.

In patients with chronic low back pain, using

diagnostic injections as the reference standard,

the follow structures with relative contributions

have been reported: internal disc disruption in at

least 39 % [14], lumbar zygapophysial (facet)

joints in 5–15 % [15], and the sacroiliac joint in

13–19 % [16, 17]. The exact prevalence of

sacroiliitis is unknown, but the estimate for inflam-

matory back pain is about 0.8 % of the adult

population aged 25–49 years [18]. Sacroiliitis can

be diagnosed by medical imaging demonstrating

inflammation of the affected joint.

Overall Cost to Society

The total costs of low back pain in the United

States exceed $100 billion per year [19]. Two-

thirds of these costs are indirect, due to lost wages

and reduced productivity. Each year, fewer than

5 % of the patients who have an episode of low

back pain account for 75 % of the total costs [19].

Annually, a substantial amount of money is spent

in the United States on spinal injections. As an

estimate, reimbursement for over half a million

spinal injections (n ¼ 637, 294) performed in

the Medicare population during 1999 was over

$65 million [20].

Goals of Injections

Spinal injections can be used for diagnostic and

therapeutic purposes with the theoretical advan-

tage that they target directly the site involved in

the source of pain. Therapeutic spinal injections

are not curative but are intended to provide pain

relief and functional improvement for an inter-

mediate duration of months to years.

Methodology

The topic of low back pain was searched using

multiple electronic databases. The searches were

performed in stages. All searches were initially

conducted from January 1966 (the start date of

MEDLINE) through September 2011. In addition

to MEDLINE, we searched for systematic

reviews using the Cochrane Database of System-

atic Reviews and the NHA Health Technology

Assessment Programme and for primary studies

using the Cochrane Central Register of Con-

trolled Trials and EMBASE. Electronic searches

were supplemented by reviews of reference lists

and additional citations suggested by experts.

Inclusion criteria were based on population

(low back pain), therapeutic intervention (lumbo-

sacral spinal injection), a comparator (placebo or

other treatment), outcomes (pain, physical func-

tion, quality of life, patient satisfaction, opioid

use, return to work, other reported surrogate, com-

plications), and study design (RCTs, observational

cohort, and large case series).We included relevant

systematic reviews. Studies of cost were included

if they were conducted alongside a randomized

trial or were a full economic analysis (cost-

effectiveness, cost-minimization, or cost-utility

study). We only included non-English language

trials if they were already included in English

language systematic reviews.
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Exclusion criteria were studies of populations

without low back pain (cervical spine, spinal

stenosis, radicular pain), nontherapeutic inter-

ventions (diagnostic injections), postoperative

injection treatments (failed back surgery), no out-

comes assessment, and study design that was not

a clinical trial or a large case series. Other obser-

vational studies (such as uncontrolled case series

and pre-post analyses) were excluded. Studies of

nonhuman subjects and those without original

data were excluded. We also excluded studies

published only as conference abstracts.

Discussion of Issues

What Is the Role of Therapeutic Spinal
Injections for Acute Low Back Pain?

Summary/Supporting Evidence

Most acute low back pain gets better. So, there is

rarely any need to investigate it. The causes are

not known, for the majority of cases, and there is

no need to know (because it gets better). Investi-

gations are warranted only when the pain persists,

but then the pain is no longer acute. In the

absence of a diagnosis of the source of pain,

targeted interventional pain procedure is not indi-

cated. As a result, there have been no studies of

interventions for acute back pain, and there do not

need to be any.

What Is the Role of Therapeutic Spinal
Injections for Chronic Low Back Pain?

Summary

There is a variety of spine injections that may be

applied in the treatment of chronic low back pain.

These are usually based on a putative source of

pain (pain generator) such as the intervertebral

disc, zygapophysial (facet) joint, or sacroiliac

joint diagnosed by clinical signs/symptoms,

physical exam findings, medical imaging, diag-

nostic injections, or a combination thereof. As

summarized in several systematic reviews, these

spinal injection treatments have not been well

studied in homogenous populations [19, 21–25].

Each of the specific joints/injection types is

discussed.

Supporting Evidence
Intervertebral Disc

Intradiscal injections afford no benefit, or are of

questionable benefit, based on several RCTs

(moderate evidence). External denervation of

the disc is of questionable benefit (moderate evi-

dence). Some forms of internal thermal coagula-

tion of the disc are of no benefit, while others are

of questionable benefit (moderate evidence).

Chemical therapies for discogenic pain target

one or other of the agents involved in disc degra-

dation. Three randomized placebo-controlled

studies have indicated that intradiscal steroid

injections are not effective in the management

of discogenic, chronic low back pain [26–28].

A placebo-controlled study assessed the efficacy

of intradiscal injection of etanercept in doses

increasing from 0.1 to 1.5 mg and found no dif-

ferences at 1 month, either within or between

patients treated with etanercept or normal saline,

with respect to relief of pain or disability [29]. For

low back pain without radiculopathy, intradiscal

injections with methylene blue were superior to

placebo injections in terms of pain, function,

patient satisfaction, and analgesic use in the

long term (6-24 months) based on data from

RCT of 72 patients [30], but these results have

not been replicated. No studies have reported the

effectiveness of ozone for back pain. There are no

large observational studies or clinical trials

looking at the effectiveness of intradiscal

proliferants (purported disc healing substances).

An initial prospective case series involved

30 patients receiving an average of 2.5 intradiscal

injections of a compounded mixture of chondroi-

tin sulfate, glucosamine hydrochloride, DMSO,

bupivacaine, hypertonic dextrose, and nonionic

contrast [31]. The investigators reported that

57 % of patients experienced greater than 50 %

improvement in pain sustained over a minimum

follow-up of 12 months. Studies using regenera-

tive therapies (cytokines, growth factors, and

gene therapies are known to promote favorably
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the metabolism of connective tissues) conducted

in humans have addressed only safety and not

efficacy or effectiveness.

Attempts have been made to denervate painful

discs at different sites (anterolateral or postero-

lateral) using a variety of means. A prospective,

single-blinded (patient) controlled study com-

pared the effects of thermal radiofrequency

lesioning in the region of the ramus communicans

(anterolateral disc innervation) with those of

injections of lidocaine over the same site

(anterolateral disc) [32]. In terms of pain scores

and physical function scores, significant differ-

ences were in favor of radiofrequency treatment

at 4 months following intervention. However, the

degree of relief afforded by radiofrequency ther-

apy was modest, amounting to only a 46 % mean

decrease in pain. The study was confounded

because patients who received radiofrequency

therapy also received an injection of steroid at

the site treated, which the control group did not

receive. A controlled trial demonstrated that

intradiscal radiofrequency achieved no greater

relief of pain than sham therapy [33]. No con-

trolled or prospective trials of the efficacy of

sinuvertebral nerve (posterolateral disc innerva-

tion) lesions for the treatment of lumbar disc pain

are currently available.

IDET (Intradiscal Electrothermal Therapy)

involves threading a flexible electrode into the

painful disc and using it to heat and coagulate

the posterior annulus in the region affected by

radial and circumferential fissures. IDET has

been studied with observational and randomized

controlled clinical trials. A nonrandomized study

compared IDET with rehabilitation using sub-

jects with insurance denial as the control group

[34]. Both groups of patients had similar

pretreatment pain scores. After treatment and at

follow-up 12 months and two years after treat-

ment, those scores were significantly better in

those patients treated with IDET. A placebo-

controlled study warned that placebo responses

could occur in patients undergoing intradiscal

therapy [35]. Nevertheless, in that study IDET

was significantly more effective than placebo for

the reduction of pain (assessed using a visual

analog scale) and for the improvement of physical

function using the short form (SF)-36 and the

Oswestry disability scale. However, IDET was

patently effective in only a minority of patients.

A subsequent RCT showed no benefit of IDET

over placebo using a sham procedure [36].

Among the reasons for variable success rates are

differences in patient selection and technique

used [37]. When originally described, the proce-

dure required placement of the electrode at the

interface between the nucleus pulposus and inner

annulus. Those studies with better outcomes

placed the electrode in the outer annulus.

The optimum position requires crossing the radial

fissure and lying parallel but peripheral to any

circumferential fissure. If such a peripheral place-

ment cannot be achieved, a more central

placement, inside the circumferential fissure but

parallel and as close as possible to it, is preferred.

If the radial fissure cannot be crossed using

a single insertion of the electrode, the fissures

are addressed by bilateral placements. Suboptimal

location within the intervertebral disc height

(craniocaudal dimension) might be another rea-

son for variable results. The IDET electrode has

only a small field of effect. It coagulates tissues in

a region within about one electrode width. For

some fissures, this field might be enough, i.e.,

the electrode crosses the fissure and completely

coagulates it. In other cases this might not occur.

The electrode might pass only partially through

a fissure or may pass entirely below or above the

fissure with incomplete or no coagulation [37].

No prospective, randomized, controlled

studies are available regarding the use of percuta-

neous plasma discectomy (nucleoplasty) for

discogenic pain.

Zygapophysial (Facet) Joint
Intra-articular Injections

Zygapophysial (facet) joint intra-articular steroid

injections overall showed no benefit based on

four RCTs (moderate evidence). The largest

randomized study, involving 109 patients, found

no difference among large-volume (8 mL)

intra-articular saline injections, intra-articular

corticosteroid, and local anesthetic, and the same

29 Spinal Injections for Low Back Pain: Evidence-Based Treatment 503



mixture injected around 2 zygapophysial (facet)

joints [38]. Another randomized, controlled study

found only a small difference between the injec-

tion of saline (10 % good effect) and corticoste-

roid (22 % good effect) up to 6 months after

treatment [39]. However, one subgroup that

shows a benefit is those patients whose joints are

selected by positive bone scintigraphy (using

single photon emission computed tomography,

SPECT). SPECT positive joints are more likely

to respond to intra-articular injections than normal

scintigraphic appearing zygapophysial (facet)

joints despite a similar morphologic amount of

osteoarthritis, but this has not been confirmed

with RCTs [40–42]. Also, one randomized,

controlled, double-blinded RCT of 60 patients

showed no benefit in the injection of steroids

versus hyaluronic acid into the zygapophysial

(facet) joint at six months [43].

Neurolytics (Radiofrequency Medial Branch

Neurotomy)

Diagnosis of lumbar zygapophysial (facet) joint

pain by medial branch (MB) nerve blocks iden-

tifies patients who can have a good response to

neurolytic treatment in the form of lumbar

radiofrequency (RF) MB neurotomy. The proce-

dure is also known as lumbar facet denervation,

but MB neurotomy most accurately describes the

lesion. From case series and well-done controlled

trials, it can be concluded that lumbar RF MB

neurotomy provides intermediate-term (6–18

months) benefit in properly selected patients

using suitable technique (moderate evidence).

Proper patient selection criteria are anatomi-

cally accurate medial branch blocks (performed

under imaging guidance), complete-near complete

relief of pain (at least greater than 80 % relief),

relief confirmed by controlled blocks, and relief of

pain corroborated by restoration of movements or

activities previously impeded by pain [44]. Suit-

able technique consists of adequate size electrodes

(18–16 G), accurately placed electrodes parallel

to the target nerve, and lesions placed to cover

all possible locations of the target nerve [44].

A large case-series (clinical practice audit)

study treated 209 patients selected on the basis of

positive responses to controlled diagnostic lumbar

medial branch blocks with greater than 70% relief

[45]. Of the 174 patients who completed the audit,

68 % experienced greater than 50 % relief

sustained for between 6 and 24 months. Pain

relief was associated with improved activities

and decreased consumption of analgesics.

In a placebo-controlled randomized trial of

31 patients, with a history of at least 1 year of

chronic low back pain selected on the basis of

a positive response to a single diagnostic nerve

block, RF MB neurotomy was superior to sham

treatment [46]. The primary outcome variable

was the percentage of successes at 8 weeks.

Only in patients with at least a 2-point reduction

on the VAS scale (VAS-mean or VAS-high) and

at least a 50 % pain reduction on global perceived

effect was the treatment scored as a success. Of

the 15 patients treated with active neurotomy, 7

(47 %; CI 22–72 %) achieved relief, compared

with 3 out of 16 patients (19 %; CI 0–38 %)

treated with placebo. Although these proportions

are different, they are not significantly different

statistically (overlap of confidence intervals).

Analysis over the following 12 months showed

a significant difference (P ¼ 0.002) in favor of

active treatment. This relief of pain was accom-

panied by significant improvements in disability

and reduction in the consumption of analgesics.

This study used a suboptimal RF technique; elec-

trodes were placed perpendicular to the target

nerves. Also, it did not select patients on the

basis of controlled diagnostic blocks but did

require at least 50 % relief of pain following

a single diagnostic block. These limitations

resulted in a lower success rate and shorter dura-

tion of effect than might be expected. Nonethe-

less, the duration of relief of pain lasted up to

12 months after treatment.

Another study selected patients on the basis of

controlled, diagnostic blocks and placed elec-

trodes parallel to the target nerves and in multiple

locations [47]. It showed superior outcomes from

active treatment than from sham treatment. In

40 patients who obtained significant pain relief

following three diagnostic blocks, half were ran-

domized to RF MB neurotomy. Patients had to

report at least 80 % relief of the particular pain

that was to be treated. A significantly greater
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improvement in pain symptoms, global percep-

tion of improvement, and quality of life was

observed than in those subjects allocated to RF

treatment. Relief of pain was accompanied by

reduction in the use of analgesics. These investi-

gators studied a particularly difficult sample of

patients, who had multiple sources of pain. Pain

mediated by the lumbar medial branches was

only one of several types of pain suffered. How-

ever, for the pain for which patients were treated,

the study showed significantly greater improve-

ments following active MB neurotomy compared

with sham treatment.

Two randomized studies compared pulsed and

conventional RF treatment for zygapophysial

(facetogenic) pain. Both showed conventional

RF to be superior [48, 49].

If pain recurs after neurotomy, there is limited

evidence from retrospective reviews supporting

that repeated treatment can reinstate relief [50, 51].

Unfortunately there are several poorly done

clinical trials for lumbar RF MB neurotomy that

have been published. Inclusion into systematic

reviews of poorly done clinical trials has lessened

the support for lumbar MB neurotomy. However,

these trials may be dismissed as invalid because

patients were wrongly selected without MB

blocks or controlled blocks and/or techniques

used where RF lesions were not placed accurately

on target nerves [52–54].

Sacroiliac Joint
Mechanical Pain

Sacroiliac joint steroid injections showed moder-

ate benefit based on one RCT (limited evidence).

The results from observational studies are not

consistent, and controlled studies have not

refuted nonspecific effects of treatment. Retro-

spective descriptive studies of sacroiliac intra-

articular injection of steroids have reported suc-

cess rates that vary considerably with respect

to the proportion of patients obtaining relief of

pain and the duration of that response [55–60].

One prospective, observational study selected

39 patients for treatment who obtained greater

than 75 % relief of pain following dual, intra-

articular, diagnostic blocks of the joint to be

treated [61]. Twenty-six patients (66.7 %)

experienced >50 % pain reduction for more

than 6 weeks after the intra-articular injection of

corticosteroid, with the mean duration of pain

reduction in these responders of 36.8 weeks. Sig-

nificant reductions were also seen in the modified

Oswestry Disability Index. Univariate analysis

revealed that treatment failure was significantly

associated with a history of lumbar/lumbosacral

fusion: 42 % of patients with a history of lumbar/

lumbosacral fusion experienced a long-lasting

pain relief, whereas 78 % patients with no history

of lumbar/lumbosacral fusion experienced a long-

lasting pain relief. There have been no controlled

trials of intra-articular injections of steroids for

mechanical sacroiliac joint pain. A randomized

controlled trial of periarticular injections of

steroids selected patients on the basis of clinical

signs, and diagnostic blocks were not used to

establish a diagnosis of sacroiliac joint pain [62].

Thirteen patients were treated with a periarticular

injection of corticosteroid and anesthetic, while

11 patients received isotonic sodium chloride and

lidocaine. At 1 month, the median decrease in

pain scores was 74 % in the corticosteroid group

but only 25 % in the control group.

Sacroiliitis

In contradistinction to mechanical/degenerative

SI joint pain, multiple studies (observational and

prospective) have shown great benefit for sacro-

iliac joint injections in patients with seronegative

spondyloathropathy (moderate evidence). This

benefit ranges from a 60 % success at 1 month

to a 92 % success rate at 10 months postinjection

[63–71]. Two controlled studies have demon-

strated that the response to injections of steroids

is greater than a placebo effect. An initial trial

performed a double-blind placebo-controlled

study in 10 patients (13 articulations) with painful

sacroiliitis [72]. Randomization was to intra-

articular injection with corticosteroid (study

group) or isotonic saline (placebo group). Evalu-

ation was made by an overall assessment of

symptoms (no pain, good relief>70 %, fair relief

50–70 %, and failure <50 % relief) and by

dolorimetry (scale of 0–10). At 1 month, 5/6

sacroiliac joints injected with corticosteroid

described a relief of >70 %, in comparison to
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0/7 of the placebo group (P< 0.05). Dolorimetry

showed a marked decrease in the corticosteroid

group from (mean �S.E.M.) 6.8 � 0.6 to 1.3 �
0.3, and decreases were mild in the placebo

group: 7.0 � 0.6 to 5.2 � 0.5 (P < 0.005). In

another randomized controlled blinded trial [73],

20 patients with seronegative spondyloar-

thropathy and clinical sacroiliitis were evaluated.

In 10 subjects one affected SI joint was

treated with periarticular injection of 1.5-mL

(40 mg/mL) methylprednisoloneacetate and

1.5-mL (20 mg/mL) lignocaine (steroid group),

whereas the other 10 subjects received 1.5 mL

isotonic sodium chloride and 1.5 mL (20 mg/mL)

lignocaine (control group) in one affected SI joint.

Patients and physicians making clinical assess-

ments were blinded to the group status. Clinical

assessment at the onset of the study and after

2 months follow-up included the patients’ estima-

tion of pain in the SI joint by a 100-point visual

analog scale (VAS) and by a pain index (range

0–12) which was calculated from tenderness and

stressing tests on the SI joint. At the 2 months

follow-up examination, significant improvement

was demonstrated: the median VAS decreased

26.5 in the study group and decreased by 1.5 in

the control group ( p¼ 0.02), and the median pain

index decreased by 4.5 in the study group and

decreased by 1.4 in the control group (p ¼ 0.01).

Epidural Steroid Injections for Lumbar or

Low Back Pain Without Sciatica or

Radiculopathy

Treating low back pain (without sciatica or

radiculopathy) with epidural injections of

steroids showed no benefit compared to placebo,

based on data from three RCTs (moderate

evidence). A prospective, double-blind, random-

ized, controlled trial in 28 patients with chronic

mechanical low back pain compared the thera-

peutic effects of epidural methyl prednisolone

(80 mg) to intrathecal midazolam (2 mg) [74].

All the patients had chronic low back pain and all

had received previous treatments that had failed.

The two groups of patients were comparable in

terms of pain duration and demographics. The

pain was assessed before and for 2 months after

treatment using the short form McGill Pain

Questionnaire, visual analog scale for pain.

Both treatments caused a similar improvement,

although the patients treated with steroid were

taking more or the same amount of self-

administered analgesic medication after their

treatment, compared to the midazolam-treated

patients who took less medication during the

2-month follow-up period. Another investigator

performed two other trials similar to each other

(n ¼ 120), evaluating interlaminar and caudal

epidural steroid injections versus a “placebo” of

saline and local anesthetic assessing for pain with

NRS (numeric rating scale), function with ODI

(Oswestry Disability Index), and opioid usage

with morphine equivalents. NRS scores, ODI

scores, and opioid use showed no short-term or

long-term pain relief. The interlaminar study [75]

showed the NRS to be 3.4� 1.1 versus 3.7� 1.0,

respectively (not significant); ODI to be 13.9 �
4.8 versus 14.6 � 4.1, respectively (not signifi-

cant); and opioid usage of 49 � 59.8 versus 39 �
29.3, respectively (not significant). The caudal

[76] study showed the NRS to be 3.7� 1.4 versus

3.7 � 1.2, respectively (not significant); the ODI

to be 14.1 � 5.4 versus 13.8 � 4.8, respectively

(not significant); and the opioid usage to be 34.7

� 22.8 versus 31.2 � 29.9 mg (morphine equiv-

alents), respectively (not significant).

There is also no consistent evidence that epi-

dural steroid injections have differential efficacy

or effectiveness among various diagnoses of the

lumbar spine.

Cost-Effectiveness Analysis
There are no economic data available for

intradiscal injections, facet injections, medial

branch blocks, sacroiliac joint injections, or

epidural injections for the treatment of chronic

low back pain.

Special Case: Imaging Guidance
and Safety

Imaging guidance (fluoroscopy/CT/MRI) for

spinal injections is routinely used to ensure

correct needle placement, accurate delivery of

the injectate, and avoidance of complications.
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Incorrect needle placement during spinal injec-

tions without the use of imaging guidance has

been reported by various studies in 12.5–38.3 %

of patients. According to various studies, “blind”

caudal injections fail to reach the epidural space

in up to 35 % of cases [77–80], and “blind”

interlaminar injections fail to do so in up to

17 % of cases [77, 81–83]. This failure may con-

tribute to the lack of efficacy of “blind” injections

in some cases. In order to develop the most accu-

rate conclusions when evaluating research, the

evidence on efficacy must be stratified according

to the technique used and the conditions for which

they were utilized. Nonimage guided injections

are not considered in this chapter.

Adverse effects of injection therapy are infre-

quent but can be serious. There have been case

reports of death and paralysis in the published

literature from lumbar epidural injections. For

dural or subarachnoid punctures, or other life-

threatening complications, the reported rates

ranged from 1 in 1556 injections to 1 in 10,416

injections for lumbar spine. The mean incidence

of intravascular puncture following fluoroscopi-

cally guided lumbar spinal injections was

10.18% (range, 1.9–22%) as reported in five case

series designed to assess its incidence [84–88].

Minor complications are more common than

major complications but are generally transient

in nature. There are no published reports of any

substantial complications related to facet or

sacroiliac joint injections. Disc injections have

a minimal rate of discitis that is on the order of

a fraction of a percentage (about 0.25 % per

patient) using a two-needle (coaxial) technique

without prophylactic antibiotics and is virtually

nil with antibiotic usage [94]. There are other

complications from spine procedures for indica-

tions other than low back pain. Spinal cord

infarction has been reported as a complication

of lumbar spine epidural injection, more so with

transforaminal technique [89–93], but there is

also one case report with interlaminar injection

[94]. The transforaminal technique is advocated

for sciatica/radicular pain, which is a different

context than what this chapter is about and thus

not pertinent to this discussion.

Take-Home Table

Table 29.1 shows a summary of a spinal injec-

tions algorithm for low back pain.

Imaging Case Studies

Case 1: Lumbar Zygapophysial (Facet) Joint

Neurolysis (Radiofrequency Medial Branch

Neurotomy) (Fig. 29.1a–c)

Case 2: Sacroiliac Joint Injection (Fig. 29.2)

Suggested Injection Protocols

The authors refer the readers to ISIS (Interna-

tional Spine Intervention Society) guidelines in

Ref. [95].

Future Research

• Clinical trials should include important

patient-oriented outcomes related to pain,

physical function, opioid use, return to work,

quality of life, patient satisfaction, avoidance

of additional procedures/surgery, and expected

duration of impact.

Table 29.1 Summary of

spinal injections algorithm for

low back pain

Acute low back pain ! No spine injection recommended

Sacroiliitis (in the setting of inflammatory

spondyloathropathy)

! Sacroiliac joint intra-articular steroid

injection

Chronic low back pain

Lumbar zygapophysial joint (facetogenic)

with positive response to Medial Branch

Blocks (MBB)

! Neurolysis
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• Available well-validated measures to evaluate

treatment outcome should be employed for

clinical trials.

• Clinical trials should have longer duration fol-

low-up (at least 2 years) for treatment of

chronic low back pain to assess for clinically

meaningful improvement for pain and function.

• A control arm should be employed for all

clinical trials measuring pain improvement

since the placebo effect can be substantial.

• Trials should be designed to assess the clinical

impact of different injection types, multilevel

procedures, and procedure technical differences.

• Complications (frequency and type) could be

better documented.

• Differential effects of provider and patient

characteristics should be explored.

• Cost impact should be assessed given themark-

edly increased utilization of spinal injections.
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Key Points

• Vertebroplasty is not more effective than

lidocaine injections for pain relief or

improving physical function (strong

evidence).

• Vertebroplasty diminishes the use of pain-

killers and opiate derivatives in the short

term (moderate evidence).

• Age of fracture does not influence the efficacy

of vertebroplasty (strong evidence).

• Vertebroplasty increases the risk of further

vertebral fracture in the first year after aug-

mentation (moderate evidence).

Definition and Pathophysiology

The definition of “vertebral fracture” may be

unclear in some circumstances and, as such, prev-

alence rates vary [1, 2]. Currently, the most

widely accepted radiographic definition is that

of Genant [3] (Table 30.1), where changes in

vertebral body shape are described in terms of

graded reductions in overall height and area. This

method of Genant mainly focuses on the identifi-

cation of “reduced” vertebral height as an indica-

tion of vertebral fracture, which can be a feature

of some non-fracture deformities and normal var-

iants. A modified visual approach known as

algorithm-based qualitative assessment of verte-

bral fracture (ABQ) has recently been introduced.

ABQ focuses on radiological evidence of change

at the vertebral endplate as the primary indicator

of fracture [4].

Falls account for up to one-third of the verte-

bral fractures that come to clinical attention [5].

Vertebral fracture may occur spontaneously or as

a result of normal activities such as lifting, bend-

ing, and coughing. The strongest risk factor for

osteoporotic vertebral fracture is a history of

previous fracture, which increases the risk four

times as compared to patients without previous

fracture [6–8].

Epidemiology

In the year 2000, there were an estimated 9.0

million osteoporotic fractures worldwide, of

which 1.4 million were clinically evident verte-

bral fractures [9]. The actual incidence and prev-

alence of vertebral fracture are underestimated by

the low proportion of vertebral fracture that come

to medical attention, which is on the order of

20–30 % of all vertebral fractures. Prospective

data in a US population-based sample showed an

overall age-standardized incidence of 10.7 per

1,000 person-years in women and 5.7 per

person-years in men [10]. Based on the definition

of fracture, the prevalence of vertebral fractures

in subjects age 50–80 years varied from 7 % to

19 % in women and from 4 % to 17 % in men

[11]. The peak incidence of vertebral fracture

according to age is not well defined but is roughly

65–80 years in women and 75 in men. The prev-

alence of osteoporotic vertebral fracture rises

with age in both sexes. Prevalence increases

more steeply with age in women than in men,

with rates of 24 % and 18 % at ages 75–79

years, respectively [10].

Overall Cost to Society

The economic costs of osteoporotic fractures

include direct costs of hospitalization and after-

discharge care and indirect costs attributable to

the impact of fractures on daily life activities.

Together, these costs impose a huge financial

burden on health care and social services. About

one quarter of clinically diagnosed vertebral

deformities result in hospitalization. Among

patients who were community dwelling at

the time of the initial fracture, 0.9–1.1 %

(2.4–4.0 %) were living in a nursing home

6 months–1 year after the fracture. In the United

States, the direct costs of osteoporotic fractures

are estimated at around $18 billion annually.

Based on data from national samples of patient
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hospitalizations due to vertebral fracture, total

charges were $8,000–10,000 per hospitalization.

The average length of stay was less than 6 days,

but 50 % required more care after discharge than

prior to fracture, which adds extra cost [12]. It is

anticipated that the cost of care for osteoporotic

vertebral fractures will double by 2050 [10].

Goals of Treatment

The overall goals of vertebroplasty in osteopo-

rotic vertebral fracture treatment are relieving

pain and improving function.

Methodology

Two Medline searches were performed using

PubMed (National Library of Medicine,

Bethesda, Maryland). The first covered January

1966 to January 2000 (n ¼ 18) and the second,

January 2000 to August 2011 (n ¼ 885). For

both searches, we used the following terms:

(1) vertebroplasty, (2) osteoporosis, and

(3) spine augmentation. We excluded animal

experiments and articles on pediatric patients.

We also excluded case reports, review articles,

editorials, and non-English language articles. The

title, abstract, and full text of relevant articles

were reviewed at each step. Only articles meeting

our inclusion criteria were cited for this chapter.

Discussion of Issues

Should Vertebroplasty Be Offered
for Pain Palliation in Vertebral
Compression Fractures?

Summary

Currently, there is substantial debate regarding

the efficacy of vertebroplasty. Numerous case

series and uncontrolled trials show excellent abil-

ity of vertebroplasty to relieve pain. Unblinded

randomized trials have also shown benefit. How-

ever, two blinded, controlled trials have shown no

greater efficacy of vertebroplasty compared with

a lidocaine injection (strong evidence).

Effect on Pain
Supporting Evidence
Pain relief is the main purpose of percutaneous

vertebroplasty. There are two prospective multi-

center, placebo-controlled trials (level 1 study,

strong evidence [13, 14] that compared

vertebroplasty to a local anesthetic injection. In

the INVEST study [13], 131 patients with painful

osteoporotic vertebral fracture were randomly

assigned to either vertebroplasty (case group¼ 68)

or a simulated vertebroplasty procedure using

only local anesthetic without cement (control

group ¼ 63). The primary outcomes were mea-

sured at 1 month and consisted of a modified

version of the Roland–Morris Disability Question-

naire (see next section on “Functional Status”)

as a metric of back-related disability and pain

improvement using average pain intensity during

the preceding 24 h. Both the vertebroplasty and

control groups showed immediate improvement

in pain scores after intervention. After 1 month,

the change in pain scores was not significantly

different between the two groups (difference,

0.7; 95 % CI, –0.3–1.7; P ¼ 0.19), although

there was a trend to have less pain in the

vertebroplasty group. Also, the rate of crossover

was significantly higher in the control group than

in the vertebroplasty group.

The other double-blind randomized controlled

trial [14] with 71 patients (35 in the

vertebroplasty group and 36 in the placebo

group) completed 6months of follow-up. Patients

had 1–3 painful osteoporotic vertebral compres-

sion fractures that had been confirmed by MRI.

They were randomly assigned to undergo

vertebroplasty or a lidocaine injection without

cement (control group). Outcomes (overall pain)

were assessed at 1 week and at 1, 3, and 6 months.

Pain reduction was seen in both case and control

groups (P< 0.001). Mean reductions in the score
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for overall pain in the vertebroplasty and placebo

groups were 7.4� 2.1 and 7.1� 2.3, respectively

(adjusted between group difference 0.5; 95 %

CI �0.8 to 1.7), but there was no significant

difference in the VAS up to 1 and 6 months

following the procedure.

A single, open-label prospective cohort level 2

study (moderate evidence) [15] compared

vertebroplasty with conservative therapy which

included prescribing paracetamol, nonsteroidal

anti-inflammatory agents (NSAID), or opiate

derivatives according to patient’s need. All

patients were prescribed bisphosphonates,

calcium supplementation, and vitamin D. From

934 patients who were screened for this study,

229 patients improved so rapidly and signifi-

cantly by 1 month that they left the study. Finally,

202 patients in pain less than 6 weeks (4–92 days,

mean ¼ 5.6 weeks) were randomly assigned to

undergo vertebroplasty or conservative treat-

ment. Pain relief was measured at 1 month and

1 year with a mean visual analog scale (VAS).

After vertebroplasty, the difference in mean VAS

score between baseline and 1 month was �5.2

(95 % CI �5.88 to �4.72) and between baseline

and 1 year was –5.7 (�6.22 to �4.98). After

conservative treatment, the difference in mean

VAS score from baseline was �2.7 (�3.22 to

�1.98) at 1 month and �3.7 (�4.35 to �3.05)

at 1 year. The difference between groups in

reduction of mean VAS score from baseline was

2.6 (1.74–3.37, P < 0.0001) at 1 month and 2.0

(1.13–2.80, P < 0.0001) at 1 year. Survival

analysis showed that significant pain relief

(P < 0·0001) was achieved earlier and in more

patients after vertebroplasty (29.7 days until sig-

nificant pain relief, 95 % CI 11.45–47.97) than

with conservative treatment (115.6 days, 95 % CI

85, 87–145.40) [15].

One other level 2 studies (moderate strength)

[16, 17] enrolled 50 patients who had fractures

estimated at less than 8 weeks old. It randomized

patients to undergo vertebroplasty or best medi-

cal therapy, although exact details of such ther-

apy were not reported. Only 36 of these patients

had baseline pain scores measured before ran-

domization. Plain radiographs were the only

standard imaging. Pain estimates were recorded

immediately after vertebroplasty and at 3 and 12

months. The trial found an immediate reduction

in pain scores of 57 % at 24 h after vertebroplasty

and a statistically significant reduction in dura-

tion of hospitalization in the vertebroplasty

group. VAS decreased from 7.7, CI: (6.7, 8.7)

before the procedure to 2.0, CI: (0.9, 3.2) at

12–24 h after the procedure (P ¼ 0.00). No sig-

nificant differences in pain scores were noted at

3 and 12 months, but the study had inadequate

power to assess this [17]. In this study comparing

immediate vertebroplasty to conservative man-

agement for acute fractures, the reduction in

pain in the vertebroplasty group was immediately

12–24 h after the procedure. There was no signif-

icant difference in the other parameters when

comparing the scores at enrollment and after

3 months and after 12 months.

There are two other available, non-randomized,

controlled studies (moderate strength) [18, 19].

One of these studies [18] included 96 patients

who had acute osteoporotic vertebral fracture,

67 patients treated by vertebroplasty, and 31 by

conservative therapy. All patients were offered

similar analgesia. Pain management was titrated

according to individual need. All patients received

anti-osteoporotic medications, elemental calcium

1,200 mg daily, and ergocalciferol 0.25 mg daily

(if vitamin D deficient). Lower pain scores

persisted in the vertebroplasty group at 6 weeks

(P < 0.01) but were not significantly different at

6, 12, and 24 months. In a recently published

level 2 (moderate strength) study [19], 82 patients

were followed for 36 months after random assign-

ment to vertebroplasty (n ¼ 40) versus optimal

medication (n ¼ 42). The optimal medication

therapy (OMT) plan included 250 mg acetamino-

phen with codeine twice daily, 400 mg ibuprofen

twice a day, 1,000 mg calcium daily, 400 IU

vitamin D daily, 70 mg alendronate orally once

weekly, and 200 IU calcitonin daily. Reductions

in average pain during the last day VAS

were greater in the vertebroplasty group at 1

(P < 0.001) and 4 weeks (P < 0.001) but not

at 12 months. Evidence is summarized in

Table 30.2.
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Physical Function and Quality of Life
Summary

Both vertebroplasty and conservative therapy

improve physical function to a similar degree.

Supporting Evidence

One prospective multicenter, blinded, controlled

trial with strong evidence (level 1, strong evi-

dence) [13] measured physical function and qual-

ity of life outcomes with the Roland–Morris

Disability Questionnaire (RMDQ), Short Form

36 (SF-36), and European Quality of Life-5

Dimensions (EQ-5D). The two treatment groups

did not differ significantly with respect to either

of the two prespecified primary outcomes

(RMDQ and pain) at 1 month. The mean (�SD)

RMDQ score in the vertebroplasty groupwas 12.0

� 6.3, as compared with 13.0� 6.4 in the control

group (adjusted treatment effect, 0.7; 95 %

confidence interval (CI), �1.3 to 2.8; P ¼ 0.49).

The two groups also did not show significant

differences in other outcome instruments.

The other blinded randomized control trial

(RCT) (level 1, strong evidence) study [14] com-

pared physical function and quality of life in 71

patients (35 in the vertebroplasty group and 36 in

the control group). This measurement was done

with a modified 23-item version of the Roland–

Morris Disability Questionnaire (RMDQ), in

which scores range from 0 to 23, with higher

numbers indicating worse physical functioning,

and 2–3 points representing the minimal clini-

cally important difference. There were no statis-

tically significant differences between case and

control groups at follow-up. Furthermore, groups

in that study did not show significant differences

in quality of life measures using quality of life

questionnaire of the European Foundation for

Osteoporosis (QUALEFFO) or Assessment of

Quality of Life (AQoL) outcomes.

In the randomized but unblinded VERTOS II

study [15] (level 2, moderate strength) with

202 patients, the assessment of physical function

and quality of life showed significant improve-

ment with vertebroplasty as compared to controls.

In another randomized controlled trial (moder-

ate strength, level 2) [19], 82 patients who had pain

durations of 4 weeks to 1 year showed significant

improvement in functional QOL (as measured

with Oswestry LBP scale) in the vertebroplasty

group immediately after the procedure, with max-

imum improvement 6 months after the procedure.

No significant improvement was seen in the con-

trol group (P < 0.21). They reported that all

patients could walk 1 day after vertebroplasty,

but only 1 patient (2 %) in the OMT group was

able to walk at this time (p < 0.011).

Both vertebroplasty and conservative therapy

groups had improvements in physical functioning

(P < 0.001). Improvements in physical function-

ing were significant over 24 months (P < 0.001).

In one prospective non-randomized case–

control study (level 2, moderate strength) [20],

101 patients underwent vertebroplasty and 27

received conservative treatment. The functional

and general health scores of the vertebroplasty

group were improved from the preoperative mean

values (P < 0.001) in 3, 6, and 12 months. The

vertebroplasty group showed a significant differ-

ence from the conservative group at 3 months,

but no statistical differences on function were

observed between groups at 6 months and 1 year

posttreatment.

Wang et al. [21] reported a prospective non-

randomized clinical trial (level 2, moderate

strength) with 55 consecutive patients who

underwent vertebroplasty and 23 who received

conservative therapy. Both vertebroplasty and con-

servative therapy groups had improvements in

physical functioning (P < 0.001). Improvements

in physical functioning were significant at 1 week

(P < 0.001) and 4 weeks (P < 0.001) but not at

12 months. Evidence is summarized in Table 30.3.

Decrease Narcotic Use
Summary

Narcotic medication use is diminished in the

short term after vertebroplasty (level 2, moderate

evidence).

Supporting Evidence

VERTOS II (level 2, moderate strength) [15]

compared medication use in patients who

underwent vertebroplasty with medication use in
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patients who were assigned to conservative treat-

ment. The medications were classified as non-

opiate (paracetamol and NSAIDs), weak opiate

derivatives, and strong opiate derivatives. At base-

line, classes of drugs were the same in both groups,

but there was a trend to use more opiate derivatives

in patients who had been assigned to verte-

broplasty. After vertebroplasty, medication usage

was significantly lower at 1 day (P < 0.0001),

1 week (p ¼ 0.001), and 1 month (P ¼ 0.033)

compared to the non-vertebroplasty group but not

significantly different any time after that.

In Voormolen’s unblinded, randomized con-

trolled trial study (level 2, moderate strength)

[22], 18 patients underwent vertebroplasty and 16

patients received OMT, which included NSAIDs

and opiate derivatives. In the vertebroplasty

group, patients required significantly less pain

medication as compared to that required prior to

vertebroplasty, but their analgesic use did not

decrease as comparedwith 1 day after PV. Patients

treated with vertebroplasty compared to patients

treated with optimal medical therapy (OMT) had

significantly better VAS and used less analgesics

1 day after treatment. Two weeks after treatment,

the mean VAS was less but not significantly dif-

ferent in patients treated with OMT, whereas these

patients used significantly less analgesics. Another

prospective non-randomized clinical trial (level 2,

moderate evidence) [21] compared vertebroplasty

(n ¼ 32) with conservative treatment (n ¼ 23)

that included external bracing and analgesia (para-

cetamol, NSAIDs, and opiate derivatives). All

patients received anti-osteoporotic medications.

The pain medication use was significantly less

(p < 0.01) in the vertebroplasty group in the short

term (1–4weeks) butwas not different between the

two groups at 12 months. Evidence is summarized

in Table 30.4.

What Is the Optimal Duration of Pain
Prior to Offering Vertebroplasty?

Summary

Preoperative pain duration (age of fracture) does

not affect pain improvement observed following

vertebroplasty [23].

Supporting Evidence
A recent meta-analysis (level 1, strong evidence)

compared 17 studies with three different preop-

erative pain durations [23]. This study catego-

rized preoperative pain duration as less than

6 weeks, 6–24 weeks, and more than 24 weeks.

They included 1,516 patients and 2,010 treated

levels of 17 studies. The mean (SD) numbers of

patients and levels were 76 (43.8) and 106 (67.6),

respectively, per study. The median follow-up

was 12 months (range of 3–24 months). Within-

group heterogeneity expressed using the

I-squared statistic was quite high: 92.61 %,

93.81 %, and 95.74 % for studies with <6

weeks, 6–24 weeks, and >24 weeks preoperative

pain. The regression coefficient for preoperative

pain duration was �0.024, which indicates that,

for each one-week increase in the length of pre-

operative pain, VAS in pain improvement

decreases by 0.024. It shows vertebral augmenta-

tion is associated with significant reduction in

back pain. In this study, there was not any signif-

icant difference in pain improvement among sub-

groups with different preoperative pain durations.

What Are the Risks of Subsequent
Complications?

Although vertebroplasty is a low-risk procedure,

like any other intervention, it can have complica-

tions. The complications can be mild temporary

pain after cement leakage into the intervertebral

disk space or paravertebral soft tissues or more

serious complications such as infection. There is

also the risk of subsequent vertebral fracture. The

other serious complication is that of leakage of

cement into the paravertebral veins, which can

lead to asymptomatic or symptomatic pulmonary

cement embolism (PCE). PCEs have been

reported in 9–25 % of cases. Subsequent verte-

bral fracture can be another serious complication,

but as of yet, evidence is insufficient.

Pulmonary Emboli
Summary

Asymptomatic and symptomatic PCEs occur fol-

lowing vertebroplasty in about 10–25 % of cases.
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Supporting Evidence
One prospective, multicenter, open-label, ran-

domized trial, (level 2 study, moderate evidence)

[15] compared vertebroplasty with conservative

therapy in 202 patients. Fifty-four patients in the

vertebroplasty group (n ¼ 78) were followed for

22 months and underwent chest CT for detecting

PCE. PCE was detected in 14 of 54 patients

(26 %, 95 % CI: 16–39 %). None of them became

symptomatic. Cement leakage in the azygos vein

was the only risk factor for the occurrence of PCE

(OR, 43; 95 % CI, 5–396), and no pulmonary

reactive inflammation was seen. In one large ret-

rospective study (level 2, moderate evidence)

[24], investigators retrospectively evaluated 244

patients who had undergone vertebroplasty at 465

levels and subsequently underwent chest CT.

PCEs were detected in 23 (9.4 %; 95 % CI,

6–13 %) of 244 patients, and one of them became

symptomatic. The mean number of emboli

detected in the pulmonary vasculature per patient

was 3.2 � 3.4 (median, 2; range: 1–12). There

was no correlation among the total number of

treatment sessions, number of levels treated per

session, cement volume per level, operator, or

time between vertebroplasty and chest CT in the

detection of cement PCE. The incidence of PCE

was greater in younger patients and in those who

had augmentation at more levels. PCE was seen

during the procedure in just 8.7 %.

In another level 2 study (moderate evidence)

[25], 75 patients (57 women, 18 men; mean age,

74.78 years; range, 48–93 years) underwent 78

vertebroplasty sessions at 119 levels for osteopo-

rotic VCFs. Postvertebroplasty CT showed PCE

following 18 (23 %) of 78 vertebroplasty sessions,

and PCEs were detected in the distal to third-order

pulmonary arteries. Leakage to the IVC was sig-

nificantly associated with PCE (P ¼ 0.03). This

study reported vertebroplasty with a bipedicular

approach, non-radiologist operator, and not having

intravertebral vacuum cleft associated with

increased risk of PCE (p > 0.05).

In a level 2 study (moderate evidence) [26]

with 299 patients who underwent vertebroplasty at

532 levels, CT was performed immediately after

the procedure and at 1 year. Asymptomatic PCE

was demonstrated in 11 patients (2.1 %, 95 %

confidence interval, 1.1–3.7%), and they remained

asymptomatic at 1-year follow-up. None of the

patients became symptomatic. Evidence is summa-

rized in Table 30.5.

Subsequent Fracture
Summary
Subsequent vertebral fracture happens sooner and

more frequent following vertebroplasty, but the

evidence is not sufficient enough yet to reach firm

conclusions on this.

Supporting Evidence
Several level 2 studies have suggested an

increased risk of subsequent fracture [27, 28],

while others (level 2 and 3) have refuted this

claim [26, 29]. One retrospective level 2 study

(moderate strength) [30] assessed 362 patients

who were treated with vertebroplasty for osteopo-

rotic fractures. The location, frequency, and timing

of subsequent fractures were compared between

2 subgroups: group 1 (n ¼ 63), patients treated

with fractures containing clefts at 65 vertebra, and

group 2 (n ¼ 250), treated at 399 fractures without

clefts. A vertebra-by-vertebra analysis to compare

the relative risk and timing of subsequent fractures

adjacent to vertebrae with or without clefts was

performed. Results showed group 1 demonstrated

a nearly twofold increased risk of subsequent

fracture (odds ratio [OR], 1.90; 95 % confidence

interval [CI], 1.04–3.49, P¼ .037). At the vertebral

level, the relative risk of subsequent fracture was

2.02 (95 %CI, 1.46–2.58; P¼ 0.013) times greater

adjacent to a treated cleft. Fractures adjacent to any

treated level occurred significantly sooner than

nonadjacent fracture (P ¼0.0004). The presence

of a cleft was not significantly associated with the

timing of subsequent fractures.

The other level 2 study (moderate evidence)

[28] retrospectively reviewed 86 patients with

313 fractures which were treated at 137 levels.

Results showed there are an increased number of

inferior endplate fractures of the vertebral body

immediately cephalad to the treated level.

In the VERTOS II study [29], after a mean

follow-up of 11.4 months (median, 12.0; range,

124 months), 18 new vertebral compression frac-

tures (VCF) occurred in 15 of 91 patients after
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vertebroplasty and 30 new VCFs in 21 of 85

patients after conservative therapy. This difference

was not significant (P¼ 0.44). There was no higher

fracture risk for adjacent versus distant vertebrae.

Mean time to new VCF in the vertebroplasty

group was 16.2 months and 17.8 months for

the conservative group (logrank, P ¼ 0.45).

They found the baseline number of VCFs as

the only risk factor for occurrence (OR, 1.43;

95 % CI, 1.05–1.95) and number (P ¼ .01)

of new VCFs. Evidence is summarized in

Table 30.6.

Take-Home Tables

Tables 30.1 through 30.6 highlight key data and

supporting evidence.

Imaging Case Studies

Case 1: Percutaneous vertebroplasty (Fig. 30.1)

Case 2: Lidocaine injection (Fig. 30.2)

Case 3: Pulmonary embolism after vertebroplasty

(VP) (Fig. 30.3)

Case 4: Subsequent fracture after VP (Fig. 30.4)

Suggested Protocols

Vertebroplasty Procedure

A pre-procedure consultation should be

performed by an experienced physician. This

consultation should include a focused physical

examination with fluoroscopic confirmation of

correlating pain. Depending on the patient’s

underlying medical condition, procedures are

performed with the patients under conscious

sedation, deep sedation, or general anesthesia.

Conscious sedation consists of intravenous fen-

tanyl and midazolam and should be begun

before placing the patient prone on the fluoros-

copy table. Biplane fluoroscopy should be used

in all cases. After placing the patient prone on

the table, the fractured level should be confirmed

with previously obtained imaging studies and

the level to be treated should be localized by

counting from above (cervical) and below

(sacral). Local anesthesia consists of subcutane-

ous 1 % lidocaine and 0.25 % bupivacaine into

the deep soft tissues and periosteum with

a 22-gauge spinal needle. An 11- or 13-gauge

needle with an inner stylet is then advanced

under fluoroscopic guidance by using

a transpedicular or parapedicular approach into

the vertebral body. When the needle reaches at

the junction of the pedicle and body, a biplane

digital radiograph should be obtained to confirm

an appropriate trajectory and exclude a breach of

the medial pedicle. The needle is then advanced

into the anterior one-third of the vertebral body

in an attempt to reach the midline. At this point,

biplane images should again be obtained before

polymethylmethacrylate (PMMA) injection.

Under a vented hood, a mixture of PMMA,

barium, and 1 g of gentamicin is prepared. The

cement then is injected with an injection device

or with 1-mL syringes under biplane fluoro-

scopic observation until it reaches the posterior

one-fourth of the vertebral body. The injection is

Table 30.1 Semiquantitative (SQ) visual grading scheme for vertebral fractures. Genant’s grading scheme for

a semiquantitative evaluation of vertebral fracture. The drawings illustrate normal vertebrae (top row) and mild to

severe fractures (respectively in the following rows). The size of the reduction in the anterior, middle, or posterior height

is reflected in a corresponding to fracture grade, from 1 (mild) to 3 (severe) (Data fromGenant HK,WuCY, van Kuijk C,

Nevitt MC. Vertebral fracture assessment using a semiquantitative technique. J Bone Miner Res. 1993;8(9):1137–48)

Normal vertebra

Uncertain or

questionable vertebra Mild fracture Moderate fracture Severe fracture

Height reduction 0 ? 20–25 % 25–40 % >40 %

Grade 0 0.5 1 2 3
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Table 30.2 Summary of studies reporting the changes in pain score after vertebroplasty in osteoporotic vertebral

compression fractures

Study

Number of

patients

(case/control) Follow-up

Treatment effect

(95 % CI) Comment

Kallmes

et al. [13]

131(68/63) 1 month 0.7, (�0.3 to 1.7);

P ¼ 0.19

Prospective, randomized double-blind case–

control study, no significant difference but a trend

to have less pain in vertebroplasty group

Buchbinder

et al. [14]

71(35/36) 1 week �0.7 (�1.8 to 0.4) Prospective, randomized double-blind case–

control study; no significant difference in pain

score at any time point in overall pain, pain at rest

and in bed at night

1 month 0.5 (�0.8 to 1.7)

3 months 0.6 (�0.7 to 1.8)

6 months 0.1 (�1.2 to 1.4)

Klazen

et al. [15]

202 (101/101) 1 month 2·6 (1·74–3·37)

P < 0·0001

Prospective, randomized open-label study,

significantly different in all time points

12 months 2·0 (1·13–2·80),

P < 0·0001)

Rousing

et al. [16, 17]

50 (24/23) 3 months Case: 1.8

(0.8– 2.8)

Prospective, randomized study, majority of

fractures will heal after 8–12 weeks of

conservative treatment with subsequent decline in

pain. Significant difference at 12–24 h but not at 3

and 12 months

Control:2.6

(1.2–4.0)

(22/22) 12 months Case:2.0 (1.1–3.0)

Control: 2.9

(1.6–4.1)

Diamond

et al. [18]

126 (67/31) 6 week CI ?, P < 0.01 Prospective, non-randomized study. Lower pain

in VP group at 6 weeks but not in 6 and 24 months6–12 months

24 months

Farokhi

et al. [19]

82 (40/42) 1 week �3.1 (�3.72 to

�2.28), p < 0.001

Prospective, randomized single-blind study,

significantly different in all time points

6 months �1.9 (�3.25 to

�0.55), p < 0.02

12 months �1.9 (�2.9 to 0.9),

p < 0.1

24 months �0.5 (�1.39 to

0.5), p < 0.3

36 months �1.5 (�9.85 to

6.85), p < 0.8

CI Confidence interval
P P value
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Table 30.3 Summary of selected studies reporting physical function and quality of life changes after vertebroplasty in

osteoporotic vertebral compression fractures

Study

Number of

patients

(case/control)

Measurement

tool Follow-up

Treatment effect

(95 % CI) Note

Kallmes

et al. [13]

131(68/63) RMDI 2 weeks �0.6 (�2.4 to 1.2)

P ¼ 0.35

Prospective, randomized double-blind

case–control study, no significant

difference1 month 0.7 (�1.3 to 2.8)

0.49

Buchbinder

et al. [14]

71(35/36) RMDI 1 week �2.1 (�5.2 to 0.9) Prospective, randomized double-blind

case–control study, no significant

difference at any time point
1 month 1.7 (�1.8 to 5.2)

3 months �1.5 (�4.8 to 1.7)

6 months 0.0 (�3.0 to 2.9)

EQ-5D score 1 week 0.0 (�0.1 to 0.1)

1 month 0.0 (�0.1 to 0.1)

3 months 0.0 (�0.1 to 0.2)

6 months 0.0 (�0.1 to 0.2)

Klazen

et al. [15]

202(101/101) RMDI 1 month ? (p < 0.0001) Prospective, randomized open-label

study, significantly different in all time

points
12 months ? (p < 0·0001)

EQ-5D score 1 month 0.010 (95 % CI

0.014–0·006)12 months

Farokhi

et al. [19]

80(40/42) ODI 1 week �14.0 (�15.0 to

�12.82) P < 0.028

Prospective, randomized single-blind

study, significantly different in all time

points6 months �11.0 (�12.17 to

�7.83) P < 0.011

12 months �12.0 (�13.5 to

�11.5) P < 0.021

24 months �12.0 (�13.32 to

�10.68) P < 0.041

36 months �14.0 (�14.91 to

�13.09) <0.01

Alvarez

et al. [20]

128 (101/27) ODI 3 months p ¼ 0.001 Prospective, non-randomized study.

Significant improvement in VP group

at 3 months

6 months P ¼ 0.006 In 6 and 12 months, conservative

treated patients showed significantly

better ODI. PV patients scored

significantly worse for some categories

such as role physical, general health,

vitality, and role emotional

12 months P < 0.001

Wang

et al. [21]

55 (32/23) ODI 1 week P ¼ 0.001 Prospective, non-randomized study,

significantly different during the first

month but not in 12 months
4 weeks P ¼ 0.001

12 months P ¼ 0.071

RMDI Roland-Morris Disability Index, EQ-5D European Quality of Life-5 Dimensions, ODI Oswestry
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terminated if venous, disk space, or epidural

extravasation is encountered. If inadequate fill-

ing of the contralateral hemivertebra should be

noted, a second needle is placed into the contra-

lateral side and additional cement is injected.

Patients are instructed to remain supine for 2 h

after the procedure to allow for cement harden-

ing and resolution of sedation. After 2 h of bed

rest, they should be evaluated at the bedside and

will be allowed to ambulate. Outpatients will be

then be discharged, whereas inpatients are

allowed to ambulate as tolerated. Up to five

levels were treated at a single session in the

early days of our practice, but we now bring

patients back for a second procedure if more

than three fractures need treatment [33].

Future Research

• Rigorous studies with tightly controlled

patient selection for determining efficacy of

vertebroplasty

• Well-designed prospective control studies to

identify the type and the incidence of

vertebroplasty complications

• Comparing vertebroplastywith various types of

cement/polymers to determine if there are other

methods to eliminate or decrease complications

• Comparing vertebroplasty with other types of

vertebral augmentation

• Assessing the role of vertebroplasty in global

health

Table 30.4 Selected investigations reporting changes in pain medication usage after vertebroplasty in osteoporotic

vertebral compression fractures

Study

Number of

patients

(case/control) Follow-up

Treatment effect

(95 % CI),

p value Note

Klazen

et al. [15]

176 (91/85) 1 day ,?, p < 0·0001 Prospective, randomized open-label study, significant

difference in use of narcotic medication except after

1 month
1 week ?, p ¼ 0·001

1 month ?, p ¼ 0·033

1–12

months

?

Voormolen

et al. [22]

34(18/16) 2 weeks Case:–1.5

(–2.3 to –0.8)

Prospective, randomized open-label study

Control:

Wang

et al. [21]

55 (32/23) 1 week P ¼ 0.001 Prospective, non-randomized study, significantly

different in all time points4 weeks P ¼ 0.001

12 months P ¼ 0.017

Table 30.5 Summary of studies reporting pulmonary emboli after vertebroplasty for osteoporotic vertebral compres-

sion fractures

Study

Number of patients

(treated level)

Follow-up

(month)

Asymptomatic

PE

Treatment

effect

(95 % CI) Note

Venment

et al. [26]

54(80) 22 (6–42) 14 (25 %) 16–39 % Prospective, randomized open-label

study, no symptomatic patient

Luetmer

et al. [24]

244/(465) 17.7 � 21.1 23(9.4 %) 6–13 % Retrospective study, 1 symptomatic

patient

Kim

et al. [25]

75/(119) ? 18(23 %) ?, P ¼ 0.03 Prospective study, no control

Venmant

et al. [31]

299/(532) 12(5–22) 8(2 %) 2.1 %;

1.1–3.7 %

Retrospective study, no reaction in 12

months CT
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Table 30.6 Summary of studies reporting the rate of subsequent vertebral fracture after vertebroplasty for osteoporotic

vertebral compression fractures

Study

Number of

patients/

fractures

treated

Number of

incident

fractures/

patients with

incident

fractures

(% of treated

patients) Adjacent (%)

Follow-up

(month) Comment Notes

Trout

et al. [32]

362(65 cleft-

containing fx/

399 non-cleft

containing fx)

126 (28–33 %

cleft-

containing fx/

98–21 %

non-cleft-

containing fx)

16 (13 %) fx of at-

risk vertebrae

adjacent to treated

clefts subsequently

fractured, 35(6.5 %)

fx of at-risk

vertebrae adjacent

to treated without

clefts subsequently

fractured

43 Subsequent

fractures would

occur earlier and

more frequently

than after treatment

of non-cleft-

containing fractures

Retrospective

study,

RR¼ 2.02, 95 %

CI ¼ 1.46–2.58,

P ¼ 0.013

Trout

et al. [27]

86(137 fx) 186 77 (41.4 %) 43 Increased risk of

new-onset adjacent-

level fractures occur

sooner than

nonadjacent level

fractures

Retrospective

study, no

control, 95 %

CI ¼ 4.35–4.89;

P < .0001

Klazon

et al. [29]

176 (case:91,

control 85),

number of

treated

48 18(case:7/18,

control:11/30)

24 Baseline number of

VCF was the only

risk factor for

occurrence (OR,

1.43; 95 % CI,

1.05–1.95) and

number (P ¼ .01)

Prospective,

randomized

open-label

study, no

increment in risk

of subsequent

fracture

(p ¼ 0.44)

VCF vertebral compression fracture, RR relative risk
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Fig. 30.1 Percutaneous vertebroplasty. A 67-year-old

male patient underwent L5 vertebroplasty with PMMA

after 10 months persistent pain due to osteoporotic

compression fracture. One month post-procedure, she

ranked her pain 2 out of 10 as compared to 8 out of 10

pre-procedure

Fig. 30.2 Lidocaine injection. A 74-year-old woman

underwent lidocaine injection after subacute L1 fracture.

After 1 year, she was doing extremely well

Fig. 30.3 Pulmonary embolism after vertebroplasty

(VP). A 68-year-old woman treated with vertebroplasty

at T12. Axial unenhanced chest CT scan obtained 4

months following vertebroplasty demonstrates linear

areas of markedly increased attenuation (arrows) within
the pulmonary vasculature, indicating cement PEs
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Key Points

• The NEXUS and Canadian Cervical Spine

prediction rules can be used to identify sub-

jects in whom imaging is appropriate (strong

evidence).

• Cervical spine CT should be employed in

high-risk patients (moderate evidence).

• In low-risk victims not undergoing head

CT, radiography may be the preferred cer-

vical spine imaging approach (limited

evidence).

• Selection of subjects for thoracolumbar spine

imaging can be made based on clinical criteria

(moderate evidence).

• CT, including reformations from CT scans

performed of the abdomen and pelvis, is

more accurate than radiographs in the thoracic

and lumbar spine, but radiography may still be

appropriate in low-risk subjects (limited

evidence).

Introduction

There is a high risk of significant and permanent

neurologic damage associated with spinal

trauma. Although spinal cord injury is rela-

tively uncommon, spinal imaging is utilized

liberally across the United States to identify

suspected and occult fractures. Spinal trauma

and the sequela of spinal cord injury have

broad-reaching ramifications beyond the obvi-

ous neurologic deficit for those affected. This

includes a percipitous decline in probability of

employment, educational achievement, and

intact marriage [1]. As a result of widespread

utilization, the positive yield of spine imaging

is estimated to be only 2.4 % in the cervical

spine when all patient populations are included

[2]. Using the best available data, this chapter

addresses diagnostic imaging of the spine in

trauma including clinical prediction rules and

cost-effectiveness.

Definition and Pathophysiology

Spinal fractures are estimated to account for

3–6 % of all skeletal injuries in the United States.

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 stud-

ies have been performed, the annual incidence of

cervical spine fracture was estimated at 10,000

per year in the United States in 1992 [4]. Better

statistics aremaintained for spinal cord injury of all

causes and available from theNational SpinalCord

Injury Statistical Center, Birmingham, Alabama.

From this database, the annual incidence of spinal

cord injury is estimated at 40 cases per million in

the United States or 12,000–20,000 per year when

on-scene fatalities are excluded [1].

The typical patient suffering from spinal cord

injury is male (80.8 %) with an average age of

injury of 33.7 years. 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 as well as the

area where risk of cord injury is greatest com-

pared to that of thoracic, lumbar, or sacral frac-

tures [5]. Such fractures maybe clinically occult

or patients unexaminable when obtunded or oth-

erwise altered. In patients suffering from blunt

trauma resulting in trauma team activation, the

prevalence 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 injuries are potentially unstable [6, 7].

The elderly population is a subset of patients

with increased risk of significant injury resulting

from relatively low-energy mechanisms of

injury. The elderly spine has altered biomechan-

ics, including decreased range of motion, lower

muscular strength, and increased rigidity from

degenerative changes, including ankylosis.
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In addition, degenerative changes may contribute

to narrowing of the spinal canal with associated

increased risk of cord injury [8].

Overall Cost to Society

Cervical spine injuries cause an estimated 6,000

deaths and 5,000 new cases of quadriplegia

each year [1]. The total number of people with

spinal cord injuries in the United States is esti-

mated to be 265,000 persons, with a range of

232,000–316,000 persons [1]. The cost of care

is dependent on severity of injury and is highest

during the first year following injury. In 2010

dollars, the average annual expense for cervical

spine injury resulting in incomplete motor func-

tion at any level was $321,720 in the first year and

$39,077 for each subsequent year of life. In cases

of high tetraplegia (C1-4), the first year cost of

care averages $985,774 and $171,183 for each

subsequent year of life [1]. The most recent com-

prehensive analysis of spinal cord injuries

performed in 1996 concluded that the estimated

total annual cost of all cervical spinal cord inju-

ries was $9.7 billion per year [9].

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

PubMed (National Library of Medicine,

Bethesda, Maryland) was used to search for orig-

inal research publications discussing diagnostic

performance and clinical predictors of cervical

and thoracic spine injury. This includes

publications from 1966 to August 31, 2011. 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. Article was limited to human

studies published in the English language. An

initial review of the titles and abstracts of identi-

fied articles is followed by review of the full text

in articles that were relevant.

Discussion of Issues

Who Should Undergo Cervical
Spine Imaging?

Summary

The NEXUS [2] and Canadian C-spine [10] rules

are two clinical prediction rules that have under-

gone multicenter validation, with the intent of

determining which patients should undergo cer-

vical spine imaging in blunt trauma patients. Both

clinical prediction rules report a sensitivity

greater than 99 %. Specificity is 42.5 % for the

Canadian C-spine rule and 12.9 % for NEXUS

(Table 31.1). A single randomized trial was

implemented applying the Canadian C-spine

rule which found that adherence to the decision

rule demonstrated efficacy at reducing imaging of

the cervical spine (strong evidence).

Supporting Evidence

Low yield of cervical spine imaging has

prompted a number of investigations to attempt

to identify clinical factors that can be used to

predict cervical spine fractures.

Nexus Prediction Rule
The National Emergency X-Radiography Utili-

zation Study (NEXUS) was a multicenter obser-

vational study involving 23 diverse emergency

departments throughout the United States.
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The NEXUS study was designed to assess the

validity of four predetermined clinical criteria

for prediction of cervical spine injury. According

to the NEXUS criteria (Table 31.2), imaging is

indicated if any of the following four determina-

tions are met: (1) altered neurologic function,

(2) intoxication, (3) midline posterior bony cer-

vical spine tenderness, or (4) distracting injury

(meaning an injury of sufficient pain to poten-

tially distract the patient from noticing a cervical

spine injury). In NEXUS, 34,069 patients were

prospectively enrolled and underwent radiogra-

phy of the cervical spine following blunt trauma.

The above clinical predictors had a sensitivity of

99.6 % and specificity of 12.9 % for clinically

significant injury [2]. In the participant popula-

tion, 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 may not be

appropriate in high-energy trauma patients in

whom the trauma team is activated. There is

limited evidence in the trauma literature indicat-

ing that the clinical exam performed on a patient

with a normal Glascow Coma Scale cannot be

used to exclude cervical spine fracture in victims

of major trauma. In a 2007 study, Duane et al.

prospectively evaluated 534 blunt trauma

patients followed by cervical spine CT, and the

performance of clinical exam was compared

against that of CT [11]. In evaluable patients

with GCS of 15 or greater who were not intoxi-

cated and did not have a distracting injury,

17 patients had cervical spine fractures, seven of

which had a negative clinical exam. Of the seven

fractures undetected clinically, three were

transverse process fractures requiring no further

intervention, and four required treatment

with extended use of a rigid cervical collar. In

2011, Duane et al. performed a second study

involving 2,606 trauma team activations, which

also demonstrated that the NEXUS criteria

where insufficient to exclude fracture in trauma

team activation patients [12]. It is also not clear

what was considered a distracting injury in the

Duane studies as they report that over 60 % of

the trauma team activation patients lacked

distracting injuries.

There are no implementation studies

documenting the efficacy of NEXUS for reducing

utilization in the clinical setting.

Canadian Cervical Spine Prediction Rule
The Canadian C-spine rule for radiography was

published subsequent to the NEXUS trial but had

a similar goal of validating a prediction rule which

is highly sensitive for detecting acute cervical

spine injury. The Canadian C-spine study was

a prospective cohort study performed at 10 com-

munity and university hospitals across Canada and

included 8,924 subjects. The Canadian C-spine

study was derived from an observational study

which evaluated 20 potential predictive factors

but concluded on three determinations. According

to the Canadian C-spine rule (Table 31.3), imaging

is not indicated if all of the following three deter-

minations are made: (1) absence of high-risk fac-

tor (age >65, dangerous mechanism, paresthesias

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

is able to actively rotate neck 45 � to left and right.
The group reported sensitivity of 100 % and spec-

ificity of 42.5 % with the rate of ordering radiog-

raphy projected to be reduced by 58.2 % [10].

A 14-day follow-up was performed on all patients

who did not undergo imaging in an attempt to

discover all individuals with missed fractures

(strong evidence).

The implementation of the Canadian C-spine

rule has also been investigated through a cluster

randomized trial involving 12 Canadian emer-

gency departments. A total of 11,824 alert and

stable adults were included. The intervention

group showed a relative reduction in cervical

spine imaging of 12.8 % and the control group

a relative increase of 12.5 % of cervical spine

imaging [13].

There is no head-to-head trial supporting the

adoption of either cervical spine prediction rule

over the other. A retrospective analysis compar-

ing Canadian C-spine and NEXUS prediction
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rules was attempted. However, for this analysis,

altered level of consciousness was effectively

eliminated as a criteria [14, 15]. This negatively

affects the accuracy of NEXUS as this is included

in the NEXUS criteria. In addition, the Canadian

C-spine rule requires the active evaluation of

cervical spine rotational range of motion, a crite-

rion which may not be acceptable in many US

emergency departments.

What Imaging Modality Should Be
Used for the Cervical Spine in
Blunt Trauma?

Summary

Cervical spine CT is both more sensitive and

specific than radiography for all patients

(Table 31.1). In addition, cost-effectiveness anal-

ysis supports the use of CT as the initial modality

in patient populations at high and moderate risk

of cervical fracture. This strategy 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

neurologic deficit (moderate evidence). In patient

populations with low probability for cervical

fracture, properly performed cervical spine radi-

ography remains the initial imaging modality

of choice (limited evidence). MRI is not

recommended in the acute setting as the initial

evaluation of the cervical spine.

Supporting Evidence

Accuracy of Imaging There are no randomized

clinical trials comparing the efficacy of

computed tomography with that of cervical

spine radiography. Historically, the sensitivity

of cervical spine radiography has been reported

in the 89–94 %, when adequate three-view radio-

graphs were obtained on all patients [2, 16–18].

Weighted pooling of the larger studies using

a clinical gold standard suggests that radiography

is relatively accurate with a sensitivity of 94 %

and a specificity of 95 %when all trauma patients

are included (Table 31.1) [18].

However, more recently performed observa-

tional studies suggest that standard cervical spine

radiography is less sensitive than previously

reported. The discrepancy varies widely based on

choice of reference standard and adequacy of cer-

vical spine radiographs. A representative 2003

study performed by Griffen et al. in a level I

trauma center concluded that the sensitivity of

plain radiographs was 65 %, using CT follow-up

as the reference standard [19]. In a 2005 meta-

analysis, the pooled sensitivity of cervical spine

radiography for fractures was estimated to be 54%

versus 98 % for computed tomography [20]. As

with all diagnostic accuracy studies, any modality

fares worse than the reference standard (in this

caseCT) and biases against the use of radiography.

Studies using fractures that become apparent clin-

ically as the reference standard are probably more

relevant for clinical practice. In addition, these

recent studies are biased by low percentage of

cervical spine radiography examinations including

adequate views, related to reluctance to perform

repeat imaging for nonvisualized portions of the

cervical spine. Furthermore, inadequate visualiza-

tion is often seen as rational for proceeding to CT

imaging increasing bias against radiography. In

a 2009 study, Bailitz et al. included 1,583 consec-

utive major trauma patients that were evaluated

with both cervical spine CT and three-view cervi-

cal radiography [21]. 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 proce-

dure, halo application, and/or rigid cervical collar

application. Of the 78 patients with radiographic

evidence of fracture, 50 (3.3 %) were determined

to have clinically significant injuries, and 42 % of

the 50 required operative intervention or halo

application. Using the risk stratification criteria

defined by Blackmore et al. [22], 16 clinically

significant cervical fractures were present 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 discord between historical estimates of

radiography sensitivity of 89–94 % and current

estimates of 54–65 % confound determination of
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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 sen-

sitivity. However, with decreased utilization of

cervical spine radiographs comes decreased pro-

ficiency at performance and interpretation, and

sensitivity may actually have decreased as

a consequence.

High and Moderate Risk Patients Cervical spine

radiography performs significantly worse in com-

pared to patient populations at moderate and high

risk of cervical fracture (probability >4 %) [18].

These patients are commonly immobilized on

backboards, have poly-trauma, and are unable to

cooperate. These factors result in lower specific-

ity, more inadequate radiographs and repeat

imaging, greater utilization of hospital resources,

and ultimately higher cost [23]. 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 [24, 25]. This is particularly

true when evaluation of the cervical spine follows

CT scan of the head [26]. The decreased sensitiv-

ity of radiography in the major trauma popula-

tion, time efficiency, and increased prevalence of

cervical fracture support initial evaluation of the

cervical spine utilizing CT in moderate and high-

risk patients. Cost-effectiveness analysis sup-

ports use of CT in this population. In a 1999

study, Blackmore performed a cost-effectiveness

analysis from the societal perspective comparing

cervical radiography 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 [27] (moderate evidence).

Low-Risk Patients There is neither strong evi-

dence nor consensus on the appropriate approach

to cervical spine imaging in trauma victims in

whom some imaging is indicated through use of

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 strategy, even in

low-risk individuals. Recent societal consensus

guidelines in the United States, including the

ACR Appropriateness Criteria [28] and Eastern

Association for the Surgery of Trauma [29], have

advocated for use of CT for all patients who

undergo cervical spine imaging in trauma. How-

ever, guidelines supporting use of CT in low-risk

patients generally rely on recent estimates of

accuracy, despite the methodological limitations.

In addition, such guidelines do not consider the

fact that use of CT carries much greater radiation

risk and societal cost.

Radiography may be most appropriate in the

evaluation of patients who cannot be cleared clin-

ically but have low-risk factors for significant cer-

vical trauma such as young age, low-impact

trauma, and no distracting injuries [18, 22, 30].

Inability to obtain technically adequate radiographs

due to incomplete visualization or suboptimal

quality (low specificity) is the single biggest

limitation of radiography (Table 31.1) [20].

In the very low-risk patient population, ade-

quate films are more easily obtained. CT is indi-

cated when adequate radiographs cannot be

obtained.

Radiation risks are difficult to estimate

with any precision due to the need for extrapola-

tion of radiation effects from higher administered

doses to the very low doses found in diagnostic

imaging. However, use of CT rather than radiog-

raphy for evaluation of the cervical spine comes

with an estimated 14-fold greater patient

exposure to ionizing radiation. The organ-

specific dose to the thyroid gland with cervical

spine CT has been estimated at 26 mGy

compared to 1.8 mGy for radiography [31],

resulting in increased risk of radiation-induced

malignancy [32].

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
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patients, leading to significantly higher radiation

exposure with no demonstrable improvements in

the diagnosis of missed injuries, mortality, or

length of stay [33].

Table 31.4 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 mor-

tality is at least an order of magnitude greater than

the probability of preventing paralysis through

use of CT in low-risk trauma patients. Accord-

ingly, radiography, when adequately performed,

should be considered as the initial imaging

approach in patients at low risk (limited

evidence).

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 orig-

inal 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 there-

fore requires stratification of patients in to low-

and higher-risk cohorts. Blackmore [22] and

Hanson [34] developed and validated a clinical

prediction rule to identify subjects at low risk

(Table 31.4). In the validation cohort, subjects

lacking any of the high-risk factors had a risk of

cervical spine fracture 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 confirming that

a group can be identified where adequate cervical

spine radiography is appropriate as the initial

screening tool.

Special Cases
Obtunded Patient

Summary

A normal cervical CT in obtunded patients with

blunt trauma essentially excludes unstable cervi-

cal spine injuries. MRI is unlikely to change

management when there is no neurologic deficit

or abnormality by cervical spine CT and is there-

fore not routinely recommended given risks and

benefits (limited evidence).

Supporting Evidence

There are several valid cohort studies of the accu-

racy 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 radiography and clinical

follow-up as a reference standard, one patient

was found to have an unstable injury missed by

the CT (negative predictive value 99.7 %) [35].

Hogan et al. retrospectively examined 366

patients with negative CT, using MR and clinical

follow-up as the reference standard. The authors

concluded that the negative predictive value of

CT for ligamentous injury was 98.9 % and 100 %

for unstable CS injury [36]. Harris and colleagues

evaluated a retrospective cohort of 367 obtunded

patients using a clinical and radiographic refer-

ence standard. 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 % [37]. Brohi and colleagues prospec-

tively evaluated 442 consecutive unconscious

trauma patients and defined the sensitivity of

CT at 98.1 % (51/52), with a negative predictive

value of 99.7 % [38]. In addition, a 2005 retro-

spective cohort study by Schuster et al. included

93 patients with a normal motor examination and

a negative cervical spine CT with MR as the

reference standard. In this study, all patients had

negative MRI examinations unless there was

a neurologic deficit or a positive CT [39]. Como

evaluated 197 patients who were obtunded by

moving all four extremities and reported no

missed injuries on CT, with clinical or MRI

follow-up [40] (moderate evidence).
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However, it is also clear that CT is imperfect.

As an example, Schoenfeld and colleagues culled

from the medical literature multiple cases (partic-

ularly of ligamentous injuries) missed at CT but

discovered on subsequent MRI [41]. However, in

a common failing of the literature on this topic, the

authors failed to report the number of true-

negativeCT 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

the reference standard, makes calculation of neg-

ative predictive value meaningless [42].

Finally, there are potential risks related to use

of MRI in obtunded patients, related to the trans-

fer of patients to the MRI suite, and limited abil-

ity to monitor patients while in the MRI scanner.

In addition, delay in clearance of the cervical

spine, with prolonged immobilization, may lead

to complications including pressure ulcers,

increased intracranial pressure, thromboembo-

lism, and pulmonary aspiration [43–45].

Elderly

Summary
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 specifically identify predictors

of injury in the elderly. The same predictors in

younger patients appear to work in the elderly

[46]. 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 (limited evidence).

Children

Summary

TheNEXUS clinical prediction rule is a reasonable

method of identifying which older children and

adolescents should undergo cervical spine imaging

after trauma. Imaging should be performed in sub-

jects with (1) altered neurologic function, (2) intox-

ication, (3) midline posterior bony cervical spine

tenderness, and (4) distracting injury (moderate

evidence). Under the age of 3 years, cervical

spine imaging may be limited to subjects with

high-energy mechanism (motor vehicle crash) or

Glascow Coma Score of less than 14 (limited evi-

dence). Radiography can appropriately be used to

exclude cervical spine fracture in children, though

cervical spine CT may be useful in high-risk sub-

jects. In younger children, CT should be limited to

the upper cervical spine (limited evidence).

Supporting Evidence

Evidence for who should undergo imaging is less

complete in children than in adults. Determina-

tion of clinical predictors of injury in pediatric

subjects is complicated by the decreased inci-

dence of injury in children, requiring larger sam-

ple size for adequate study [47–49]. In addition,

children may sustain serious cervical cord inju-

ries that are not radiographically apparent [47,

48]. Among adult clinical prediction rules, the

Canadian Clinical Prediction Rule development

study excluded children [10]. The NEXUS trial

included children, but there were only 30 injuries

in subjects under age 18, and only four 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 vali-

dation of a pediatric version of the NEXUS was

performed at a single academic pediatric trauma

center in the United States. In 647 trauma victims

age 3 or older, injuries were found in approxi-

mately 2 %, of whom four required operative

fixation. No missed injuries were reported [50].

A pediatric adaptation of the NEXUS is a thus

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) [50].

Pieretti-Vanmarcke and colleagues performed

a retrospective analysis of trauma registry data

from multiple institutions, including 12,537

patients under the age of 3. They found that limit-

ing imaging to subjects with decreased level of

consciousness manifest by pediatric Glascow

Coma Score of less than 14 or high-energy mech-

anism (motor vehicle crash) identified 78 of 83

(94%) clinically important injurieswith a negative

predictive value of 99.9 %. The low negative
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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 [49]. This study has not yet been

validated prospectively (limited evidence).

Comparison of CT versus radiography has not

been well explored in children. Radiography has

accuracy for cervical spine fracture of approxi-

mately 94 %, [51] similar to adults [18]. The

odontoid view and flexion extension radiographs

contribute little in young children [52–55]. CT is

likely more accurate than radiography but does

encompass higher radiation doses and higher

costs [56]. The cost-effectiveness analysis of

Blackmore and colleagues excluded children, [18,

22, 34] as did the studies of the Harborview high-

risk cervical spine criteria (Table 31.5) [22, 34].

Further, the lower frequency of injury in children

[47, 57] and the increased radiosensitivity of pedi-

atric subjects [58] suggest that cost-effectiveness

results from adults may not be relevant.

A reasonable approach to pediatric cervical

spine imaging is the Harborview protocol

(Fig. 31.1). Overall, radiography is adequate to

exclude cervical spine fracture in most younger

children [56, 59] (limited evidence). However,

use of upper cervical CT in high-risk younger

children [60] who are getting head CT is probably

reasonable, as the time and cost is minimal, and

the thyroid can be spared in the CT radiation dose

if imaging is limited to the upper cervical spine

(insufficient evidence). In addition, upper cervical

spine injuries are more common than lower cer-

vical injuries in younger children (Fig. 31.2a, b)

[57, 61, 62].

Who Should Undergo Imaging of
the Thoracic and Lumbar Spine
Following Trauma?

Summary

Clinical prediction rules to determine which

patients should undergo thoracolumbar spine

imaging have been developed, but not validated.

Although these prediction rules have high sensi-

tivities for detecting thoracolumbar fractures,

their low specificities and low positive predictive

values would require imaging a large number of

patients without thoracolumbar injuries. This

drawback limits the clinical utility of these pre-

diction rules (moderate evidence).

Supporting Evidence

Given the relative lack of clarity regarding which

blunt trauma patients require thoracolumbar

imaging, several observational (limited evi-

dence) studies have examined potential risks for

thoracolumbar fracture. These limited studies

have identified associations between the risk of

thoracolumbar injury and high-speed motor vehi-

cle crash [63, 64], fall from a significant height

[65–67], complaint of back pain, [65–69], ele-

vated injury score [65, 66], decreased level of

consciousness [66–68, 70], and abnormal neuro-

logical exam [67, 68].

Two separate clinical prediction rules to guide

thoracolumbar spine imaging decisions have

been developed, although neither prediction rule

has been validated. The smaller study, conducted

by Hsu et al., examined the effect of six clinical

criteria on two retrospective groups [71]. 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 tenderness, (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 fracture

group would have been imaged appropriately

using the proposed criteria. This proposed path-

way was then tested retrospectively in the group

of randomly selected blunt trauma patients and

was found to have a sensitivity of 100 %, a spec-

ificity 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 much larger prospective, single-center

study by Holmes et al. evaluated similar criteria

in 2,404 consecutive blunt trauma patients who

underwent thoracolumbar imaging [72]. These

clinical criteria (Table 31.6) were (1) complaints
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of thoracolumbar spine pain, (2) thoracolumbar

spine pain on midline palpation, (3) decreased

level of consciousness, (4) abnormal peripheral

nerve examination, (5) distracting injury, and

(6) intoxication. This prediction rule was

successful in achieving 100 % sensitivity for

detecting thoracolumbar fracture; however, the

specificity was only 3.9 %. Due to this low spec-

ificity, implementing this prediction rule in this

patient population would have decreased the rate

of thoracolumbar imaging by merely 4 %

(Table 31.1) (moderate evidence).

Though not specifically evaluating a clinical

prediction rule, Sava and colleagues did identify

that clinical exammay not be sufficiently reliable

to exclude fracture in subjects with substantial

blunt trauma and altered sensorium [73].

What Imaging Modality Should Be
Used to Evaluate the Thoracic and
Lumbar Spine in Blunt Trauma?

Summary

Multiple studies have shown that some CT pro-

tocols used for imaging the chest and abdominal

visceral organs, when performed with sagittal

reformations, are more sensitive and specific for

detecting thoracolumbar spine fracture than con-

ventional radiography. In patients undergoing

such scans, conventional radiography may be

eliminated (limited evidence). The effect of pri-

mary screening with CT scan on cost and radia-

tion exposure has not been thoroughly studied for

the thoracolumbar spine.

Supporting Evidence
Multiple limited evidence studies examine the

possibility of eliminating conventional radiogra-

phy in those patients who are candidates for both

conventional thoracolumbar radiographs and CT

evaluation of the chest or abdominal viscera;

however, many of these trials are hampered

by small sample sizes and/or verification bias

[74–78]. 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 32.0–74 % for

detecting thoracolumbar fracture (Table 31.1)

[75–77, 79]. The clinical importance of

thoracolumbar fractures not found with conven-

tional radiography is unknown, as no studies with

clinically 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

reasons [76]. 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

radiographs. The results of this trial are limited

in that only 36 patients were diagnosed with

thoracolumbar fracture during the course of

the trial.

Applicability to Children
Summary

There are no clinical prediction 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 follow-

ing are present: (1) complaints of thoracolumbar

spine pain, (2) thoracolumbar spine pain on mid-

line palpation, (3) decreased level of conscious-

ness, (4) abnormal peripheral nerve examination,

(5) distracting injury, and (6) intoxication (limited

evidence). 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, particu-

larly renal (infection and obstruction).

Supporting Evidence

Data on appropriate indications for

thoracolumbar spine imaging in children is lim-

ited. The adult clinical prediction rule from

Holmes and colleagues did enroll children. How-

ever, the actual number of children in the study is

not reported [72]. The youngest patient enrolled

in the small clinical prediction rule validation

trial by Hsu et al. was 14 years of age [71].

Given the 100 % sensitivity in adults, it is rea-

sonable to employ the Holmes clinical prediction
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rule in older children (limited evidence). In youn-

ger children, the criteria would have to be modi-

fied ad hoc to meet the clinical perception of the

child’s ability to provide reasonable responses

and the clinical picture (insufficient evidence).

The specificity of the Holmes prediction rule in

adults was low (3.9 %), so it is not expected that

the use of this prediction rule would decrease

unnecessary imaging [72].

Take-Home Figure and Tables

Figure 31.1 shows a pediatric imaging protocol

for blunt trauma from Harborview Medical

Center.

Tables 31.1 through 31.6 highlight key recom-

mendations and supporting evidence.

Age ≤4 Years Age ≥9 YearsAge 5–8 Years

CT Head NOT
Indicated

CT Head
Indicated

CT (Upper C-
spine only) Image as

Adult

Radiography (AP, Lateral,
Swimmers, Open Mouth)

Radiography
(AP and Lateral)

CT Head NOT
Indicated

Fig. 31.1 Pediatric imaging protocol for blunt trauma

from Harborview Medical Center (Reprinted with kind

permission of 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 pedi-

atrics: optimizing imaging in pediatric patient care.

New York: Springer; 2010)

Table 31.1 Diagnostic performance

Sensitivity Specificity Potential decrease in radiography

C-spine prediction rules

NEXUSa 99.6 12.9 12.6

Canadian C-spine ruleb 100 42.5 41.8

TL-spine prediction rules

Holmes et al.c 100 3.9 3.7

C-spine radiographyd

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 radiographyf

Conventional imaging 63.0 94.6 N/A

CT 97.8 99.6 N/A

N/A not applicable
aFrom reference [2]
bFrom reference [10]
cFrom reference [72]. Has not been validated
dOlder references with clinical reference standard. It is unclear if these results are still valid. Adapted from references

[16–18]
eAdapted from references [18–21, 35–40]
fPooled from references [65, 74–79]

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; 2006
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Imaging Case Studies

Case 1: Atlantooccipital subluxation with occip-

ital condyle fracture in a 9-year-old boy

(Fig. 31.2a, b)

Case 2: Victim of a motor vehicle crash who met

criteria for initial cervical spine imaging with CT

scan (Fig. 31.3a, b)

Recommended Imaging Protocol

Cervical Spine

CT protocol: Multi-detector CT with axial image

reconstruction at 2.5 mm or less, in both bone and

soft tissue algorithms, and with sagittal and cor-

onal reformations in bone algorithm at 2-mm

collimation.

Radiography protocol: AP, open mouth,

lateral, and swimmers. Note that all images

must be adequate for evaluation, and the entire

region 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 colli-

mation. 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.

Table 31.2 NEXUS criteria. Imaging of the cervical

spine is not necessary if all five of the NEXUS criteria

are met

1. Absence of posterior midline tenderness

2. Absence of focal neurological deficit

3. Normal level of alertness

4. No evidence of intoxication

5. Absence of painful injury distracting attention from the

spine

Adapted 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: opti-

mizing imaging in patient care. New York: Springer; 2006

Table 31.3 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

Paresthesias 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� left and right)

Adapted from Stiell I, Wells G, Vandemheen K,

Clement C, Lesiuk H, De Maio V, et al. The Canadian

C-spine rule for radiography in alert and stable trauma

patients. JAMA. 2001;286:1841–8

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: opti-

mizing imaging in patient care. New York: Springer; 2006
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Future Research

• Studies in both cervical spine and

thoracolumbar spine imaging indicate that

CT is more sensitive than traditional radiogra-

phy in detecting fractures. However, further

clinical studies addressing the relevance of

these fractures 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.

• 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.

• Appropriate imaging to detect unstable

ligamentous injury, particularly in clinically

unexaminable subjects, remains unresolved.

Table 31.4 Number needed to treat and harm for cervical spine imaging in low-risk patients

Variable Estimate Range Source references

Risk of fracture 0.005 0.002–0.02 [2, 10, 34]

Chance of missing fracture (1-sensitivity) 0.1 0.06–0.20 [2, 16–18, 20]

Chance of paralysis (from missed fracture) 0.05 .01–0.15 [18, 32]

Number needed to treata (to prevent one case of paralysis) 40,000 10,000–200,000

Number needed to harmb (to cause one case of fatal cancer) 2,000 1,000–20,000 [31, 32]

Notes:
aNumber 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 fracture x chance of missing fracture x chance of paralysis)
bNumber 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

Table 31.5 Harborview high-risk cervical spine criteria.

Presence of any of the following criteria indicates

a subject at sufficiently high risk to warrant initial use of

CT to evaluate the cervical spine

1. High-energy injury mechanism

High-speed (>35 mph) motor vehicle or motorcycle

crash

Motor vehicle crash with death at scene

Fall from height greater than 10 ft

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

Adapted 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 Am J Roentgenol.

2000;174:713–8

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, Black-

more CC, editors. Evidence-based imaging: optimizing

imaging in patient care. New York: Springer; 2006

Table 31.6 Thoracolumbar spine imaging criteria

1. Thoracolumbar spine pain

2. Thoracolumbar spine tenderness on midline palpation

3. Decreased level of consciousness

4. Abnormal peripheral nerve examination

5. Distracting injury

6. Intoxication

Adapted fromHolmes JF, Panacek EA,Miller PQ, Lapidis

AD, Mower WR. Prospective evaluation of criteria for

obtaining thoracolumbar radiographs in trauma patients.

J Emerg Med. 2003 Jan;24(1):1–7

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, Black-

more CC, editors. Evidence-based imaging: optimizing

imaging in patient care. New York: Springer; 2006
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Key Points

• Currently MRI is the imaging modality of

choice for the diagnosis of vertebral osteomy-

elitis with more than 95 % sensitivity and

specificity (strong evidence).

• Radiographic presentations of vertebral oste-

omyelitis do not appear during the first 3–4

weeks of disease, and X-ray has low sensitivity

(82 %) and specificity (57 %) for the diag-

nosis of vertebral osteomyelitis.

• CT scan is not routinely used for diagnosis of

vertebral osteomyelitis and suffers from simi-

lar limitations as X-ray.

• Molecular spinal imaging, especially positron

emission tomography (PET) with 18 fluorine-

fluoro-d-deoxyglucose and PET/CT, is

becoming a more valuable complementary

test for the diagnosis of vertebral osteomyelitis

(limited evidence).

• Molecular imaging is especially valuable in

those circumstances that MRI has limited use

such as evaluation of the response to treatment

or presence of spinal fixation devices (limited

evidence).

Definition and Pathophysiology

The three most common sources of vertebral

osteomyelitis and discitis are (1) hematogenous

spread, (2) direct inoculation due to interventions

such as spinal fixation, or (3) spread from an

adjacent site of infection such as a paraspinal

abscesses [1–4]. Among patients with no risk

factors for vertebral osteomyelitis and discitis,

Staphylococcus aureus is the most common path-

ogen and is isolated from as much as 50 % of

patients. Other organisms are more common

among patients with risk factors such as spinal

surgeries with internal fixation devices

(Escherichia coli, coagulase-negative staphylo-

cocci, and Propionibacterium acnes) [1, 3–5],

genitourinary tract instrumentations (E. coli)

[1, 4, 6], IV drug abuse (Pseudomonas and

Candida) [2, 5–10], and central line placements

(Candida) [7, 11]. Mycobacterium tuberculosis

and Salmonella should also be taken into consid-

eration particularly if the patient is an immigrant

from a developing country or has a recent history

of travel to an area where these infections are

endemic [12]. In general, lumbar spine is the

most common site for vertebral osteomyelitis

and discitis, followed by the thoracic and cervical

spine [5, 13, 14].

Epidemiology

Estimating the incidence of vertebral osteomye-

litis and discitis in the population is difficult for

two major reasons. First, in spite of many other

infectious diseases, vertebral osteomyelitis and

discitis are not reportable diseases. Second,

since the disease is rare, there are no data regis-

tries that compile the clinical and epidemiologi-

cal information about these patients. As a result,

the reported incidence of vertebral osteomyelitis

and discitis in populations varies from 0.22/

100,000 [12, 15, 16] to 2.4/100,000 persons

[1, 17].

The incidence increases with age (0.3/100,000

among individuals 20 years or younger to 6.5 per

100,000 among persons 70+) [1, 12, 17, 18] and

males are at a higher risk than females [12, 18].

It has been suggested that the incidence of

disease has been increasing in recent years

because of the following issues: aging of the

population, increasing use of minimally invasive

interventions such as intravascular devices, and

increasing use of spinal fixation devices [12].

However, the relative contribution of each one

of these factors on the incidence of vertebral

osteomyelitis and discitis has yet to be

determined.

Overall Cost to Society

There has been no study that has estimated the

economic burden of vertebral osteomyelitis and

discitis on the US health-care system. The closest

study was the estimation of the direct medical

costs of low back pain with any etiology, by

Martin et al. in 2008 [19]. The authors estimated
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that low back pain imposed more than $86 billion

on the US health-care system. Only 1 % of low

back pain patients are the result of a potentially

life-threatening condition such as vertebral oste-

omyelitis, discitis, or spinal metastasis [20].

However, the total costs associated with vertebral

osteomyelitis cannot be assumed to be 1 % of the

total cost of low back pain patients because the

direct cost of care varies substantially based on

the underlying etiology of low back pain.

Goals of Imaging

Imaging has two main purposes: the timely diag-

nosis of the infection and the evaluation of the

response to treatment.

Methodology

We conducted a systematic review of the literature

on vertebral osteomyelitis. We used combinations

of the following search terms: “vertebral osteomy-

elitis,” “spine infection,” “MRI,” “CT scan,”

“diagnosis,” and “imaging,” using the online

database MEDLINE, to identify peer-reviewed

articles that have addressed the role of imaging

technology in the diagnosis and management of

vertebral osteomyelitis. Our search, which was

limited to human studies and the English language,

resulted in 1,100–1,300 potential articles. We then

reviewed the title and abstract for all of these

articles and selected the relevant papers for fur-

ther evaluation. Additionally, we reviewed the

bibliographies of those relevant papers. Finally,

we used “up-to-date” (www.uptodate.com) and

“dynamed” (www.dynamed.com) databases to

determine whether there were any pertinent arti-

cles that were not captured using our previously

described search strategy.

We categorized published papers based on the

“Oxford Centre for Evidence-based Medicine –

Levels of Evidence” criteria (http://www.cebm.

net/?o¼1025). We also considered the

“STAndards for the Reporting of Diagnostic accu-

racy (STARD)” guidelines in the evaluation of

each paper [21, 22]. These guidelines were

established in order to make the published studies

that evaluate the diagnostic accuracy of imaging

modalities more uniform and comparable [21, 22].

Discussion of Issues

Low Back Pain and Vertebral
Osteomyelitis-Discitis: When Should
We Evaluate for Vertebral
Osteomyelitis and Discitis as
a Potential Cause of Low Back Pain?

In the general population, less than 1 % of low

back pain patients have serious conditions such as

malignancies or osteomyelitis [23]. Recently,

Roudsari and colleagues [20] and Chou et al.

[24] summarized the results of the most recent

publications that evaluated the role of imaging in

the management of LBP. Each of these authors

concluded that, in the absence of clinical red

flags, use of advanced imaging techniques such

as MRI to identify vertebral osteomyelitis and

discitis as an underlying cause of low back pain

is not warranted. Some of the most important

clinical indicators for vertebral osteomyelitis

and discitis are fever, malaise, spinal tenderness

to percussion, elevated white blood cell count,

elevated erythrocyte sedimentation rate (ESR),

elevated C-reactive protein, history of IV drug

use, recent immigration to the United States (a

major risk factor for spine tuberculosis or Pott’s

disease), history of recent infection, such as uri-

nary tract or skin infections, or history of recent

spinal instrumentation, such as placement of spi-

nal fixation devices [20, 24].

Imaging and Vertebral
Osteomyelitis-Discitis: Diagnosis and
Follow-Up

Summary

In spite of substantial advancements in imaging

technology, diagnosis of vertebral osteomyelitis

is still challenging. MRI is the imaging modality

of choice with a sensitivity and specificity as high

as 95 % [25] (strong evidence). X-ray findings do
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not appear for weeks after the onset of the disease

[26] (limited evidence). CT also has limited value

in the diagnosis of vertebral osteomyelitis and

discitis [27, 28] (limited evidence). Improve-

ments in radionuclide imaging, especially

positron emission tomography (PET) with
18 fluorine-fluoro-d-deoxyglucose ([18F]-FDG),

have made them a valuable test for the diagnosis

of vertebral osteomyelitis and discitis, particularly

in those circumstances that MRI has limited appli-

cability [14]. Considering the cross-sectional or

retrospective nature of most diagnostic studies,

the level of evidence that can typically be found

in the diagnosis of vertebral osteomyelitis using

imaging technology would be Oxford Evidence-

Based Medicine Levels of 3a or 3b (limited

evidence).

Supporting Evidence
X-Ray Radiographic findings of infection are

nonspecific and usually do not appear during the

first 3–4 weeks [25, 26]. Late, nonspecific find-

ings can include poor cortical definition, lytic

bone lesions, and decreased disk height [26].

The reported sensitivity and specificity of X-ray

in diagnosing spinal infection are 82 % and 57 %,

respectively [25] (limited evidence).

Computed Tomography Generally, CT alone is

not used for the diagnosis of vertebral osteomye-

litis and discitis. However, in the presence of

bone destruction and paraspinal pathologies,

such as abscesses, CT provides a better visuali-

zation of the magnitude of bone destruction and

soft tissue damage compared to X-ray [27, 28].

Similar to radiographs, CT has poor sensitivity

and specificity, although no study has evaluated

the accuracy of CT in the diagnosis of vertebral

osteomyelitis [26] (limited evidence).

Magnetic Resonance Imaging MRI, especially

with the use of fat suppression [29], is the pre-

ferred method for evaluating vertebral osteomy-

elitis and discitis because of its ability to visualize

the soft tissue, bone marrow, and intervertebral

disks [30]. Furthermore, of the available imaging

modalities, MRI demonstrates the extent of the

disease best [26].

On T1-weighted images, vertebral osteomye-

litis will be seen as a low-intensity, ill-defined

lesion. In typical, bacterial osteomyelitis, the

intervertebral disk will almost always be affected

and, as a result, the end plate margins of the disk

are indistinguishable from the hypointense

lesions in the body of the adjacent vertebrae.

T2-weighted images, especially with fat suppres-

sion, demonstrate hyperintensity in the bone

marrow of the adjacent vertebrae and the

intervertebral disk [14]. In tuberculosis and fun-

gal infections, involvement of the disk might not

be visible at the beginning, vertebral body

destruction is more prominent, and often there is

a sharply angulated kyphosis at the site of infec-

tion with resultant gibbous deformity [1, 12, 14].

Modic and colleagues reported 96 % sensitiv-

ity and 92% specificity for the diagnosis of spinal

infection by MRI, using pathology and clinical

course as the gold standard for diagnosis [25]

_ENREF_25 (strong evidence). Although use of

gadolinium (Gd) increases the specificity of MRI

in the diagnosis of other pathologies such as

epidural, subdural, and paraspinal soft tissue

infections [31–34], no robust study has compared

the sensitivity and specificity of MRI with and

without contrast for the diagnosis of vertebral

infections [35] (insufficient evidence).

MRI does have several limitations. First, sim-

ilar to other imaging modalities, it lags behind

clinical signs and symptoms of the disease. As

a result, in the presence of high clinical suspicion

for vertebral osteomyelitis and discitis, a follow-

up MRI in 7–10 days may detect new involve-

ment. Second, although two adjacent vertebrae

and their intervertebral disk are often infected,

involvement of both vertebrae may not be visible

in the early stages of the disease [26, 36]. Third,

age-related changes could mimic MRI findings of

infection [36–38]. This decreases the specificity

of MRI in older individuals. Moreover, differen-

tiation between severe disk degeneration, anky-

losing spondylitis, and neuropathic spine and

early stages of vertebral osteomyelitis or atypical

vertebral osteomyelitis can be difficult [39–44].

Fortunately, newer MRI techniques such as

diffusion-weighted spine imaging or perfusion

imaging might improve the precision of MRI in
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differentiating vertebral osteomyelitis from other

diseases that mimic vertebral osteomyelitis

[38, 45] (limited evidence). Fourth, MRI appear-

ance of scar tissue following a surgical interven-

tion is similar to MRI findings in vertebral

osteomyelitis and discitis. As a result, evaluation

of postsurgical infections is challenging [30, 41].

Fifth, the use of MRI in patients with pacemakers

and some artificial heart valves is not

recommended [46]. Finally, limited evidence

exists supporting the validity of MRI in patient

follow-up with vertebral infection [30]. In other

words, similar to other imaging modalities, there

is no direct association betweenMRI findings and

response to treatment.

Molecular (Functional) Spine Imaging While

CT andMRI provide valuable structural informa-

tion, molecular imaging techniques provide

a unique opportunity to identify inflammation/

infection at an earlier stage of disease [47, 48].

The most common molecular imaging modalities

are discussed below.

Bone Scintigraphy Bone scintigraphy is one of

the oldest radionuclide techniques used to evalu-

ate osteomyelitis. Modic et al. reported

a sensitivity of 90 % and specificity of 78 % for

this technique [25]. The reported sensitivity of

bone scintigraphy in a study by Gratz et al. was

86 % and increased to 92 % when it was com-

bined with single-photon emission computed

tomography (SPECT) [49] (limited evidence).

Love and colleagues reported sensitivities of

73 % and 82 % for planar bone scanning and

planar plus SPECT scanning, respectively,

although the reported specificities were low

(31 % and 23 %, respectively) [48]. Bone scan-

ning is rarely the only technique for evaluation of

vertebral osteomyelitis because of its inability to

evaluate the soft tissues [46].

67Gallium Citrate 67Gallium is a complement to

bone scanning because of its ability to identify

soft tissue infections. In addition, it increases the

specificity of bone scanning [3, 25, 48, 50, 51].

In spite of these benefits, the time-consuming

process and the resultant poor quality imaging

of 67gallium has limited its applicability in the

diagnosis and management of vertebral osteomye-

litis and discitis (limited evidence). Love and col-

leagues compared the sensitivity and specificity

of 67gallium citrate scintigraphy with MRI

(n ¼ 24) [48]. Authors reported 82 % sensitivity

and 77 % specificity for the 67gallium citrate scin-

tigraphy alone. Combination 67gallium citrate

scintigraphy and SPECT increased the sensitivity

and specificity to 91% and 92%, respectively [48].

Streptavidin/111Indium Biotin Complex There

have been several studies that have evaluated

the use of streptavidin/111indium biotin complex

in the diagnosis of vertebral osteomyelitis and

discitis. In 2004, Lazeeri and colleagues evalu-

ated this approach on 55 patients with suspected

vertebral osteomyelitis and reported 94 % sensi-

tivity and 95 % specificity [52]. In 2008, the same

authors investigated 111indium biotin alone on

71 patients with suspected hematogenous verte-

bral osteomyelitis and 39 patients with postsurgi-

cal vertebral osteomyelitis [30]. Considering

culture, pathology, clinical course, and up to

1-year follow-up as the gold standard for diagno-

sis, 111In-biotin scintigraphy demonstrated a sen-

sitivity of 84 % and specificity of 98 % for

hematogenous vertebral osteomyelitis and discitis

and a sensitivity of 100 % and specificity of 84 %

in postsurgical patients [30]. This high success rate

has not been reported by other researchers (insuf-

ficient to limited evidence). Further studies are

needed to evaluate the pros and cons of 111indium

biotin-based imaging for the diagnosis and

follow-up of vertebral osteomyelitis and discitis.

Radiolabeled White Blood Cells (WBCs)
Although conceptually this technique could be

a valuable tool in the diagnosis of vertebral oste-

omyelitis and discitis, WBCs labeled with 111In

or 99mTc have limited utility in the diagnosis

of vertebral osteomyelitis because of its low

sensitivity (30 %) and specificity (30–40 %)

[46, 53, 54]. Increase in uptake is strong evidence

for accumulation of WBCs; however, the differ-

entiation between infection and other sources of

inflammation, such as malignancies or autoim-

mune diseases, is not possible [46, 53–55].
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Moreover, approximately 50 % of vertebral oste-

omyelitis demonstrate normal to decreased

uptake [53].

Positron Emission Tomography (PET) with 18
Fluorine-Fluoro-D-Deoxyglucose ([18F]-FDG)

Fluoro-D-deoxyglucose has a chemical structure

similar to glucose. It is transported into cells

using the same mechanism as glucose. However,

it cannot be utilized as a source of energy.

Inflammation increases the number of glucose

transporters and results in an increased

uptake of [18F]-FDG at the infection site

[46, 47, 56, 57].

[18F]-FDG-PET is perhaps the most promis-

ing radionuclide imaging modality for the diag-

nosis of vertebral osteomyelitis and discitis for

a number of reasons. First, it creates high qual-

ity images that enable precise localization of

the inflammation site [55]. This is especially

true when PET is used in conjunction with

CT. Second, PET/CT is fast and requires a low

radiation dose compared to gallium citrate,

which requires several hours and often more

than one clinic visit [46]. Third, the tracer has

low uptake in degenerative conditions and old

vertebral fractures, most likely due to the lim-

ited number of glucose transporters that can

transport FDG into the cells [58, 59]. Fourth,

in approximately 3–4 months, the FDG uptake

returns to its baseline status, while in other bone

scan modalities, normalization of the tracer

uptake takes much longer [56, 57]. This char-

acteristic makes FDG-PET a more valuable tool

in the follow-up of the patients with vertebral

osteomyelitis and discitis, compared to other

molecular imaging techniques. Fifth, with

recent advancements in technology, production

and distribution of the FDG has improved sub-

stantially [46]. As a result, FDG-PET has

become more affordable and less expensive

compared to the combination of other molecu-

lar imaging techniques with the same precision

level [46]. Finally, FDG-PET might have

a more prominent role in the diagnosis of ver-

tebral osteomyelitis and discitis in those cir-

cumstances that MRI has a limited value such

as the presence of metallic implants [7, 55].

Several studies have evaluated the applica-

tion of FDG-PET for the diagnosis of osteomy-

elitis and discitis. Gemmel and colleagues have

nicely summarized the results of the studies that

were published before 2010 [46]. The reviewed

studies consisted of study populations that

ranged from 5 to 73 subjects. Overall, the

authors concluded that FDG-PET and in partic-

ular FDG-PET accompanied by CT are very

sensitive and relatively specific tools for the

diagnosis of vertebral osteomyelitis and discitis

[46]. de Winter and colleagues performed one of

the largest studies (n ¼ 73) in regard to sensitiv-

ity and specificity of FDG-PET for the diagnosis

of vertebral osteomyelitis and discitis and

reported a 100 % sensitivity and 81 % specificity

in their study population [7].

In spite of the existing evidence, FDG-PET is

a new technique and studies investigating this

modality have been limited by small sample

sizes (moderate evidence). To date, unfortu-

nately, no RCT or robust cohort study with suffi-

cient sample size has compared the accuracy of

FDG-PET with MRI in the diagnosis and follow-

up of the patients with vertebral osteomyelitis

and discitis.

Applicability to Children Vertebral osteomyeli-

tis and discitis are uncommon among children,

compared to adults [60–62], and the diagnosis is

more challenging. Early disease may present with

fever, hip contracture, and hip pain rather than

vertebral pain, which does not present until later

stages of the disease [60, 61]. Similar to adults,

MRI is the imaging modality of choice [60–62]

because of its high sensitivity and specificity and

also lack of use of ionizing radiation. Unfortu-

nately, information on the sensitivity and speci-

ficity of different advanced imaging modalities in

pediatric populations is limited, and current diag-

nostic approaches are primarily based on the

studies that have been conducted in adult

populations.

Cost-Effectiveness Analysis Thus far, no study

has evaluated the cost-effectiveness of the vari-

ous imaging approaches for the management of

vertebral osteomyelitis and discitis.
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Final Diagnosis of Vertebral
Osteomyelitis and Discitis: What Is the
Role of Percutaneous Versus Open
Biopsy?

In general, biopsy is needed to confirm the diag-

nosis of vertebral osteomyelitis [12], especially

when the existing evidence is not typical for

such diagnosis [63]. However, biopsy plays

a more critical role in the management of verte-

bral osteomyelitis and discitis when the empiric

treatment does not result in expected improve-

ments in clinical signs and symptoms of the

disease [63, 64]. The reported sensitivity and

specificity of this approach vary significantly

among different studies. However, depending

on the study setting and subject selection

criteria, percutaneous biopsy has had up to

90 % sensitivity and 100 % specificity [64].

The sampled tissue should be sent for aerobic,

anaerobic, mycobacterial, and fungal cultures

and preferably before empiric antibiotic treat-

ment is started [12]. They should be also sent

for pathology for the diagnosis of potential

malignant bone lesions that present themselves

with the signs and symptoms of infective verte-

bral osteomyelitis and discitis [65]. Some

authors recommend a second percutaneous

biopsy if the first attempt is negative [65, 66].

Open biopsy and amplification-based DNA

analysis are reserved for those with negative

percutaneous biopsy and high suspicion for the

disease [12, 63, 67].

The role of percutaneous biopsy for pediatric

vertebral osteomyelitis and discitis is not well

established. Some authors recommend the use

of this approach for atypical forms of infection

or when fungal or tuberculosis infection is

suspected [68].

Use of Imaging in Evaluation of the
Response to Treatment

The drop in plasma level of different biomarkers,

such as C-reactive protein, is a sensitive measure

for evaluation of the response to treatment [69].

However, there is no such association between

response to treatment and imaging findings

[36, 70, 71]. This issue is especially challenging

when local anatomy is changed as a result of exten-

sive tissue damage or surgical interventions [14].

Special Cases

Hematogenous Versus Postspinal
Instrumentation/Surgery Infections

Improvements in surgical techniques have

decreased the incidence of postsurgical infec-

tions. Nevertheless, as a result of the increase in

the number of these procedures, the overall num-

ber of patients with postsurgery infections has

increased [14]. Persistent pain, fever, and high

C-reactive protein [72] are some of the signs

and symptoms of these infections. Similar to

hematogenous vertebral osteomyelitis and

discitis, identification of infection by imaging

can only occur after a few days to weeks follow-

ing the onset of the infection. Structural changes

after surgery and the associated inflammation

complicate the use of imaging for the early diag-

nosis of postsurgical infections [73].

In general, it will take approximately 3 weeks

before an MRI can identify these infections [14].

Boden et al. reported a good diagnostic value for

the triad of “intervertebral disk space enhance-

ment, annular enhancement, and vertebral body

enhancement in MRI” in the presence of clinical

and laboratory findings, suggesting vertebral

osteomyelitis and discitis. The sensitivity and

specificity of this triad have not been reported

and other studies have not evaluated the accuracy

of this triad [14, 45].

Epidural Abscess as a Potential Source
of Vertebral Osteomyelitis and Discitis

Spread of infection from an epidural abscess to the

spine is an uncommon etiology of vertebral osteo-

myelitis and discitis. However, these abscesses

are associated with a high mortality (20–30 %)

[10, 34, 74] and morbidity, in part, as a result of

the delay in diagnosis and treatment [14, 74].
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The incidence of epidural abscesses is increasing

mainly due to the reasons that the incidence of

vertebral osteomyelitis and discitis has increased:

aging of the population, increase in spinal instru-

mentation rate, escalating prevalence of IV drug

use, etc. [75]. Staphylococcus aureus is the most

common pathogen affecting more than 60 % of

patients with epidural abscesses [75–78]. Epidural

abscesses can affect several segments, but most

commonly occur in the lower thoracic and lumbar

areas [75].

Similar to vertebral osteomyelitis, MRI is the

best imaging modality for the diagnosis of epidu-

ral abscesses with a reported sensitivity between

91 % [77] and 100 % [78] (moderate to strong

evidence).

MRI not only depicts the abscess but also

shows the extent of the disease and the associ-

ated vertebral osteomyelitis and discitis.

Intramedullary infections are also easily identifi-

able byMRI [4]. Adding gadolinium (Gd) toMRI

increases the sensitivity and specificity of MRI

for epidural abscesses, although there is limited

evidence in this regard [79].

On T1-weighted images, the epidural mass is

usually hypointense and on T2-weighted images,

it is usually hyperintense. Abscesses usually

demonstrate rim enhancement with Gd [74].

Nuclear medicine studies (e.g., technetium,

gallium, and indium) have limited value in

the diagnosis of epidural abscesses because of the

significant proportion of false-negative results [74].

Pott’s Disease

Tuberculosis (TB) is an uncommon disease in

developed countries, yet it has remained an

important concern particularly for immunocom-

promised patients and immigrants from develop-

ing countries. The diagnosis of non-pulmonary

TB is often challenging. Spinal TB or Pott’s

disease is a slowly progressive disease and diag-

nosis can be delayed for up to 2–3 years

[18, 80–82]. Since the body’s reaction to TB is

immune mediated and not cell mediated, the typ-

ical signs of acute infection are usually absent

[18, 80, 82, 83]. Spinal TB often starts in the

anteroinferior part of a thoracolumbar vertebra,

without affecting the adjacent intervertebral disk

[84]. It can extend to adjacent vertebral bodies

without compromising the intervertebral disk.

Under these circumstances, differentiation

between TB and malignancies that do not affect

intervertebral disk spaces, based on MRI, can be

very challenging [6]. Paraspinal extension of

the infection is also more common in TB com-

pared to other causes of vertebral osteomyelitis

and discitis [83].

Enhancement of the infected vertebrae with

Gd-MRI is often more prominent in TB than in

pyogenic osteomyelitis [14]. While MRI or

Gd-MRI can suggest TB as a potential cause of

spinal pathology, they are not sufficient for such

a diagnosis. Percutaneous bone biopsy, or open

bone biopsy if percutaneous biopsy fails and sus-

picion for tuberculosis is high, is the gold stan-

dard for diagnosis [63].

Take-Home Tables and Figures

Figure 32.1 is an algorithm for evaluation of

a patient with spinal pain. Table 32.1 is a sum-

mary of the sensitivity, specificity, and accuracy

of different imaging modalities. Table 32.2

shows an overall comparison of three different

types of vertebral osteomyelitis and discitis.

Imaging Case Studies

Vertebral Osteomyelitis and Discitis of
Cervical Spine

MJ is a 49-year-old gentleman who was first

seen in the emergency department because of

neck pain after ground level fall (Figs. 32.2

through 32.4).

Suggested Imaging Protocols

Table 32.3 shows MRI protocol for evaluation of

vertebral osteomyelitis and discitis.
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Table 32.1 Summary of the sensitivity, specificity, and accuracy of different imaging modalities

Imaging modality Sensitivity (%) Specificity (%) Accuracy (%) References

X-ray 82 57 70 [25]

CT scan NA NA NA

MRI �95 �95 95 [25]

Bone scintigraphy 70–90 30–75 60–70 [48, 49, 55]
67Gallium citrate 82 77 80 [48]
67Gallium citrate + SPECT 91 92 91 [48, 49]

Streptavidin/111indium biotin complex 94 95 94 [30, 52]

Radiolabeled WBC �30 30–40 30–35 [46, 53, 54]

FDG-PET 90–100 80–90 85–95 [7, 46]

Table 32.2 Overall comparison of three different types of vertebral osteomyelitis and discitis

Pyogenic Postoperative Tuberculosis

Risk factors Recent remote infection Post spine

instrumentation of

surgery

Recent immigration to the United

States

Recent genitourinary

infection

History of travel to an endemic area

Placement of an intravascular

device

Intravenous drug abuse Immunosuppression

Immunosuppression

Major clinical signs

and symptoms

Rapid onset (usually) Rapid onset (usually) Subacute abscess (usually)

Local tenderness Local tenderness Local tenderness

Back or neck pain, more

significant at night

Local pain Vague pain

Fever (sometimes) Fever (sometimes) Fever (uncommon)

Neurological deficits (usually

a late finding)

Neurological deficits

(usually a late finding)

Neurological deficits (sometimes the

major initial presentation)

Major laboratory

findings

CRP", ESR", WBC" CRP", ESR", WBC" Less helpful laboratory finding

CRP", ESR"
Imaging findings Lumbar spine involvement Site of surgery, usually

lumbar spine

Thoracolumbar spine

Anterior portion of

Two adjacent vertebrae and

the intervertebral disk

vertebral body

Initially might spare the disk

Multilevel involvement

Spinal kyphosis and gibbus formation

Paraspinal abscesses

Adapted with permission from Gouliouris T, Aliyu SH, Brown NM. Spondylodiscitis: update on diagnosis and

management. J Antimicrob Chemother. 2010;65(Suppl 3):iii, 11–24
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Future Research

Other Imaging Modalities

Magnetic Resonance Spectroscopy (MRS)
While MRI is an excellent tool for evaluation of

anatomy, magnetic resonance spectroscopy

(MRS) provides invaluable information in regard

to biochemical characterization of different

pathologies [85–91]. Because of the homogeneity

of the brain, easy accessibility, and limited

motion artifacts [91], MRS was first used in

neuroradiology for the diagnosis of brain tumors

[85, 86, 89, 91, 92]. Recently, however,

researchers have expanded the use of this tech-

nique for other pathophysiological abnormalities,

including epilepsy, prostate and breast malignan-

cies, multiple sclerosis, and even traumatic brain

injuries [85, 88, 91]. Unfortunately, there is no

study that has investigated the use of MRS in the

diagnosis and management of vertebral osteomy-

elitis and discitis. However, a few studies have

investigated the potential role of MRS in LBP

management by focusing on disk degeneration

[93] and bone marrow changes for evaluation of

fracture [94] or possible metastases [95]. It is

conceivable that MRS, either alone or in conjunc-

tion with MRI, could be a valuable tool for ver-

tebral osteomyelitis and discitis diagnosis.

Diffusion-Weighted MR Imaging (DWI)
Diffusion-weighted MR imaging (DWI) is

a newer technique that was developed in early

Patient with spinal 
pain

One or more red 
flags are present 

(Table 2)

Conservative 
treatment for 1-2 

weeks

Most likely 
mechanical pain

No red flag is
present

No improvement or 
appearance of red 

flag(s)

CBC, ESR, CRP, 
blood culture, etc.

MRI

CT guided percutaneous 
biopsy

High suspicion for 
VO

History and physical 
exam

Repeat CT guided 
percutaneous biopsy or open 

biopsy

Pathogen specific 
treatment

+

+
–

–

Follow up MRI in 1-2 weeks

X-ray of the 
spine

Fig. 32.1 Recommendation for evaluation of a patient with spinal pain
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1990s and was used mainly for the diagnosis of

acute brain ischemia [96–99]. In this approach,

random movements of water molecules, which

might be substantially affected by ischemia,

generate images with very high tissue contrast

[96–98]. Since DWI uses echo-planar imaging

technology, it is much faster than conventional

MRI and as a result is highly resistant to motion

artifact [88]. In general, imaging time varies from

a few seconds to 2 min [88].

Recently, the use of DWI has been adopted for

detection of different pathologies, including mus-

culoskeletal issues [96]. Few studies have evalu-

ated the use of DWI for the diagnosis and

management of osteosarcoma [100] and spine

metastasis [101, 102]. It has also been used for

Fig. 32.2 (a–d). (a, b) Demonstrates the X-ray findings

at the time of emergency department arrival. As presented,

there is minimal grade I retrolisthesis of C5 on C6 with

disk height loss, consistent with osteoarthritis of cervical

spine. The patient was again seen in the emergency

department because of exacerbation of the neck pain and

local tenderness of the cervical spine 8 weeks after the first

visit. (c, d) Demonstrate the new X-ray findings. Because

of the rapid changes in the X-ray findings, local tender-

ness, and elevated ESR and CRP, with the potential diag-

nosis of vertebral osteomyelitis and discitis, the patient

was admitted to hospital
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differentiation between benign and malignant

vertebral fractures [103–105] and different

intervertebral disk abnormalities [106–109]. Cur-

rently, there is minimal evidence in regard to

potential value of DWI in the diagnosis and man-

agement of vertebral osteomyelitis and discitis.

PET-MRI
While PET-CT has been widely adopted for the

evaluation of different pathologies, PET-MRI is

in the infancy stages of its development, mainly

because of the challenges in combining these two

technologies [110]. However, it is conceivable

that the combination of MRI and PET would

result in early diagnosis of pathologies that

would not be diagnosed using other imaging tech-

nologies. Currently there are only a few studies

that have used prototype PET/MRI scanners,

[111] none of which have evaluated vertebral

osteomyelitis and discitis.

Fig. 32.3 (a–d) Demonstrates the MRI findings at the time of admission. CT-guided biopsy demonstrated vertebral

osteomyelitis and discitis with coagulase-negative staphylococcus sensitive to vancomycin
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Cost-Effectiveness Analysis
Cost-effectiveness analysis has become a more

important issue in recent years because of the

expecting changes in the US health-care system.

As mentioned before, there is no study that has

evaluated the cost-effectiveness of different

imaging modalities in the diagnosis and manage-

ment of vertebral osteomyelitis and discitis. This

may be due, in part, to the rarity of the disease

[20] as well as the difficulty in defining the effec-

tiveness of a diagnostic test compared with

a therapeutic intervention [20]. Conventional

effectiveness analyses evaluate the potential influ-

ence of an intervention on patients’ outcome [20].

However, imaging modalities often affect patient

outcome through changes in therapeutic decision-

making processes [112]. Therefore, the majority

of studies in radiology health services research

have focused on evaluation of the sensitivity

and specificity of a new imaging modality. Given

the frequent lack of comparison of the new imag-

ing modality to a different modality as well as

the lack of cost information, the conduct of any

cost analysis is nearly impossible [20].

Another barrier for the conduct of cost-

effectiveness analysis is the lack of robust

financial information in the published literature.

This includes the true cost of an imaging

Fig. 32.4 (a–d) Demonstrates MRI findings approxi-

mately 4 months after completion of antibiotic treatment.

At this time, the patient was complaining of severe neck

pain with radiation to arms. Cervical fusion was discussed

with the patient
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modality such as MRI and other costs associ-

ated with the diagnostic test such as the mone-

tary value of the reduction in the length of

hospital stay [20].
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Key Points

Spinal Dysraphism

• Prenatal screening sonography has high accu-

racy in detection of open neural tube defects.

Fetal MRI is complementary to prenatal

sonography for characterizing open neural

tube defects and identifying associated abnor-

malities (moderate evidence).

• The prevalence of occult spinal dysraphism

(OSD) ranges from as low as 0.34 % in chil-

dren with intergluteal dimples to as high as

46 % in newborns with cloacal malformations

(moderate evidence).

• Radiographs are relatively insensitive and

nonspecific for diagnosing occult spinal

dysraphism. Sonography is the most cost-

effective imaging modality for evaluation of

occult spinal dysraphism in low-risk patients,

while MR is the recommended approach in

patients at high risk of occult spinal

dysraphism. In the intermediate-risk category,

sonography orMRImay be used depending on

institutional expertise (moderate evidence).

Scoliosis

• Radiographic measurements of scoliosis are

reproducible, particularly when the levels of

the end plates measured are kept constant and

the measurements are made using digital

methods (moderate evidence).

• A difference of 6� or more between serial

radiographs is the accepted criterion for

curve progression in idiopathic scoliosis

(moderate evidence). Skeletal maturity, deter-

mined by the ossification center of the iliac

crest apophysis, is an independent prognostic

factor for curve progression in adolescent idi-

opathic scoliosis (moderate evidence).

• Radiographic monitoring of scoliosis results in

an increased risk of radiation-induced breast

cancer (moderate evidence). It also worsens

reproductive outcome in females (moderate evi-

dence). Radiation exposure to the breast tissue

can be reduced by a posteroanterior radiograph

of the spine as compared to anteroposterior

radiograph (moderate evidence).

• Routine MRI of all children with scoliosis is

not recommended. MRI is recommended

for children at higher risk of neural axis abnor-

malities (Table 33.1): (1) children with onset

of scoliosis at age less than 11 years, (2) chil-

dren with idiopathic scoliosis and an abnormal

neurological exam, (3) children with severe

(>45�) or rapidly progressing curves (>1�

per month), and (4) children with disabling

or focal back pain (moderate evidence). Tho-

racic levoscoliosis alone is not a significant

risk factor for underlying neural axis abnor-

malities (limited to moderate evidence).

Definition and Pathophysiology

Spinal Dysraphism

Spinal dysraphism or neural tube defects encom-

pass a heterogeneous group of congenital spinal

anomalies that result from the defective closure of

the neural tube early in gestation with anomalous

development of the caudal cell mass. A clinical

neuroradiologic classification system has been

developed by Tortori-Donati et al. to help orga-

nize the various forms of spinal dysraphism [1].

This systemwas devised based on a large series of

patients seen and imaged at their spina bifida

center over a 24-year period. This classification

system divides spinal dysraphism into open or

closed forms. An open spinal dysraphism (OSD)

is present when the neural elements and/or their

coverings are exposed through a bone defect and

not covered by skin. OSD can then be subdivided

into twomajor diagnoses: myelomeningocele and

myelocele, based on the position of the neural

placode with respect to the level of the skin sur-

face. When there is elevation because of expan-

sion of the subarachnoid space, the lesion is

referred to as a myelomeningocele (MMC).

A closed spinal dysraphism (CSD) is skin-

covered but frequently suspected clinically due

to a subcutaneous mass, hemangioma, or an over-

lying hairy patch.
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Scoliosis

Scoliosis is an abnormal curvature of the spine in

the coronal plane that measures more than 10�

[2]. Curves that measure 10� or less are called

spinal asymmetry. The three main types of scoli-

osis seen in children are idiopathic, congenital, or

neuromuscular (Table 33.2). Idiopathic scoliosis

is further subdivided according to the age at

onset: infantile (birth to 3 years), juvenile

(4–9 years), and most commonly, adolescent

(10 years and beyond) [3]. Up to 25 % of cases

with idiopathic and juvenile scoliosis have an

underlying abnormality of the neural axis like

tethered cord, syrinx, or Chiari I malformation.

However, the etiology of adolescent idiopathic

scoliosis remains uncertain. Congenital scoliosis

is caused by vertebral anomalies of embryologic

etiology (e.g., hemivertebra, butterfly, or block

vertebra) [4]. Neuromuscular scoliosis is typi-

cally seen in cerebral palsy and muscular

dystrophy. Scoliosis can also be seen in disor-

ders such as neurofibromatosis and Marfan

syndrome [5].

Epidemiology

Spinal Dysraphism

The incidence of spinal dysraphism is 1–2 per

thousand births and has significant geographic

variation [6]. Almost half of all neural tube

defects are caused by anencephaly (0.6–0.8 per

1,000 births), and the majority of the remaining

are caused by spinal dysraphism (0.5–0.8 per

1,000 births) [7, 8]. The risk of a neural tube

defect increases to 2–3 % if one pregnancy has

been affected and to 10 % if two pregnancies

have been affected [9]. One well-recognized

risk factor for this disorder is folate deficiency

in the mother. CSDs are more common than

OSDs, accounting for 64.2 % of all spinal

dysraphism cases [1]. Occult spinal dysraphism

is typically undetected at birth and the most com-

mon indication for spinal imaging in children

[10, 11]. The clinical spectrum of occult

dysraphism is broad, ranging from skin stigmata

such as a dimple, sinus tract, hair patch, or hem-

angioma to motor, bladder, or bowel dysfunction

[12–14]. About 50–80 % of occult spinal

dysraphic cases exhibit a dermal lesion [15, 16].

However, 3–5 % of all normal children have skin

dimples [16, 17].

Scoliosis

Adolescent idiopathic scoliosis (AIS) is the most

common form of scoliosis in the pediatric popu-

lation, accounting for 89 % of all idiopathic sco-

liosis [18]. Its prevalence and gender distribution

depends on the severity of the curve. The overall

prevalence of scoliosis (i.e., curves greater than

10�) is 2–3 %, while the prevalence of curves

greater than 40� is 0.1 %. Curves greater than

40� are 10 times more common in girls than

boys [19]. The etiology of adolescent idiopathic

scoliosis remains unclear [20]. Juvenile idio-

pathic scoliosis (idiopathic scoliosis with age of

onset between 4 and 10 years) accounts for 18 %

of all idiopathic scoliosis, while infantile scolio-

sis (idiopathic scoliosis with age of onset between

0 and 3 years) constitutes approximately 8 % of

all idiopathic scoliosis [21]. Male predominance

is seen in infantile scoliosis. Congenital scoliosis

is caused by failure of segmentation and normal

formation of spinal elements [4]. In a series of

60 cases of congenital scoliosis, Shahcheraghi

and Hobbi [4] found that the most common type

of anomaly was a hemivertebra and that the

most severe deformity was associated with

a unilateral unsegmented bar with a contralateral

hemivertebra. Neuromuscular scoliosis can be

present in 25–100 % of children with alteration

of the normal neuromuscular pathway [20].

Overall Cost to Society

Spinal Dysraphism

Targeted sonographic screening for prenatal

detection of spinal dysraphism in mothers with

elevated serum alpha-fetoprotein levels has been

shown to be cost-effective, with potential annual
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savings of $36–$49 million [8]. Average incre-

mental health care expenditure per annum for

spinal dysraphism patients has been estimated at

$41,460 at age 0, $14,070 at ages 1–17, and

$13,339 at ages 18–44 in 2003 [22].

Scoliosis

The reported costs of school screening programs

for scoliosis varies widely depending on what

is included in estimating the costs and how they

are reported. In a population-based, longitudinal

retrospective study of one community’s school-

based scoliosis screening program, the case-

finding costs for screening were $24.66 per child

screened (n ¼ 2197), $3, 386.25 per child with

a curve of 20� or more (n ¼ 16), and $10, 836.00

per child treated for scoliosis (n ¼ 5) [23]. The

per patient average charge for spinal fusion in

children and young adults with idiopathic scolio-

sis has been estimated at $113,303 [24].

Goals of Imaging

Spinal Dysraphism

With the advent of fetal therapy including sur-

gery, accurate prenatal detection and classifica-

tion of open versus closed spinal dysraphism is

critical for appropriate counseling and perinatal

management. The goal of imaging in open spinal

dysraphism is early in utero detection of the spi-

nal dysraphism and associated anomalies, so that

fetal intervention can be offered to the parents. In

patients with closed spinal dysraphism, the goal

of imaging is to detect early neurosurgically cor-

rectable occult dysraphic lesions in order to pre-

vent neurologic damage, upper urinary tract

deterioration, and potential infection of the dorsal

dermal sinuses.

Scoliosis

The goal of scoliosis imaging is to confirm the

clinical diagnosis of scoliosis, identify the etiology

of scoliosis, monitor curve progression, and iden-

tify cases that need intervention. Imaging findings

can also potentially identify those patients that are

more likely to have progressive curves. In post

spinal fusion patients, imaging helps in identifying

hardware-related complications.

Methodology

The author searched the literature for both pri-

mary literature (scientific articles) and secondary

literature (evidence-based reviews) on the topics

of spinal dysraphism and scoliosis. The National

Library of Medicine (NLM) database,

MEDLINE, was searched using the PubMed

search engine for primary evidence over the

period 1966 to April 2011. For spinal

dysraphism, articles were retrieved using the fol-

lowing medical subject headings (MeSH) terms

that applied to the clinical question: (1) spinal

dysraphism, (2) neural tube defect, (3) screening,

(4) imaging, (5) MRI or magnetic resonance

imaging, (6) CT or computed tomography, and

(7) cost-effectiveness. For scoliosis, articles were

retrieved using the following medical subject

headings (MeSH) terms that applied to the clini-

cal question: (1) scoliosis, (2) screening, (3) imag-

ing, (4) MRI or magnetic resonance imaging,

(5) CT or computed tomography, and (6) cost-

effectiveness. The following limits were applied

to restrict the focus of our search: humans,

English language, and all children. The title and

abstracts of the retrieved papers were reviewed to

find relevant literature. The bibliographies of

these articles were also reviewed to identify any

other relevant papers.

Discussion of Issues

How Accurate Is Prenatal Imaging in
Detection and Classification of Spinal
Dysraphism?

Summary

Prenatal sonography has been shown to have

high accuracy (sensitivity 92–100%) in detection
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of open neural tube defects (NTDs) (moderate

evidence). Prenatal MRI is complementary to

ultrasound to detect associated cranial abnormal-

ities in fetuses with open neural tube defects

(NTDs) (limited to moderate evidence). Both

modalities have limitations in predicting neuro-

logic outcome (moderate evidence).

Supporting Evidence

For over 30 years, maternal serum alpha-

fetoprotein (MSAFP), a glycoprotein secreted

by the fetal yolk sac and liver, has been used as

a screening test for open NTD [25]. The sensi-

tivity and specificity of MSAFP screening have

been reported at 75.1 and 97.7 %, respectively

[26]. However, an elevated serum alpha-

fetoprotein (AFP) is not specific for NTDs as

it can be elevated with other anomalies includ-

ing gastroschisis, omphalocele, congenital

nephrosis, and fetal demise [27]. The overall

prenatal detection rate of NTDs using screening

prenatal ultrasound has been reported at

92–100 % [28–30] (moderate evidence). Gesta-

tional age and type of NTD greatly influence the

detection rate. While the detection rate of spinal

dysraphism in first trimester has been reported

at 44 % [31], in the second trimester the

detection rate improves to 92–97 % [32–34]

(moderate evidence). Detection of closed spinal

dysraphism is limited at prenatal imaging, and

most of these lesions are not recognized at

birth [35].

Sonographic signs used to detect open NTD

include the lemon sign and the banana sign

[30, 36, 37]. The lemon sign describes the

shape of the skull in transverse plane caused

by the concavity of the parietal bones. It can

be seen in 98 % of cases with open NTD before

24 weeks, but in only 13 % after 24 weeks [30].

Its resolution is thought to be due to increasing

ossification of the bony calvarium, increasing

intracranial pressure, or both. The banana sign

refers to the shape of the cerebellum that is

distorted as part of the Chiari II malformation.

The banana sign is 99 % sensitive in diagnosing

Chiari II malformation and is present in almost

all cases of open NTD. Pooled data from

234 fetuses with spina bifida showed that 99 %

had at least one cranial finding at less than

24 weeks [38] (moderate evidence). Lemon

and banana signs were both seen in 97 % of

fetuses, with ventriculomegaly seen in 75 %,

cistern magna obliteration in 68 %, and small

biparietal diameter in 61 %. Sonographic eval-

uation of the spine in all three planes is essential

to identify the splaying of the pedicles and any

associated sac [39]. The use of 3-dimensional

ultrasound has been endorsed by the American

Institute of Ultrasound in Medicine for identi-

fying vertebral anomalies and detecting the

upper level of spinal dysraphism [40, 41] (mod-

erate evidence).

Though prenatal sonography has high accu-

racy in detection of open neural tube defects,

fetal MR imaging can be a helpful adjunct

when sonography analysis is limited, such as

in cases of large maternal body habitus,

oligohydramnios, low position of the fetal

head, or when the fetal spine is positioned pos-

teriorly with respect to the mother [42].

Fetal MR imaging is also useful in identifying

additional CNS anomalies that are frequently

associated with myelomeningoceles/Chiari II

malformations, such as callosal agenesis/

hypogenesis, periventricular nodular heterotopia,

cerebellar dysplasia, syringohydromyelia, and

diastematomyelia [43, 44] (limited to moderate

evidence). In a study of 100 fetuses that underwent

prenatal surgery for meningomyelocele repair,

investigators from Vanderbilt University showed

that prenatal MR imaging had an agreement

rate of 82 % and prenatal US had an agreement

rate of 79 %, with postnatal imaging for determin-

ing the vertebral level of myelomeningocele [45].

However, they cautioned against predicting neu-

rologic outcome based on prenatal studies alone,

as both modalities were noted to misdiagnose

the lesion level by two or more segments in at

least 20 % of cases (moderate evidence).

A recently published randomized control trial

of prenatal versus postnatal repair of

myelomeningocele has shown reduced need for

shunting and improved motor outcomes at

30 months [46] (strong evidence). In light of this
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study, fetal MR imaging will become routine

when prenatal sonography detects an open neural

tube defect.

What Are the Clinical Predictors of
Occult Spinal Dysraphism (OSD)?

Summary

The prevalence of OSD ranges from as low as

0.34 % in children with intergluteal dimples to as

high as 46 % in newborns with cloacal malfor-

mation (moderate evidence). Table 33.3 summa-

rizes the spectrum of occult spinal dysraphism

into low-, intermediate-, and high-risk groups.

Supporting Evidence

The clinical spectrum of occult dysraphism is

broad, ranging from skin stigmata such as

a dimple, sinus tract, hair patch, or hemangioma

to motor, bowel, or bladder dysfunction [13, 17,

47]. About 50–80 % of occult spinal dysraphic

cases exhibit a dermal lesion; however, 3–5 % of

normal children can have skin dimples as well

[15, 17, 48]. Based on the clinical features, the

risk of occult spinal dysraphism can be divided

into low, intermediate, or high [11]. Children in

the low-risk group included those with simple skin

dimples as the sole manifestation or newborns of

diabetic mothers. The prevalence of a dysraphic

lesion among low-risk patients has been estimated

at 0.3–3.8 % (Table 33.3). In the low range (0.3 %)

are children with low intergluteal dimples, while

children in the upper range (3.8 %) have higher

lumbosacral dimples [19, 27, 31] (moderate and

limited evidence).

Children in the intermediate-risk group

included those with complex skin stigmata (hairy

patch, hemangiomas, lipomas, and well-defined

dorsal dermal sinus tracks) or low and intermedi-

ate anorectal malformations. The prevalence (pre-

test probability) of a dysraphic lesion among

intermediate-risk patients has been estimated at

27–36 % (moderate evidence). In a study of

114 children with urinary tract symptoms, Tarcan

et al. found that abnormal sacral skin findings like

dimple, nevus, focal hypertrichosis, or lipoma had

a sensitivity of 0.76 and specificity of 0.77

for abnormal MRI findings (limited evidence)

[16]. In a prospective, multicenter study of chil-

dren with lumbosacral infantile hemangiomas

>2.5 cm in size, the prevalence of spinal anoma-

lies was estimated at 35 % [49]. In the same study,

ultrasound was found to have a sensitivity of 50 %

in the detection of underlying spinal anomalies.

The authors concluded that a child with a lumbo-

sacral hemangioma >2.5 cm in size is at high risk

of occult spinal dysraphism and should undergo

screening with MRI (limited to moderate evi-

dence). Perineal hemangiomas were not classified

at risk for occult spinal dysraphism in this study, as

the skin over the perineum is not associated with

the embryologic development of the neural tube.

Children in the high-risk group included those

with high anorectal malformations, cloacal

malformations, and cloacal exstrophy. The preva-

lence (pretest probability) of a dysraphic lesion

among high-risk patients has been estimated at

44–100 % (moderate evidence).

How Accurate Is Imaging in Occult
Spinal Dysraphism?

Summary
Several studies have shown that MRI and ultra-

sound have better overall sensitivity and specific-

ity than plain radiographs (moderate evidence)

for detection of occult spinal dysraphism [11,

47, 50]. Sonography can be performed only in

the first 3 months of life, prior to mineralization

of the posterior elements of the spine.

Supporting Evidence
The sensitivity and specificity of plain radio-

graphs have been estimated at 80 % (95 % CI:

80–100%) and 18% (95%CI: 11–25%), respec-

tively [47]. The sensitivity of spinal MRI and

ultrasound has been estimated at 95.6 % (95 %

CI: 89.8–99.7 %) and 86.5 % (95 % CI:

75–98 %), respectively [50, 51]. The specificity

of spinal MRI and ultrasound has been estimated

at 90.9 % (95 % CI: 75.7–98.1 %) and 92.0 %

(95 % CI: 84–100 %), respectively [50, 51].
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What Is the Cost-Effectiveness of
Imaging in Children with Occult Spinal
Dysraphism?

Summary
Cost-effectiveness analysis (CEA) suggests that,

in newborns with suspected OSD, appropriate

selection of patients and diagnostic strategy may

increase quality-adjusted life expectancy and

decrease cost of medical workup.

Supporting Evidence

In low-risk children with an intergluteal dimple

or newborns of diabetic mothers (pretest

probability ¼ 0.3–0.34 %), ultrasound has been

shown to be the most effective strategy with an

incremental cost-effectiveness ratio of $55,100

per quality-adjusted life year (QALY) gained

[11]. The cost for QALY is less than $100,000

and hence considered a reasonable cost-effective

strategy. For children with lumbosacral dimples

who have a higher pretest probability of 3.8 %,

ultrasound has been shown to be less costly and

more effective thanMRI, plain radiographs, or no

imaging with close clinical follow-up [11].

In intermediate-risk newborns with low

anorectal malformation (pretest probability

27 %), ultrasound is more effective and less

costly than radiographs and no imaging. How-

ever, MRI is more effective than ultrasound at

an incremental cost-effectiveness ratio of $1,000

per QALY gained. Therefore, this diagnostic

strategy has a very low cost per QALY gained.

For the intermediate-risk group, the CEA is sen-

sitive to the costs and diagnostic performances

(sensitivity and specificity) of MRI and ultra-

sound. Lower MRI cost or greater MRI diagnos-

tic performance improves the cost-effectiveness

of the MRI strategy, while lower ultrasound

cost or greater ultrasound diagnostic performance

worsens the cost-effectiveness of the MRI

strategy. Therefore, individual or institutional

expertise with a specific diagnostic modality

(MRI vs. ultrasound) may influence the optimal

diagnostic strategy in the intermediate-risk

group.

In the high-risk group that includes high

anorectal malformations, cloacal malformations,

and exstrophy (pretest probability 44–46 %),

MRI has been shown to be cost-saving as com-

pared to other diagnostic strategies.

How Should the Radiographic
Evaluation of Scoliosis Be Performed?

Summary

Radiographic measurements of scoliosis are

reproducible, particularly when using preselected

vertebral body levels and measuring electroni-

cally (moderate evidence). A difference of five

or more degrees between serial radiographs is the

accepted criterion for curve progression in idio-

pathic scoliosis (moderate evidence). If the ver-

tebral end plate is not well profiled, the pedicles

can be used to estimate the Cobb angle (limited

evidence). Risser grade 0 or 1 is an independent

prognostic factor for curve progression in

adolescent idiopathic scoliosis (AIS) (moderate

evidence).

Supporting Evidence

The most commonly used and the most accurate

measurement of spinal curvature is the Cobb

angle. The Cobb angle is estimated between the

superior end plate of the cranial end vertebra and

the inferior end plate of the caudad end vertebra.

The end vertebral bodies are the vertebral bodies

most tilted to the horizontal. Many articles have

addressed the variability in measurement of the

Cobb angle in AIS. In a study by Morrisy and

colleagues [52], the 95 % CIs for measurement of

the Cobb angle was 4.9�, and the variation was

greatest when the end vertebral bodies were not

preselected (moderate evidence). Carman and

colleagues [53] had five observers perform two

measurements on 28 radiographs showing kypho-

sis or scoliosis and found 95 % CIs of 8� for

scoliosis and 7� for kyphosis (moderate evi-

dence). A more recent study comparing manual

versus computer-assisted radiographic measure-

ments (24 radiographs, six observers) found

a statistically significant difference between the

95 % CIs of manual measurements (3.3�) and

computer-generated measurements (2.6�) [54].

A 5� difference in the Cobb angle measured
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between two radiographs represents a 95 %

chance that there is a true difference [55]. Based

upon the above data, an increase of Cobb angle by

5� or more is regarded as the criterion for curve

progression in idiopathic scoliosis. Variability is

greater for congenital scoliosis versus idiopathic

scoliosis as presence of segmentation anomalies

makes estimation of end plates more difficult. In

a study of 318 radiographs on children with idio-

pathic scoliosis, good correlation has been shown

for the Cobb angle estimated by drawing lines

parallel to the end plates versus the pedicles [56].

Average intraobserver reliability for Cobb angle

measurement was found to be 0.978 and 0.980 for

end plate-based and pedicle-based measure-

ments, respectively, using the Pearson correlation

test. Similarly, the interobserver reliability was

0.986 for both end plate-based and pedicle-based

measurements using the Pearson correlation test.

So, if the end plates cannot be clearly visualized

due to tilt of the vertebral bodies, the Cobb

angle can be estimated by drawing lines parallel

to the pedicles.

The skeletal maturity of the child with scolio-

sis should be assessed by looking at the presence

and degree of ossification of the iliac crest apoph-

ysis on the scoliosis radiograph. In Risser stage 0,

the apophysis is not present. In Risser stages I, II,

III, and IV, the apophysis covers 25 %, 50 %,

75 %, and 100 % of the iliac wing, respectively.

In stage V the iliac crest apophysis fuses to the

pelvis [57, 58]. In a study of 727 patients with

idiopathic scoliosis, investigators showed that

when the Risser sign was 1 or less, the risk of

curve progression was up to 60–70 %, whereas if

the patient was Risser 3, the risk of curve pro-

gression fell to less than 10 % [59] (moderate

evidence).

What Radiation-Induced
Complications Result from
Radiographic Monitoring of Scoliosis?

Summary

Patients with severe scoliosis are monitored with

the use of serial radiographs that expose the

body to radiation. Radiographic monitoring of

scoliosis results in a clear increase in the risk

of breast cancer (moderate evidence). It also

results in a high dose of radiation to the ovaries

and worsens reproductive outcome in females

(moderate evidence). Posteroanterior projection

decreases radiation exposure to breast and

thyroid.

Supporting Evidence

In 2010, Ronckers and colleagues [60] published

a retrospective cohort study on 5,573 women

with scoliosis and other spine disorders who

were diagnosed between 1912 and 1965 and

were exposed to frequent diagnostic X-ray pro-

cedures. Diagnostic radiation exposure estimated

from radiology files resulted in the estimated

average cumulative radiation doses to the breast,

lung, thyroid, and bone marrow of 10.9, 4.1, 7.4,

and 1.0 cGy, respectively. After a median follow-

up period of 47 years, cancer mortality was 8 %

higher than expected (95%CI ¼ 0.97–1.20), and

mortality from breast cancer was significantly

elevated (standardized mortality ratio ¼ 1.68;

95 % CI: 1.38–2.02). In 2000, the same group

had reported a 1.7-fold increased risk of dying

from breast cancer (95 % CI, 1.3–2.1) in this

cohort after a follow-up of 40.1 years when com-

pared with the general population (moderate evi-

dence) [61]. The data suggested that radiation

was the causative factor, with risk increasing

significantly with the number of radiographic

exposures and the cumulative radiation dose

(moderate evidence).

In a large retrospective cohort study of 2,039

patients, Levy and colleagues [62] found an

excess lifetime cancer risk of 1–2 % (12–25

cases per 1,000 population) among women (mod-

erate evidence). The same group suggested that

replacing the anteroposterior (AP) view with the

posteroanterior (PA) view would result in

a threefold to sevenfold reduction in cumulative

doses to the thyroid gland and the female breast,

threefold to fourfold reductions in the lifetime

risk of breast cancer, and halving of the lifetime

risk of thyroid cancer [62, 63]. The same cohort

of women was found to have a higher risk of

spontaneous abortions (odds ratio (OR), 1.35;

95 % CI, 1.06–1.73 (moderate evidence)).
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There is very limited preliminary data to sug-

gest that scoliosis evaluation with digital radiog-

raphy decreases radiation exposure. One study

reported a decrease in radiation exposure by

31 %; however, this was accompanied by

decreasing imaging quality [64]. In a prospective

study of 150 patients, where the patients were

randomized to one of three imaging techniques,

the investigators reported a mean dose-area prod-

uct of 97.0 cGy cm2 for conventional films,

31.5 cGy cm2 for computed radiography, and

5.0 cGy cm2 for digital fluoroscopy [65] (limited

evidence).

What Are the Indications for Magnetic
Resonance Imaging in Idiopathic
Scoliosis?

Summary

MR imaging is recommended in all cases with

infantile and juvenile scoliosis (limited to mod-

erate evidence). Indications for MR imaging in

adolescent idiopathic scoliosis include abnormal

neurologic exam (moderate evidence), severe or

rapidly progressing curve (moderate evidence),

and focal or disabling back pain (limited to mod-

erate evidence). A left convex thoracic curve

alone is not an indication for MR imaging of

AIS (limited evidence). Backache is common in

children with AIS and is not an indication for MR

(moderate evidence).

Supporting Evidence

Age A high incidence of neural abnormalities

has been reported in juvenile and infantile scoli-

osis. In a study of 26 consecutive children aged

less than 11 years, Lewonowski and colleagues

[66] found that 19.2 % of children had abnormal-

ities of the neural axis (limited evidence). Gupta

and colleagues found that 6 of 34 patients under

10 years of age studied prospectively had neural

axis abnormalities such as Chiari I malformation

and syrinx [67]. Other abnormalities included

dural ectasia, tethered cord, and a brainstem

astrocytoma (limited evidence). In a prospective

study of 31 children with juvenile idiopathic

scoliosis, the prevalence of neural axis abnormal-

ities was reported at 26% [68] (limited evidence).

In infantile idiopathic scoliosis, up to 22 % have

been reported to have underlying abnormalities

of neural axis [69].

Back Pain In a retrospective study of 2,442 chil-

dren with idiopathic scoliosis, 32 % of cases were

noted to have backache [70] (moderate evi-

dence). There was a significant association

between back pain and an age of more than

15 years, skeletal maturity (a Risser sign of 2 or

more), postmenarchal status, and a history of

injury. The authors concluded that in a child

with idiopathic scoliosis and back pain, if the

neurologic exam is normal and the plain radio-

graphs do not reveal additional abnormality, fur-

ther investigation is not warranted (moderate

evidence). In a recent study from Japan, 58.8 %

of 51 school children with scoliosis reported back

pain [71] (limited evidence). In another study of

1,280 patients with AIS, pain alone was not a risk

factor for having an abnormal neuroradiologic

evaluation [72].

Neurologic Exam In a study of 93 scoliosis

patients, Fujimori et al. reported that abnormal

superficial abdominal reflexes had a sensitivity of

89 %, specificity of 95 % for detection of an

underlying syrinx [73]. In a study of 72 patients

with scoliosis, Morcuende et al. reported that

40 % of cases with an abnormal neurologic

exam had an abnormal MRI [74]. Abnormal neu-

rologic exam in this study was characterized by

abnormal deep tendon reflexes, asymmetric

superficial abdominal reflex, and absent gag

reflex (moderate evidence). They reported that

the three best predictors of abnormal MRI were

a severe curve with abnormal neurologic exam

(positive predictive value 0.856), severe curve

alone (PPV 0.316), followed by an abnormal

neurologic exam alone (PPV 0.286) (limited to

moderate evidence).

Left Thoracic Curve The significance of left

convex thoracic curves remains controversial.

The prevalence of neural axis abnormalities

in left convex curves has been reported at
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7–23 % [75, 76] (limited evidence). However,

Morcuende et al. in their study of 72 patients

reported that a left thoracic curve alone was not

an indicator of underlying neural axis abnormal-

ity [74] (limited evidence).

What Are the Common Neural Axis
Abnormalities Encountered in MR
Imaging of Scoliosis?

Summary

The neural axis abnormalities most often associ-

ated with idiopathic scoliosis include syrinx,

Chiari I malformation, tethered cord syndrome,

and spinal canal or cord tumors (moderate evi-

dence). Low-lying cerebellar tonsils, without

Chiari I malformation, have also been reported

in scoliosis (limited to moderate evidence).

Supporting Evidence

Several studies have documented an association

between Chiari I malformation and syringomyelia

in AIS [74, 77, 78] (moderate evidence). There

are several reports of spinal cord tumors like

astrocytoma, spinal canal tumors like osteoid oste-

oma and tethered cord syndrome associated

with AIS [76, 77, 79]. Decompression of Chiari

I malformation in patients with scoliosis associ-

ated with Chiari I malformation and syringomye-

lia has been shown to lead to stabilization or

improvement of the spinal curve [80] (limited

evidence). On the other hand, spinal fusion with

underlying untreated syrinx can lead to progres-

sive neurologic deterioration (limited evidence)

[72, 81]. Recognition of neural axis abnormalities

is imperative prior to intervention in scoliosis

patients.

The diagnostic criteria for symptomatic Chiari

I malformation on MRI of the craniovertebral

junction remain somewhat unclear. In the adult

population, Barkovich, et al. have shown that

using a cutoff of 2 mm below the foramen mag-

num, the sensitivity and specificity of MRI for

detecting symptomatic Chiari I malformation

were 100 % and 98.5 %, respectively [82]. If the

cutoff was changed to 3 mm, the sensitivity

dropped to 96 %, while the specificity improved

to 99.5 %. However, the cerebellar tonsils are

known to be lower lying in children. Using MRI

data from 221 patients without hindbrain pathol-

ogy, Mikulis et al. proposed that tonsillar ectopia

should be considered if the tonsils lie greater than

6 mm below the foramen magnum in the first

decade of life or greater than 5 mm below the

foramen magnum during the second and third

decades of life [83]. Although herniation of

greater than 5 mm generally is associated

with symptoms, patients who have as much as

12 mm of tonsillar herniation may be asymptom-

atic [84].

The incidence of tonsillar ectopia in adoles-

cent idiopathic scoliosis has been found to be

significantly higher than healthy adolescents

(0–4.8 mm below foramen magnum in AIS vs.

0–1.8 in normal controls, P < 0.01 (moderate

evidence)). Cheng and colleagues studied 36

healthy control subjects, 135 patients with mod-

erately severe adolescent idiopathic scoliosis

(Cobb angle less than 45�), and 29 similar

patients with Cobb angles greater than 45� [85].
All of the patients were evaluated prospectively

with MR imaging looking specifically for tonsil-

lar ectopia and with somatosensory-evoked

potentials. Tonsillar ectopia was defined as any

inferior displacement of the tonsils, and none of

the patients had a displacement greater than

5 mm, which is considered the usual threshold

for the diagnosis. Tonsillar ectopia was found in

none of the controls, versus 4 of 135 (3 %) and

8 of 29 (27.6 %) of the two scoliotic groups

(P < 0.001) (moderate evidence). Similarly, the

percentages of patients with abnormal somato-

sensory-evoked potentials were 0 %, 11.9 %,

and 27.6 %, respectively. There was a significant

association between tonsillar ectopia and abnor-

mal somatosensory function (P < 0.001 l corre-

lation coefficient, 0.672) (moderate evidence).

Phase contrast CSF flow studies have been

shown to have a sensitivity of 76 % for identify-

ing abnormal flow in symptomatic Chiari I

patients and a specificity of 62 % for detecting

normal flow in patients with asymptomatic ton-

sillar ectopia [86]. Patients with Chiari I malfor-

mation have been shown to have greater tonsillar

excursion during the cardiac cycle compared to
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normal subjects, using cardiac gated cine MR

images [87]. However, there is currently no data

on the diagnostic performance of tonsillar motion

in differentiating symptomatic from asymptom-

atic Chiari I malformation.

Imaging findings that can support the diagno-

sis of tethered cord include low-lying conus

medullaris, dampened motion of the filum, and

thick filum terminale (>2 mm) with or without

lipomatous infiltration [88, 89]. Neuroimaging

can define the anatomical location of the conus

medullaris, but the concept and word of “teth-

ered” is a neurophysiological concept which

requires clinical input [90]. The normal level of

the conus medullaris can vary with the age of the

child and can be as low as the bottom of L2 in the

immediate newborn period [91, 92]. A more

recent study by Soleiman and colleagues studied

635 adult patients with no spinal deformity and

demonstrated the mean position of the tip of the

conus medullaris at the level of the middle third

of L1 [93]. The range extended from the lower

third of T11 to the upper third of L3. Although

a spinal cord terminating at these normal levels

can be tethered, the conus that terminates caudal

to the L2–L3 disc space is at much higher risk of

being tethered [90–92]. Small fibrolipomas in the

filum terminale may be seen in untethered as well

as tethered cords. Five to six percent of normal

individuals can have variable amounts of fat in

the filum terminale [94, 95].

Take-Home Tables and Figures

How Should Physicians Evaluate
Newborns with Suspected Occult
Spinal Dysraphism?

See Table 33.1 on risk factors for underlying

neural axis abnormalities in children with scolio-

sis and Table 33.2 on types of scoliosis in chil-

dren. The child being evaluated for OSD should

be classified into low, intermediate, or high risk

based on the history and physical exam

(Table 33.3). In the low-risk category, sono-

graphic evaluation is sufficient to evaluate for

OSD. However, the ultrasound has to be

performed by 3 months of age prior to minerali-

zation of the spinal canal. In the intermediate-risk

category, the decision to perform US versus MRI

depends on the institutional expertise. At a ter-

tiary level pediatric center, sonographic evalua-

tion is appropriate, but if local expertise in

Table 33.1 Risk factors for underlying neural axis

abnormalities in children with scoliosis

1. Age of onset less than 11 years

2. Focal or disabling back pain

3. Abnormal neurologic exam

4. Rapidly progressive curve

5. Severe curve (>45�) in a skeletally immature child

Table 33.2 Types of scoliosis in children

1. Idiopathic

(a) Infantile (0–3 years)

(b) Juvenile (4–10 years)

(c) Adolescent (11 or more years)

2. Neuromuscular

(a) Neuropathic (e.g., cerebral palsy)

(b) Myopathic (e.g., muscular dystrophy)

3. Congenital

Table 33.3 Risk groups for occult spinal dysraphism

Variable Baseline risk

Low-risk groups

Maternal diabetes 0.3 %

Intergluteal dimples 0.34 %

Lumbosacral dimple 3.8 %

Intermediate-risk groups

Low anorectal malformation 27 %

Intermediate anorectal malformation 33 %

Complex skin stigmataa 36 %

High-risk groups

High anorectal malformation 44 %

Cloacal malformation 46 %

Cloacal exstrophy 100 %

Modified with kind permission of Springer Science +

Business Media from Medina LS, Jaramillo D, Pacheco-

Jacome E, Ballesteros MC, Grottkau BE. In Medina LS,

Blackmore CC, editors. Evidence-based imaging: opti-

mizing imaging in patient care. New York: Springer; 2006
aHemangiomas, hairy patches, and subcutaneous masses
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sonography is limited, MRI should be consid-

ered. All children in the high-risk category should

undergo MRI of the spine.

How Should Scoliosis Be Evaluated?

Figure 33.1 summarizes the decision tree for

patients with suspected scoliosis.

Imaging Case Study

Case 1: Spinal Dysraphism (Fig. 33.2a–c)

Case 2: Scoliosis (Fig. 33.3a, b)

Suggested Imaging Protocols

Spinal Dysraphism

Spinal Ultrasound. Should be performed before

the age of 3 months to avoid limited acoustic

window from mineralization of posterior

elements. An experience operator should perform

the study using a high frequency 5–15MHz linear

array transducer.

Spine MRI. Sagittal and axial T1- and

T2-weighted images of the spine. The position

of the conus is best determined on the axial

images. Intravenous paramagnetic contrast is

not routinely used, unless the patient has

a communicating dorsal dermal sinus tract or

clinical concerns of underlying infection.

Scoliosis

Scoliosis Radiographs. Standing radiograph of the

spine to include the cervicothoracic junction supe-

riorly and the sacrum inferiorly. The posteroanterior

projection is preferred as it decreases radiation

exposure to the breast and thyroid.

Entire Spine MRI. Patients with scoliosis may

represent an imaging challenge. In patients

with scoliosis behind evaluated with MRI,

the entire spine should be covered including the

craniocervical junction. Three plain T1- and

Scoliosis suspected clinically

Standing PA radiograph of entire spine

Scoliosis confirmed (Cobb angle>10deg)

Yes

Type of scoliosis

Early onset (<11 years)
Idiopathic Scoliosis

Congenital Scoliosis

CT for segmentation
anomalies

MRI entire spine

1.

2.MRI entire spine
Yes

No
Stop

Adolescent Idiopathic Scoliosis

Stop
No

Atypical scoliosis

Curve >45 degrees
>1 deg /month
progression

Focal or severe back
pain

Abnormal neurologic
exam

•
•

•

•

Fig. 33.1 Decision tree for patients with suspected scoliosis
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Fig. 33.3 (a, b) 10-year-old girl with scoliosis. (a) Stand-
ing posteroanterior radiograph of the spine shows severe

thoracic dextroscoliosis. The Cobb angle was estimated at

44�. The presence of a severe curve at a young age led to

further evaluation with MRI. (b) Sagittal T2-weighted

MR image shows low-lying peg-shaped tonsils

(Chiari I malformation) with a large syrinx. Post contrast

images (not shown) did not show any enhancement to

suggest a tumor

Fig. 33.2 (a–c) Newborn girl with skin tag noted over

lumbosacral junction. Prenatal sonography was normal.

(a) Sonographic evaluation shows the conus (arrow)
extending inferiorly to the lumbosacral junction (*),

suggesting a tethered cord. Normal tapering of the conus

medullaris is absent. (b) Sagittal T2-weighted image con-

firms the tethering of the cord with the conus ending at the

L5 level (arrow). (c) Fatty infiltration of the filum (arrow)
is noted on the sagittal T1-weighted image which also

shows the clinically seen skin tag (arrowhead)
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T2-weighted images should be obtained with dif-

ferent obliquities to optimize imaging informa-

tion. If a syrinx is visualized, intravenous contrast

is essential to exclude underlying neoplasm.
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Key Points

• The clinical signs and symptoms of acute

bacterial sinusitis (ABS) overlap with that

of nonspecific upper respiratory track viral

infection (strong evidence).

• Children under the age of 6 years should not

undergo sinus radiographs due to their limited

sinus development (moderate evidence).

• Sinus radiographs are moderately sensitive to

diagnose ABS compared with sinus puncture

and culture (moderate evidence).

• Although a CT scan is frequently performed to

assist diagnosis of sinusitis, no adequate data

exists on the sensitivity and specificity of sinus

CT for diagnosis of ABS (limited evidence).

• Definitive imaging criteria are presence of

frothy air-fluid levels or complete sinus

opacification, but do not include mucosal

thickening (limited evidence).

• 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 radi-

ation dose (strong evidence).

• Imaging study is indicated for patients who

fail to respond to medical management, or

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 standard exists to

confirm clinical diagnosis. CT findings for

chronic sinusitis often do not correlate with

patients’ clinical symptoms (limited evidence).

• Imaging (contrast-enhanced CT or MR) is

indicated in immunocompromised patients

with acute progression of sinus infection with

neurological symptoms in order to assess

potential complications from acute sinusitis.

Definition and Pathophysiology

The term “sinusitis” technically refers to inflam-

mation of the mucosa of the paranasal sinuses.

Under normal circumstance, the paranasal sinuses

are assumed to be sterile. However, the paranasal

sinuses are continuous to nasal mucosa or naso-

pharynx that is heavily colonized with bacteria.

These bacteria are present in low density and

removed by the normal mucociliary function of

the paranasal sinuses. Normal mucous secretions

contain antibodies and, together with mucociliary

clearance,work to clear bacteria from the paranasal

sinuses. Thus, maintaining the mucociliary flow

and an intact local mucosal surface are key host

defenses against infection [1]. Sinusitis is classified

as acute, subacute, or chronic, based on the dura-

tion of the illness. Acute sinusitis refers to sinusitis

symptoms lasting fewer than 4 weeks, and chronic

sinusitis refers to sinusitis lasting more than

12 weeks. Subacute sinusitis falls in between

these two.

The common predisposing events that set the

stage for ABS are an acute viral upper respiratory

infection that results in a viral rhinosinusitis (pre-

disposes to approximately 80 % of bacterial sinus

infections) and allergic inflammation (that pre-

disposes 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, thus interfering with normal

mucociliary clearance. This leads to low pressure

within the paranasal sinuses and thus further

exaggerates mucosal thickening and poor sinus

clearance, resulting in acute bacterial sinus infec-

tion. Streptococcus pneumoniae and Hemophilus

influenzae are two common organisms causing

ABS. Since the widespread use of the heptavalent

pneumococcal conjugate vaccine (PCV7) in

2004, pneumococcal strains have declined, and

thus, H. influenzae has become a more prevalent

organism [2, 3]. Other organisms include

Moraxella catarrhalis, other Streptococcus

species, and Staphylococcus.

Epidemiology

Acute sinusitis is one of the most common diag-

noses in primary care setting in the USA; affect-

ing 31 million individuals diagnosed each

year [4]. Fourteen percent of Americans claim

to have had a previous diagnosis of sinusitis [5].
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The prevalence of sinusitis has increased in the

last decade due to increased air pollution and

resistance to antibiotics. There is no gender dif-

ference in sinusitis prevalence. Sinusitis is more

common in the Midwest and south of the country

compared to the coasts. Acute sinusitis more

often affects patients with a history of allergy

or asthma. Other patients with high risk of devel-

oping 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, Wegener’s granulomatosis) [6]. Dental

infections may cause 5–10 % of all cases of

maxillary sinusitis, the roots of the upper back

teeth (second bicuspid, first and second molars)

about the floor of the maxillary sinus.

Sinusitis affects all age groups. The preva-

lence of sinusitis among children is even higher

than adults and may be as high as 32 % in young

children [7–9]. The average child has between

6 and 8 “cold” episodes annually, and it is

estimated that 5–10 % of all upper respiratory

infections are complicated by sinusitis. Children

under the age of 6 years are the most likely to

have ABS [10].

Acute maxillary sinusitis in adults is charac-

terized with purulent nasal discharge, facial

tenderness, 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 [10]. Both frontal and sphenoid sinuses

continue to develop until late adolescence.

Sinus tenderness is not a typical sign observed

in pediatric patients 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

health-care organizations. In 1992, Americans

spent $200 million on prescription medications

and more than $2 billion for over-the-counter

medications to treat sinusitis [11]. There were

11 million doctor visits and 1.3 million outpa-

tients visit due to sinusitis in 1999 [12]. Approx-

imately 500,000 sinus surgeries are performed

each year. The study using data from AHCPR’s

1987 National Medical Expenditure Survey

(inflated to $1,996) estimated overall health-

care expenditures attributable to sinusitis were

$5.8 billion, mainly from ambulatory and emer-

gency department services and 50,000 surgical

procedures performed on paranasal sinuses [13].

Approximately 31 % ($1.8 billion) of the cost

was attributed to treatment expenditures for chil-

dren 12 years or younger [14]. They concluded

that sinusitis needed to be recognized as a serious,

debilitating, costly disease that warrants precise

diagnosis and effective specific therapy [15].

This estimate of direct costs does not include

indirect costs, such as expense of care of sick

children, transportation costs, the value of work

time lost, baby-sitting costs, ancillary medication

costs, and expenditures for treatment of adverse

effects. Clearly, sinusitis imposes a considerable

economic burden for the patients and family.

Therefore, improved diagnosis and the use of

the most effective agents with the highest tolera-

bility profile will improve outcomes and lower

the overall cost of therapy.

It is important to keep in mind that the majority

of “sinusitis” is caused by upper respiratory tract

viral infection. The symptoms with acute viral

sinusitis and allergic rhinitis overlap with that

with ABS, leading to misdiagnosis. Consequently,

ABS is overdiagnosed (in as many as 50–60 % of

cases), and therefore antibiotics are overprescribed

in the primary care setting. Clinical studies showed

that as many as 60 % of patients with colds are

prescribed antibiotics [16]. The overprescription of

antibiotics leads to a wide spread of antibiotic-

resistant infection. Antibiotic-resistant infections

are an increasing problem in hospitals in terms of
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the number of resistant organisms and their preva-

lence. Consequently, the costs of these infections

are also increasing. Antibiotic resistance increases

the costs of care in hospitals in various ways

including increased length of stay, more admis-

sions to intensive care unit, and more intensive

resource use.

Goals of Imaging

In patients presenting with acute sinusitis symp-

toms, the goal is to differentiate those with ABS

who benefit from antibiotics from those with

nonspecific virus infection. Imaging is not indi-

cated for the initial diagnostic workup for acute

sinusitis, due to increasing cost and radiation

for pediatric patients. Diagnosis and treatment

decision, particularly prescribing antibiotics or

not, is often made based on clinical examination

for uncomplicated sinusitis.

Imaging is, however, indicated for patients

who failed to respond to initial medical manage-

ment. The goal of imaging at this setting is to

exclude (or include) diagnosis of ABS and to

assess potential causes of poor mechanical drain-

age of the paranasal sinuses and complications

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

clinical diagnosis, to provide detailed anatomy

for surgical planning, and to predict which

patients 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

literature review performed in MEDLINE

from January 1966 to May 2010. The clinical

examination search strategy used the following

statements: (1) acute rhinosinusitis, (2) ABS,

(3) diagnosis, (4) clinical examination, and (5) out-

comes. The review of the current diagnostic imag-

ing literature was done with MEDLINE covering

from January 1966 to May 2010, with the follow-

ing 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

Diagnosis of acute sinusitis should be made on

clinical criteria. Radiographic imaging study

should not be obtained to diagnose acute sinusitis

or to confirm clinical diagnosis of acute sinusitis,

particularly in children who are below 6 years of

age [17]. Imaging as an initial diagnostic workup

not only substantially increases the cost but also

is potentially harmful from radiation exposure.

It is controversial if sinus radiography is

needed as a confirmatory test of acute sinusitis

in children older than 6 years with persistent and

severe symptoms. Although sinus radiograph has

lower cost and is readily available, the ability to

evaluate intracranial or intraorbital complications

is limited. CT is a preferred imaging modality for

diagnostic workups for patients with recurrent or

chronic sinusitis. The ACR (American College of

Radiology) guidelines state that the diagnosis

of uncomplicated acute sinusitis should be made

on clinical grounds alone and reserve the use of

imaging for situations for medically refractory

cases or worsening during the course of antibi-

otics treatment [18] (http://acsearch.acr.org/)

(moderate evidence).

Supporting Evidence

Acute sinusitis is a common clinical condition.

Diagnosis of acute sinusitis should be made on
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clinical criteria in patients who present with

uncomplicated upper respiratory symptoms

(strong recommendation) [13]. Clinical guide-

lines and criteria have been developed to distin-

guish ABS from acute viral rhinosinusitis. For

adult maxillary sinusitis, William’s criteria are

often used, which include: (1) maxillary tooth-

ache, (2) poor response to decongestants, (3) his-

tory of colored nasal discharge, (4) purulent nasal

secretion on physical examination, and (5) abnor-

mal transillumination result. On the other hand,

Gonzales et al. reported that purulent nasal secre-

tions alone neither predict bacterial infection nor

benefit from antibiotic treatment [19]. Transillu-

mination is a useful technique in the hands of

experienced personnel, but only negative findings

are useful (limited evidence). The clinical

diagnostic guidelines for ABS in children are

(a) persistent symptoms including nasal or

postnasal discharge (of any quality) and daytime

cough (which may be worse at night) and

(b) symptoms lasting more than 10–14 days but

less than 30 days [10]. Severe symptoms include

a temperature of at least 102 �F, and purulent

nasal discharge presents concurrently for at least

3–4 consecutive days in a child who seems ill or

toxic [10]. Respiratory symptoms related to acute

viral sinusitis may not have completely resolved

by the tenth day but almost always have peaked in

severity and begun to improve. Therefore, persis-

tence of respiratory symptoms without any signs

of improvement suggests the presence of bacte-

rial infection [13]. Facial pain is rare and

unreliable for children. If fever is present in

uncomplicated viral infection, it is usually at

earlier phase of illness 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 discharge for at least 3–4 consecutive days

helps diagnose ABS [17].

Physical examination does not contribute to

the diagnosis of ABS. Sinus aspiration is the

gold standard for the diagnosis of ABS; but it is

an invasive, time-consuming, and potentially

painful procedure that should only be performed

by a specialist (otolaryngologist) [20]. Nasal swab

and culture from themiddlemeatus 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

performed by otolaryngologists, resulting in higher

cost, and thus is not feasible for routine use.

Radiographic imaging should not be obtained

for patients who meet clinical diagnostic criteria

for ABS. The paranasal sinuses are still under

development in younger children. Therefore,

lack of aeration of the sinuses may be physiolog-

ical rather than infection, limiting the accuracy of

radiography [21].

In children younger than 6 years of age, clin-

ical history correlates with sinus radiography

88 % of the time [22]; therefore, radiography

can be safely omitted for children under age 6

(strong consensus based on limited evidence).

For children over 6 years of age with persistent

symptoms, the need for radiograph as

a confirmatory test of acute sinusitis remains

controversial. When an alternative diagnosis is

considered, imaging might be useful. Normal

radiographs or CT is powerful evidence that bac-

terial sinusitis is not the causes of the symptoms

[23] (limited evidence). A practical guideline by

AHRQ indicates that imaging study 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 without

response to medical management, or (3) surgery

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

suspected [18, 24, 25]. Contrast-enhanced MRI

is occasionally recommended when intracranial

extension, such as epidural empyema or brain

abscess, is suspected [21, 26–29] (limited

evidence).
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What Is the Diagnostic Performance of
Sinus Radiography and Sinus CT in
Acute Bacterial Sinusitis? What
Diagnostic Criteria Should We Use?

Summary

Although the diagnosis of acute sinusitis should

be made on clinical grounds, the accuracy of such

clinical diagnosis is not well documented com-

pared with the gold standard of direct sinus punc-

ture. Compared with sinus radiography as the

gold standard, clinical diagnosis has moderate

accuracy (moderate level of evidence) [13]. Sum-

mary receiver operating 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 [30].

Compared with sinus puncture as the gold

standard, sinus radiography offers moderate abil-

ity to diagnose acute sinusitis (SROC area 0.83)

(moderate evidence) [31–35]. No single study

comparing CT or MR with sinus puncture to

evaluate accuracy of CT or MR for acute sinusitis

was found. Given CT and MRI’s superior spatial

and soft tissue resolution to radiography, both

are likely more sensitive for detection of acute

sinusitis, but specificity is questionable. Lack of

definitive diagnostic criteria for sinus disease

makes it difficult to interpret studies investigating

specificity of sinus CT or MRI.

Sinus puncture performed by an otolaryngol-

ogist is the gold standard; however, it is rarely

performed due to its invasiveness and cost. An

inexpensive, simple, and accurate diagnostic test

is needed to better differentiate patients who need

antibiotics from those with nonspecific viral

illness. Good, high-quality evidence for acute

uncomplicated sinusitis in children is limited.

Diagnostic modalities show poor concordance.

More evidence is needed for defining the optimal

treatment and diagnostic methods for this com-

mon condition [7] (insufficient evidence).

Supporting Evidence
The diagnosis of acute sinusitis is often made

based on clinical grounds, but the accuracy of

such clinical diagnosis is not well documented.

Engles performed a meta-analysis of diagnostic

tests for acute sinusitis that showed clinical his-

tory and physical examination had moderate abil-

ity to identify patients with positive radiography

(SROC area 0.74) [34].

Using sinus opacity or the presence of an air-

fluid level as the criterion for sinusitis, sinus

radiography had sensitivity of 0.73 and specific-

ity of 0.80. Compared with sinus puncture and

aspiration as the gold standard, sinus radiography

offers moderate ability to diagnose acute sinusitis

(SROC area 0.83). Another systematic review

performed by Varonen published concurrently

with Engles study focused on adult patients

suspected of acute maxillary sinusitis. They com-

pared sinus radiography, ultrasound, and clinical

examination with sinus puncture as the gold stan-

dard and concluded that sinus radiography was

more accurate method for diagnosing acute sinus-

itis (SROC area of 0.82) than clinical examina-

tion. Clinical examination even by experienced

physicians was less reliable (area under SROC is

0.75) [35]. Using sinus puncture as the gold stan-

dard, Berg reported that clinical examination had

a sensitivity of 66% and specificity of 79% in the

setting of emergency clinic [36]. Sinus radio-

graph is more accurate than clinical examination

for diagnosis of ABS. However, clinical applica-

tion for sinus radiograph as an initial workup is

not justified due to its costs and radiation

exposure.

In Europe, A-mode ultrasound is used to diag-

nose acute maxillary sinusitis in primary care

setting with moderately strong accuracy (SROC

area of 0.80) [31, 35, 37]. 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 [38]. Ultrasound waves are transmitted to the

sinus then reflected back from the interface of

two different media. A sinus cavity filled with

secretions results in an echo in the display screen.

It is insensitive for mucosal thickening of the

sinus [39].

Computed tomography (CT) provides supe-

rior assessment of all paranasal sinuses compared

with sinus radiograph [40]. However, CT has not
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been directly compared with sinus puncture for

assessment of diagnostic accuracy [34, 35].

Given the invasiveness of sinus puncture and

need for otolaryngology referral (additional

cost), sinus CT can be used as a proxy of sinus

puncture. Sinus CT is considered more sensitive

than sinus radiograph for diagnosis of acute

sinusitis. A study comparing sinus plain radio-

graph and CT in 47 consecutive patients showed

that sinus radiograph had a high specificity but

markedly low sensitivity for disease in the

ethmoid, frontal, and sphenoid sinuses [41]. The

sensitivity of sinus radiograph for maxillary sinus

was 80 % in this study. Another study enrolled

134 patients with suspected sinusitis who

underwent a single Waters view of sinus, and

CT revealed that plain film has markedly low

sensitivity for a disease outside of maxillary

sinus. The sensitivity and specificity of Waters

view compared with CT for maxillary sinus dis-

ease were 67.7 % and 87.6 %, respectively [42].

They recommended the use of a low-dose,

high-resolution CT scan of the paranasal sinuses

(moderate evidence). The problem is its lack of

specificity data of sinus CT, compared with sinus

puncture. A question is if CT scan overdiagnoses

sinusitis.

Another reason that accuracy of sinus CT

remains uncertain and controversial is lack of

definitive diagnostic criteria. Diagnostic criteria

of sinus radiography for acute sinusitis are com-

plete opacification or sinus air-fluid level. Diag-

nostic criteria for 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 are considered positive

for acute sinusitis. Mild mucoperiosteal thicken-

ing can be found on head CT in patients without

any sinusitis-related symptoms in up to 40 % of

individuals [43]. Gwaltney reported CT scan of

31 patients with self-diagnosed common cold.

They found that 87 % of 31 patients had occlu-

sion (or mucosal thickening) of ethmoid infun-

dibulum and 65 % of patients had mucosal

abnormality in maxillary sinuses [44]. It is of

paramount importance to define what CT finings

constitute ABS. The only specific CT finding to

indicate acute sinusitis is a frothy, bubbly

air-fluid level, which indicates purulent secretion

within the sinuses [21]. Waterish smooth air-fluid

level may be nasal secretion without bacterial

infection or clear secretion related to allergic

rhinitis [45]. Complete opacification of a sinus

with bone thickening may indicate chronically

obstructed sinus rather than acute sinusitis [46].

When Are Imaging Studies Indicated
for the Diagnosis and theManagement
of Patients with Sinusitis?

Summary

Imaging studies, such as sinus CT should be

performed for patients who present with compli-

cations of ABS or who have very persistent or

recurrent disease not responding to medical

management. When patients do not respond to

medical management, the patients may have

mechanical obstruction that prevents restoration

of mucociliary clearance, such as a polyp or

structural anomalies of the nasal cavity and

sinuses.

Sinusitis is a self-limiting disease with

complete cure in most cases. However, serious

complications still do occur in a small percentage

(3.7–11 %) of these patients with acute sinusitis

[47]. 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 [29].

When surgery is considered for patients

with recurrent or medically refractory disease,

detailed sinus CT is indicated to define the bony

anatomy, including the osteomeatal complex, and

correlated with patients’ clinical symptoms

[13, 48, 49] (limited evidence).

Supporting Evidence

Sinusitis is a common condition and inmost cases

a self-limited disease. Most cases of sinusitis

resolve completely with appropriate antibiotic

therapy. Patients with complicated acute sinusitis
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have severe symptoms, including high fever,

intense headache that is above or behind the

eye, periorbital swelling, or pressure over the

face. Complicated acute sinusitis results from

a delay in initiating treatment, antibiotic-resistant

infection, and incomplete treatment. Immuno-

compromised patients, such as those with cystic

fibrosis, often present with extensive sinus infec-

tion. The incidence of sinusitis-related complica-

tions remains indeterminate as many literatures

reporting sinusitis-related complications were

case series or case reports. A retrospective review

from a single institution revealed that 5.3 % of

ENT emergencies were sinusitis complications.

Among them, orbital complications were the

most common (62 %) followed by acute subdural

empyema (23 %) and meningitis (15 %) [50].

Among the transplant patients, patients with

graft-versus-host disease (GVHD) were 4.3

times more likely than patients without GVHD

to develop sinusitis post transplant [51].

These include intraorbital complications, such

as orbital cellulitis and subperiosteal abscess,

cavernous sinus thrombosis, epidural empyema,

meningitis, cerebritis, and brain abscess. There-

fore, contrast-enhanced CT or MR is indicated

when patients with sinusitis symptoms present

with orbital swelling, proptosis, visual changes,

and cranial nerve palsies [28, 52, 53]. Clary

investigated the accuracy of sinus CT for orbital

abscess as compared with surgical exploration in

19 patients and reported that CT had a sensitivity

of 93 % and specificity of 67 % [54].

With the advent of antibiotics, the incidence of

orbital cellulitis has decreased. Approximately

3 % of sinusitis progresses to orbital cellulitis

[40]. This can be divided into pre- and postseptal

cellulitis. The septum is defined as the medial

orbital periosteal reflection attaching to the medial

eyelid at the tarsal plate. The majority of orbital

cellulitis is due to either direct spread from ethmoid

sinusitis through porous lamina papyracea or

through the valveless anterior and posterior eth-

moid veins [40]. The periosteum of the medial

orbital wall is loosely attached to the lamina

papyracea; as such it often forms subperiosteal

abscess or phlegmon. Clinically, these patients

may present with deviation of the globe

or proptosis. Cavernous sinus thrombosis results

from infection of the midface, orbit, and sinonasal

cavity. This may lead to cranial nerve paralysis and

blindness. In the setting of orbital cellulitis, the

presence of cranial nerve paralysis involving cra-

nial nerves III, IV, V, and/orVI raises the suspicion

of cavernous sinus thrombosis. Contrast-enhanced

CT or MR shows an engorged superior ophthalmic

vein. Enhancing cavernous carotid artery may

stand out from the surrounding thrombosed cavern-

ous sinus [55–58].

Intracranial spread of sinus infection most com-

monly originates from frontal or sphenoid sinusitis

[52, 59]. Intracranial extension of infection is facil-

itated by the abundant valveless emissary venous

plexus of the posterior frontal sinus, known as

Behcet’s plexus. Infection spreads through the

sinus to dura, meninges, and parenchyma, resulting

in epidural or subdural empyema, meningitis,

cerebritis, and brain abscess [55]. Contrast-

enhanced brain MR is recommended when intra-

cranial spread of sinusitis is suspected [52, 55].One

study comparing diagnostic accuracy of CT, MR,

and clinical diagnosis for sinusitis-related compli-

cations revealed that the diagnostic accuracy was

82 % for clinical assessment compared with 91 %

for CT for orbital complications. For patients with

intracranial complications, meningitis was the

most common diagnosis, and MRI was more accu-

rate (97 %) in determining the diagnosis than

CT (87 %) or clinical findings (82 %). Both CT

and MR have improved the management and

outcomes of patients who have sinusitis with

complications [60].

Surgery of the sinuses or nasal passage may be

considered for patients who do not respond to

medical management for sinusitis. Sinus CT is

the primary imaging test and provides detailed

images of sinus anatomy in multiple planes.

Attention should be paid to the status of

osteomeatal complex, particularly the curvature

and superior extension of the uncinate process.

Patients with chronic sinusitis often received the

maximum medical therapy before CT scan in
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order to evaluate the bony details. Thus, mucosal

disease is often minimal for those patients.

What we should look for is bony anatomy related

to osteomeatal complex and also dangerous ana-

tomical variations, such as dehiscent optic canal

or carotid canal, low-lying fovea ethmoidalis, or

Onodi cells. These findings alert ENT surgeons

prior to surgical intervention.

Sinus CT often reveals various common

anatomical variations, such as nasal septum devi-

ation or concha bullosa. A study evaluating ana-

tomical variations of sinuses on CT revealed that

64.9 % of 202 patients had anatomical variations.

The significance of such anatomical variant

remains uncertain, as these anatomical variations

are often seen in patients without any sinusitis

symptoms [61]. A detailed sinus CT, instead of

screening or limited sinus CT, is recommended

for patients with chronic sinusitis who undergo

sinus surgery. The screening sinus CT for preop-

erative assessment was thought to be inadequate

for operative planning [62].

What Is the Most Cost-Effective
Strategy for the Diagnosis and the
Management of Acute Sinusitis?

Summary

The most cost-effective method to manage

patients presented with mild to moderate symp-

toms of acute sinusitis is to use clinical guidelines

and treat with first-line antibiotic therapy [63].

For patients with severe symptoms or high dis-

ease prevalence population, empirical antibiotic

treatment is cost effective. This leads to many

unnecessary antibiotic prescriptions that lead to

antibiotic-resistant infection.

Cost-effectiveness analysis (CEA) comparing

four different management strategies (empirical

antibiotics, no antibiotics, clinical diagnosis, or

sinus CT-based treatment) of adult acute 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 [64, 65].

From the payer’s perspective, clinical diagnosis-

based treatment was the most cost-effective strat-

egy [64]. 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 [9]. This is likely due to the

fact that some of these patients had viral infec-

tion, therefore potentially diluting the effective-

ness of antibiotic therapy.

Supporting Evidence

A diagnostic workup strategy for any disease

should be directly connected to its management

of the disease. Although sinusitis is a self-limiting

disease in most cases, undertreating acute sinusitis

may lead to rare but serious complications. Patients

remain sick longer, thus requiring time away from

work, loss of productivity, and over-the-counter

medications [65]. Overtreating sinusitis may result

in unnecessary costs and adverse effects from

antibiotic therapy, such as allergic reaction or gas-

trointestinal disturbance, as well as future devel-

opment of antibiotic-resistant infection. Treating

a viral illness with antibiotics leads to no benefit

but potential adverse drug effects. Accurate

diagnosis by CT scan improves effectiveness of

antibiotic therapy, by selecting patients who ben-

efit from antibiotics. However, such additional

benefit is too small to justify the additional cost

of CT scan and the additional risks from radiation

exposure, particularly in children.

The effectiveness of antibiotic therapy in chil-

dren remains controversial. The results highly

depend on the study inclusion criteria. Antibiotic

therapy was found effective for patients with

radiographically confirmed acute sinusitis.

Patients treated with antibiotics recovered more

quickly than those under placebo [22]. On the

third day of treatment, 83 % of children receiving

antibiotics were cured or improved compared

with 51 % of the children in the placebo group.

However, little or no effect is seen in antibiotic
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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. Since “sinusitis patients”

defined by clinical diagnosis include children

with viral infection, the effectiveness of antibi-

otics is diluted.

The American Academy of Pediatrics clinical

practice guidelines for the management of sinus-

itis show that children with mild and moderate

symptoms who do not attend day care should

receive the usual dose of amoxicillin [17].

Those patients who (a) do not improve while

receiving the usual dose of amoxicillin, (b) have

been 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. Higher doses of

amoxicillin are effective for S. pneumoniae spe-

cies that are intermediate in resistance to penicil-

lin, and potassium clavulanate is effective against

beta-lactamase-producing H. influenzae and

M. catarrhalis. The AAP guidelines make no

recommendations about the use of antihista-

mines, decongestants, and intranasal steroids

based on limited or controversial data [10].

What Is the Imaging Role for Patients
with Chronic Sinusitis?

Summary

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 respira-

tory infection, allergy, and migraine. Imaging

plays an important role for excluding diagnosis

or identifying anatomical causes leading to sinus-

itis. CT is a modality of choice as it provides

anatomical road maps much better than plain

radiography or ultrasound. Although rare, for

children suspected for serious complications,

such as intracranial or orbital abscess, MR

with contrast is recommended to assist surgical

treatment planning.

Supporting Evidence
Chronic sinusitis is defined as sinusitis symptoms

lasting more than 12 weeks. The diagnosis of

chronic sinusitis is difficult because of relatively

nonspecific signs and symptoms that overlap with

viral upper respiratory infection and allergy.

Children or adolescents with chronic headache

are often misdiagnosed as sinus headache and

receive sinus medication [66]. Imaging plays

a major role for making or excluding diagnosis

or assessing the anatomy of sinuses leading to

recurrent or chronic infection [67].

In terms of the choice of imaging for children

with chronic sinusitis, sinus radiography was

reported to overestimate abnormalities. In a study

performed sinus radiography and CT in 34 children

with chronic sinusitis, sinus radiography (Waters

and occipitomental views) overestimated ethmoid

sinus disease in 24% andmaxillary sinus disease in

56 % [68]. Sinus CT provides detailed anatomy as

well as extent of disease better than sinus radiogra-

phy and remains the imaging study of choice for

patients with chronic sinusitis. CT scan is often

performed in patients who remain symptomatic

following multiple courses of antibiotics in order

to diagnose or rule out presence of obstructive

lesion interfering mucociliary clearance. Multi-

institutional prospective 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 0.923 (p< 0.01), indicating

excellent diagnostic accuracy [69].

If sinus CT is completely normal in patients

who are suspected of having chronic sinusitis,

diagnosis can be generally excluded. When

sinus CT shows a focal intranasal mass with

unilateral sinus opacification, this may lead to

evaluation by endoscopy for possible surgical

resection. The problem lies, however, when

sinus CT shows mild, nonspecific, diffuse muco-

sal thickening without correlation with clinical

symptoms; in terms of facial pain, or tenderness,

it is difficult to determine if sinusitis contributes

to patients’ clinical symptoms.

A study comparing CT scan findings of

60 children aged 2–12 with chronic sinusitis with
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50 control subjects who underwent CT scan for

indications other than sinusitis found that

mucoperiosteal thickening is highly prevalent find-

ings seen in 60 % of patients and 46 % of control

groups. Early-stage (mild) mucoperiosteal thicken-

ing was present in the majority of children who had

sinus CT (98%of control and 85%of childrenwith

chronic sinusitis) [70]. Certain anatomical varia-

tions are thought to contribute causality of chronic

sinusitis as these variations may interfere with sinus

drainage pathways. These include, but not limited

to, nasal septum deviation, concha bullosa, and

Haller cells. Significance of anatomic variations in

children is still controversial as these findings can

be seen in asymptomatic subjects [71].

Medical management remains the cornerstone

for children with chronic sinusitis. Indication for

sinus surgery is controversial. No prospective

randomized trial comparing medical manage-

ment with surgery has been reported. The deci-

sion regarding the need for sinus surgery should

not be solely based on imaging abnormalities.

A study that investigated the impact of sinus CT

on therapeutic decision by otolaryngologists

showed that the concordance between CT abnor-

mality and patient’s symptoms and obstruction of

ostiomeatal complex are main predictors for

favorable surgical treatment [72]. Sinus surgery

may be performed in children with nasal obstruc-

tion from polyposis or refractory sinusitis aggra-

vating asthma [73]. 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 II and III out of

stages I–IV) [74]. Some study suggested use of IV

antibiotics for children who have failed to respond

to traditional oral antibiotics therapy [75].

Special Situation: What Is the Role of
Imaging in Immunocompromised
Patients?

Summary

Invasive fungal sinusitis (IFS) has been increasingly

seen in patients with an immunocompromised

status. The incidence has increased in accordance

with increase use of antibiotics, steroids, chemo-

therapy, and radiation treatment. IFS is a difficult

disease to treat. CT findings that are characteristics

for IFS include mucoperiosteal thickening associ-

ated with bone erosion or extrasinus soft tissue

invasion to orbit or retroantral fat pad. CT is helpful

for planning of surgical debridement. However,

diagnosis of IFS should not solely be based on

CT, as CT findings suggestive of IFS, bone erosion

or extrasinus invasion, are often absent in an earlier

course of disease [76]. With a high clinical

suspicion, rigid nasal endoscopy with biopsy

is recommended for early diagnosis [76].

Complete surgical resection and reversal of

neutropenia are critical elements for improved

outcomes.

Supporting Evidence
IFS is rare but a life-threatening disease in

children with underlying immunocompromised

disease. Incidence has been increasing in

accordance with expansion of transplant

medicine and advancement in antineoplastic

medication for hematological malignancies.

Common fungal organisms seen in immuno-

compromised patients include aspergillosis,

mucormycosis, and zygomycosis. IFS often

spreads directly to the brain via vascular chan-

nels or is blood borne from pulmonary infec-

tion. Abscess formation along blood vessels

often causes thrombosis of vessels leading

to neurological deficit [77]. Therefore, when

immunocompromised patients present with stroke

type of symptoms, intracranial involvement of IFS

is highly suspected.

IFS in immunocompromised children has

a high mortality rate and requires early diagnosis

and treatment.

Imaging study such as sinus CT plays an

important role in demonstrating the extent of

disease, degree of bone destruction, orbital inva-

sion, extrasinus soft tissue invasion, and vascular

encasement. When intracranial involvement is

suspected, such as epidural abscess/phlegmon,

cerebritis, or septic emboli, brain MR with and

without contrast is essential to make a diagnosis
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and plan appropriate surgical management.

MR allows differentiation of direct cerebral inva-

sion from multiple brain abscesses or septic

emboli. Venous sinus thrombosis is also another

serious complication that can be diagnosed with

MR and MR venogram. Some of 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.

However, classic CT findings of IFS are often

absent in earlier course of disease. Retrospective

review of CT findings in 23 immunocompromised

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) were seen only in more advanced IFS. They

found that disease was frequently unilateral

(21/23). Thus, clinician should not rely solely on

imaging to make a diagnosis of IFS. With a high

index of suspicion, early nasal endoscopy and

biopsy as well as initiation of antifungal therapy

is critical to improve prognosis.

Treatment for IFS includes surgical debride-

ment, followed by high-dose antifungal treat-

ment, and attempts to correct underlying

immunocompromised state are essential for

improved survival.

Take-Home Tables

Table 34.1 gives the definition of ABS. Table 34.2

shows the clinical diagnostic criteria for ABS.

Table 34.3 gives a summary of diagnostic

performance of imaging and clinical examina-

tions for diagnosing acute sinusitis and its

complications.

Imaging Case Studies

Figure 34.1a–d shows various imaging findings

and suggested diagnosis. Figure 34.2a, b shows

CT images for a patient with cavernous sinus

thrombosis. Figure 34.3a, b shows CT images

of a patient with allergic fungal sinusitis.

Figure 34.4a–c shows CT images of a patient

with epidural abscess secondary to sphenoid

sinusitis and mucocele rupture.

Table 34.1 Definition of acute bacterial sinusitis (acute

sinusitis)

Acute sinusitis:

Infection of the paranasal sinuses lasting less than 30 days

that presents with either persistent or severe symptoms

Persistent symptoms are those that last longer than 10–14

days. 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 3–4 consecutive days

Adaptedwith kind permission of Springer Science+Business

Media fromAnzai Y, PaladinA.Diagnosis andmanagement

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 34.2 Acute bacterial sinusitis versus viral upper

respiratory infection: clinical signs and symptoms

Acute bacterial sinusitis Viral URI

Duration

of illness

Longer than 10–14 days Usually less than

5–7 days

Symptoms Persistent or worsening

after mild resolution

(double sickening)

Improved or

resolved by

10 days

Fever Concurrent presentation

of high fever and nasal

discharge

Earlier in illness

and later nasal

discharge

Headache Severe headache behind

eyes

Mild headache

Facial

pain

Unilateral pain 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. Evi-

dence-based imaging in pediatrics: optimizing imaging in

pediatric patient care. New York: Springer; 2010
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Table 34.3 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) 0.93 0.67 5

Adaptedwith kind permission of Springer Science+BusinessMedia fromAnzai Y, Paladin A. Diagnosis andmanagement 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

Fig. 34.1 (a–d) Various imaging findings and suggested

diagnoses. (a) Air-fluid level in the right maxillary sinus:

findings highly suspicious for acute bacterial sinusitis.

(b) Near complete opacification of right maxillary sinus in

a patient suspected of acute sinusitis. (c) Diffuse mucosal

swelling and opacification of maxillary and ethmoid sinuses

with thickening of bone walls in a patient with sinonasal

polyposis. (d) Nonspecific mucosal swelling of maxillary

sinus bilaterally. This could be viral infection, allergy, or

common cold (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)
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Fig. 34.2 (a, b). (a) A patient with fungal infection

involving ethmoid sinuses complicated with left cavern-

ous sinus thrombosis. (b) Coronal image shows extension

of infection to the medial left orbit associated with focal

bone erosion (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)

Fig. 34.3 (a, b). (a) A patient with allergic fungal infec-

tion involving the bilateral ethmoid sinuses with medial

orbital extension. Notice the content of sinus opacification

is markedly increased attenuation with low attenuation

edematous mucosa (Reprinted with kind permission of

Springer Science+Business Media from Anzai Y, Neigh-

bor, Jr. WE. Imaging evaluation of sinusitis: impact on

health outcome. In Medina LS, Blackmore CC, editors.

Evidence-based imaging: optimizing imaging in patient

care. New York: Springer; 2006); (b) Coronal reformatted

image of the same patient shows medical orbital extension

with displacement of medical rectus muscle (Reprinted

with kind permission of Springer Science+Business

Media from Anzai Y. Imaging evaluation of sinusitis:

impact on health outcome. In Medina LS, Blackmore

CC, Applegate KE, editors. Evidence-based imaging:

improving the quality of imaging in patient care.

New York: Springer; 2011)
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Suggested Imaging Protocols for
Children Clinically Suspected of Acute
Sinusitis

Sinus Radiographs

Sinus radiographic series has been rapidly replaced

by the limited sinus CT for evaluation of sinusitis.

However, some pediatricians still order sinus radio-

graph, likelyduetoeither lowercostsoreasieraccess

to radiographs than CT. In order to visualize and

assess all paranasal sinuses, at least three views of

sinusare required.These includeWatersview,Cald-

well view, and lateral view. In children under age

6 years, the ACR (Appropriateness Criteria) states

that radiographsof theparanasal sinuses arebothnot

indicated and technically difficult to perform. For

recurrent infection, some clinicians order a single

Waters view to evaluate themaxillary sinuses.

Low-Dose Screening Sinus CT

Low mA and low kVp is most widely used for

assessment of sinus infection in our institution,

Fig. 34.4 (a–c). (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 fat-suppressed coronal image shows

a focal epidural abscess adjacent to the left sphenoid sinus,

underneath the air pocket. This patient was thought to have

left sphenoid mucocele with intracranial ruptured, resulting

in epidural abscess (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)
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when available, reducing radiation dose compared

with the standard CT [78]. Screening sinus CT

demonstrates air-fluid level or sinus opacification,

as well as adjacent soft tissue abnormalities and

mastoid and middle-ear fluid collection.

MDCT allows rapid acquisition of axial

images through paranasal sinuses with thin colli-

mation (�3 mm), in supine position using

100 mA and 120 kVp. Reconstruction of these

images in the coronal 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 rapidly acquired CTs.

MRI

When MR is needed to assess intracranial com-

plications, the following sequences should

be included: axial FLAIR, axial diffusion,

axial T2-weighted FSE, pre- and postcontrast

T1-weighted multiplanar images. Fat suppression

should be used for assessment of postcontrast

images in order to better visualize cavernous

sinuses, orbital apex, skull base, as well as epi-

dural and subdural spaces.

Future Research

• Large clinical study correlating imaging and

clinical findings with sinus aspiration and

treatment outcomes.

• 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.
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Key Points

• Screening for vascular injuries in high-risk

patients decreases morbidity and may be cost

effective (moderate evidence).

• Ultrasound is not recommended as a sole

screening tool (moderate evidence).

– CTA including MDCT has questionable

sensitivity and specificity for diagnosing

vascular injury in patients with blunt neck

trauma. Study results are too disparate for

making a clear conclusion.

• Single- and 4-slice MDCT have high sensitiv-

ity and specificities for diagnosing vascular

injury in patients with penetrating trauma

(moderate evidence).

• Four-vessel angiography is the gold standard

for diagnosing vascular injury following

trauma (moderate evidence).

Definition and Pathophysiology

Blunt trauma injuries are typically a result of

motor vehicle crashes but can occur with any

direct blow to the head or neck, strangulation,

sports-related incidents, and manipulation of the

spine. The majority of penetrating neck wounds

are a result of guns and knives, with motor

vehicle crashes and industrial and household

accidents making up the remainder. Vascular

injuries of the neck in blunt and penetrating

trauma are an important determiner of morbidity

and mortality and can occur through a variety of

mechanisms, from direct transection, to shearing

of blood vessels from hyperextension of the cer-

vical spine, to disruption by fractures.

Epidemiology

Blunt and penetrating neck injuries comprise 5 %

and 5–10 % of adult trauma cases, respectively

[1, 2]. While the majority of significant vascular

injuries to the neck are seen in victims of pene-

trating trauma, the morbidity and mortality

related to blunt cerebrovascular injuries is

significantly higher. Whereas the mortality rate

for penetrating injuries ranges from 2 % to 6 %,

blunt injuries are associated with an overall mor-

tality rate of 20 % to 30 %, and about one-third to

one-half develop permanent neurologic sequelae

as a result of brain ischemia from vascular com-

promise [2]. In the pediatric population, blunt

injuries are much more common, accounting for

90 % of all pediatric trauma admissions [3].

Overall Cost to Society

While no large-scale formal cost analyses have

been performed, comprehensive screening of

blunt and penetrating neck trauma patients for

vascular injury will likely prove cost saving in

terms of hospital and rehabilitation costs through

earlier diagnosis and prompt treatment [4]. For

instance, screening angiography has been associ-

ated with an estimated $2.03 million savings in

medical costs per each neurological event

prevented [5]. This intervention could also have

quantity and quality of life impact, although it has

not been formally studied.

Goals of Imaging

Screening diagnostic imaging of the neck in high-

risk patients will detect extracranial vascular

injury in time to apply evidence-based treatments

and decrease risk of stroke and morbidity.

Methodology

A MEDLINE search was performed using

PubMed (National Library of Medicine,

Bethesda, Maryland) for original research publi-

cations discussing the use of imaging modalities

in blunt and penetrating neck injuries. The search

strategy employed different combinations of the

following 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

600 G.H. Danton et al.



the period from January 1980 to February 2011

and was limited to studies in humans and publi-

cations in the English language. The authors

reviewed the full text of all articles identified

from the literature search and included additional

publications identified from their reference lists.

Discussion of Issues

Selection of Subjects for Imaging

Summary

Evaluation differs between blunt and penetrating

neck injuries. For penetrating injuries, the avail-

able literature suggests that selective conserva-

tive management based on clinical examination

and screening with noninvasive imaging modali-

ties such as MDCT may supplant mandatory sur-

gical exploration for all penetrating neck injuries.

Similarly, noninvasive 8-slice or above MDCT

may supplant invasive angiography for blunt

neck trauma although results of many studies

vary considerably (moderate evidence). Few

studies have assessed which population is the

most appropriate to screen for blunt cerebrovas-

cular injury (BCVI); however, the Denver classi-

fication and Denver modifications are the most

often cited (Table 35.1) [6].

Supporting Evidence

How Are Patients Selected for CT
Screening Following Blunt Trauma
to the Neck?
In a recent study of BCVI (moderate evidence),

Berne et al. developed multivariate logistic

regression models to explore the contributions

of various clinical factors in determining which

patients are at high risk of BCVI and should

therefore be screened with multidetector com-

puted tomography angiography [7]. Of 9,935

blunt trauma patients admitted during the study

period, 102 (1.03 %) suffered BCVI. Those fac-

tors found to bemost predictive of the presence of

BCVI from multivariate analysis were cervical

spine fracture (odds ratio (OR) ¼ 7.46, 95 %

confidence interval (95 % CI) ¼ 4.87–11.44),

mandible fracture (OR ¼ 2.59, 95 %

CI ¼ 1.30–5.15), high Injury Severity Score

(OR ¼ 1.05, 95 % CI ¼ 1.04–1.07), and low

Glasgow Coma Scale score (OR ¼ 0.93, 95 %

CI¼ 0.89–0.97), suggesting that the early assess-

ment of patients for these characteristics may

justify imaging. These results expand upon ear-

lier studies by Biffl et al., which argue for the

screening of patients based on injury mechanisms

and patterns as a means to identify asymptomatic

BCVI patients and institute early therapy [8–10].

Recommendations for screening algorithms,

however, have been based largely on limited

and moderate evidence. Study limitations are

often due to small sample size and methodologi-

cal considerations. These studies have identified

associations between BCVI and the mechanism

of injury (e.g., closed head injury, rapid deceler-

ation, and hyperextension as occur during motor

vehicle accidents, direct cervical blow, strangu-

lation, and chiropractic manipulation), concomi-

tant head and chest injury, and physical findings

such as Battle’s sign, cervical hematoma, chest

wall contusion, altered mental status, hemispheric

neurologic findings, Horner syndrome, stroke, or

transient ischemic attack [8, 11–14]. While

a greater number of risk factors are associated

with a greater likelihood of vascular injury, the

risk factors described to date are not all-inclusive,

as these injuries have been found to occur even in

the absence of known risk factors [15]. In a recent

study by Almandoz et al., multidetector CTA

found arterial injury in 106 of 830 patients

(12.8 %) with acute blunt head and neck trauma,

with cervical interfacetal subluxation/dislocation

(OR ¼ 6.3, p < 0.0001), with fracture lines

reaching an arterial structure (OR ¼ 4.4, p <

0.0001), and with high-impact mechanism of

injury (high-speed (not defined) motor vehicle

accident, struck at pedestrian, fall downstairs or

from a height greater than standing, direct blow to

the head or neck) (OR ¼ 3.1, p < 0.0001) most

predictive of arterial injury. Confidence intervals

were not reported [16]. The authors proposed

a three-point craniocervical trauma scoring system

based on these factors, with patients with scores of

2 and 3 at highest risk of arterial injury.
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How Are Patients Selected for CT
Screening Following Penetrating
Trauma to the Neck?
Hemodynamically unstable patients with evi-

dence of vascular or aerodigestive injury are usu-

ally taken for operative exploration. Heavy

bleeding, pulsatile or expanding hematoma,

bruit, thrill, hematemesis, and hemoptysis stridor

or obvious injuries are clinical signs used to make

this determination. Managing patients with stable

vital signs is more challenging and frequently

begins with digital or visual assessment of the

platysma for evidence of penetration. If the

platysma is not violated, the patient is treated

for a superficial injury [17–19].

Reliance on physical findings may prove more

difficult in cases of multiple injuries. Evidence

suggests that CT may be a good option in those

patients who are hemodynamically stable and

lack obvious signs of vascular injury to delineate

wound trajectory and any occult damage to vas-

cular structures, thereby avoiding unnecessary

invasive procedures [20]. A level 3 (limited evi-

dence) study compared two groups of patients

retrospectively who received either CTA or

surgery for penetrating neck injury reported

0 negative neck explorations for the CTA group

and 48 % negative explorations for the surgery

group. Patients were not randomly stratified;

rather, the decision was made based on clinical

presentation so the surgery group likely had more

concerning injuries. Still, the negative explora-

tion rate was very high relative to the CTA group

[21]. Likewise, observational (not randomized

clinical trials) studies support the use of imaging

in clinically stable pediatric patients with pene-

trating neck trauma, particularly those sustaining

projectile injuries (limited evidence) [22].

Diagnostic Imaging

Summary
While four-vessel angiography is considered the

standard of reference, drawbacks include cost,

logistic constraints, and risks associated with an

invasive procedure. Color duplex sonography has

been utilized as an alternative screening method,

but sensitivity was 38.5 % (limited evidence) and

is not recommended as a sole screening test [23].

Results from CT angiography are highly variable

depending on the vascular segment studied, the

type of CT scanner, and the outcome measure.

Limited level 4 evidence exists for the use of

64-MDCT, and while most authors agree that

CT angiography is established enough to take

the lead role in screening for penetrating and

blunt trauma of the neck, a recent study by

Dicocco using 32-MDCT strongly challenges

that conclusion (moderate evidence). Most stud-

ies also suggest that these screening exams can be

performed as part of a whole-body scan or dedi-

cated neck exam (limited evidence). Few studies

have fully evaluated MRI, and while early (lim-

ited evidence) studies showed promise, its use is

not well evaluated.

Supporting Evidence

What Is the Recommended Modality and
Protocol for Vascular Injury Screening in
Blunt Neck Injury?
Four-Vessel Angiography

Four-vessel angiography has been used in the

setting of cervicothoracic trauma since the late

1960s and is considered the gold standard

method of diagnosing traumatic vascular injury

(moderate evidence) [24]. Biffl et al. found 34 %

of asymptomatic, high-risk patients had

cervicovascular injury diagnosed by angiography

(limited evidence) [8]. Cothren et al. analyzed

angiography in the setting of blunt trauma and

found that screening at-risk patients prevents

strokes and is ultimately cost effective [4].

A retrospective study of 254 blunt

cervicovascular injuries proposed that follow-up

angiography of low-grade injuries changed man-

agement in 61 % of patients (limited evidence)

[25]. Limitations of DSA as a screening tool

include expense, invasiveness, and availability

of skilled neuroangiographers offering the ser-

vice at all hours. In 2000, Biffl et al. used

a logistic regression analysis to identify predic-

tors of vascular injury. This work led to the Mod-

ified Denver Screening Criteria in Table 35.1.
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These factors also drive the desire for a noninva-

sive approach that would be equivalent to diag-

nostic angiography.

CT Angiography

Descriptive statistical analysis of screening CTA

has been assessed with a number of studies sum-

marized in Table 35.2 and sensitivities reported

for the extracranial vasculature of 29–100 %.

Most of the evidence is moderate or limited and

frequently retrospective or with small numbers of

patients. Studies vary in whether secondary or

primary reads were considered in calculating the

sensitivity and specificity and do not necessarily

specify how extensive reformatting was

performed. Some studies compare CTA to digital

angiography and others only consider follow-up

or used a combination of both. Variance among

techniques limits the conclusions that can be

drawn by comparing these studies. Studies that

focus on follow-up and utilize secondary reads

tend to report higher sensitivities than those who

rely on the initial reading. Recently, Dicocco

et al. retrospectively studied 684 patients who

met criteria for blunt cerebrovascular injury

screening. All patients were studied with both

dedicated 32-MDCT and digital subtraction angi-

ography. Comparing the ability of both modali-

ties to identify injured vessels, the sensitivity of

CTA was 51 %. Some of the missed injuries were

higher grade, and identification of those injuries

changed management [26]. A similar retrospec-

tive study by Goodwin et al. in 2009 used both

16- and eventually 64-MDCT with sensitivities

of 29 % and 54 %, respectively. Because of

discrepancies in data and technique, conclusions

cannot be drawn as to whether CTA is or is not an

effective screening tool. DSA remains the gold

standard, and a controlled prospective compari-

son study between DSA and CTA is needed.

Duplex Sonography

Prior to CT, duplex ultrasound was employed as

a screening test for cerebrovascular injury fol-

lowing trauma with some success. Cogbill et al.

reported duplex detecting in 12 of 14 patients

with carotid injuries where both missed cases

were at the skull base [27] (insufficient evidence).

For vertebral artery dissections, sensitivities were

reported between 64 % and 86 % (limited evi-

dence) [28]. Mutze et al. reported a sensitivity

and specificity of ultrasound being 39 % and

100 %, respectively, in a cohort of 1,471 patients

(level 2) [23]. On the basis of this evidence, the

Eastern Association for the Surgery of Trauma

guidelines do not support the continued use

of duplex ultrasound and favor CTA instead

[24, 29]. While evidence level is limited, it does

not support the routine use of duplex sonography

as sole screening.

Magnetic Resonance Imaging

Because of its limited availability in the emer-

gency setting and incompatibility with equipment

used in the trauma setting, use of MRI has not

become commonplace and reports of efficacy is

sparse. Case reports of limited evidence con-

cluded in favor [30–32] of MRA. Level three

studies found the following: In 2002, sensitivity

and specificity were reported to be 75 % and

67 %, respectively, on a 1.5 T Magnetom Sym-

phony scanner (Siemens Medical System, Inc.,

Iselin, NJ) [33]. Using a 1 T Magnetom MRI

(Siemens Medical System, Inc., Iselin, NJ) in

1994, sensitivities for carotids and vertebrals

ranged from 84 % to 95 % and 20 % to 60 %,

respectively. Specificities were over 98 % for all

vessels [34]. A limited study for MRA using

a 0.2 T Siemens open magnet found sensitivity/

specificity for carotid injury 50 %/100 % and

vertebral injury 47 %/97 % in 2002 [35]. A com-

parison of radiologists’ preference to identify

dissection not necessarily attributable to trauma

was reported in 2008 with CT being favored more

often than MRI, especially for the vertebral arter-

ies [36]. There is a lack of evidence supporting

the use of MRI although advances in MRI tech-

nology may ultimately improve its utility.

What Is the Recommended Modality and
Protocol for Vascular Injury Screening in
Penetrating Neck Injury?
Unlike blunt injury, penetrating vascular injury is

managed with exploratory surgery. Digital sub-

traction angiography remains the gold standard

for nonoperative evaluation of vascular injury of
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the neck; however, CTA has shown more reli-

ability for penetrating injuries than blunt injury.

While fewer studies have been conducted of CTA

for penetrating neck injury (Table 35.1), many

were prospective and well designed. Diagnostic

sensitivities for CTA in penetrating trauma stud-

ies tend to be higher than what is reported for

blunt injury (moderate evidence). This observa-

tion may be reflective of the higher pretest prob-

ability for injury, diagnostic utility of injury

trajectory, and injury proximity to the vascula-

ture. Patient stratification on presentation begins

by assessing depth of injury. Physical examina-

tion to verify penetration of the platysma is gen-

erally regarded as defining a superficial or deep

injury. Diagnostic evaluation of superficial inju-

ries often stops at the physical exam. In the past,

most deep injuries were explored operatively

resulting in one study finding no vascular injuries

detected in 67 % of asymptomatic patients [1].

While unstable patients continue to be explored

surgically, asymptomatic patients may be sent

for screening exam. A prospective study of

60 patients with injuries in various neck zones

compared CTA to DSA and found 90 % and

100 % sensitivity and specificity, respectively

[37]. A prospective study of 175 patients com-

paring CTA, DSA, surgery, and clinical out-

comes found 100 % sensitivity and 98.6 %

specificity [38]. In 2006, a prospective study of

91 patients measured outcomes using an aggre-

gate gold standard including final discharge diag-

nosis, all imaging studies, surgical procedures,

and clinical follow-up. They found a 100 % sen-

sitivity and 93.5 % specificity for diagnosing

vascular injury [39]. A retrospective study in

2008 compared the number of negative neck

explorations with patients who did or did not

receive a CTA. Neck explorations in those who

did not receive a CTA were negative 48 % of the

time, while those who had a CTA had no negative

neck explorations [21]. Utility of CTA for vascu-

lar injury screening has high sensitivities (mod-

erate evidence). Radiologists should keep in

mind, however, that many of these studies may

have been interpreted with a high pretest proba-

bility using proximity to injury and trajectory as

positive signs of injury.

Duplex Sonography

Duplex sonography has been evaluated in

a number of studies and sensitivities and speci-

ficities ranged from 91 % to 95 % and 99 %,

respectively. In 1996, a prospective study com-

paring ultrasound to DSA, surgery, or clinical

status concluded that all clinically serious inju-

ries were detected. Despite the rather high sensi-

tivities, dependence on skilled technologists and

sometimes limited access to patients with ban-

dages covering the injured area has led to adop-

tion of CTA over ultrasound.

What Is the Recommended CTA Protocol
for Vascular Injury Screening in
Traumatic Neck Injury?
There is no data to separately consider blunt or

penetrating injury. No controlled studies compar-

ing specific CT acquisition techniques and

parameters have been performed. Rather, many

articles describe various aspects of the technique

used at their institution. These often vary between

the technologies and manufacturers although

similarities between techniques are common-

place (Table 35.3). However, level of evidence

for choosing one technique over another is

limited. In addition, there is no evidence

that reconstructed images such as maximum

intensity projections, 3D, or curved planar

reformats increase sensitivity, specificity, or con-

fidence of interpretation. Anecdotal reports of

benefit constitute limited evidence [37, 40, 41]

although the preponderance of references illus-

trating findings does so with reconstructed

images. Their use is commonplace and

recommended despite the weak evidence base

(Figs. 35.1 through 35.3).

Should Screening CTA Be Performed as
Part of a Full-Body Trauma Scan or Is
a Dedicated CTA Required?
Perhaps a more controversial and more formally

studied aspect of CTA screening is the question

of whether a dedicated CTA neck timed to opti-

mize the extracerebral vasculature with the arms

adducted is needed or if the CTA neck can be

performed in the same acquisition of a “trauma

scan.” The “trauma scan” may include the CT
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neck as part of the c-spine, chest, abdomen,

pelvis, thoracic, and lumbar spine exam with the

arms abducted. In 2008, Sliker et al. published

their findings comparing patients who both

underwent screening CT and digital subtraction

angiography. The MDCT group had CT neck as

part of a body trauma protocol and the other had

a dedicated CTA neck (MDCTA). Their proto-

cols are included in Table 35.3. They found sim-

ilar sensitivities and specificities in both groups

(though slightly lower in the MDCT group) for

carotid and vertebral injuries with DSA as the

gold standard. Sensitivities were calculated for

two vascular segments of the carotid and verte-

brals, but if only those with actual positive cases

are considered, the sensitivity ranged from 25 %

to 74 % and specificity ranged from 82 % to

100 %. While there were no large differences

between the techniques, reported sensitivities

were low considering the conclusion that

MDCT and MDCTA are useful screening tests

[42] (level 3 evidence). Langner et al. divided up

the neck and body scan into two separate boluses

and acquisitions that occurred immediately after

each other. Their protocol consists of a CT brain

followed by a CTA neck with 40 cm3 of contrast

and a region of interest selected on the carotid.

A 60-cm3 contrast bolus followed for scanning

the remainder of the chest, abdomen, and pelvis.

They concluded that a dedicated CTA could be

incorporated easily into a full-body trauma scan

(limited evidence) [14].

Does Number of CT Detectors Make
a Difference?
Early studies with single-detector CT found high

sensitivities and specificities for penetrating neck

trauma when compared to both follow-up and

angiography (levels 2 and 3 evidence) [37, 38,

43, 44]. There is a general sense that as CT

technology improved with regard to number of

detectors, the ability of CT to screen blunt neck

trauma improved [45]. A variety of reports with

single and 4 MDCTs showed mixed results in

level 2 and 3 studies. A number of observations

(level 4 evidence) and a prospective level 3 study

by Biffl in 2006 found that 16-MDCT detected

all vascular injuries in their 18 patients with

injuries [46]. It has been suggested that MDCT

with 8 or better MDCT is adequate for detection

of cerebrovascular injury (Table 35.3). Chokshi

et al. described examples of their experience with

64-MDCT, but no formal evaluation was

performed (limited evidence) [40]. Dicocco

et al. and Goodwin et al. used 16-, 32- and

64-MDCT and compared them directly with

DSA finding relatively low sensitivities [26, 47].

The evidence is contradictory, and until prospec-

tive randomized trials are obtained, it is unclear if

advances in CT technology will allow CTA to

approach the sensitivities of DSA. However,

based on the available evidence, 16-MDCT or

better should be preferred for evaluation of

blunt neck trauma (limited evidence).

What Is the Imaging Impact onOutcome?
Penetrating Trauma

Studies of penetrating neck trauma predomi-

nantly compare CT results to surgical explora-

tion. Patients with high clinical suspicion for

vascular injury are almost uniformly taken for

surgical exploration. Patients in whom suspicion

for injury exists from location of injury only and

who have stable clinical features have been stud-

ied with CTA as the screening exam, and the

primary outcome is avoiding surgical explora-

tion. CTA has performed well in this setting and

is recommended as a screening tool in patients

with low suspicion from studies of level 2 [38]

and level 3 evidence [1, 21, 22, 29, 37, 48–50].

Long-term evaluation of patient outcomes is not

well studied.

Blunt Trauma

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 diag-

nostic method illustrating the importance of diag-

nosis and treatment [15]. In 2009, Eastman et al.

compared stroke rates during a period of time

when catheter angiography was primarily used

for diagnosis and a later time period when CTA

was used. During the later time period,

a systematic approach to therapy was also

35 Traumatic Extracranial Vascular Injury: Evidence-Based Neuroimaging 605



initiated specifying which injury type and grade

receives a particular treatment. The stroke rate

dropped from 15 % to 4 %, which at least sug-

gests a complementary benefit of early diagnosis

with CTA and the systematic approach to treat-

ment [6].

Take Home Tables

See Table 35.1 for Modified Denver Screening

Criteria for BCVI and Table 35.2 for descriptive

analysis of CTA for diagnosing blunt and pene-

trating trauma.

Table 35.2 Descriptive analysis of CTA for diagnosing blunt and penetrating trauma. 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; F, follow-up; S,

surgery; Level, level of evidence; INJ, injury type; P, penetrating; B, Blunt injury

References Year CT class Prot Vess Sen Spec PPV NPV G.S. Level INJ

[38] 2000 SS CT Neck C,V 90 100 100 98 A 2 P

[50] 2001 Neck C,V 100 91 75 100 S 4 P

[37] 2002 1 Helical WB C,V 100 99 93 100 A + F 2 P

[33] 2002 1 CT C,V 68 65 65 70 A 3 B

[35] 2002 4-MDCT Neck C 47 99 A 2 B

[35] 2002 4-MDCT Neck V 53 99 A 2 B

[45] 2005 1-,4-,8-MDCT Neck C 86 92 A 3 B

[45] 2005 1-,4-,8-MDCT Neck V 53 93 A 3 B

[51] 2006 16-MDCT Neck C, V 98 100 100 99 A 2 B

[43] 2006 4-MDCT Neck C,V 100 93.5 F 2 P

[52] 2007 16-MDCT Neck C, V 74 86 65 90 A 2 B

[42] 2007 16-MDCT WB C extra 69 82 74 78 A 2 B

[42] 2007 16-MDCT WB V extra 74 91 74 91 A 2 B

[42] 2007 16-MDCT WB C intra 60 95 28 98 A 2 B

[42] 2007 16-MDCT WB V intra 0 99 0 99 A 2 B

[42] 2007 16-MDCT Neck C extra 64 94 84 84 A 2 B

[42] 2007 16-MDCT Neck V extra 68 100 100 87 A 2 B

[42] 2007 16-MDCT Neck C intra 25 94 40 89 A 2 B

[42] 2007 16-MDCT Neck V intra n/a 100 n/a 100 A 2 B

[47] 2009 16-MDCT Both C, V 29 97 67 85 A 2 B

[47] 2009 64-MDCT Both C, V 54 97 73 92 A 2 B

[26] 2011 32-MDCT Neck C, V 51 97 43 98 A 2 B

Table 35.1 Modified Denver screening criteria for

BCVI

Lateralizing neurologic deficit (not explained by CT head)

Infarct on CT head

Nonexpanding cervical hematoma

Massive epistaxis

Anisocoria/Horner’s syndrome

GCS score <8

Cervical spine fracture

Basilar skull fracture

Severe facial fracture

Seatbelt sign above clavicle

Cervical bruit or thrill

Modified Denver Screening Criteria for BCVI as

described by Eastman et al. [6] and based on data from

Biffl et al. [8]
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Imaging Case Studies

Case 1 (Fig. 35.1)

Case 2 (Fig. 35.2a, b)

Case 3 (Fig. 35.3a, b)

Suggested Imaging Protocols

See Table 35.3 for CTA protocols typical of those

reported throughout the literature.

Future Research

Designing prospective blinded studies is chal-

lenging because of the relative low frequency of

vascular injuries and the general acceptance of

CTA as an effective screening tool for blunt and

penetrating traumatic injury. Large comparison

trials of CTA to angiography will be time con-

suming and expensive and put patients at poten-

tial risk of catheter-related injury, but would

establish the role of CTA in this process. Alter-

natively, clinical follow-up studies of patients

who have had screening with CTA can track

Fig. 35.1 A fifty-seven-year-old male status post anterior

cervical diskectomy and fusion who presented with an

acute neurologic deficit. Coronal multiplanar reformatted

CTA image shows an outpouching at the foraminal seg-

ment (V2) of the right vertebral artery representing

a pseudoaneurysm (circle). The patient underwent coil

embolization (not shown)

Fig. 35.2 (a, b) A 45-year-old male involved in motor

vehicle collision. (a, b) Coronal maximum intensity pro-

jection (a) and volume-rendered (b) CTA images show

long-segment narrowing with intimal irregularity of the

right ICA indicating a dissection (Reproduced with per-

mission from Chokshi et al. [40])
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their clinical outcome which may be a more rel-

evant indicator of CTA utility. After all, is there

any reason to detect an injury so small that it heals

on its own without requiring therapy? As CT

scanners continue to improve, evaluation with

64, 128, 320, and dual-source scanners may

either continue to show improvement in

sensitivity or reach a plateau. Finally, it is not

clear what role reconstructions play in the analy-

sis of CTA data. Making interpretation of images

more efficient especially in the trauma setting

could be useful, and individual sensitivities and

specificities for CPR, MPR, and 3D images

should be studied [53].

Fig. 35.3 (a, b) An 18-year-old male with blunt carotid

artery injury resulting from a motor vehicle collision.

(a, b) Maximum intensity projection (MIP) (a) and

volume-rendering 3D-reconstruction images (b) show

a 3-mm outpouching, with a narrow neck at the origin

of the right ICA, representing a pseudoaneurysm

(grade 3 injury), without associated luminal compromise.

This patient received antiplatelet therapy, and the

pseudoaneurysm remained stable on a follow-up angiogram

8 months later (not shown); the patient was asymptomatic

during this period. No other intervention was performed

(Reproduced with permission from Chokshi et al. [40])
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Table 35.3 CTA protocols typical of those reported throughout the literature. Blank fields indicate the information was

not provided. MDCT, multidetector CT; Recons, Reconstructions reported to be performed and used in analysis; and

Contrast agent, concentration of iodine reported; Vol, volume of first and second boluses when reported. If saline is not

listed, the bolus was contrast. ROI location; A. aorta, ascending aorta; and D. aorta, descending aorta. The HU is the

Hounsfield unit set to trigger the exam. 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

References [37] [23] [42] [42] [52] [51] [14] [40] [41]

CT detector Helical,

1 slice

4-MDCT 16-MDCT 16-MDCT 16-

MDCT

16-

MDCT

16-MDCT 64-

MDCT

64-MDCT

Collimation 3 mm 2.5 mm

1.25

16 �
0.75 mm

16 �
0.75 mm

0.75 mm 16 � 0.75 0.6 mm 0.625 mm

Slice

thickness

(mm)

1 � 3 1 � 0.5 2 0.5, 1.25 4.5 1.25–3.75

2 � 2

KV 120 120 140 120 120

MA 250 210 245 360

Pitch 1.3–2 1 0.9 1 0.984

Recons 2D, 3D MPR,

CPR

MIP, Thin 2D, 3D,

MIP

MIP, 3D 2D, 3D,

MIP

2D, 3D

Contrast

agent

300 300 300 300 300 300 350–370

Injection

rate

4.5 ml/s 4 ml/s 6 ml/s 4 ml/s 4 ml/s 3.5 ml/s 4 ml/s 5 ml/s 4–5 ml/s

4 ml/s

Vol. 1st

bolus

80 90 ml 100 80 ml 125 40 ml 50–100 100–120 ml

Vol. 2nd

bolus

60 ml 40 ml

saline

30–50 ml

saline

Timing

technique

11 s

delay

Bolus

tracking

Bolus

tracking

Bolus

tracking

Bolus

tracking

18-s

delay

Bolus

tracking

20-s delay

ROI

location/

HU

n/a A aorta/90 D aorta/90 D aorta/120 Aorta

arch/50

n/a A aorta n/a

Scan type Neck Neck WB Neck Neck Neck w/z

WB

Neck WB
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Key Points

• At present, carotid imaging is performed to iden-

tify the presence and measure the degree of ath-

erosclerotic stenosis in order to select appropriate

candidates for surgical endarterectomy (strong

evidence). Several different imaging strategies

may be employed in symptomatic patients:

• Catheter angiography (CA) can be used for

this purpose (strong evidence).

• Doppler ultrasound (DUS), computed tomo-

graphic angiography (CTA), and magnetic

resonance angiography (MRA), alone or in

some combination, if adequately validated,

may be used to screen patients prior to cath-

eter angiography (moderate evidence).

• DUS, CTA, and MRA, alone or in some

combination, if adequately validated, may

be used to identify patients with severe

stenosis (�70 %) for surgical endarterec-

tomy (moderate evidence).

• Noninvasive screening of asymptomatic

patients with highly specific thresholds may

be cost-effective in high-risk populations such

as patients with known atherosclerosis in other

circulations or the presence of a bruit over the

carotid artery on physical examination (moder-

ate evidence).

• Carotid angioplasty and stenting (CAS) is

a reasonable alternative to carotid endarterec-

tomy (CEA) only in selected patients, namely,

those with symptomatic high-grade stenosis

who are at high risk for surgery (moderate

evidence).

• Physiological imaging tools can identify high-

risk subgroups in patients with atherosclerotic

carotid stenosis and occlusion (strong evi-

dence). The use of physiological imaging tools

to guide therapy and improve outcome is

unproven (insufficient evidence).

Definition and Pathophysiology

Extracranial carotid bifurcation atherosclerotic

disease is associated with ischemic stroke. The

carotid bifurcation, particularly the internal

carotid artery near the bifurcation, is a preferred

site for the development of atherosclerotic

plaque. Several biomechanical and physiological

factors are involved in the formation of atheroma

at this location [1]. As atherosclerotic plaque

builds, it can lead to ischemic stroke via two

interrelated mechanisms: embolism and hemody-

namic impairment. Embolism of plaque debris or

thrombus that develops in or on the plaque may

break free and lodge in a distal artery of the brain.

Embolism likely accounts for the majority of

stroke that occurs in association with carotid ath-

erosclerosis. The second mechanism is that of

low flow [2]. Depending on the adequacy of col-

lateral flow, primarily determined by the status of

the circle of Willis, severe stenosis may limit

blood flow to the distal cerebral hemisphere. Sig-

nificant hemodynamic impairment due to severe

stenosis or occlusion at the carotid bifurcation is

an independent predictor of stroke, likely due to

synergistic effects with embolic events. Primary

hemodynamic or low-flow stroke may also occur

but is uncommon relative to primary embolic

or synergistic embolic and hemodynamic

mechanisms.

At present, only the degree of luminal diame-

ter narrowing as measured by catheter angiogra-

phy has been proven as a predictor of outcome in

large-scale clinical trials of intervention versus

medical therapy [3, 4]. Many other features of

atherosclerotic plaque, including length of

stenosis, cross-sectional area reduction, blood

flow velocity, and plaque ulceration or irregular-

ity, have been associated with higher risks of

stroke on medical treatment, but none has been

proven in randomized clinical trials as predictors

of stroke risk.

Epidemiology

First-ever or recurrent ischemic stroke affects

approximately 795,000 people in the United

States annually [5]. An additional 200,000 to

500,000 people present with transient ischemic

attacks (TIA) rather than a completed stroke.

Associated carotid bifurcation disease is involved

in 20–30 % of patients with these neurological
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symptoms [6]. Clinical trials of surgical endarter-

ectomy in symptomatic patients (TIA and stroke)

with severe stenosis (measured by catheter angi-

ography) have shown substantial benefit for sec-

ondary stroke prevention over medical therapy

[7]. The issue of carotid imaging is relevant to

this population for the purpose of secondary

stroke prevention and to patients with asymptom-

atic carotid stenosis, which is present in up to

20 % of patients with prior myocardial infarction

or peripheral vascular disease.

Overall Cost to Society

In 2007, the American Heart Association (AHA)

estimated the total economic burden for stroke to

be $41 billion [5]. The large majority of this cost

is for acute and long-term care after stroke. The

mean lifetime cost of ischemic stroke in the

United States is estimated at $140,048. Conse-

quently, even expensive diagnostic evaluation

and treatments aimed at primary or secondary

stroke prevention are often cost-effective.

Goals of Imaging

The overall goal of carotid imaging is to

identify appropriate candidates for surgical or

endovascular revascularization. Patients with

insignificant degrees of stenosis are treated med-

ically. Imaging must detect, localize, and accu-

rately measure the degree of stenosis in order to

accomplish this goal.

Methodology

PubMed (National Library of Medicine,

Bethesda, MD) was used to search for original

research publications investigating the diagnostic

performance and effectiveness of imaging strate-

gies for the extracranial carotid artery bifurca-

tion. The search included the period 1966 to

June 2011. Search terms included combinations

of the following key words: carotid, stenosis,

imaging, ultrasound, angiography, magnetic

resonance, computed tomography, stroke, and

ischemia. Additional articles were identified

from the references of these papers. The review

was limited to human studies and English-

language literature. Abstracts and titles of articles

were reviewed for relevance to this topic. Rele-

vant articles were reviewed in full.

Discussion of Issues

What Is the ImagingModality of Choice
in Symptomatic Carotid Artery
Stenosis?

Summary

At present, carotid artery imaging is performed to

identify the presence and measure the degree of

atherosclerotic stenosis in order to select appro-

priate candidates for surgical endarterectomy

(strong evidence). Several different imaging

strategies may be employed in symptomatic

patients:

• Catheter angiography (CA) can be used for

this purpose (strong evidence).

• Doppler ultrasound (DUS), computed tomo-

graphic angiography (CTA), and magnetic

resonance angiography (MRA), alone or in

some combination, if adequately validated at

the local institution with quality assurance

data, may be used to screen patients with

<50 % stenosis prior to catheter angiography

(moderate evidence).

• DUS, CTA, and MRA, alone or in some com-

bination, if adequately validated locally, may

be used to identify patients with severe steno-

sis (�70 %) for surgical endarterectomy

(moderate evidence). Those with moderate

stenosis (50–69 %) at noninvasive imaging

can be further investigated with CA (moderate

evidence).

Supporting Evidence

Patients with TIA, stroke, or ischemic ocular

events are considered symptomatic. High-grade

carotid artery stenosis is common in patients with

anterior circulation ischemic symptoms [6, 8].

Carotid endarterectomy (CEA) is highly effective
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in reducing stroke risk in patients with �70 %

stenosis (strong evidence). This has been

established by two large multicenter randomized

trials of CEA versus best medical therapy [3, 4].

The North American Symptomatic Carotid

Endarterectomy Trial (NASCET) showed

a 17 % absolute risk reduction for ipsilateral

stroke over 2 years with CEA compared with

medical management in symptomatic patients

with at least 70 % stenosis. Surgery in patients

with symptomatic but more moderate stenosis of

50–69 % had a 6.5 % absolute risk reduction of

ipsilateral stroke over 5 years [9]. The decision

for surgery in patients with moderate stenosis

should consider other risk factors as the benefit

is not as dramatic. Male patients, patients with

recent symptoms, and patients with cerebral

rather than ocular ischemic symptoms have

greater benefit with surgery.

Catheter Angiography (CA)
Both NASCET and the European Carotid Sur-

gery Trial (ECST) used catheter angiography

(Fig. 36.1a, b) to select patients for surgery

[3, 4]. The degree of stenosis by deciles was

correlated with surgical benefit in both studies.

The use of catheter angiography, therefore, has

been correlated to clinical outcome in a way that

no other noninvasive imaging modality has been

validated (strong evidence).

The use of noninvasive screening tools to

reduce or eliminate the need for catheter angiog-

raphy has been extensively investigated. These

imaging tools have the advantage of reducing

cost and risk to patients due to catheter angiogra-

phy. However, this comes at the expense of

potentially overestimating stenosis and

subjecting patients to unnecessary surgical risk,

as well as underestimating stenosis and

subjecting patients to increased stroke risk from

natural history of the disease. Sound validation of

these different modalities against catheter angi-

ography with local quality assurance data is

imperative [10].

Local variables including the accuracy of

DUS, CTA, and MRA; the rate of stroke with

angiography; and the surgical complication rate

can have profound effect on cost-effectiveness

[11, 12]. The most cost-effective strategy may

not be the same at every institution.

Doppler Ultrasound (DUS)
Typically, imaging of the carotid arteries

involves an anatomic measurement of stenosis.

DUS, on the other hand, relies on a blood flow

velocity as a marker of stenosis. The most com-

mon ways to make this determination are mea-

suring the peak systolic velocity (PSV) and the

ratio of the PSV in the internal carotid (IC) artery

to that in the ipsilateral common carotid (CC)

artery. Most laboratories define two major cate-

gories of stenosis: 50–69 % and 70–99 %. By

consensus, these categories correspond to PSVs

of 125–230 cm/s and >230 cm/s and IC to CC

ratios of 2–4 and >4, respectively [13].

While the performance of DUS can be highly

variable [14], the sensitivity and specificity for

detection or exclusion of �70 % stenosis of the

internal carotid artery generally range from 85 %

to 90 % compared with catheter angiography

[15, 16]. Different criteria can be better corre-

lated with angiography at different laboratories.

In a study by Alexandrov et al., PSV was more

accurate in one lab while the use of ratios was

more accurate in another [17].

As performance varies substantially among

devices (Fig. 36.2a–c), validation of local vascu-

lar laboratories is required. With validation,

ultrasound performance can be sufficient for the

reliable identification of patients with no signifi-

cant stenosis and of those with severe stenosis

[18]. Wide confidence limits for the degree of

stenosis in individual patients can limit the ability

of DUS to accurately classify patients at

the thresholds for clinical decision making

(i.e., 70 % stenosis).

Another major limitation of DUS is that near

total occlusion can be mistaken for total occlu-

sion, an important clinical distinction. Additional

issues include elevated velocities in the setting of

a contralateral carotid occlusion and with

a carotid stent in place as well as generally higher

velocities in women [19–21]. Dense calcification,

vessel tortuosity, high carotid bifurcation, and

thick overlying soft tissue can also preclude an

optimal study.
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Computed Tomographic Angiography
(CTA)
Koelemay et al. reviewed data from 28 studies

published between 1992 and 2003 using single

slice scanners [22]. Eight of the 28 studies were

considered to be methodologically sound with

blinded review of images and reduction of other

sources of bias. The pooled sensitivity and spec-

ificity of CTA for the detection of 70–99 % ste-

nosis were 85 % (95 % CI, 79–89) and 93 %

(95 % CI, 89–96), respectively. For detection of

complete occlusion, the sensitivity and specific-

ity were 97 % (95 % CI, 93–99) and 99 % (95 %

CI, 98–100), respectively.

The advent of multidetector machines has

expanded the vascular imaging capabilities of

CT scanners. An early consecutive series of

patients (81 vessels over 3 years) receiving both

multidetector CTA and DSA in the initial evalu-

ation of stroke and TIA showed that the two

studies were in agreement 96 % of the time

(95 % CI, 90–99) when using a 70 % threshold

for stenosis. CTA was 100 % sensitive and 63 %

specific with a negative predictive value of 100%

for stenosis<70%. As such, the authors advocate

its use as an excellent screening test [23].

Similar toDUS,which is known to have operator

variability, CTA can also be prone to local variation.

In the French multicenter study, Carotide-

Angiographic par Resonance Magnetigue-

Echographic-Doppler-Angiosce (CARMEDAS),

using CTA alone resulted in the misclassification

of stenosis in 11 of 64 patients (determined at sur-

gery) [24]. While there were five centers enrolled in

the study, nine of the 11 CTA misclassifications

came from one center (asymptomatic arteries).

This was attributed to lack of standardization in

postprocessing and measurement methods.

Zhang et al. have evaluated the reproducibility

of automated CTA analysis and showed that cor-

relation between CTA and DSA improved from

0.69 to 0.81 in a series of 72 vessels in 36

symptomatic carotid stenosis patients when man-

ual corrections for interfering factors such as

ulcerations, calcifications, and adjacent vessels

were applied [25]. This further illustrates

the importance of local validation with quality

assurance data.

Magnetic Resonance Angiography (MRA)
Early MRA utilized phase-contrast technique,

and much of the initial validation literature was

for time-of-flight (TOF) techniques [26]. More

recent studies involve contrast-enhanced MRA

(CE-MRA), which improves vascular contrast

and is less susceptible to motion or dephasing

artifact [27]. Both TOF-MRA and CE-MRA

showed high accuracy for the detection of high-

grade internal carotid artery (ICA) stenosis and

occlusion with CE-MRA having an advantage

compared to TOF-MRA in a recent meta-analysis

[28]. The sensitivity and specificity of TOF-MRA

for the detection of�70–99 % ICA stenosis were

91.2 % (95 % CI, 88.9–93.1) and 88.3 % (95 %

CI, 86.7–89.7), respectively, whereas the sensi-

tivity of CE-MRA was 94.6 % (95 % CI,

92.4–96.4) with a specificity of 91.9 % (95 %

CI, 90.3–93.4). For ICA occlusion, the sensitivity

of TOF-MRA was 94.5 % (95 % CI, 91.2–96.8)

and the specificity was 99.3 % (95 % CI,

98.9–99.6). For CE-MRA, the sensitivity and

specificity were 99.4 % (96.8–100 %) and

99.6 % (99.2–99.9 %), respectively. Sensitivity

was poor (TOF-MRA) to fair (CE-MRA) for

moderately severe stenosis (50–69 %).

In a study comparing CE-MRA to TOF-MRA,

the administration of gadolinium did not offer

a significant advantage in distinguishing surgi-

cally treatable ICA stenosis �70 % [29]. This

may be important in patients with contraindica-

tions to gadolinium. In another study specifically

looking at gadofosveset-enhanced MRA, the

steady-state imaging allowed by a blood-pool

contrast agent was superior to first-pass imaging

in the assessment of vessel stenosis and plaque

morphology, and the combined reading protocol

was more accurate [30].

Aside from low sensitivity for moderate ste-

nosis, MRA does have other notable limitations

(Fig. 36.3a–c). MRA, particularly TOF-MRA,

tends to overestimate the degree of stenosis.

Many studies in the literature show a falsely ele-

vated specificity for carotidMRA in the detection

of high-grade stenosis due to spectrum bias [31].

This results from the fact that the reported speci-

ficity typically includes both clinically normal and

significantly narrowed carotid arteries. While this
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would be appropriate if MRA were used as

a screening test (where high sensitivity is needed

and low specificity can be tolerated), many prac-

tices use it as a confirmatory test (where high

specificity is needed) after sonography. Also,

postprocessing techniques can influence stenosis

measurement. In particular, CE volume rendering

tends to overestimate the degree of stenosis [32].

A recent meta-analysis based on individual

patient data from both research and audit-derived

data suggested that CE-MRA was the most accu-

rate of the noninvasive imaging modalities (DUS,

CTA, andMRA) for 70–99% stenosis with a sen-

sitivity and specificity of 85 % [33]. The authors

state that the data in the current literature gener-

ally overestimates accuracy for noninvasive

studies, that sensitivity for moderate stenosis is

substantially lower than for high-grade stenosis

across the board, that combinations of noninva-

sive tests do not improve both sensitivity and

specificity but rather improve one at the expense

of the other, and that ultimately, accuracy

depends on whether or not the patient is symp-

tomatic with respect to the vessel of interest.

What Is the ImagingModality of Choice
in Asymptomatic Carotid Artery
Stenosis?

Summary

There is evidence from large randomized trials

that asymptomatic patients with 60–99 % steno-

sis benefit from carotid endarterectomy (strong

evidence). However, no screening program has

been shown to reduce the incidence of stroke, and

screening of the general population is not

recommended [34]. Furthermore, there is no con-

sensus on the subgroups that would benefit from

such screening. The American Society of Neuro-

imaging recommends screening adults>65 years

of age and who have �3 cardiovascular risk fac-

tors [35]. A consensus panel recommends screen-

ing patients with carotid bruits who are

candidates for revascularization and those in

whom coronary artery bypass grafting is planned

[36]. Only well-validated DUS or MRA labora-

tories are recommended for this purpose.

Supporting Evidence
Atherosclerosis is a systemic disease. The associ-

ation between carotid and coronary artery disease

has long been established [37, 38]; this is

manifested in the perioperative stroke risk in cor-

onary artery bypass patients [39, 40]. The associ-

ation with peripheral vascular disease is also well

documented. In a series of 373 consecutive

patients with documented peripheral vascular dis-

ease, 94 were candidates for endarterectomy,

22 with ischemic cerebral events, and 72 asymp-

tomatic patients [41].

Aside from the evaluation of risk factors, the

discovery of a neck bruit is another way to select

patients for screening. A large early study

looking at the role of carotid stenosis in ischemic

stroke found >75 % stenosis by DUS in 17 %

of 500 asymptomatic patients with a carotid

bruit [42]. More recently, however, the Northern

Manhattan Study found the sensitivity of

auscultation to be 56%, specificity 98%, positive

predictive value 25 %, and negative predictive

value 99 % for the detection of carotid

stenosis [43]. The false-negative rate was 44 %.

This suggests that auscultation is not sufficient

to exclude carotid artery stenosis, and while

the presence of a bruit may warrant DUS,

DUS may be considered in high-risk asymptom-

atic patients regardless of findings on

auscultation.

At the same time, the benefit of surgery in

patients with asymptomatic carotid artery steno-

sis is not as substantial as in the symptomatic

case. Two randomized controlled trials do show

that patients with 60–99 % ipsilateral carotid

stenosis have stroke risk reduction with surgery

[44, 45]. The Asymptomatic Carotid Atheroscle-

rosis Study (ACAS) estimated that the 5-year risk

of ipsilateral stroke and any perioperative stroke

or death in good surgical candidates with

carotid artery stenosis of 60 % or greater was

5.1 % versus 11.0 % in the medically treated

patients [44]. Operating on 85 patients would

prevent one stroke per year, or if the patients did

not die of cardiac death first, operating on

17 patients would prevent one stroke in 5 years.

However, because only half the strokes were

disabling, their absolute risk reduction was

616 Y. Kadkhodayan et al.



2.6 %, which about doubles the number of

patients needed to be treated to prevent one

disabling stroke compared with any other

stroke. Subgroup analyses showed no benefit in

women.

The Asymptomatic Carotid Surgery Trial

(ACST) yielded similar results [45]. Surgical

morbidity and mortality was 3.1 %. The absolute

stroke risk reduction at 5 years was 5.4 %. With

good medical care, patients face only a 2 %

annual stroke rate, which falls below 1 % after

successful carotid endarterectomy. However, the

benefits exceed the risks only if the 30-day post-

operative morbidity and mortality remain low;

otherwise, there is no benefit.

Given the results of these trials and the chal-

lenges of screening asymptomatic patients, only

well-validated DUS or MRA laboratories are

recommended for this purpose (moderate evi-

dence). The critical factors for screening are

well-validated noninvasive methods and

documented low surgical complication rates.

Cost-Effectiveness Analysis
Screening of asymptomatic patients with nonin-

vasive methods and highly specific thresholds

may be cost-effective in certain high-risk

populations, such as patients with known athero-

sclerotic disease in other circulations or the pres-

ence of a bruit over the carotid artery on physical

examination. Studies addressing the cost-

effectiveness of screening asymptomatic carotid

artery stenosis have resulted in divergent

conclusions [46]. The critical factor in whether

intervention is effective is the surgical complica-

tion rate. A one-time screening program of

a population with high prevalence (20 %) of

�60 % stenosis costs $35,130 per incremental

quality-adjusted life-year (QALY) gained.

Decreased surgical benefit (less than 1 % annual

stroke risk reduction with surgery) or increased

annual discount rate resulted in screening

being detrimental, resulting in lost QALYs.

Annual screening cost $457,773 per incremental

QALY gained. In a low-prevalence (4 %) popu-

lation, one-time screening cost $52,588

per QALY gained while annual screening was

detrimental [47].

What Is the Role of Carotid Angioplasty
and Stenting?

Summary

Carotid angioplasty and stenting (CAS) is

a reasonable alternative to carotid endarterec-

tomy (CEA) in selected patients (moderate evi-

dence). Subgroups that may benefit from CAS

include those who have undergone prior neck

surgery or radiation therapy as well as those

who are deemed to be at high surgical risk

for a variety of reasons including significant

cardiac or pulmonary disease, contralateral

carotid artery occlusion, laryngeal nerve palsy,

or age >80 years.

At present, CAS is accepted as a reasonable

therapy for patients with severe stenosis and

recent ischemic symptoms who are not good sur-

gical candidates (moderate evidence). Patients

who are good surgical candidates should be

treated surgically or within clinical trials. Nonin-

vasive screening of symptomatic but surgically

ineligible patients for possible carotid stenosis

should be done prior to angioplasty and stenting

(moderate evidence). The benefit of angioplasty

and stenting for asymptomatic patients is

unproven (insufficient evidence).

Supporting Evidence

Meta-analyses have shown CAS to be associated

with a lower rate of myocardial infarction and

procedural morbidity when compared to CEA;

however, CAS has also been associated with

a higher rate of periprocedural stroke [48–52].

The only randomized trial of CAS (with

embolic protection device) versus CEA specifi-

cally looking at high surgical risk patients

(Stenting and Angioplasty with Protection in

Patients of High-Risk Endarterectomy, SAP-

PHIRE) was stopped early due to slow enroll-

ment [53]. Patients with a symptomatic stenosis

>50 % or asymptomatic stenosis >80 % and at

least one high-risk factor were enrolled. How-

ever, many patients were excluded as they were

perceived to be at too high a risk for surgery.

The primary composite endpoint of death, stroke,

or myocardial infarction (MI) within 30 days

or death or ipsilateral stroke between 31 days
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and 1 year occurred in 12.2% of the CAS arm and

20.1 % of the CEA arm (absolute difference,

�7.9 %; 95 % CI, �16.4–0.7 with p ¼ 0.004 for

noninferiority and p ¼ 0.053 for superiority). In

symptomatic patients, the incidence of the pri-

mary endpoint was similar (16.8 % with CAS,

16.5 % with CEA). In asymptomatic patients, the

primary endpoint occurred less frequently in

the CAS group (9.9 % vs. 21.5 %). At 3 years,

the rates of stroke and target-vessel revasculari-

zation were similar in both groups (7.1 % with

CAS vs. 6.7 % with CEA and 3 % with CAS vs.

7.1 % with CEA, respectively). A major issue

raised by this study is whether these patients

would have done better with medical therapy

alone.

In the Carotid and Vertebral Artery

Transluminal Angioplasty Study (CAVATAS),

which randomized patients to endovascular treat-

ment (rate of stent use was only 22 %) and med-

ical therapy, the stroke and death rates were

similar in both groups (10 % at 30 days and

14.2 % at 1 year) [54]. The Stent-Protected

Angioplasty versus Carotid Endarterectomy

(SPACE) trial randomized 1,200 patients with

symptomatic high-grade stenosis to CAS and

CEA and showed no significant difference in

outcome at 30 days [55]. The Endarterectomy

Versus Angioplasty in Patients with Symptom-

atic Severe Carotid Stenosis (EVA-3S) trial

enrolled 520 patients before being stopped due

to a higher 30-day stroke and adverse event rate

in the CAS arm [56].

Other randomized trials of CAS with embolic

protection devices versus CEA in standard-risk

patients are ongoing. An interim safety analysis

of 1,713 randomized symptomatic patients with

>50 % stenosis in the International Carotid

Stenting Study (ICSS) revealed a 120-day stroke,

death, or procedural MI rate of 8.5 % with CAS

and 5.2 % with CEA for a hazards ratio of 1.69

(95 % CI, 1.16–2.45) [57]. Carotid Revasculari-

zation Endarterectomy versus Stent Trial

(CREST) showed no significant difference in

the rate of overall periprocedural stroke, death,

or MI and ipsilateral stroke through 4 years

among 2,502 symptomatic and asymptomatic

patients (7.2 % with CAS and 6.8 % with

CEA) [58]. The component periprocedural events

did differ, however, between the 2 groups. While

absolute rates were low, stroke was more fre-

quent with CAS, and MI was more frequent

with CEA. Also, younger patients, particularly

those <70 years of age, tend to do better with

CAS while older patients do better with CEA.

The association between older age and increased

complication rate after CAS, possibly related to

vessel tortuosity and calcification, was also noted

in the SPACE and ICSS trials.

What Is the Role of Physiological
Imaging in Carotid Artery Stenosis and
Occlusion?

Summary

Physiological imaging studies that identify com-

pensatory hemodynamic mechanisms for low

perfusion pressure have been shown to be pow-

erful predictors of subsequent stroke in patients

with symptomatic carotid artery stenosis or

occlusion using some but not all physiological

imaging methods (strong evidence). The best evi-

dence is for measurements of oxygen extraction

fraction (OEF) with positron emission tomogra-

phy (PET) and breath-holding transcranial

Doppler (TCD) studies (strong evidence). There

is moderate evidence (level II) supporting the use

of stable xenon computed tomography (Xe-CT)

and single photon emission computed tomogra-

phy (SPECT) methods. At present, however, the

use of this information to guide therapy has not

been proven to change outcome (limited evi-

dence). The two patient populations in whom

these tools are likely to become important

are those with symptomatic complete carotid

artery occlusion and asymptomatic carotid artery

stenosis.

Supporting Evidence

Methods of Hemodynamic Assessment A

completely occluded carotid artery often has no

effect on the pressure in the arteries of the brain

beyond the occlusion. In some patients, the circle

of Willis or pial collateral branches are sufficient

to maintain normal arterial pressure and
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consequently normal cerebral blood flow. In

other patients, the pressure in the arteries of the

brain beyond the occlusion will decrease. There

are two compensatory mechanisms by which the

brain can maintain normal oxygen metabolism

and thereby normal neurological function when

arterial pressure falls. First, in autoregulation,

blood flow can be maintained by reducing vascu-

lar resistance. Second, as flow is reduced pas-

sively as a function of pressure and exceeded

autoregulatory capacity, the brain can increase

the amount of oxygen extracted from the blood.

Single measurements of cerebral blood flow

(CBF) alone do not adequately assess cerebral

hemodynamic status. First, normal values may

be found when perfusion pressure is reduced,

but CBF is maintained by autoregulatory vasodi-

lation. Second, CBF may be low when perfusion

pressure is normal. This can occur when the met-

abolic demands of the tissue are low. Reduced

flow due to reduced metabolic demand may not

cause confusion when low regional CBF is mea-

sured in areas of frank tissue infarction. However,

blood flow can also be reduced in normal,

uninfarcted tissue due to the destruction of nor-

mal afferent or efferent fibers by a remote lesion

as well [59].

Three basic strategies have been developed to

assess regional cerebral hemodynamic status

noninvasively [2]. The normal compensatory

responses of the brain and its vasculature to

reduced perfusion pressure as outlined above

are assumed to be present. The first two strategies

are used to indirectly identify the presence and

degree of autoregulatory vasodilation. The third

relies on direct measurements of OEF.

The first strategy relies on paired blood flow

measurements with the initial measurement

obtained at rest and the second measurement

obtained following a cerebral vasodilatory stim-

ulus. Hypercapnia, acetazolamide, and physio-

logical tasks such as hand movement have been

used as vasodilatory stimuli. Normally, each will

result in a robust increase in CBF. If the CBF

response is muted or absent, preexisting

autoregulatory cerebral vasodilation due to

reduced cerebral perfusion pressure is

inferred. Quantitative or qualitative (relative)

measurements of CBF can be made using

a variety of methods, including xenon 133 by

inhalation or intravenous injection, SPECT,

Xe-CT, PET, and magnetic resonance imaging

(MRI). Changes in the velocity of blood in the

middle cerebral artery (MCA) trunk or internal

carotid artery (ICA) can be measured with TCD

and MRI. The blood flow or blood velocity

responses to these vasodilatory stimuli have

been categorized into several grades of hemody-

namic impairment: (1) reduced augmentation

(relative to the contralateral hemisphere or nor-

mal controls), (2) absent augmentation (same

value as baseline), and (3) paradoxical reduction

in regional blood flow compared to baseline mea-

surement. This final category, also called the

“steal” phenomenon, can only be identified with

quantitative CBF techniques as measurement of

absolute values is necessary.

The second strategy uses either the measure-

ment of regional cerebral blood volume (CBV)

alone or in combination with measurements of

CBF in the resting brain in order to detect the

presence of autoregulatory vasodilation. The

CBV/CBF ratio (or inversely the CBF/CBV

ratio), mathematically equivalent to the vascular

mean transit time, may be more sensitive

than CBV alone for the identification of

autoregulatory vasodilation. Quantitative

regional measurements of CBV and CBF can be

made with PET or SPECT. Patients are identified

as abnormal with these techniques based on com-

parison of absolute quantitative values or hemi-

spheric ratios of quantitative values to the range

observed in normal control subjects. Magnetic

resonance techniques for the quantitative

measurement of CBV have been developed

and validated against PET in normal subjects

and patients with chronic cerebrovascular dis-

ease [60–64]. Quantitative measurements

using CT perfusion have been not been well

validated.

The third strategy relies on direct measure-

ments of OEF to identify patients with increased

oxygen extraction. At present, regional measure-

ments of OEF can be made only with PET using

oxygen-15-labeled radiotracers. Both absolute

values and side-to-side ratios of quantitative and
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relative OEF have been used for the determina-

tion of abnormal from normal.

Association with Stroke Risk Complete occlu-

sion of the carotid artery is found in up to 15 %

of patients with carotid territory TIAs or strokes

[8]. The risk of subsequent stroke in this popula-

tion is high (5–7 % per year) [65]. No preventive

therapy has proven effective. A randomized trial

of extracranial to intracranial arterial bypass, the

EC/IC bypass trial, found no benefit with bypass

compared to medical therapy [66]. One limitation

of this study was the lack of hemodynamic assess-

ment. A large percentage of patients included in

the study may have had normal flow due to circle

of Willis or other sources of collateral flow and

therefore nothing to gain from an extra-anatomic

bypass [67]. The presence of severe hemodynamic

impairment has since been proven to be an inde-

pendent and powerful predictor of stroke in

patients with carotid artery occlusion [2, 68].

As these methods are inferential and indirect,

correlation with outcome is required [2]. At pre-

sent, the strongest evidence is for PET measure-

ments of OEF and TCD measurements of

cerebrovascular reserve (strong evidence). The

St. Louis Carotid Occlusion Study was

a blinded, prospective study of 81 patients with

symptomatic carotid artery occlusion that also

specifically assessed the impact of other risk fac-

tors [68]. The risk of all stroke and ipsilateral

ischemic stroke in symptomatic subjects with

increased OEF was significantly higher than in

those with normal OEF (log rank p ¼ 0.005 and

p ¼ 0.004, respectively). Univariate and multi-

variate analysis of 17 baseline stroke risk factors

confirmed the independence of this relationship.

The age-adjusted relative risk conferred by

increased OEF was 6.0 (95 % CI, 1.7–21.6) for

all stroke and 7.3 (95 % CI, 1.6–33.4) for ipsilat-

eral ischemic stroke. Similar data were reported

by Yamauchi et al. [69]. The Carotid Occlusion

Surgery Study (COSS), a randomized trial of

bypass for patients with increased OEF, was

recently concluded. No benefit of surgery was

found owing to high perioperative complication

rates (Powers, oral presentation at the 2011 Inter-

national Stroke Conference).

Several investigators have studied the associ-

ation of paired flow techniques with stroke risk.

Six found an association with stroke risk and

three found none. Two of the six positive studies

used a TCD method (breath-holding) and pro-

vided strong evidence (level 1) for patients with

complete carotid artery occlusion and patients

with asymptomatic carotid artery stenosis

[70, 71]. Vernieri et al. enrolled 104 patients with

complete carotid artery occlusion and followed

them for a median period of 24 months [72]. The

blood velocity response to 30 s of breath-holding

was measured by TCD on study entry. Baseline

stroke risk factors were assessed. The threshold for

an abnormal TCD was set prospectively. Eighteen

patients suffered a stroke during the follow-up

period. Age and abnormal TCD response were

independent risk factors for subsequent stroke.

Klieser and Widder reported an association

between abnormal blood velocity responses to

hypercapnia (by TCD) and the risk of subsequent

stroke in 85 patients with carotid artery occlusion

[73]. Both symptomatic and asymptomatic

patients were included. The risk of contralateral

stroke in the patients with diminished or

exhausted CO2 reactivity was increased,

suggesting the groups were not matched for

other stroke risk factors that were not evaluated.

A subsequent study by the same authors reported

the outcome of 86 patients with carotid artery

occlusion [74]. A much lower risk of stroke was

observed in the second study, and the number of

asymptomatic patients was not reported.

Yonas and coworkers reported an association

of the steal phenomenon (reduced blood flow by

Xe-CT) after acetazolamide and subsequent

stroke [75]. This study included patients with

high-grade carotid artery stenosis and patients

with carotid artery occlusion. The hemodynamic

data of patients with subsequent stroke was ana-

lyzed retrospectively in order to establish thresh-

old values for the categorization of high- and

low-risk groups. The authors subsequently

repeated the analysis with an additional 27

patients [76]. The hemodynamic criteria used to

establish high- and low-risk groups were differ-

ent from the prior analysis. Three of the five new

strokes that occurred did so in patients who would
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not have met criteria for the first study, and the

definition of clinical outcome included contralat-

eral stroke. Only two of the five new strokes were

in the hemodynamically compromised territory

of the occluded vessel.

Three studies have failed to find an association

of a paired flow technique and stroke risk

[77–79]. The largest and most methodologically

sound study was reported by Yokota and col-

leagues [78]. They prospectively evaluated 105

symptomatic patients with mixed lesions (unilat-

eral occlusion or severe stenosis [>75 % in diam-

eter] of the ICA or proximalMCA) with a SPECT

study of relative CBF using iodine-123-

iodoamphetamine (IMP) and with measurement

of cerebrovascular reactivity using acetazol-

amide. Other stroke risk factors were prospec-

tively assessed. Thirteen strokes occurred during

a median follow-up of 2.7 years: seven strokes

occurred in 39 patients with abnormal hemody-

namics and six in 39 patients with normal

hemodynamics. The investigators were not

blinded to the results of the hemodynamic

study. A relatively large number of patients

(n ¼ 16) were censored from the study because

of subsequent cerebrovascular surgery, and

a significant number of patients (n ¼ 11) were

lost to follow-up.

Cost-Effectiveness Analysis Cost-effectiveness

analysis suggests that the use of these physiolog-

ical tools, even expensive ones such as PET,

would be cost-effective for patients with symp-

tomatic carotid artery occlusion, provided there is

a benefit with surgical bypass [80]. The cost of

acute and long-term care for stroke victims

greatly exceeds the cost of diagnostic workup

and surgery.

In addition to patients with complete carotid

artery occlusion, another promising application

for hemodynamic assessment is in asymptomatic

carotid artery stenosis. The prevalence of hemo-

dynamic impairment in patients with asymptom-

atic carotid occlusive disease is very low [71, 81].

This low prevalence may account in part for the

low risk of stroke with medical treatment and

consequently the marginal benefit with revascu-

larization. The presence of hemodynamic

impairment may be a powerful predictor of sub-

sequent stroke in this population [71, 81]. This is

one area of research with enormous clinical

implications: if a subgroup of asymptomatic

patients at high risk due to hemodynamic factors

could be identified, it would be possible to target

surgical or endovascular treatment for those most

likely to benefit.

Only one study has been performed in this

population to date. Silvestrini et al. performed

a prospective, blinded longitudinal study of

94 patients with asymptomatic carotid artery ste-

nosis of at least 70 % followed for a mean of

28.5 months [71]. Breath-holding TCD was

performed on entry, as well as the assessment of

other stroke risk factors. An abnormal TCD study

was shown to be a powerful and independent risk

factor for subsequent stroke.

Take Home Tables

See Tables 36.1 through 36.3 for algorithms for

imaging symptomatic patients, asymptomatic

patients, and patients with cardiac artery occlu-

sion, respectively.

Table 36.1 Suggested algorithm for imaging symptom-

atic patients

1. Locally validated DUS, CTA, or MRA can be used to

exclude patients with <50 % stenosis from further

evaluation for carotid artery stenosis. These patients are

treated medically

2. Subsequent imaging decisions are based on the local

accuracy of noninvasive tests for the presence of severe

stenosis �70 % and occlusion

(a) If unreliable, all patients with suspected stenosis

>50 % or occlusion should undergo cerebral

angiography (CA)

(b) If reliable, patients with �70 % stenosis can go to

surgery and patients with 50–69 % stenosis or

occlusion go to CA for confirmation

Reprinted with kind permission from Springer Science+

Business Media from Barrocas AM, Derdeyn CP. Imaging

of the cervical carotid artery for atherosclerotic stenosis.

In: Medina LS, Blackmore CC, editors. Evidence-based

imaging: optimizing imaging in patient care. New York:

Springer; 2006
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Suggested Imaging Protocols

Catheter Angiography (CA)

Measurements of linear diameter reduction are

made using selective common carotid artery

injections in magnified anteroposterior (AP) and

lateral projections with oblique views if

necessary. For ICA lesions, the point of maximal

stenosis in any projection is measured and

expressed as a percentage of the normal distal

ICA diameter. If there is evidence of ICA col-

lapse due to low flow, the denominator will be

artifactually reduced. By convention this is

termed “near occlusion,” and the degree of ste-

nosis is not reported. If a complete occlusion is

encountered, a long run should be performed to

look for a string sign as well as to assess external

to internal collaterals. Subclavian or vertebral

artery injections to assess for collateral flow are

also useful. An aortic arch injection is useful to

evaluate for origin stenosis and arch morphology.

These procedures are optimally performed using

a biplane digital subtraction unit.

Doppler Ultrasound (DUS)

Five- or 7.5-MHz linear array transducers are gen-

erally used. The following measurements must be

acquired: the highest angle-adjusted peak systolic

velocity in the common, proximal and distal ICAs,

and at the point of maximal stenosis. Angle adjust-

ment for Doppler measurements is based on flow

direction by color Doppler. End-diastolic velocity

measurements are also at these levels. Ratios of

these velocities should be calculated. No one spe-

cific protocol or value can be recommended to use

as a threshold for the degree of stenosis. The

optimal thresholds for different degrees of stenosis

must be determined at each laboratory using angi-

ography as the reference standard.

Computed Tomographic Angiography
(CTA)

Helical CT acquisition for coverage of the aortic

arch to the circle ofWillis generally employs 3-mm

helical beam collimationwith a 3-mm/s table speed,

12-cm field of view from the origin of the great

Table 36.2 Suggested algorithm for imaging asymptom-

atic patients

If surgical complication rates (stroke and death) for

asymptomatic patients are <2 %, and the patient is a male

in relatively good health with a life-expectancy of at least

5 years, then a screening DUS, CTA, orMRA, followed by

surgery if positive, may be reasonable

Reprinted with kind permission from Springer Science+

Business Media from Barrocas AM, Derdeyn CP. Imaging

of the cervical carotid artery for atherosclerotic stenosis.

In: Medina LS, Blackmore CC, editors. Evidence-based

imaging: optimizing imaging in patient care. New York:

Springer; 2006

Table 36.3 Suggested algorithm for imaging patients

with carotid artery occlusion

If a noninvasive screening tool is documented as accurate

for complete occlusion, then no further imaging is

necessary for asymptomatic patients. The risk of stroke

with a missed high-grade asymptomatic stenosis is so low

that the risk of angiography is not worth the benefit. There

is no increased risk of stroke with higher degrees of

stenosis in asymptomatic patients

If the patient is symptomatic, the diagnosis should be

confirmed by angiography, as a missed high-grade

stenosis has a very high chance of causing a future stroke

Reprinted with kind permission from Springer Science+

Business Media from Barrocas AM, Derdeyn CP. Imaging

of the cervical carotid artery for atherosclerotic stenosis.

In: Medina LS, Blackmore CC, editors. Evidence-based

imaging: optimizing imaging in patient care. New York:

Springer; 2006
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vessels through the circle of Willis, and 140 kV,

240 mA, and 90 mL of nonionic contrast media

injected at 3 mL/s by a power injector. A 25-s

delay between injection and scan start is employed.

Contrast-Enhanced Magnetic
Resonance Angiography (CE-MRA)

A 3D subtracted gradient-recalled echo sequence

and turbo FLASH sequence (4/1.6, 25� flip angle,
120 � 256 matrix) is generally used. A total of

20 mL of gadolinium-based contrast is injected

by a power injector at approximately 3 mL/s.

Some clinicians use a timing bolus followed by

a saline flush to estimate the optimal time for the

CE scan. Others generate up to three post-

gadolinium runs and select the one with the best

arterial visualization for subtraction.

Future Research

• Imaging of atherosclerotic plaque and corre-

lation to plaque vulnerability and stroke risk

• Improving the ability of noninvasive imaging

to differentiate subtotal from complete

occlusion

• Identifying patients at high risk due to hemo-

dynamic factors for surgical or endovascular

treatment

Fig. 36.1 AB Selective arterial angiograms of the carotid

bifurcation showing 85 % stenosis without near occlusion

by the NASCET method of measurement (a) and near

occlusion (severe stenosis with narrowing of the distal

internal carotid artery) (b). To calculate the degree of

stenosis, the lumen diameter at the point of maximum

stenosis (point A) was measured as the numerator in

NASCET. The lumen diameter of the distal internal

carotid artery (point B) is used as the denominator.

The percent stenosis is calculated as (1 � A/B)*100. In

near occlusion, the denominator is artifactually low

(Reprinted with kind permission from Springer Science

+Business Media from Barrocas AM, Derdeyn CP. Imag-

ing of the cervical carotid artery for atherosclerotic steno-

sis. In: Medina LS, Blackmore CC, editors. Evidence-

based imaging: optimizing imaging in patient care. New

York: Springer; 2006)
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Fig. 36.2 (a–c) Relationship between Doppler fre-

quency/velocity and percent stenosis by angiography for

three specific devices: one with a device with a “strong”

relationship (a), one with a “moderate” relationship

(b), and one with a “poor” relationship (c) [14]. This was
a validation study performed as part of the Asymptomatic

Carotid Surgery Study (Reprinted with kind permission

from Springer Science+Business Media from Barrocas

AM, Derdeyn CP. Imaging of the cervical carotid artery

for atherosclerotic stenosis. In: Medina LS, Blackmore

CC, editors. Evidence-based imaging: optimizing imaging

in patient care. New York: Springer; 2006)
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Key Points

• Neck mass persistence, enlargement, or any

concern for a neoplastic etiology warrants

imaging in both adults and children. There is

no evidence available to substantiate this clin-

ical standard (Standard of Clinical Care).

• CT andMRI have similar sensitivity and spec-

ificity in the evaluation of metastatic cervical

lymph nodes. CT has a slightly better PPV and

NPV when compared to MRI. Conversely,

MRI is superior to CT for detecting perineural

spread (moderate evidence).

• FDG-PET can correctly identify lymph

node status in patients with head and neck

cancer with high PPV and NPV; it has not

significantly improved the classification of

node-positive necks compared to CT alone.

Therefore, PET/CT is not recommended for

routine initial staging of all patients. PET/CT

performed prior to panendoscopy can increase

diagnostic yield in the unknown head and neck

primary population, leading to more targeted

diagnostic procedures and treatment (moder-

ate evidence).

• Ultrasound (US) is underutilized in the United

States in part due to greater availability of

cross-sectional modalities. US has high sensi-

tivity (compared to clinical examination) in

the evaluation of cervical lymphadenopathy

in patients with head and neck cancer.

Coupled with guided fine needle aspiration,

the specificity of ultrasound is greater than

90 % (moderate evidence).

• Most local and regional recurrences of head

and neck cancer occur within the first 2 years

following therapy. Therefore, surveillance

imaging at 4–6-month intervals for the first

year and yearly thereafter for at least 2 years

has been suggested; however, there is no con-

sensus regarding proper timing of serial

posttreatment surveillance studies in patients

with head and neck cancer. FDG-PET and

PET/CT offer improved sensitivity and speci-

ficity compared to conventional CT and MRI,

with high negative predictive value. PET

exams should be performed at least 3 months

following completion of treatment to mini-

mize false-positive and false-negative results

(limited evidence).

Definition and Pathophysiology

In adults, the most likely cause of a neck mass is

either neoplastic or inflammatory. A persistent

neck mass in an adult older than 40 years should

raise a suspicion for malignancy. In adults who

present with a fever, the etiology is often inflam-

matory. Neck masses in children often have an

inflammatory, infectious, or a congenital cause.

Neck malignancy in children is rare.

Epidemiology

A neck mass is a frequently encountered problem

in patients presenting to the primary care clini-

cian. In adults, the clinician should have a high

index of suspicion for malignancy. The World

Health Organization estimated that there are

600,000 new cases of head and neck cancer and

300,000 deaths each year worldwide, with the

most common sites being the oral cavity, the

larynx, and the pharynx [1]. In children of various

ages, diverse conditions of congenital, acquired

inflammatory, neoplastic, or vascular origin man-

ifest as neck masses. These lesions vary in prev-

alence from common to very rare, and their

absolute number remains unknown. The preva-

lence of thyroid nodules in the general population

is approximately 50 % [2], and approximately

3–4 % of these nodules are malignant [3].

Overall Cost to Society

Neck mass imaging and treatment exerts an enor-

mous personal and financial burden upon society.

While the global cost of imaging for this indication

is not known, expenditure on neck imaging

performed in the United States was calculated

from the physician/supplier procedure summary

master file available on the Centers for Medicaid

and Medicaid Services website (www.cms.gov).
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In 2009–2010, $281,782,662; $19,625,937; and

$7,279,184 were charged for the total number of

skull base MRI, neck MRI, and neck CT examina-

tions performed in the United States, respectively.

To our knowledge, there is no data on the global cost

to society from general neck masses or neoplasms.

Goals of Imaging

The goals of initial neck imaging are to exclude

pseudomasses, delineate the anatomic space and

extent of the lesion, and evaluate for potential

primary source for malignancy in the region.

Imaging in head and neck cancer aims to estab-

lish tumor extent and size, assess nodal disease,

evaluate for perineural tumor spread, detect syn-

chronous primary lesions, and distinguish recur-

rent tumor from posttreatment changes.

Methodology

A MEDLINE search was performed using

PubMed (National Library of Medicine,

Bethesda, Maryland) for research publications

addressing the selection of diagnostic modalities

for imaging of the neck in various clinical

settings. The search covered the years 1955 to

January 2011. Search qualifiers employed were

as follows: (1) neck mass, (2) imaging, (3) head

and neck cancer, (4) thyroid nodules, and (5)

pediatric neck imaging. Additional articles were

located from the references list or original

research or review articles.

Discussion of Issues

What Imaging Strategy Is Appropriate
in Adults?

Summary

MRI and CT are complementary studies, and

selection of the appropriate imaging modality

should be based on the clinical question. MRI is

superior to CT for detecting perineural spread [4]

(moderate evidence) which is important for

initial staging for a variety of skull base tumors.

Both modalities can be used for initial diagnosis

of a primary head and neck malignancy and stag-

ing of enlarged cervical lymph nodes.

Supporting Evidence

The type of initial imaging study that has been

recommended has varied over the past 20 years

with the development and maturation of new

imaging modalities. Selection of the appropriate

imaging strategy depends on the specific clinical

issue in question.

Computed Tomography and Magnetic
Resonance Imaging
Both computed tomography (CT) and magnetic

resonance imaging (MRI) with contrast can pro-

vide adequate information regarding the size,

extent, location, and vascular characteristics of

a neck mass. Cystic and solid lesions can be dis-

tinguished, and the relationship of the mass to

other vital structures such as the airway and

major blood vessels can be assessed. In older

patients with a smoking history, the diagnosis is

often malignancy [5]. In adults who present with

a fever, the etiology is often inflammatory [6]. CT

andMRI can accurately diagnose both entities and

also reveal possible primary sites in the case of

neoplastic disease [7, 8]. In general, MRI is supe-

rior to CT for obtaining excellent tissue contrast,

which contributes to the superior delineation of

tumor extension and perineural spread [4]. On

high-resolution MRI, the sensitivity and specific-

ity in assessing metastatic nodes are 86 % and

94%, respectively [9]. Curtin and colleagues com-

pared the ability of MRI and CT in detection of

lymph node metastasis from head and neck squa-

mous cell carcinoma [10]. CT had anNPV of 84%

and a PPV of 50 %, and MR had an NPV of 79 %

and a PPV of 52 %. The addition of a CT scan to

a negative physical exam has been shown to

increase the detection rate of a primary head and

neck cancer to 62 % [11]. On contrast-enhanced

CT, the reported sensitivity and specificity in the

evaluation of metastatic cervical lymph nodes are

90.2 % and 93.9 %, respectively [12].

Both modalities can be used for initial diagno-

sis of a primary head and neck malignancy and
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staging of enlarged cervical lymph nodes [13–15].

However, the rapid image acquisition time of

MDCT reduces physiologic motion and produces

a higher consistent image quality compared

with MRI.

Diffusion-Weighted Imaging (DWI)
DWI has found various applications in head and

neck imaging because of its ability to measure

differences in tissue microstructure that are based

on random differences in water molecules. These

differences can be quantified using apparent dif-

fusion coefficients (ADC). In general, tissues that

are more compact at the molecular level (i.e.,

have higher cellularity) have lower ADC values.

Malignant lesions in the head and neck tend to

demonstrate lower ADC values than benign pro-

cesses or normal tissues, likely due to their

hypercellular nature. While some studies have

shown that primary malignancies in the head and

neck and metastatic nodes show ADC values

below 0.9–1.3 (�10�3 mm2/s), the optimal thresh-

old for differentiation is still not known [16–18].

A small prospective study has shown an ADC

threshold of 0.94 � 10�3 mm2/s to have 84 %

sensitivity, 94 % specificity, and 91 % accuracy

for differentiation betweenmalignancy and benign

lymph nodes in the head and neck. Similarly,

recurrent tumors show a decreased ADC com-

pared with therapy-related changes, presumably

due to increased free water in necrosis and

increased cellularity in recurrent tumors [19, 20].

CT and MR Perfusion
CT perfusion (CTP) has been used to detect

changes occurring in neoplasms at the microvas-

cular level as a result of neoangiogenesis. Head

and neck neoplasms demonstrate increased blood

volume (BV) and blood flow (BF) with decreased

mean transit time (MTT) compared with benign

lesions or normal tissue [21, 22]. A small pilot

study has shownMTT to be the best discriminator

between malignant and nonmalignant patholo-

gies with all lesions with MTT < 3.5 s being

malignant and no malignancies showing MTT

> 5.5 s [22]. Since recurrent tumors also

demonstrate neoangiogenesis akin to primary

malignancies, CTP is a valuable modality to

image this neovascularity. A study comparing

CTP parameters of suspected recurrent cancer

and lymph nodes in 77 patients with primary

cancer has shown that recurrent tumors tend to

demonstrate increased BF compared with post-

therapy masses (mean BF: 69.71 vs. 45.31 mL/

min/100 g tissue, respectively; p < 0.05). How-

ever, perfusion CT parameters could not differ-

entiate benign and malignant lymph nodes [23].

CT perfusion parameters have also been proved

helpful in predicting response to chemoradiation.

Baseline increased BF and capillary permeability

(CP) have been shown to be more predictive of

long-term response (at 24 months) [24], while

increased BV is predictive of short-term response

[25]. Also, during the course of chemoradiation

in patients with advanced head and neck cancer,

responders had significant reduction of BF and

BV values (p < 0.04), whereas in nonresponders

there was nonsignificant elevation of BV [25].

Similar to CTP, perfusion-weighted MR

imaging is also used to measure blood flow

mechanics at the microcirculation. This tech-

nique has also proven to be useful in

distinguishing tumor from normal tissues and

monitoring and predicting response to treatment.

Of the several methods for performing perfusion-

weighted MR imaging, the most widely used is

T2*-weighted DCE imaging. A small feasibility

study performed by Bisdas et al. [26] used first-

pass DCE perfusion-weighted MR to show that

all perfusion parameters (including BF, BV,

extravascular extracellular volume, MTT, and

permeability) were significantly different

between tumor and normal muscle tissue. In

a prospective study of DCE perfusion-weighted

MR imaging in HNSCC, there was significant

increase in BV after 2 weeks of chemoradiation

in patients who had local disease control com-

pared with those who had local or regional

failure. Interestingly, reduction in tumor volume

at 2 weeks of chemoradiation did not predict

local disease control. These data suggest that

perfusion-weighted MR imaging has the poten-

tial to be an additional tool in predicting response

to therapy. However, larger validation studies are

needed.
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Use of Contrast
Although unenhanced T1- and T2-weighted MR

images can delineate tumors, the administration

of contrast is recommended for adults and chil-

dren with no contraindication, as it results in

better delineation of tumor margins, tumoral

extension, or perineural invasion [27]. In addi-

tion, contrast is also essential for detecting neck

abscess, especially those that are intramuscular

[28]. IV contrast is also helpful for distinguishing

vessels from lymph nodes and determining if the

mass is hypervascular. Contrast can obscure visu-

alization of sialoliths, and non-contrast CT is

recommended in patients presenting with a neck

mass felt to be due to an obstructing sialolith.

MRI may be helpful in patients with non-

mineralized sialoliths. Iodine-based contrast

may be avoided in cases of prior thyroid cancer

history or when metastatic thyroid cancer is

suspected.

Positron Emission Tomography
The role of positron emission tomography (PET)

with fluorodeoxyglucose (FDG) in the staging of

head and neck squamous cell cancer (HNSCC) is

evolving. A large recent retrospective study has

shown the positive predictive value (PPV) and

the negative predictive value (NPV) of PET

imaging to correctly identify lymph node status

to be 94 % and 89 %, respectively [29]. More-

over, fused PET/CT is superior to CT alone for

the staging of cervical lymph nodes in patients

with HNSCC [12].

The role of PET for the detection of unknown

head and neck malignancies is gaining accep-

tance. Recent studies have demonstrated an

advantage of PET scans, with PET/CT leading

to an increase in detection rates of unknown pri-

mary malignancies from 25 % to 55 % [30, 31].

Modern PET/CT scanners can detect tumors as

small as 3–5 mm, but smaller primaries and

micrometastases may not be detected. Neverthe-

less, a PET/CT scan is a high-yield study in

patients with metastasis from an unknown head

and neck primary site [32].

Several studies have looked at the value of PET

imaging in initial staging and the detection of

metastatic disease or secondary cancers [33, 34].

While PET has higher sensitivity for the

detection of nodal disease, it has not significantly

improved the classification of node-positive necks

compared to CT alone. Currently, PET/CT is not

recommended for routine initial staging of all

patients with HNSCC [35].

Ultrasound
Indications of ultrasound (US) for the initial

diagnosis of neck masses in adults and children

are steadily increasing. The overall utilization of

neck US in the United States has generally

lagged Europe and Asia, in part to greater acces-

sibility of cross-sectional modalities such as CT

and MRI compared to other parts of the world. It

is well known that ultrasound is useful in differ-

entiating between solid and cystic lesion in both

adults and children. US is also helpful in

distinguishing between high-flow and low-flow

vascular malformations [36]. In addition, there

is also good evidence to support the role of US in

the assessment of cervical lymphadenopathy.

US is particularly sensitive compared to clinical

examination (96.8 % and 73.3 %, respectively)

in patients with previous head and neck cancer

[37]. It is also very helpful for directing image-

guided biopsy of non-palpable or small lesions

that are relatively superficial and for biopsy of

indeterminate soft tissue in the treated neck.

When combined with guided fine needle aspira-

tion (FNA), the specificity of ultrasound is as

high as 93 % [37]. Previous studies have also

shown that US-guided FNA of lymph nodes can

be useful in staging the clinically N0 neck [38].

While the PPV of this technique is high, concern

has been raised regarding the NPV and the

inability to exclude micrometastases. Studies

have also suggested that power Doppler US

can distinguish between metastatic and inflam-

matory neck nodes [39], with a repeatability of

85 % [40].

Angiography
The role of conventional angiography for initial

diagnosis is very limited. The initial imaging

modality for evaluation of a pulsatile neck mass

is CT angiography, which now appears to be

preferred toMRI [41]. Conventional angiography
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is usually performed for endovascular treatment

planning or further characterization of vascular

neck lesions.

Cost-effectiveness Analysis
Despite the widespread use of diagnostic neck

imaging, there are relatively few studies that

have investigated its cost-effectiveness. Only

two studies have reported the cost-effectiveness

of PET and PET/CT for staging head and neck

cancer. Hollenbeak et al. [42] showed that PET is

cost-effective as part of a strategy for treating the

N0 neck in HNSCC patients. In their model, the

use of PET resulted in a reasonable cost per

quality-adjusted life year (QALY) because occult

regional lymphatic disease was recognized at

a subclinical stage. The standard threshold for

cost-effectiveness is $50,000 per QALY. Sher

et al. [43] assessed the cost-effectiveness of

PET/CT as a predictor of the need for adjuvant

neck dissection compared with neck dissection

for all patients. Their analysis confirmed that

adjuvant neck dissection in patients with residual

disease after PET/CT was more a cost-effective

strategy than dissecting all patients or using CT

only, even when the societal willingness to pay

was set as high as $500,000/QALY.

Special Case: Selection of an
Appropriate Imaging Strategy in the
Pediatric Neck

Summary

Options for imaging the pediatric neck are essen-

tially the same as those previously discussed for

adult imaging and carry many of the same advan-

tages and disadvantages. The decision of which

modality to employ in a pediatric patient, how-

ever, must be informed by several issues unique to

the pediatric population. First, the epidemiology

of pediatric neck masses is significantly different

than adult neck masses, with the vast majority of

processes being benign in nature. Second, high-

quality cross-sectional imaging in the pediatric

population frequently requires sedation, with

additional inherent risks. Finally, pediatric

exposure to ionizing radiation should be

minimized, particularly when exposing the radio-

sensitive thyroid gland. These considerations

have resulted in the wide use of US as the initial

imaging technique in the assessment of extracra-

nial pediatric head and neck masses. CT and

MRI, however, are indispensable for characteri-

zation of deeper lesions and in delineating the

extent of disease. Increasingly, MR imaging is

preferred over CT because it imparts no ionizing

radiation and evaluation of tissue signal intensity

and enhancement allows for better characteriza-

tion of many lesions. However, MR imaging

requires sedation in infants and young children,

which can be problematic. Also, with increasing

availability in children’s hospitals, PET/CT is

now being widely used for staging pediatric

oncologic disease and monitoring response to

treatment.

While radionuclide scanning in the neonate

remains the gold standard for the diagnosis of

congenital hypothyroidism, US should be the

first screening modality employed followed by

radionuclide scanning when there is no tissue

present in the neck. US is also the preferred

imaging modality for diffuse enlargement of the

thyroid gland and nodular thyroid disease. CT

and MRI are useful for evaluating large thyroid

masses and for staging patients with thyroid car-

cinoma. FDG-PET has also shown utility in

thyroid cancer, with high specificity and sensitiv-

ity for recurrence and metastasis in patients with

negative I-131 whole-body imaging, but rising

thyroglobulin levels.

Supporting Evidence

Congenital Neck Masses In children suspected

of having a congenital abnormality, US is often

performed as a first exam, as it is sufficient for

distinguishing a cystic from a solid mass. Color

Doppler is also helpful for detecting arterial or

venous vascularity in a solid lesion. The frequent

superficial location of head and neck masses

makes them readily accessible to US examina-

tion. If needed, the examination can be performed

at the bedside, and sedation is rarely necessary.

Thyroglossal duct cysts (TDCs) are the most

common congenital neck mass found in children.

TDCs can be located anywhere along the course
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of the thyroglossal duct from the base of the

tongue to the thyroid gland, most commonly at

the level of the hyoid bone. A retrospective

review of 45 patients with midline masses who

underwent preoperative US showed a cyst and

a normal thyroid gland in all patients with path-

ologically proven TDCs [44]. However, a recent

retrospective review conducted at a tertiary care

center failed to demonstrate an association

between preoperative ultrasound-based diagno-

ses and postoperative pathologic results in

children with midline neck masses [45]. Indeed,

in our practice, CT or MRI is often needed to

complete the diagnostic workup and initiate

surgical planning.

Infectious/Inflammatory Lesions Acute inflam-

matory cervical masses are a commonly encoun-

tered pathology in the pediatric population. In

most cases, these masses consist of enlarged reac-

tive or suppurative lymph nodes, caused by an

upper respiratory tract or pharyngeal infection. In

a prospective study of 26 consecutive patients

with suspected neck abscesses, US was shown

to have a 100 % accuracy in detecting surgically

proven abscesses [46]. However, other authors

demonstrated relatively low accuracy of ultra-

sound, with sensitivity ranging from 60 % to

70 % and specificity of 88 % [47]. This discrep-

ancy is felt to be due to the inability of pediatric

patients to actively cooperate during imaging

studies. When compared directly with CT,

a recent retrospective review found US to be

sufficient for assessment of inflammatory masses

in a pediatric population [48]. CT provided addi-

tional information only in 4 of 25 children (with

deep-seated infections) who underwent both US

and CT. For obvious reasons, a deep infection or

abscess should be thoroughly investigated with

CT or MRI.

Benign and Malignant Tumors Either CT or

MRI can be performed in children suspected of

having a malignancy. There is no strong evidence

to facilitate an a priori recommendation of CT or

MRI. A case-by-case approach is best suited. For

example, fibromatosis colli is a benign fusiform

mass arising within the sternocleidomastoid

muscle of a neonate. US is the imaging modality

of choice in this case, and characteristic imaging

findings in conjunction with clinical features of

congenital torticollis usually obviate the need for

additional imaging.

While the preponderance of pediatric neck

masses is benign, an awareness of the occurrence

and imaging characteristics of neoplastic lesions

is important for any radiologist involved in pedi-

atric imaging. According to the National Cancer

Institute’s Surveillance, Epidemiology, and End

Results tumor registry, head and neck tumors

make up approximately 12 % of pediatric malig-

nancies, with lymphoma being the most common

head and neck region cancer type overall. Other

common tumor types include neural tumors such

as neuroblastoma, soft tissue sarcomas, and thy-

roid carcinoma. There is evidence for an increas-

ing incidence of pediatric head and neck cancers,

particularly thyroid carcinomas [49]. Imaging in

the setting of malignancy is frequently multi-

modal and can include US, CT, MRI, and PET

depending on tumor type and institutional

protocols.

In the case of lymphoma, CT has become

a widely used modality for initial staging and

follow-up given its ability to provide a global

evaluation of nodal and extranodal disease.

Despite issues of radiation exposure, CT may be

preferred to MRI in many centers due to its wide-

spread availability and reduced frequency of

required sedation with modern helical techniques

[50]. The evaluation of cervical lymphadenopa-

thy by standard CT size criteria, however, can

result in false-positive results in the setting of

infectious/inflammatory adenopathy and false-

negative results with small lymph nodes harbor-

ing disease at treatment follow-up. FDG-PET and

PET/CT have been shown to have improved sen-

sitivity and specificity characteristics in these

settings compared to conventional imaging

modalities such as CT and MRI. One prospective

study of FDG-PET for assessment of therapy

response in pediatric Hodgkin’s lymphoma dem-

onstrated a 100 % sensitivity and 78 % specificity

for residual disease with PET compared with

50 % sensitivity and 11 % specificity for conven-

tional anatomic imaging. It is felt that patients
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with an early favorable response to chemotherapy

demonstrated by decreasing standardized uptake

values (SUV) on PET may represent a group in

which radiotherapy can be safely omitted [51].

Radiation dose from diagnostic imaging in pedi-

atric oncology will continue to be a challenge

with these modalities, and an effort to apply

ALARA (as low as reasonably achievable) prin-

ciples to the development of appropriate pediatric

imaging protocols is needed.

Soft tissue sarcomas and neural origin

tumors such as neuroblastoma are relatively

less common in the head and neck region. The

most common is rhabdomyosarcoma, which

frequently involves the orbit or skull base.

While CT can provide information about osseous

erosion in these locations, MRI may be preferred

due to excellent soft tissue resolution and the

ability to delineate intracranial extension of dis-

ease. There is limited evidence available to sup-

port the use of diffusion-weighted imaging in the

characterization of pediatric head and neck

masses. A recent study found a significant differ-

ence in apparent diffusion coefficient (ADC)

values between malignant tumors and benign

lesions with a sensitivity and specificity for dif-

ferentiating benign from malignant lesions of

94 % and 91 %, respectively, when a threshold

ADC value of 1.25 � 10�3 mm2 s�1 was used

[52]. MRI frequently requires sedation in youn-

ger patients; however, there is a growing body of

literature documenting extensive clinical experi-

ence with out-of-OR pediatric sedation for radio-

logical procedures with relatively few significant

adverse events [53]. PET/CT also appears to be

a promising tool in evaluation of pediatric sar-

coma patients, with utility in identifying

unknown primary rhabdomyosarcoma, detecting

unsuspected metastasis and in monitoring

response to medical and surgical therapies [54].

Thyroid Imaging Radionuclide scanning in the

neonate remains the gold standard for the diag-

nosis of congenital hypothyroidism. A 10-year

retrospective review of pediatric patients who

underwent 123I thyroid scintigraphy showed that

this modality reliably identified the location of

the thyroid gland and assessed functional status

[55]. A study of 88 consecutive patients with

congenital hypothyroidism compared US and

radionuclide scanning and found that US did not

distinguish between athyreosis and ectopic

glands but did distinguish between the presence

and absence of thyroid tissue [56]. These authors

suggest, and we agree, that US should be the first

screening modality employed followed by radio-

nuclide scanning when there is no tissue detected

in the neck.

For diseases other than congenital hypothy-

roidism, such as diffuse enlargement of the

thyroid gland and nodular thyroid disease, US is

the preferred imaging modality. One review of

the ultrasound findings of 22 children with dif-

fuse goiter revealed that Hashimoto’s thyroiditis

had abnormal echogenicity in all cases, while all

patients with colloid goiter were normal [57]. In

this study, US was more sensitive in discriminat-

ing these two conditions than was the presence or

absence of thyroid antibodies.

Thyroid US is also the imaging modality of

first choice for most individuals with nodular

thyroid disease. Thyroid nodules are relatively

less common in pediatric patients; however,

they are more likely to harbor thyroid carcinoma,

and there is epidemiological evidence for

increasing incidence of pediatric thyroid cancer,

as stated previously. Also, patients with a history

of pediatric malignancy who have received radi-

ation therapy to the neck or mediastinum are

known to be at increased risk for thyroid malig-

nancy. A large Korean multicenter study of ultra-

sound in patients with nodular thyroid disease

showed that the presence of at least one malig-

nant US finding had a sensitivity of 83.3 %,

a specificity of 74.0 %, and a diagnostic accuracy

of 78.0 % [58]. Radionuclide scanning of nodules

at first presentation has two problems. First, not

all thyroid carcinomas present as cold nodules on

scanning, and second, most thyroid cysts are cold

on scanning. This approach can therefore lead to

unnecessary intervention in patients.

High-dose I-131 ablation remains a common

part of post thyroidectomy management for

patients with diagnosed thyroid cancer, and
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whole-body imaging with I-131 continues to

have a role in identifying metastatic disease.

FDG-PET has also shown utility in thyroid

cancer, with up to 94 % sensitivity and 95 %

specificity for recurrence/metastasis in patients

with negative I-131 whole-body imaging, but

rising thyroglobulin levels [59, 60].

Imaging the Posttreatment Neck

Summary

Imaging of the posttreatment neck is

a challenging task for most radiologists. An ini-

tial baseline CT orMRI should be obtained at 4–6

weeks after radiation or surgery. We caution

against use of early PET/CT for surveillance or

assessment of response to avoid false-positive or

false-negative results. While surveillance imag-

ing is recommended at 4–6-month intervals for

the first year and yearly thereafter for at least

2 years, we would like to emphasize the impor-

tance of a tailored imaging strategy based on the

clinical indication and an understanding of the

information that the imaging study can provide.

Supporting Evidence

Baseline Imaging The timing of a baseline sur-

veillance scan is difficult to ascertain since the

time at which tumor recurrence develops depends

on the initial response to treatment, presence of

tumor-free margins, and the aggressiveness of the

tumor. Considering these variables, Som and col-

leagues recommend obtaining a baseline CT or

MRI at 4–6 weeks after radiation or surgery, after

most of the presumed treatment-related changes

have resolved [61]. There is evidence that the

baseline study itself may carry valuable predic-

tive information. Enhanced CT obtained 30 days

after chemoradiation in node-positive patients

with HNSCC showed CT to have a negative pre-

dictive value of 94 % when correlated with neck

dissection [62]. The role of MRI in this regard is

less well established. FDG-PET at this stage has

been shown to have unacceptable rates of false-

positive and false-negative results (sensitivity

and specificity were 67 % and 53 %, respectively,

for detecting occult disease in cervical lymph

nodes) and is not recommended [63].

Surveillance Recommendation Most tumor

recurrences occur within 2 years after initial treat-

ment, with one series showing 17 % of patients

experiencing some type of recurrence, 91 % of

which occurred within the first 18 months [61].

Additionally, while almost 100 % of local and

regional recurrences will occur within 2–3 years

from initial diagnosis and treatment, there is an

ongoing risk of developing a second primary

malignancy in these patients. This risk is substan-

tial, being estimated at 3–7 % per year, with

a cumulative 5-year risk of 15–25 % [64, 65].

Multimodality imaging plays a large role in sur-

veillance of these patients; nonetheless, there is no

consensus regarding proper timing of serial

posttreatment surveillance studies. One analysis

of the available literature suggests that baseline

imaging should be performed no later than 3–6

months after completion of therapy and that the

most intensive surveillance should be performed

within the first 3 years [66]. CT or MRI can be

employed depending on the clinical circum-

stances, with MRI preferred at the skull base

when perineural spread of malignancy is

a concern. PET is accurate in diagnosis of recur-

rence, with a sensitivity of approximately 94 %

and specificity of 82%; however, if the patient has

been treated with radiation therapy, the literature

suggests that PET should optimally be performed

at least 10 weeks to 3 months after completion of

treatment to minimize false-positive and false-

negative results, and some authors advocate for

the use of PET beginning 1 year after therapy

[66–68]. Surveillance imaging should always be

accompanied by a clinical examination, and

a general recommendation for surveillance imag-

ing and clinical examination at 4–6-month inter-

vals has been suggested for the first year, with

yearly follow-up thereafter for at least 2 years [69].

Assessment of Response to Treatment Post-

treatment anatomic imaging with CT or MRI

appears to be most accurate for predicting

primary-site response of squamous cell carcinoma
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when performed approximately 3–4 months after

the completion of radiation treatment. Complete

radiologic resolution of the lesion on the

posttreatment study compared with pretreatment

study strongly suggests a successfully controlled

primary site, with tumors that fail treatment

being characterized by less than 50 % reduction

in size [70, 71]. A partial response, defined as

a persistent mass that has reduced in size by more

than 50 %, requires further imaging and close

clinical observation. Interval enlargement of

such a mass is suggestive of recurrent disease,

whereas stability over a 2-year period suggests

fibrosis and scarring. The application of newer

techniques such as perfusion CT may allow for

monitoring therapy response, as decreased tumor

blood flow and blood volume during therapy

correlate with post-therapy reduction in tumor

size [72]. PET/CT may also be used to assess

response to initial high-dose radiation therapy

or neoadjuvant chemotherapy. A progressive

decrease in FDG uptake correlates well with

tumor regression [73]. Negative PET results

obtained 4 months after completion of therapy

are more reliable [74, 75]. This assessment of

disease response to therapy has been found to

have prognostic implications. Complete resolu-

tion of primary tumor on CT and negative results

on post-therapy PET have been individually cor-

related with overall improved survival, particu-

larly in high-risk head and neck squamous cell

cancer patients [76, 77].

Recurrence and Restaging Evaluation of the

posttreatment neck, particularly differentiation

between posttreatment fibrosis and recurrent

tumor, can be extremely difficult with CT or

MRI imaging alone. Newer techniques such as

dynamic contrast-enhanced MRI may have

promise in differentiating post-therapeutic

change and recurrent tumor [78]. Unfortunately,

other techniques such as diffusion-weighted

MRI have shown limited utility for this purpose

[79, 80]. With a sensitivity and specificity

between 88–100 % and 75–100 %, respectively,

for FDG-PET compared with 70–92 % and

50–57 % for CT and MRI, PET and PET/CT

have become a favored tool for detecting

recurrent or residual disease [81–83]. While

FDG-PET can have false-positive results in this

setting, negative results on PET are highly corre-

lated with control of neck disease after

chemoradiation [84]. PET/CT andUS, particularly

when coupled with US-guided fine needle aspira-

tion, have been found to be complementary tools

in surveillance for head and neck cancer [85].

Take-Home Table and Figure

See Table 37.1 for sensitivity and specificity of

imaging options for detection of cervical masses

and adenopathy. See Fig. 37.1 for suggested

imaging workup of head and neck primary.

Imaging Case Study

Case 1: FDG-PET false negative (Fig. 37.2)

Table 37.1 Sensitivity and specificity of imaging options for detection of cervical masses and adenopathy

Detection of cervical masses

and adenopathy Sensitivity (%) Specificity (%) References Evidence

MRI 86 94 [9] Limited

CT 90.2 93.9 [12] Moderate

US 96.8 93a [37] Moderate

PET/CT 94 94.8 [32] Moderate
b 92 62 [30] Moderate

aIn conjunction with fine needle aspiration
bDetection of unknown primary head and neck tumor after PET-/CT-directed biopsy
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(*Baseline MRI or CT at 4-6 weeks following radiation or surgery followed by
surveillance scan at 6 month intervals and yearly thereafter for at least 2 years.
Recurrence or treatment response can be assessed after 3 months with PET/CT.)

Staging and
treatment*

Primary Found?
Otolaryngologist 

evaluation

PET/CT

Panendoscopy and 
directed biopsy

Staging and
treatment*

Fig. 37.1 Suggested imaging workup of an unknown head and neck primary

Primary Cancer
Primary Cancer#1

#1

#2

Fig. 37.2 FDG-PET false negative. Contrast-enhanced CT and FDG-PET images at the same anatomic level in the

upper neck demonstrate no uptake within a necrotic level II lymph node (#2)
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Suggested Imaging Protocols

CT Neck with Contrast

Can be performed as an initial examination for

all patients with neck mass persistence, enlarge-

ment, or any concern for a neoplastic etiology.

Protocol: 1.25-mm-thickness axial images

extending from the skull base to the thoracic

inlet are obtained after the administration of

intravenous contrast. Sagittal and coronal

reconstructions are also obtained. We evaluate

structures in the lower neck on separate post-

processed series using a large field of view.

MRI Neck with Gadolinium

Indicated for better delineation of tumor exten-

sion and perineural spread. Protocol: axial T1W

without fat saturation. Axial T2W and T1W post-

contrast images with fat saturation. Images are

acquired from the skull base to the thoracic inlet.

PET/CT

Optimally performed at least 3 months after com-

pletion of treatment to assess for response or

recurrence. Protocol: PET/CT is obtained from

the vertex to the mid-thigh. At our institution,

a diagnostic neck CT is obtained concurrently

and interpreted by neuroradiology staff in collab-

oration with nuclear medicine physicians.

Consider ultrasound as a first study in children

presenting with a neck mass.

Future Research

• Evidence to support guidelines for baseline

and posttreatment surveillance imaging in

patient with head and neck cancer.

• Prospective trials to determine the positive pre-

dictive value of PET in predicting chemother-

apy response in pediatric oncologic disease and

to guide the possible omission of radiotherapy.

• Considering the limitations of FDG-PET,

there is need for the development of new bio-

markers to predict early treatment response in

patients with head and neck cancer. These

markers would also be useful in predicting

individuals at high risk for recurrence.

• Studies examining the cost-effectiveness of

ultrasound as a first imaging study after dis-

covery of a palpable neck mass.
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Key Points

• The most common palpable neck mass in

adults is lymphadenopathy, the majority of

which is reactive infectious/inflammatory in

nature; not uncommonly, however, a neck

mass is the first presentation of neoplasm

involving the cervical lymph nodes. There-

fore, cross-sectional imaging is not necessary

in adult patients presenting with lymphade-

nopathy with the following: (1) obvious clin-

ical evidence of common viral upper

respiratory infection or superficial

odontogenic infection without clinical con-

cern for deep space abscess; (2) absence of

a focal suspicious mass of the aerodigestive

tract; (3) no risk factor formalignancy; (4) reli-

able follow-up (moderate evidence).

• Contrast-enhanced computer tomography

(CECT) is the imaging work horse for evalu-

ation of infectious inflammatory neck mass

who fail conservative medical management

or when deep neck infection (DNI) is

a clinical concern (moderate evidence).

When performing alone without clinical

input, CECT has poor accuracy and specificity

in identifying purulent collection for drainage;

therefore, both CECT and clinical assessment

are critical components in management deci-

sion to drain the identified collection (moder-

ate evidence). CECT provides valuable

information regarding the extent of disease

and guide surgical approach for drainage as

needed (moderate evidence).

• CT or MR scan of the neck is valuable as the

initial imaging modality in the patients with

high probability of harboring neoplasm (mod-

erate evidence).

• CT and MR are comparable in most instances,

complement one another at times and superi-

ority of one modality over the other cannot be

generalized to all anatomic subsites of the

neck and all pathologies. Therefore, the

modality choice depends on the tumor’s loca-

tion and pathology and specific clinical ques-

tion (moderate evidence).

• MR’s advantage of soft tissue discrimination

makes it the modality of choice for assessment

of neoplasm in the suprahyoid location such as

oral squamous cell carcinoma (SCCA), intra-

cranial involvement, perineural spread, and

salivary gland tumors (limited-moderate

evidence).

• CT and MR complement each other in assess-

ment of sinonasal neoplasm for precise soft

tissue tumor mapping and bone/skull base

involvement, and CT fusion is routinely used

for intraoperative surgical navigation (moder-

ate evidence).

• CT and MR are comparable in evaluation of

laryngeal tumor; however, CT is the preferred

modality due to its fast imaging time, excel-

lent spatial resolution, and lower cost. MR is

reserved for problem solving when precise

soft tissue tumor margin and exclusion of car-

tilaginous involvement are equivocal by CT

(limited-moderate evidence).

• US guidance improves the rate of successful

diagnostic yield in fine needle aspiration

(FNA) and is recommended (moderate evi-

dence) even though its success depends

greatly on the expertise of the sonographer,

cytopathologist, and the pathology (moderate

evidence).

• 18-F-fluorodeoxyglucose–positron emission

tomography (FDG-PET) and subsequently

PET-CT demonstrate the best diagnostic per-

formance for staging and especially restaging

of FDG-avid lymphoma (strong-moderate evi-

dence). CT remains the test of choice for non-

FDG-avid lymphoma (moderate evidence).

• Ultrasound remains the gold standard for eval-

uation of thyroid nodules (strong-moderate

evidence).

• There is no evidence on the appropriate man-

agement of a palpable neck mass without

imaging correlate. As a general rule, however,

indeterminate palpable neck masses should be

at minimum followed with close observation

and repeat imaging if they grow or change

significantly. The repeat imaging choice and

timing require close collaboration between the

clinician and the radiologist in order to
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optimize the management strategy for the

most likely suspicious pathology.

Definition and Pathophysiology

Themajority of palpable neck masses referred for

imaging can be divided into these general cate-

gories: infection, neoplasm, or congenital mass

(Table 38.1). The cervical lymphatic system

including Waldeyer’s ring, superficial and deep

cervical nodes (occipital, auricular, parotid,

facial, retropharyngeal, submental, submandibu-

lar, internal jugular, spinal accessory, and

supraclavicular), serves as initial line of defense

against infections as well as neoplastic spread for

all structures within the head and neck including

skin, salivary glands, and aerodigestive tract.

Most cervical lymphatics drain to the submandib-

ular and internal jugular cervical lymph nodes,

which are consequently often involved in cervical

lymphadenitis and metastatic disease. Congenital

lesions mostly present in children but may man-

ifest late in adulthood as palpable neck mass or

neck infection, thus their typical anatomic loca-

tions and associated physical findings establish

the diagnosis and surgical management [1–3].

The range of pathologies of palpable neck

lumps is dependent on the age of the patient at

presentation, the associated symptoms and per-

sonable risk factors. Benign etiologies, such as

infections and congenital lesions, are very com-

mon in children. The most common palpable

neck mass in adults is reactive lymphadenopathy,

especially when there is clear clinical evidence of

infectious etiology. However, the likelihood of

harboring malignancy increases in adults over the

age of 40, when the neck mass persists after

standard of care conservative management and

when there are risk factors for malignancy as

detailed below.

Epidemiology

The incidence of palpable neck lumps is

not known but it is a well-recognized presentation

of many disease processes to emergency

department (ED), primary care physician (PCP)

office, and otolaryngology (ENT) referrals.

The 2008 National Hospital AmbulatoryMed-

ical Care Survey reported infectious disease and

neoplasm in the top primary diagnoses at emer-

gency department visits but only accounted for

3.1 % and 0.3 % of total visits, respectively [4].

When dividing the leading primary diagnosis by

age groups, for children younger than 15 years of

age, infectious etiologies (acute upper respiratory

infection-URI, otitis media and eustachian tube

disorders, fever of unknown origin, acute pharyn-

gitis) accounted for 22.7 % of all visits. For older

age group of 15–64 years, infections (acute URI,

cellulitis, and abscess) still remain in the top 10

diagnoses but only accounted for 4.8 % of all

visits. In patients older than 65 years of age,

the only infectious etiology remain in top diagno-

sis is pneumonia (3.2 % of all visits). These data

suggest presentation of a palpable neck mass in

emergency settings are primarily infections and

account for a very small percentage of ED visits.

Encounter of a neck mass in PCP office setting

and ENT referrals are common but the exact

epidemiology is unknown. Several small

series demonstrated 90 % of neck masses in chil-

dren are benign infectious adenopathy and con-

genital lesions [5]. Williamson retrospectively

reviewed 249 patients with enlarged lymph

nodes presented to family practice to clarify rec-

ommendations for evaluation of lymphadenopa-

thy [6]. He found only three patients were

diagnosed with malignancy and the remainder

were benign etiologies with only 36 % of patients

receiving a firm diagnosis. In a retrospective

review of 82 adult patients with unexplained cer-

vical lymphadenopathy in family practice setting,

only 1.1 % of this patient population had malig-

nant lymphadenopathy [7]. In ENT referral set-

tings, the occurrence of a malignant process in

palpable non-thyroid neck lesions in adults is

approximately 12–30 % [8–10]. These limited

evidences suggest the high prevalence of benign

palpable neck masses presented in all practice

settings.

In the United States, the most common head

and neck malignancies in adults are SCCA and

lymphoma with a reported incidence of 10.7 per
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100,000 cases of oral and pharyngeal cancer and

22.1 per 100,000 for lymphoma (2003–2007

combined years) [11, 12]. Cervical metastases

from head and neck SCCA occur in 15–87 % of

cases and vary depending on the primary tumor

location: 40 %–87 % of nasopharynx; 30 % of

oral cavity; 15 %–75 % oropharynx with com-

mon bilateral involvement (29 % of tonsil); 18 %

of pyriform sinus; and a small number as

unknown primary [8, 13, 14]. Evidence-based

imaging of cervical nodal metastasis in head

and neck cancer is extensively reviewed and sum-

marized in dedicated chapter by Drs. Furukawa

and Anzai (Chap. 40, “Diagnosis of Cervical

Lymph Node Metastasis in Head and Neck

Cancer: Evidence-Based Neuroimaging”).

The American Cancer Society reports increas-

ing incidence of thyroid cancer, which is partially

due to increased awareness and technological

advances in imaging detection of smaller lesions,

with a reported incidence of 10.2 per 100,000 for

the years 2003–2007 [15]. With regard to palpa-

ble neck mass, only about 4–7 % of thyroid

nodules are detected by palpation and approxi-

mately 5–10 % of these are malignant [16, 17].

The complexity of evidence-based imaging of thy-

roid nodule evaluation has been presented in depth

by Dr. Dighe’s dedicated chapter “Thyroid Nod-

ules andCancer” (Chap. 39, “ThyroidNodules and

Cancer: Evidence-Based Neuroimaging”).

Overall Cost to Society

The breakdown of imaging cost for each disease

entity presented as a palpable neck mass in adults

is unknown. The cost of care for neck infection

and benign neck masses is also not reported. On

the other hand, malignancy is reported to have the

greatest impact on patients’ morbidity, mortality,

and cost of care, which continues to rise as a result

of increased prevalence and medical advance-

ments [18–20] (moderate-strong evidence). The

National Cancer Institute estimated the national

economic burden of cancer care in 2006 as

10.168 billion dollars for lymphoma and 3.145

billion for head and neck cancers [18]. Findings

from Surveillance, Epidemiology, and End Result

(SEER) Medicare data show that the health eco-

nomic burden of head and neck SCCA is substan-

tial, with costs that are comparable to or higher

than those of other solid tumors [21]. In general,

net costs of care for both SCCA and lymphoma are

higher with later stage at diagnosis [20, 22].

There is variability in the practice of neck

imaging for neoplastic cervical masses,

depending on the available local expertise and

resource, but in most centers, CT and MR are

initial imaging choices (limited evidence).

Table 38.2 summarizes the range of imaging

costs by modalities. There are only a few limited

evidences comparing the cost-effectiveness of

these modalities in oncologic settings.

Goals of Imaging

The overall goal of initial neck imaging for

a palpable neck lump is to detect treatable causes,

ranging from benign congenital lesions to

potentially aggressive infections or malignancy.

This is an important initial step in the diagnosis

and management algorithm, enabling biopsy plan-

ning, workup for systemic diseases thatmanifest in

the neck, such as lymphomatous or granulomatous

disease, and in some instances prompting the nec-

essary intervention in an appropriate and timely

manner. The ultimate goal is to improve the

patient’s outcome and to optimize the imaging

strategy combining the highest diagnostic yield

with the lowest cost.

Advanced imaging techniques, such as FDG-

PET, MR perfusion, CT perfusion, and diffusion

weighted imaging (DWI), are available in clinical

practice for better tissue characterization, and

in some instances they are essential tools for

accurate staging and restaging to optimize

multidisciplinary approaches to cancer treat-

ment. These technological advancements are

specifically addressed in Drs. Balgude and

Mukherji’s chapter (Chap. 37, “Neck Masses

and Adenopathy: Evidence-Based Neuroimag-

ing”) and Drs. Furukawa and Anzai’s chapter

(Chap. 40, “Diagnosis of Cervical Lymph

Node Metastasis in Head and Neck Cancer:

Evidence-Based Neuroimaging” ).
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Options

Table 38.2 lists all diagnostic imaging options of

a neck mass and the average costs based on

Medicare reimbursement set by Centers for

Medicare and Medicaid Services in 2011.

Methodology

A MEDLINE search was performed using

PubMed (National Library of Medicine,

Bethesda, Maryland) for original research publi-

cations discussing the diagnostic performance

and effectiveness of imaging strategies in the

palpable neck lump. Clinical predictors of pathol-

ogy were also included in the literature search.

The search covered the years January 1980 to

September 2011. The search strategy employed

different combinations of the following terms: (1)

head and neck, (2) neck lump or neck mass,

(3) neoplasm or infection or congenital, (4) lym-

phoma, (5) imaging or computed tomography or

magnetic resonance imaging, or ultrasonography

or PET, and (6) cost. Additional articles were

identified by reviewing the reference lists of rel-

evant papers. This review was limited to human

studies and the English language literature. The

author performed an initial review of the titles

and abstracts of the identified articles followed by

review of selected full texts in articles that were

relevant.

Discussion of Issues

Who Should Undergo Imaging
for a Palpable Neck Mass?

Summary
Given that cost-effectiveness of imaging strategy

is dependent on the likelihood of the disease and

the change in management to optimize outcome,

it is essential to clinically stratify patients into

different levels of probability of disease as well

as potential change in management prior to imag-

ing (moderate evidence).

The range of pathologies of palpable neck

lumps is relatively dependent on the age of the

patient at presentation and associated risk factors.

It has been established in the literature that

benign etiologies are very common in children

and the most common palpable neck mass in

adults is lymphadenopathy; the majority of

which are infectious/inflammatory in nature and

do not require imaging (moderate evidence). The

exception is deep neck infection (DNI), which

can be potentially life threatening and

a combination of clinical assessment and imaging

is essential in its diagnosis and management

(moderate evidence). Therefore, cross-sectional

imaging is not necessary in adult patients

presenting with lymphadenopathy with the fol-

lowing: (1) obvious clinical evidence of common

viral upper respiratory infection or superficial

odontogenic infection without clinical concern

for deep space abscess; (2) absence of a focal

suspicious mass of the aerodigestive tract;

(3) no risk factor for malignancy; and (4) reliable

follow-up (moderate evidence).

CECT is recommended to evaluate atypical

neck infection that is not responsive to empiric

antibiotic course or to assess the full extent of

DNI and to identify and guide surgical treatment

of a drainable abscess (moderate evidence).

The likelihood of harboring malignancy

increases in adults over age forty, especially those

with persistent neck mass and associated risk fac-

tors. Hence, imaging is necessary in the adult pop-

ulation in the workup to excludemalignancy and to

guide management (moderate evidence).

Supporting Evidence

Clinical and Imaging Evaluation of the Palpable
Neck Masses With the technological advance-

ments of the past three decades, US, CT, and

MR imaging reveal the additional non-palpable

abnormalities (for example, strong evidence for

thyroid US) as well as hidden pathologies in deep

spaces of the neck and have proved to be more

accurate in detecting the extent of the disease

than is clinical assessment (moderate evidence

for SCCA and cervical metastatic adenopathy,

moderate evidence for deep neck infection,

moderate-strong evidence for lymphoma)
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[16, 23–27, 71, 87, 113, 159, 173, 174]. Imaging

adds valuable information for prognosis and man-

agement decisions (moderate evidence) and may

alter the disease outcome (limited evidence)

[80, 83, 84, 88]. Therefore, these imaging modal-

ities have been rapidly integrated into the standard

workup and management of various neck lumps

with insufficient evidence supporting their routine

use without a disease-specific stratification by

clinical assessment prior to imaging. By thorough

history review, physical examination, and clinical

experience, clinicians often establish an initial

clinical impression of a neck mass and subse-

quently select an appropriate imaging strategy to

aid in diagnosis and management [28–30].

Spectrum of Pathologies Presented as Palpable

Neck Masses Torsiglieri et al. conducted a large

retrospective chart review of 445 consecutive

pediatric patients at Children Hospital of

Philadelphia who underwent procedures for diag-

nosis and treatment of neck masses over a 5-year

period (January 1982–December 1986, age range

of 1 day to 21 years, mean age of 6.2 years, close

to equal gender distribution) [5]. They found

approximately half of all neck masses are congen-

ital, a third are inflammatory, and only about 10 %

are malignant. Clinical impression with subsequent

appropriate laboratory and diagnostic imaging pro-

vided correct preoperative diagnosis in 61 % of

patients (moderate evidence). Even though specific

imaging utilization in this large retrospective study

was only partially reported, the presented data

emphasized the importance of clinical impression

prior to adding laboratory and imaging to the

workup of pediatric neck masses.

In a retrospective review of 249 patients with

enlarged lymph nodes presented in family prac-

tice offices, 246 patients had benign etiologies

with only 36 % with a firm diagnosis [6]. Serious

or treatable causes of lymphadenopathy were

rare and were always accompanied by clinical

conditions that suggested further evaluation.

The author concluded that in patients without

associated concerning signs or symptoms,

a period of observation is safe and likely to save

unnecessary expense and biopsy. The overall inci-

dence of infectious mononucleosis in the United

States is about 500 cases per 100,000 persons per

year, with the highest incidence in the age group of

15–24 years and classic triad of pharyngitis, fever,

and lymphadenopathy. Most clinical and labora-

tory findings resolve by 1 month after diagnosis,

but cervical adenopathy and fatigue may resolve

more slowly [31]. In endemic areas such as India,

TB accounts for a large number of palpable cervi-

cal adenopathy as demonstrated in a series of

1,827 patients with cervical lymphadenopathy by

Khan et al.: 893 [48.87 %) cases of tubercular

origin (77 % in age range of 11–30 years); 571

(31.2 %) cases of nonspecific inflammation; and

only 202 (11 %) cases of metastases [32]. Infec-

tious and noninfectious granulomatous disease

manifestation as a palpable neck mass can persist,

and is difficult to diagnose by imaging alone and at

times raises legitimate clinical concern for

a neoplastic process [33].

In a retrospective study of 95 adults with pal-

pable neck lump (excluding parotid and thyroid

masses and patients with prior head and neck

malignancy), Bhattacharyya et al. found that

a combination of increasing patient age, size,

and duration of a neck mass renders the mass

more likely to be neoplastic and age is the most

important predictive factor for malignancy (lim-

ited evidence) [9]. Wang et al. retrospectively

looked in their database of 301 DNI and found

seven patients (age 40–74, median 64 years) had

DNI as the main initial presentation of primary

head and neck cancer [34]. In a prospective study

of 100 consecutive neck lump referrals to ENT

specialist, about half of the patients had reactive

adenopathy or no abnormality [10]. These limited

and moderate evidences reinforce the older

published literature that infectious-inflammatory

and non-neoplastic lesions remain common in

adults (66–68 %) and a small number of congen-

ital lesions can present in adulthood either as

a mass, cervical adenopathy, or as recurrent

infection [1–3]. Therefore, it is generally

accepted in standard practice to medically man-

age and follow up adults who presented with

a neck mass and clinical evidence of simple

reactive/infectious process without imaging [28].

CECT is the preferred modality and is neces-

sary in patients with clinical concern for DNI to
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guide management in order to avoid potential life

threatening complications in inadequately treated

infection [35, 36]. Limited-moderate data reported

CT to be more sensitive (95–100 %) than clinical

examination (30–55 %) in assessment of the full

extent of deep space involvement, and when com-

bined with clinical assessment it plays an impor-

tant role in surgical planning and conservative

medical management (high accuracy of 88–89 %

for identifying drainable abscess) [25–27].

Evidence-based imaging issues of infectious

adenopathy and neck infection are discussed in

dedicated special case section below.

Lymphoma remains the most common malig-

nant diagnosis in young adults with a persistent

and/or enlarging cervical adenopathy, especially

if it is associated with fever, night sweat, weight

loss, or abnormal blood counts [37–40].

Evidence-based imaging of lymphoma is

discussed in details as special case below.

In adults over the age of 40, the likelihood of

a neck mass harboring malignancy increases,

especially in those with associated high-risk fac-

tors [9, 10, 41–47]. HPV associated SCCA and

lymphoma can present in younger adult age

group, thus a persistent neck mass in an adult of

any age needs further evaluation. In a large ret-

rospective review of 522 consecutive adults with

head and neck cancer, Robertson et al. found

90 % were SCCA and 6 % were salivary gland

tumors with approximately 11.5 % of patients

initially presenting with a painless lump or swell-

ing. Almost all major salivary gland tumors were

presented as a palpable mass (91 % of parotid

gland tumors, 100 % of submandibular gland

tumors) and site-specific variable percentages of

SCC presented as palpable lymphadenopathy

(40 % nasopharyngeal, 29 % tonsillar, and 18 %

pyriform sinus tumors) [8].

Risk Factors There are many viral and bacterial

infectious causes of cervical lymphadenitis. The

most common bacterial organisms causing acute

unilateral infection are Staphylococcus aureus

and Streptococcus pyogenes. Viruses typically

cause bilateral acute cervical adenitis and are

common in children [30]. The presence of dental

or periodontal disease suggests anaerobic

bacteria [48]. Methicillin-resistant Staphylococ-

cus aureus (MRSA) skin and soft tissue infec-

tions typically occur with traditional risk

factors such as prolonged hospitalization, surgi-

cal procedure, or indwelling catheters. Recently,

community-acquired MRSA is well recognized

in intravenous drug abuse and has been reported

in children without traditional risk factors

[49–51]. Therefore, MRSA should be suspected

when infection does not respond to conventional

antibiotic regimen. Cervical mycobacterial adeni-

tis typically presents as chronic adenopathy;

Mycobacterium tuberculosis is common in

adults, whereas non-tuberculous mycobacteria

(Mycobacterium avium-intracellulare, Mycobac-

terium scrofulaceum, and Mycobacterium
kansasii) are more common in children

[32, 52–54]. Cat-scratch disease by Bartonella

henselae is also a common cause of lymphadenitis

generally is self-limited [55]. HIV/AIDS patients

can have chronic cervical lymphadenitis and they

are at risk for atypical opportunistic infection.

Diabetes poses a risk for DNI with wide spread

of inflammation and more complications

[56–58]. Odontogenic infection and upper respi-

ratory infection are common causes of DNI [59].

Laryngeal edema and resultant airway compro-

mise in DNI is common and descending necrotiz-

ing mediastinitis with rapid clinical deterioration

is a potential danger with high mortality [56, 60].

When selecting patients for further imaging

assessment of noninfectious neck masses, knowl-

edge of the risk factors for malignancy is impor-

tant. Head and neck SCCA has a strong

association with tobacco use and alcohol con-

sumption (moderate-strong evidence). Patients

with a history of prior upper aerodigestive tract

SCCA, particularly those who continue to smoke,

are at risk of developing recurrent disease or

a second head and neck malignancy due to field

cancerization (moderate-strong evidence),

because the entire mucosa is exposed to the car-

cinogen, explaining occurrence of synchronous

and metachronous lesions. Even though the like-

lihood of head and neck SCCA is only about

1–3 % in smokers over age 40, early detection

by routine screening physical exam for at-risk

patients remains the most important factor in the
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survival and ultimately the cost of care (moderate

evidence) [22, 41, 42]. A palpable neck mass in

a high-risk adult patient, especially with symp-

toms such as hoarseness, otalgia, or throat irrita-

tion, increases likelihood of malignancy [8, 42].

Human papillomavirus (HPV) has strong associ-

ation with oropharyngeal head and neck SCCA

[43–45]. Betel nut chewers also have increased

risk of oral SCCA (moderate evidence) [46].

The risk of developing non-Hodgkin’s lym-

phoma (NHL) increases with age, whereas the

risk of Hodgkin’s lymphoma (HL) is highest dur-

ing adolescence and early adulthood. Various

associated risk factors of NHL have been identi-

fied including altered immune function (post

organ transplant immunosuppression, severe

autoimmune conditions, human immunodefi-

ciency virus (HIV), and human T-cell leukemia

virus type I) [40]. Epstein Barr virus (EBV) has

a strong association with African Burkitt’s lym-

phoma, undifferentiated nasopharyngeal carci-

noma, and Hodgkin’s disease associated with

acquired immunodeficiency syndrome (AIDS).

EBV probably plays an important role in patho-

genesis of Hodgkin’s disease, HIV-related NHL,

and other epithelial malignancies [47]. A family

history of lymphoma and certain common genetic

variations in immune response genes are associ-

ated with a modestly increased risk for HL [61].

Notable risk factors for thyroid malignancy

include multiple endocrine neoplasia (MEN) syn-

drome, Cowden’s syndrome, familial adult

polyposis syndrome, family history of thyroid

cancer, and prior neck irradiation as a child

[62]. Thyroid cancer affects mostly young adults

with 80 % of newly diagnosed thyroid cancer

patients under the age of 65 years. However,

older age at diagnosis has less chance of survival,

and survival depends greatly on the stage at diag-

nosis and biological nature of each subtype. The

risk of malignancy is not dependent on whether

a thyroid nodule is palpable or non palpable,

small or large, solitary or multiple, dominant

or nondominant, and the nodule’s sonographic

features are important for the determination of

the risk of malignancy [62–66]. In patients with

multiple nodules, the overall cancer rate of

10–13 % is similar to patients with a solitary

nodule. While thyroid cancers are often in the

dominant or largest nodule, in approximately

one-third of cases the cancer is in a

nondominant nodule [66]. However, in known

cancerous nodules, size is a powerful predictor

for extraglandular tumor extension as well as

nodal, pulmonary, and osseous metastases [67].

Because a palpable thyroid nodule is typically

sizable, it requires further workup, including

evaluation for a functioning nodule. All

nonfunctioning nodules need thyroid US to

evaluate the sonographic features [16, 62].

Cervical nodal metastasis can occur from

malignancy outside the head and neck origin with

prototype supraclavicular metastatic lymphade-

nopathy from breast cancer and Pancoast tumor.

What Should Be the Appropriate
Imaging Modalities?

Summary
Because a palpable neck mass can be the mani-

festation of a broad spectrum of diseases, the

imaging strategy is optimized to assist in diagno-

sis and management of the clinically suspected

pathology in question. Complete evidence-based

imaging for evaluation of neck masses, cervical

metastatic adenopathy, and thyroid nodules

has been extensively reviewed in the dedicated

excellent chapters by Drs. Balgude andMukherji,

(Chap. 37, “Neck Masses and Adenopathy:

Evidence-Based Neuroimaging”) Drs. Furukawa

and Anzai (Chap. 40, “Diagnosis of Cervical

Lymph Node Metastasis in Head and Neck

Cancer: Evidence-Based Neuroimaging”), and

Dr. Dighe (Chap. 39, “Thyroid Nodules and

Cancer: Evidence-Based Neuroimaging”). To

encompass the most common pathology that can

present as a palpable neck mass, an overview on

basic initial imaging workup for SCCA, salivary

gland masses, and a palpable thyroid nodule will

be presented briefly. Attention will be given to

neck infection and lymphoma as special cases.

CT or MR scan of the neck is valuable as

the initial imaging strategy in the patients with

high probability of harboring neoplasm for

diagnosis, prognosis, and treatment planning
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(moderate evidence). Because each modality has

its own advantages and limitations, the superior-

ity of one modality over the other cannot be

generalized and has not been firmly established.

They are comparable in most instances and some-

times complementary of each other. Therefore,

the appropriate imaging strategy for the optimal

diagnostic performance and cost effectiveness

depends on the tumor’s site and pathology and

specific clinical question.

Specifically, MR is recommended as the imag-

ing modality of choice for treatment planning of

neoplasm in the suprahyoid locations such as

oral, oropharyngeal, and nasopharyngeal SCCA,

intracranial involvement, perineural spread, and

salivary gland tumors, because of MR’s advan-

tages in delineating a tumor from surrounding

normal soft tissue and minimizing dental filling

artifact (limited-moderate evidence).

CT and MR are comparable in evaluation of

laryngeal cancer with CT’s advantages of lower

cost, fast imaging time with less motion, and

excellent spatial resolution, while MR offers

higher soft tissue delineation but with a higher

cost and longer imaging time prone to motion

degradation (limited-moderate evidence). There-

fore, CT is the preferred modality and MR is

reserved for problem solving when precise soft

tissue tumor delineation and exclusion of carti-

laginous involvement are equivocal by CT

(limited-moderate evidence). In identifying car-

tilaginous invasion of laryngeal cancer, CT

criteria have high specificity but low sensitivity,

whereas MR criteria have a high sensitivity but

low specificity, and no single criteria have both

sensitivity and specificity above 70 % (moderate

evidence).

Both CT and MR are routinely used as pre-op

imaging for sinonasal neoplasm because

their complementary diagnostic information

is valuable for appropriate surgical

planning, and CT fusion is routinely used for

intraoperative surgical navigation (moderate

evidence).

Palpable salivary gland lesions can be clini-

cally divided into inflammatory or neoplastic

masses. For evaluation of sialolithiasis/

sialadenitis, CT offers better visualization of

the calcified stones, whereas MR offers better

soft tissue tumor mapping for evaluation of

salivary gland neoplasm (limited-moderate

evidence).

Ultrasound guidance improves the rate of

successful diagnostic fine needle aspiration

(FNA) cytology and is accurate in initial tissue

sampling of a palpable neck mass to assist man-

agement decision (moderate evidence). How-

ever, its success depends on the expertise of

the operator as well as the cytopathologist, and

a small percentage of false negative or false

positive is inherently due to sampling error,

inadequate specimen, or misinterpretation of

the vast pathologies of the neck (limited-

moderate evidence).

The evaluation of a palpable thyroid nodule

includes a combination of clinical assessment,

thyroid function tests, US, and FNA as needed.

If the patient has a suppressed thyroid stimulating

hormone (TSH), I-123 scan is recommended to

determine if it is a functioning nodule and there-

fore would have no significant risk of malignancy

(moderate evidence). Evaluation of the sono-

graphic features of thyroid nodules is considered

the most specific noninvasive method for

detecting nodules with features suspect for

a malignancy (moderate evidence). Fine-needle

aspiration biopsy (FNA) is the most accurate

diagnostic test to determine if a thyroid nodule

is malignant (strong evidence).

Supporting Evidence

There are mostly retrospective studies assessing

the diagnostic performance of imaging in the

evaluation of the critical issues in staging and

managing head and neck SCCA. These studies

provide limited-moderate evidence supporting

the standard practice of using CT or MR as

the first imaging modality for evaluation of

a suspicious neck mass. Because of the complex-

ity of multidisciplinary approaches to diagnosis

and treatment of head and neck cancers, the cost-

effectiveness and impact on patient outcome by

imaging utilization alone is not specifically

studied.

There are a few investigations comparing CT

and MR in evaluation of head and neck
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neoplasms. In many instances, CT and MR are

comparable and can substitute for each other

as needed. For example, a patient with an

MR incompatible device, such as a spinal stimu-

lator, can only have CT evaluation, whereas an

iodine contrast allergy patient benefits from

a gadolinium-based contrast MRI exam. CT has

great advantages over MR in terms of its wide-

spread availability, speed of acquiring images,

lower cost, and good spatial resolution. Addi-

tional advantages of CT are evaluating cortical

bone and separating fat from soft tissue. Dental

streak artifact is major disadvantage of CT in

evaluation of the oral cavity, and it can be mini-

mized with the angled scan parallel to the alveo-

lus; on the other hand, MR has advantages in

separating tumor from normal surrounding soft

tissue and excluding bone marrow and laryngeal

cartilage involvement [68–78, 89–94] (limited-

moderate evidence). Disadvantages of MR

include its limited availability, longer imaging

time required, and higher cost. Patient’s poor

tolerance and long scan time result in motion

artifact which limits the soft tissue distinction

capability of MR [69].

Takashima et al. compared diagnostic perfor-

mance of MR and CT in evaluation of SCCA

tumor extension to surrounding normal structure

in all subsites: seven oral cavities, two

oropharynges, seven hypopharynges, and

two larynges [68]. Sensitivity, specificity, and

accuracy were 89 %, 100 %, and 92 %, respec-

tively, for MR and 78 %, 75 %, and 77 % for CT.

MR’s superiority to CT in this study again owes

to MR’s better soft tissue discrimination between

tumor, muscle, and non-ossified cartilage (lim-

ited evidence).

Suprahyoid Neck: SCCA
Held et al. conducted a prospective study to com-

pare the diagnostic value of CT and MR in the

evaluation of 473 patients with pharyngeal

tumors (116 nasopharynx, 282 oropharynx, 39

hypopharynx) [69]. The differentiation of tumor

from inflammation was best achieved with MR,

while cortical bone infiltration and bony structure

involvement at the skull base were best evaluated

with CT (moderate evidence). For nasopharynx

tumors, detection and correct T tumor staging

were achieved better with MR; 90 of the total

93 true tumors were correctly detected with MR

while 13 of these cases were not detected by CT.

For oropharynx tumors, 180 out of 282 tumors

were correctly detected by CT but 31 tumors

could not be detected by CT compared to 7

tumors by MR due to artifact. For hypopharynx,

MR detected three tumors that were missed by

CT but also had three false positive compared to

one false positive by CT; both modalities had

trouble with small superficial tumors but extent

of tumor involvement was better appraised

by MR. This study also demonstrated fast

T2-weighted spin echo technique had advantage

of shorter imaging time with less motion degra-

dation and similar diagnostic information com-

pared to conventional spin echo technique.

Currently, fast spin echo and ultrafast gradient

echo MR sequences have been introduced to

replace conventional spin echo sequences to

shorten imaging time with equal or superior

lesion conspicuity (moderate evidence) [73, 74].

Utilization of fat suppression technique with

contrast-enhanced T1 weighted sequence has fur-

ther increased conspicuity of enhancing tumor by

MR (moderate evidence) [75–78].

Wiener et al. assessed the accuracy of 16-slice

multislice CT and 1.5 T MR in staging of 52

consecutive patients (mean age of 63) with oral

SCCA [70]. MR demonstrated better tumor

detection with sensitivity of 84.6 % compared to

69.2 % by CT. Regarding muscle infiltration, MR

had higher sensitivity compared to CT (82 % vs.

73 %), but both modalities had low specificity

and accuracy (63 % vs. 61 % and 67 % vs. 64 %,

respectively). Regarding bone involvement, MR

performed slightly better than CT with sensitiv-

ity, specificity, and accuracy of 100 %, 93 %, and

94 % versus 71 %, 96 %, and 92 %, respectively.

For N-staging both methods failed to detect small

metastasis. For T-stagingMRwas superior to CT,

because there was a tendency to underestimate

the tumor size by CT more often (19.4 % vs.

6.8 % by MRI). This retrospective study con-

firmed MR is modality of choice in evaluation

of oral tumors with the current state of the

art imaging technology (moderate evidence).
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The authors also concluded that CT is a valid

alternative imaging method. During the early

era of CT and MR, Mukherji et al. found accept-

able diagnostic performance of CT in predicting

neurovascular invasion of oral cavity and tongue

base SCCA in the retrospective study of 48

patients (88 % sensitivity, 83 % specificity) [79].

Van Kijek et al. investigated the frequency

and extent that MR versus CT provided valuable

diagnostic information, and whether this infor-

mation influenced patient management in 33

patients (27 suprahyoid neoplasm with 7 parotid

lesions, 2 thyroid, 2 parathyroid, and 2 larynx

neoplasm) [71]. MR results in positive diagnostic

and therapeutic outcome in all 14 patients

(100 %) with benign tumors and in 16 patients

(84 %) with malignancy. In 27 % of the cases, CT

and MR had the same diagnostic and therapeutic

impact. The improvement in diagnostic value of

MR compared to CT was mainly due to MR’s

ability to distinguish tumor margins from adja-

cent tissue. This study is mostly applicable to

SCCA and soft tissue neoplasms in the

suprahyoid location and in the parotid glands

(limited-moderate evidence).

MR’s ability to discriminate a tumor from

adjacent normal soft tissue has an important

impact on diagnosis and therapeutic approach

(limited-moderate evidence). Tang et al.

published findings in 924 cases of nasopharyn-

geal carcinoma in 2010 to demonstrate the impor-

tant prognostic value of anatomic masticator

space tumor involvement by MR imaging find-

ings (moderate evidence) [80]. Because

American Joint Committee on Cancer (AJCC)

staging system for nasopharyngeal carcinoma

defines masticator space involvement (T4 dis-

ease) as an “extension of tumor beyond the ante-

rior surface of the lateral pterygoid muscle, or

lateral extension beyond the posterolateral wall

of the maxillary antrum and the pterygo-

maxillary fissure,” the involvement of the medial

and lateral pterygoid muscle defined by anatomic

masticator space is not classified as T4 disease. In

other words, an extensive tumor infiltration of the

anatomic masticator space is needed to meet T4

stage according to the AJCC criteria. Using MR

findings, the authors demonstrated anatomic

masticator space involvement was an indepen-

dent prognostic factor for overall survival, asso-

ciated with decrease in local relapse-free survival

without effect on distant metastasis-free survival.

Also, there were no statistically significant differ-

ences between different degrees of anatomic

masticator space involvement with regard to

overall survival and local relapse-free survival,

or between T3 or T4 disease and anatomic mas-

ticator space involvement with regard to overall

survival and local relapse-free survival. There-

fore, they recommend classification of anatomic

masticator space medial and lateral pterygoid

muscle involvement as stage T4 disease.

To assist surgical planning, Hsu et al. found

that the reservation of fat plane between the

tumor and prevertebral musculature evident on

MR in 40 patients with T3-T4 pharyngeal and

laryngeal cancer is accurate in predicting absence

of prevertebral space tumor fixation with nega-

tive predictive value of 97 % (limited-moderate

evidence) [81]. Eisen et al. assessed the accuracy

of preoperative CT and MR in evaluation of

orbital invasion in a retrospective study of

25 patients with tumors of paranasal sinuses,

anterior cranial base, and skin around the orbit

[82]. They found no one criterion was >79 %

accurate in predicting orbital invasion. A tumor

adjacent to the periorbita was the most sensitive

predictor of orbital invasion (90 %) for both CT

and MRI but suffered from low specificity (29 %

MR and 44 % CT). A nodular as opposed to

a smooth interface of the tumor with the

periorbita has relatively low specificity for orbital

invasion (71 % MR and 78 % CT) with a low

positive predictive value of 75 %. The highest

positive predictive values were extraocular mus-

cle involvement (enlargement, signal change, and

enhancement) on MRI (100 %) and orbital fat

obliteration (80 % MRI, 86 % CT). Extraocular

muscle displacement and enhancement were less

accurate (<65%) predictors. Six or more positive

criteria predicted invasion with 67 % sensitivity,

80 % specificity, and accuracy of 72 %. The

authors concluded preoperative imaging can aid

in surgical planning but it should not replace

intraoperative assessment in ambiguous cases of

orbital invasion.
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For therapeutic and prognostic implication,

gross tumor volume at the primary site, as derived

from pretreatment CT findings, has been shown

to predict local control of SCCA at different head

and neck subsites treated with nonsurgical organ

reservation. Local recurrence is more likely with

large tumors than with small lesions in the same

anatomic subsite, and gross tumor volume is

often more strongly associated with local control

than is tumor stage [83, 84].

Infrahyoid Neck: Laryngeal SCCA
Because the important prognostic indicator and

treatment strategy in laryngeal cancer depends

greatly on fine detail evaluation of each subsite

for tumor involvement, CT is the preferred initial

imaging choice for evaluation of the laryngeal

SCCA because of its high spatial resolution,

ultrafast imaging time with less motion artifact,

and lower cost (moderate evidence) [85, 86]. MR

has better soft tissue detail compared to CT, but

this advantage can be obviated by its long imag-

ing time prone to image degradation by patient’s

motion. CT and MR have reported high sensitiv-

ity and specificity of approximately 90 % in the

evaluation of SCCA pre-epiglottic space invasion

[87–89]. Both MR and CT also have 93–95 %

sensitivity but only up to 75 % specificity for

paraglottic extension, as a result of overestimated

tumor involvement due to peri-tumoral

inflammation.

Both CT and MR have high negative predic-

tive value for excluding cartilaginous involve-

ment [90]. Becker et al. evaluated criteria for

tumor invasion of laryngeal cartilage by CT,

and found no single criterion offers both sensitiv-

ity and specificity over 70 % [91]. When combin-

ing CT findings of cartilage sclerosis, cartilage

erosion or lysis, and extralaryngeal tumor, CT has

overall sensitivity of 91 % and negative predic-

tive value of 95 % for detection of cartilaginous

tumor involvement (moderate evidence). How-

ever, diagnostic performance of each criterion

varies greatly among cartilages. Sclerosis has

most overall sensitivity of 83 % but low specific-

ity of 40 % for thyroid cartilage, 76 % for cricoid

cartilage, and 79 % for arytenoid cartilage. Over-

all specificity for cartilage erosion and lysis is

93 % and extralaryngeal tumor is 95 % with low

specificity of 71 % and 44 %, respectively.

A recent prospective comparative study demon-

strated that a combination of negative CT finding

of sclerosis of cricoarytenoid unit and normal

vocal fold mobility is the most useful indicator

of tumor-free cricoarytenoid unit with

a high accuracy of 96.6 %, and sclerosis of

cricoarytenoid unit has positive predictive value

for tumor involvement of 75 %; compared to CT,

MR has higher sensitivity at the cost of lower

specificity in excluding laryngeal cartilage inva-

sion but it is valuable in equivocal cases by CT

and clinical evaluation to exclude neoplastic

involvement of the cartilage (moderate evidence)

[91–94]. To improve MR imaging performance

in distinguishing neoplastic involvement from

inflammatory involvement of the laryngeal carti-

lages, Becker and colleagues proposed new

criteria, including: (1) T2-weighted or

postcontrast T1-weighted cartilage signal inten-

sity greater than that of the adjacent tumor indi-

cated inflammation; and (2) signal intensity

similar to that of the adjacent tumor indicated

neoplastic invasion [94]. The proposed new diag-

nostic criteria improved MR specificity to 82 %

from 74 % with statistical significance (moderate

evidence).

Sinonasal Inflammatory Disease
and Neoplasm
CT is the “gold standard” in the primary imaging

of inflammatory sinonasal lesions owing to its

superior demonstration of bony anatomy and

pneumatization variants, sclerotic or destructive

bone change, and the extent of the disease. CT

fusion has been widely used for intraoperative

navigation in functional endoscopic sinus surgery

[95–98]. CT has major limitations in the differ-

entiation of soft tissue density of mucosal disease

from neoplasm, for which MR is complementary

with its superior soft tissue characterization and

evaluation of cranial compartment [99–101]. The

varying degree of viscosity of sinonasal secre-

tion, aeration, and paramagnetic properties of

fungal elements and intrasinus hemorrhage has

shown to account for variation inMRI signals and

for which CT is complementary [102]. In a small

38 Adults with Palpable Neck Mass: Evidence-Based Neuroimaging 653



retrospective study of 14 patients, Som et al.

demonstrated the differences in MR signal inten-

sity which help to distinguish benign from neo-

plastic lesions that eroded through the skull base

[103]. All seven neoplasms demonstrated

homogenous low to intermediate signal intensity

due to their high cellularity, whereas seven

benign lesions had variable degrees of non-

homogenous signal intensity due to varying

degrees of water and protein contents of the

secretion. Lanzieri et al. retrospectively evalu-

ated the diagnostic performance of CT and MR

in evaluation of mucoceles and sinonasal neo-

plasms of 41 patients with clinical suspicion of

these pathologies [104]. CT evaluated the sinus

expansion versus destruction as criteria for

mucocele or neoplasm. MR signal of tumors

was intermediate on both T1 and T2 weighted

sequences and mucoceles typically demonstrated

T2 hyperintensity. Thin regular rim enhancement

signified mucocele, while solid enhancement was

considered neoplasm. CT and noncontrast MR

had poor specificity of 65 % for detecting

mucocele with sensitivity of 87 % for CT versus

79 % for MR, and both had specificity ranges of

79–87 % with poor sensitivity up to 65 % for

detecting neoplasm alone or coexisting with

mucocele. Contrast-enhanced MR improved

specificity and sensitivity up to 86–95 % and

83–95 %, respectively, for all lesions.

These early studies provided limited evidence

for currently widely accepted standard practice of

utilizing both CT and MR for presurgical evalu-

ation of sinonasal masses [99–105]. The main

role of imaging in this setting is to map the extent

of the disease for treatment planning even though

attempts have been made to distinguish benign

from malignant lesions by analyzing the imaging

features of the lesions. For example, Jeon et al.

retrospectively reevaluated the MR imaging fea-

ture to distinguish inverted papilloma (IP) from

malignant sinonasal tumor [106]. They found the

convoluted cerebriform pattern of the lesions was

demonstrated in all 30 (100 %) of the IPs and 17

(13 %) of the 128 malignant tumors. There was

a significant statistical difference in the preva-

lence of the convoluted cerebriform pattern

between IP and malignancy with the overall

sensitivity, specificity, negative predictive

value, and accuracy 100 %, 87 %, 100 %, and

89 %, respectively. However, the positive predic-

tive value was low of 64 %, reflecting imperfec-

tion of this imaging feature for imaging diagnosis

of IPs because it can also be seen in various

malignant lesions and concomitant SCCA in an

IP can only be excluded by histology.

Palpable Salivary Gland Masses
Salivary gland pathologies can present as painful

or painless palpable neck mass. Clinically appar-

ent painful acute phase of sialadenitis is routinely

not imaged unless deep abscess is a clinical con-

cern, and once the acute phase of inflammation

subsides, imaging is performed to identify

a treatable cause. Because of CT advantages of

identifying calcification, it is the modality of

choice in evaluating sialolithiasis. Casselman

et al. prospectively compared MR and CT imag-

ing in 21 patients with salivary gland lesions,

assessing whether the lesions are intrinsic to the

parotid gland and its relationship with the plane

of the facial nerve, and its aggressiveness [107].

In all cases, CT and MR provided same diagnos-

tic information and CT is superior to MR in four

cases of inflammatory masses because of depic-

tion of calcification/stone.

Sumi et al. compared noncontrast MR imaging

features (conventional T1-weighted, fat

suppressed fast spin echo T2-weighted, and

short inversion time–inversion recovery

sequences) with clinical symptoms, histopatho-

logic features of excised glands, and CT imaging

features in 16 patients with sialolithiasis of the

submandibular gland [108]. CT features of the

glands correlated well with MR imaging features

and CT better demonstrated calculi. They found

three types of glandular changes: type I glands

(56 %) were positive for clinical symptoms and

MR imaging abnormalities (T1 hypointensity,

T2 hyperintensity, 44 % enlargement), and were

characterized histopathologically by active

inflammation; type II glands (25 %) were nega-

tive for clinical symptoms and positive for MR

imaging abnormalities (T1 hyperintensity and

atrophy), and the glands were replaced by fat;

type III glands (19 %) were negative for both
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clinical symptoms and MR imaging

abnormalities.

Several prospective studies compared MR

sialography to the gold standard digital

sialography, demonstrating high diagnostic per-

formance of MR sialography [109–111]. Jager

et al. compared diagnostic performance of MR

sialography with evoked salivation to US using

digital sialography as the gold standard, utilizing

T2-weighted three-dimensional constructive

interference in steady-state (3D CISS) in

24 patients suspected of having sialolithiasis

[109]. They found MR sialography was signifi-

cantly superior to US for demonstrating the sub-

mandibular ductal system with the sensitivity and

specificity of 80 % and 100 %, respectively, for

CISS sequence versus both of 80 % for US.

Kalinowski et al. prospectively compared MR

sialography to digital subtraction sialography in

evaluating salivary glands in 80 patients with

clinically suspected diagnoses of sialadenitis

and/or sialolithiasis [110]. MR sialography was

obtained with a T2-weighted single-shot turbo

spin-echo sequence. Eighty-one salivary glands

(48 parotid glands, 33 submandibular glands) in

65 patients were successfully visualized with

both modalities. Digital subtraction sialography

achieved higher spatial resolution with depiction

up to third-order branches of the ductal system by

digital sialography compared to visualization of

the main ductal system to first- and second-order

branches by MR sialography. The invasive tech-

nique of digital subtraction sialography had

a substantial procedural failure rate of 14 % com-

pared to 5 % for MR sialography. Sensitivity and

specificity to diagnose chronic sialadenitis were

70 % and 98 % with MR and 96 % and 100 %

with digital subtraction sialography. MR

sialography enabled diagnosis of sialolithiasis

with a sensitivity of 80 % and a specificity of

98 % versus 90 % and 98 % for each with digital

subtraction sialography. As a result, invasive dig-

ital sialography has been partially replaced by

MR sialography.

Salivary gland neoplasms present a challenge

to clinical assessment and imaging diagnosis to

distinguish benign and malignant lesions.

Warthin’s tumor and oncocytoma demonstrated

accumulate Tc99m pertechnetate, which adds

diagnostic value in management of these lesions

[112]. Urquhart et al. prospectively compared

clinical and CT assessments of tumor size, loca-

tion, density, and malignancy in 32 consecutive

patients who underwent evaluation for

parotidectomies [113]. They confirmed routine

preoperative imaging resulted in the discovery

of details not revealed on clinical examination

which guide surgical management (precise loca-

tion, tumor density and margin, and detection of

additional tumors). However, only half of preop-

erative diagnosis of pleomorphic adenoma was

confirmed with final pathology and one lym-

phoma and one benign lesion were incorrectly

classified preoperatively.

Even though MR and CT are comparable, MR

provided precise soft tissue tumor delineation and

depiction of perineural spread [107, 114, 115].

Kakimoto et al. compared CT andMR detectabil-

ity and tumor margin and capsule of 50 pleomor-

phic adenomas [116]. The tumor detectabilities

were 90 % on axial CECT images and range from

85 % to 88 % on axial MR images (best with T2

weighted sequence). On both modalities, pleo-

morphic adenoma had well-defined margin, an

inhomogeneous aspect, slightly high enhance-

ment and either an inhomogeneous or

a periphery enhancement. However, the capsule

could be hardly detected with CT but well dem-

onstrated with MR with a lobular border and high

contrast. The authors concluded the pleomorphic

adenomas should be evaluated with MR (limited

evidence). Early work by Som and Freling et al.

demonstrated the infiltrative margin of the

parotid lesions on MR has positive predictive

value for aggressive neoplasm and is useful in

delineating malignant tumors but is unreliable in

correctly predicting the histologic nature, and the

lack of this imaging feature does not exclude

malignancy [117, 118]. Freling et al. retrospec-

tively reviewed MR imaging features of the

parotid lesions in 116 patients with 86 benign

disease and 30 malignant tumors, using turbo

spin-echo T1- and T2-weighted sequences

[118]. Tumor margins, homogeneity, or signal

intensity were not discriminative factors to cor-

rectly predict benign or malignant disease.

38 Adults with Palpable Neck Mass: Evidence-Based Neuroimaging 655



Infiltration into deep structures (parapharyngeal

space, muscles, and bone) was observed only in

malignant tumors. Infiltration into subcutaneous

fat was noticed in malignant as well as in inflam-

matory disease. No statistically significant corre-

lation was found between tumor grade and MR

imaging features in malignant disease (moderate

evidence).

In 2011, Christe et al. reassessed the discrim-

inators for benign and malignant parotid lesions

using current state of the art conventional MR

imaging technique (turbo inversion-recovery

magnitude T2, turbo spin-echo TSE T1 and T2,

and post contrast TSE T1 with fat saturation) in

84 consecutive patients who underwent MR

imaging prospectively before surgery. They ret-

rospectively analyzed imaging features and cor-

related them to the final histology [119]. They

evaluated various MR imaging features including

lesion signal intensity, contrast enhancement,

margins (well-defined or ill-defined), location

(deep and superficial lobe), growth pattern

(focal, multifocal, or diffuse), and extension into

neighboring structures, perineural spread, and

lymphadenopathy. They found that statistically

significant signs predictive of malignancy were

T2 hypointensity, ill-defined margins, diffuse

growth, infiltration of subcutaneous tissue, and

lymphadenopathy (moderate evidence). The

highest accuracies for prediction of malignant

tumors were found for perineural spread and sub-

cutaneous tissue infiltration (both 74%, with high

specificities of 100 % and 93 %, respectively but

low sensitivities of 19 % and 33 %, respectively).

Ill-defined borders were significantly better seen

after contrast administration and had an accuracy

of 73%with specificity of 79% and sensitivity of

59%. Accuracy of low SI on T2-weighted images

was 70 %. The tumor volume and patient age did

not significantly correlate with benignity and

cystic/necrotic areas did not help distinguish

malignant from benign tumors.

Recently, several retrospective studies, study-

ing the use of diffusion-weighted imaging and

dynamic contrast-enhanced MR to distinguish

pleomorphic adenoma and Warthin’s tumor

from other neoplasms, are promising. However,

the overlaps of time signal intensity curve and

ADC values between lesions and potential result

reproducibility issue with these labor intensive

technique and variability of software applications

are the shortcomings of these results [120–123].

King et al. investigated parotid lesions using pro-

ton MR spectroscopy in 56 patients [124]. In this

study, spectroscopy can be performed only in

tumors that are larger than 1 cm3 in size, and

even within this group, the Cho/Cr ratios can be

obtained in less than half of these tumors. How-

ever, the study showed promising results with

statistical significant differences in the ratios of

Warthin tumors, pleomorphic adenomas and

malignant tumors (moderate evidence). By

using Cho/Cr ratios at an echo time of 136 ms,

their results suggest that a ratio greater than 2.4

may be used to distinguish between benign and

malignant tumors, while a ratio greater than 4.5

suggests that the lesion is probably a Warthin

tumor.

Several studies attempted to identify sono-

graphic features distinguishing the histology of

salivary gland neoplasm without reliable diag-

nostic performance result (moderate evidence).

Dumitriu et al. found the most specific feature

of pleomorphic adenoma is a lobulated and well-

defined contour [124]. In the absence of this,

neither the internal structure, or the vasculariza-

tion or the sonoelastographic aspect can identify

a pleomorphic adenoma for certain. Bhatia inves-

tigated lesions in terms of relative stiffness and

concluded that sonoelastography seems to have

little benefit in the benign-malignant differential

diagnosis in salivary gland tumors [125].

Even though a combination of imagingmodal-

ities can provide a correct diagnosis, the exact

tumor histology of the salivary gland lesions still

cannot be certain in equivocal imaging features

[126, 127]. US FNA further assists clinical deci-

sion for appropriate management of salivary

gland lesion with moderate evidence [128–131].

Sharma et al. retrospectively studied the value of

US FNA of parotid lesion prior to surgery [128].

A diagnostically adequate biopsy specimen was

obtained in 48 of the 52 cases (92 %). Among the

20 patients who underwent surgical intervention
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after diagnostic US-guided FNA findings, results

of surgical-pathological analysis helped confirm

the cytology diagnosis in 95 % of the cases; thus,

40 % of patients were spared surgical interven-

tion on the basis of findings from US-guided

FNA. Similarly, Taylor et al. reported the accu-

racy, sensitivity, and specificity of FNA cytology

of submandibular gland masses were 88.0 %,

71.4 %, and 94.4 %, respectively [129]. Inohara

et al. retrospectively compare MR evaluation and

US FNA evaluation in 81 patients with parotid

mass lesions (60 benign and 21 malignant) [131].

They reached the same conclusion that unsharp

margins and infiltration into adjacent tissues on

MR significantly correlated with a malignant his-

tology. Because the sensitivity, specificity, and

accuracy of US FNA cytology (FNAC) and MR

were 90 %, 9.5 %, and 94 %, and 81 %, 92 %, and

89 %, respectively, either FNAC or MR served

equally to predict the malignant nature of parotid

mass lesions. They further assessed the added

values of combined FNAC and MR and found

no diagnostic advantage of the combination over

either modality alone. Because the accuracy of

FNAC is higher than MR (accurate histological

typing rates of 80 % for benign and 62 % for

malignant lesions, respectively), they suggested

US FNA be the diagnostic modality of first choice

for characterization of parotid mass lesions,

while MR should be reserved until there is indi-

cation for surgical intervention.

The false negative of US FNAC poses

a challenge to clinical decision whether to

observe or to surgically remove a salivary gland

lesion. Cho et al. conducted a retrospective study

to evaluate the diagnostic accuracy of US FNA of

245 major salivary gland tumors (244 patients)

[132]. Of 88 % of the patients with adequate

cytology results by FNA, the overall sensitivity,

specificity, and accuracy in differentiating malig-

nant from benign tumors was 75.7 %, 100 %, and

95.8 %, respectively, but the false-negative was

4.2 %, with no false-positive diagnoses of malig-

nancy. Only 59.6 % (28 of 47 malignancies) were

detected preoperatively by FNAC. Colleta et al.

conducted a systematic review of FNAC on sal-

ivary gland lesions to assess diagnostic

performance of FNA cytology [133]. Of 484

patients receiving a histological diagnosis of

malignant tumor, cytological diagnosis was con-

cordant in 80 % and discordant in 20 %. Of 1,275

patients who received a histological diagnosis of

benign tumor, cytological diagnosis was concor-

dant in 95.6 % and discordant in 4.4 %. Of 154

patients received a histological diagnosis of non-

neoplastic lesion, cytological diagnosis was con-

cordant in 94 % and discordant in 5.8 % of the

cases. Therefore, the negative or nondiagnostic

cytologic FNA should not be viewed as benignity

and management decision should include careful

imaging feature assessment and clinical exami-

nation (moderate evidence).

US FNA of a Palpable Neck Mass
The National Institute of Clinical Excellence

guidance on cancer services in the United

Kingdom advocated that diagnostic clinics

staffed by a surgeon and a pathologist should be

established for patients with neck lumps because

of US FNA’s high accuracy and least invasive

tool for tissue diagnosis of a palpable suspicious

neck mass [10]. However, its utilization is

highly operator dependent and time consuming.

Increased operative experience and cytopatholo-

gist expertise improve US guided FNA outcome.

A meta-analysis of moderate to limited evidence

studies reveals 89.6 % sensitivity, 96.5 % speci-

ficity, and 93 % accuracy of US FNA [134].

Evaluation of a Palpable Thyroid Nodule
Thyroid ultrasound provides excellent anatomic

detail regarding nodule architecture and

assessing for regional lymph node metastases.

Features of suspicious nodules include marked

hypoechogenicity, complete solid consistency,

intranodular vascularity, irregular infiltrative

margins, microcalcifications, coarse calcifica-

tions, and shape that is taller than wide [135].

Intranodular vascularity is helpful if noted in

combination with another feature [135, 136].

These features have relatively high specificity

for detecting papillary thyroid carcinoma, the

most common type of thyroid malignancy, but

are less predictive of follicular thyroid
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malignancies that have overlapping features with

benign adenomas and hyperplasic nodules.

Recent studies by the Moon and Bonavita groups

address the benign ultrasound features of thyroid

lesions. Features that are highly predictive of

benignity are spongiform with 99.7–100 % spec-

ificity, cystic with colloid nodules, and diffusely

hyperechoic [135, 137]. Sonography serves as an

important step in evaluating which nodules

should undergo FNA, but cytopathologic evalua-

tion of a thyroid nodule is usually required before

a patient undergoes surgical resection for

a possible thyroid malignancy [16, 62, 138].

Importantly, sonography is an excellent imaging

tool to identify metastatic cervical lymphadenop-

athy and can be used to sample suspicious nodes

prior to surgery [62].

Malignancy rates for focal hypermetabolic

lesions in the thyroid detected on FDG-PET

scans range from 14 % to 47 % [62]. Published

data in a series from Memorial Sloan-Kettering

Cancer Center suggests that FEG-PET-detected

thyroid cancers tend to be more aggressive with

50 % comprising aggressive variants including

tall cell, insular, or Hurthle cell tumors

[139, 140].

Thyroid scintigraphy is only indicated for

patients with suppressed TSH to determine if

one or more nodules are functioning since nod-

ules with uniform uptake on I-123 scans are con-

sidered benign and do not require FNA [62]. Most

thyroid nodules are benign and most thyroid nod-

ules will not function on I-123 scan. Therefore,

the exam will not serve to differentiate malignant

nodules form benign ones. Whole body radioac-

tive iodine scintigraphy with 1–131 plays an

important role in radioactive ablation iodine

treatment and surveillance of differentiated thy-

roid cancer in those with iodine-avid metastases

[141]. Several prospective studies have found

PET scanning to be useful for detection of meta-

static disease in some patients with more

dedifferentiated non-iodine-avid thyroid tumors

with sensitivity between 69 % and 100 % and

a positive predictive value of 82–92 %. There-

fore, PET is complementary to anatomical imag-

ing in identifying metastatic disease in this

particular group of patients (moderate evidence).

Special Case: Infectious
Lymphadenopathy and Neck Infection

Summary

Reactive cervical adenitis due to viral infection

and uncomplicated upper respiratory infection

does not require imaging and reassessment after

appropriate treatment is standard of care for these

common infections. However, when DNI or atyp-

ical infections that are unresponsive to empiric

treatment are suspected clinically, diagnostic

imaging is indicated to define the extent of dis-

ease and subsequently guide medical or surgical

management (moderate evidence). US is limited

to evaluation of superficial infection and is more

commonly used in pediatric population in order

to limit radiation exposure. CECT in conjunction

with clinical examination provides relatively

high accuracy (88–89 %), sensitivity (95 %),

and specificity (80 %) for identifying drainable

abscesses (moderate evidence). Its advantage of

fast imaging time is critical in imaging sick

patients with potential airway compromise (lim-

ited evidence). Both CECT and US can provide

image-guidance for aspiration (moderate evi-

dence). MR is not practical due to long scanning

time and is only indicated for skull base and

intracranial involvement (limited-moderate

evidence).

Supporting Evidence
As previously discussed in the section on “Who

Should Undergo Imaging for Palpable Neck

Mass?” several retrospective series provided the

limited-moderate evidences supporting conser-

vative management for clinically obvious reac-

tive adenitis without the need for additional

imaging workup [6, 9, 10, 28, 29].

In pediatric patients, radiation exposure asso-

ciated with CT is a major concern. Recent litera-

ture comparing diagnostic performance of US to

CT in evaluation of infectious inflammatory neck

mass in children is sparse. Availability of CT and

operator dependent limitation of US result in less

utilization of US in the United States compared to

Europe and Asia. Rozovsky et al. retrospectively

reviewed 210 pediatric patients (mean age

4.5 years) presented to their institution from
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2005 to 2008 with acute inflammatory neck mass,

who underwent diagnostic neck US (with Dopp-

ler) and CT to assess clinical and radiological

findings and imaging impact on management

[142]. In 185 patients undergoing US only, US

provided sufficient information in 99.5 % of the

patients, resulting in fluid collection drainage in

17 patients and conservative medical manage-

ment in 164 patients. In 25 patients undergoing

both US and CT, CT provided additional infor-

mation in 4 of 25 patients (airways compromise

in 2 and collections in 2). The author concluded

that US provided sufficient information about the

nature, location, and extent of the inflammatory

masses in 97.6 % of the patients, suggesting it

should be the main, and generally single, imaging

technique in these patients. CT should be

reserved for patients with an aggravating clinical

course and suspicion of deep neck infection or

airways compromise (moderate evidence).

Meyer et al. conducted a retrospective study of

179 children to identify clinical factors that may

limit the use of CT scans in the initial assessment

of neck infections, and thereby improve patient

management by preventing unnecessary testing,

limiting radiation exposure, and decreasing cost

[143]. In this series, neck and facial swelling were

reported symptoms in 28.2 % of patients and

physical exam revealed swelling in 43 % and

cervical lymphadenopathy in 41 %. CECT

reported abscesses (defined as rim enhancing

hypoattenuation collections) in 61.1 % of

children, without statistically significant differ-

ence in the rate of abscess on CT between chil-

dren with less than 48 h of localizing symptoms

and 48 or more hours of symptoms (58.1 % and

58.3 %, respectively). Furthermore, there was no

significant difference in age, gender, C-reactive

protein levels, disease location, or length of stay

between children with and without abscess on

CT. White blood cell counts were significantly

higher in the abscess group; however, the median

white blood cell count in both groups was above

normal. Because of the lack of reliable clinical

predictors for neck abscess, it is appropriate to

obtain a CT scan upon presentation in all children

with symptoms concerning for neck abscess

(moderate evidence).

CECT has high sensitivity (80–100 %) for

evaluation of full extent of infection compared

to clinical examination (moderate evidence). The

2004 retrospective study by Crespo et al. pro-

vided limited evidence to support the use of

CECT for DNI in adults [25]. When comparing

clinical examination to CECT evaluation in the

diagnosis and management of DNI, they found

clinical assessment underestimated the extent of

deep space involvement in 70 % of patients,

especially the parapharyngeal space which is dif-

ficult to inspect and palpate clinically. CECT also

aided in selection of appropriate surgical

approach for drainage. Courtney’s et al. retro-

spective study in 2006 showed accuracy of clin-

ical assessment for lateral neck infection in

205 children was poor (28 % sensitivity, 92 %

specificity) [144]. Similarly, Nagy et al.

retrospectively studied of 47 children with

retropharyngeal and parapharyngeal abscesses

and found no significant differences in the clini-

cal presentation of children with abscesses and

those with a cellulitis or early abscess even

though children with confirmed abscesses were

more often febrile (89 % versus 79 %) and

presented with greater cervical adenopathy or

neck masses (94 % vs. 76 %) [145].

However, US and CECT, especially when

performed alone without clinical input, demon-

strated a wide range of relatively low diagnostic

performance in identifying purulent material that

may need surgical drainage, as summarized in

Table 38.3. Therefore, the surgical drainage of

the collection indentified by imaging remains

a clinical decision [26, 144–151].

The prospective blinded comparison of clini-

cal examination and CECT in DNI conducted by

Miller et al. in 1999 provided the strong evidence

that CECT and clinical examination are both

critical components in the evaluation of

suspected DNI and contributed to the wide use

of CECT in evaluation and management of DNI

[26]. Thirty-five consecutive adults with

suspected DNI were prospectively assessed by

clinical examination and CECT for the presence

and extent of surgically drainable purulent col-

lections. Final outcome (the presence of

a purulent collection) was determined at surgery
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or in long-term follow-up. They found overall

poor diagnostic performance of clinical examina-

tion alone and CECT alone in identifying

drainable collection with 63 % accuracy, 55 %

sensitivity, and 73 % specificity for clinical

examination and 77 % accuracy, higher 95 %

sensitivity, but lower 53 % specificity for

CECT. When CECT and clinical examination

were combined, the accuracy became more

acceptable at 89 %, with 95 % sensitivity and

80 % specificity. In pediatric patient populations,

the relatively poor accuracy and specificity of

diagnostic studies for identifying abscesses are

due to variable utilization of US and CECT with

the lack of clearly defined and uniform radiolog-

ical criteria and clinical input and management

algorithm (limited-moderate evidence).

A growing body of literature advocates con-

servative medical management utilizing imaging

at initial assessment of DNI and reserves surgical

drainage for clinically apparent air way compro-

mise and for salvage therapy as needed. Nagy

et al. found CECT provided valuable information

regarding the drainable collection’s size and

location in relationship with great vessels for its

safe and successful transoral drainage [145]. The

group that responded tomedical management had

a significantly smaller abscess size than the group

requiring late surgical intervention (1.5–2 cm3 vs.

4.3–5.38 cm3) [150, 152, 153].

Surgical planning with CECT is advocated by

Oh et al. in their published 2005 prospective

study of 34 patients (age range of 6–81 years,

mean age 35.8 years) with parapharyngeal

abscesses (strong-moderate evidence) [154]. All

patients were treated with empiric intravenous

antibiotics and had CECT to stratify treatment

plan. They used CECT to detect an abscess,

which is defined as low density collection with

enhancing rim, and 18 abscesses in the prestyloid

compartment were drained transorally and one

poststyloid abscess was drained transcervically.

Of all 19 drained collections, 15 had positive

culture, suggestive of high accuracy and specific-

ity of CECT for identifying abscesses. Scaglione

et al. prospectively correlated CECT findings

with clinical assessment, management, and out-

come of descending necrotizing mediastinitis in

32 consecutive adult patients [60]. In 10 patients

without abnormality on CECT, all were treated

conservatively with uneventful clinical course. In

12 patients, CECT showed fluid collections, fas-

ciitis, cellulitis, and myositis of the neck spaces,

for which 10 received cervical drainage, regard-

less of the kind of infection (cellulitis and/or fluid

collections), with 2 death from rapid spread to

mediastinum. In the remaining 10 patients, CECT

revealed infection spreading down to the medias-

tinum with mediastinal cellulitis and fluid collec-

tions, pleural and pericardial effusions. All of

these patients had both cervical and mediastinal

drainages with 6 deaths and 4 survivals.

Additional findings include jugular vein throm-

bosis and lymphadenopathy. The authors con-

cluded that the extent of the infection detected

by CT is more crucial than the kind of infection

from the therapeutic and prognostic point of

view. Thus, early use of CT is a valuable guide

to plan the optimal management approach and

efficient surgical drainage (strong-moderate

evidence).

Granulomatous cervical adenitis in adults in

developing countries, such as India, is predomi-

nantly Mycobacterium tuberculosis, which com-

monly presents as multiple lymphadenopathy,

suppuration with or without abscess, and

little to no constitutional symptoms (5 %

fever, 8 % weight loss, 15 % pain-tenderness)

[32, 155]. Non-tuberculous mycobacteria

(Mycobacterium avium-intracellulare, Mycobac-

terium scrofulaceum, and Mycobacterium

kansasii) are more common in children and typ-

ically presented as enlarging non-tender neck

mass unresponsive to conventional antibiotics

[52–54]. Therefore, granulomatous cervical ade-

nitis can mimic a neoplastic process. Joo et al.

conducted a well-designed retrospective review

of consecutive 52 adults with tuberculous cervi-

cal adenitis to assess treatment response using

CECT [156]. They reported lymph node volume

and ratio of necrotic area could predict response

to medical treatment; the cut-off value for the

volume and ratio of necrotic area of tuberculous

cervical adenitis was 44.15 cm3 (sensitivity:

88.2 %, specificity: 74.3 %) and 0.36 (sensitivity:

70.6 %, specificity: 71.4 %).
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Special Case: Lymphoma

Summary

Overall incidence of lymphoma has been stable

since 1998 and death rates have been decreasing

due to advancement in treatments. 18-F-

fluorodeoxyglucose–positron emission tomogra-

phy (FDG-PET), and subsequently PET-CT, has

established its role as the most sensitive and spe-

cific for staging and restaging of FDG-avid lym-

phoma subtypes such as Hodgkin’s lymphoma

(HL), diffuse large B-cell NHL (DLBCL), and

follicular NHL (FL) (moderate-strong evidence).

The changes in staging by PET occur in about

15–30 % of these patients and result in fewer than

15 % of changes in treatment, yet there is no

evidence for improvement in outcome (moderate

evidence). The strongest evidence supporting

PET is as posttreatment restaging HL and

DLBCL where persistent disease generally war-

rants intervention to achieve cure (moderate-

strong evidence). For generally incurable

lymphomas such as FL and chronic lymphocytic

lymphoma (CLL), progression-free and overall

survival is generally more important (moderate

evidence).

There are insufficient evidences supporting

the routine use of FDG-PET for other NHL sub-

types with variable FDG avidity. For non-FDG-

avid lymphomas such as extranodal marginal

zone lymphoma (MZL, also known as mucosal

associated lymphoid tissue MALT lymphoma,

third most common type of NHL), contrast-

enhanced CT (CECT) remains imaging of choice

(moderate evidence).

A number of variables in published studies

assessing the role of FDG-PET in mid-treatment

response (timing of the interim PET during treat-

ment cycles, investigational treatment protocols,

methodological problems, diverse studied

populations, tumor histologies, stages and PET

vendors, and interpretation) render generalization

of these findings in clinical practice difficult.

There are conflicting reports of the usefulness of

interim PET for outcome prediction and only

limited data demonstrate that treatment change

on the basis of PET finding improves survival.

Therefore, FDG-PET use during treatment

should only be performed as part of clinical trials

until its impact on prognostic indication and

altering treatments can be confirmed (moderate-

strong evidence).

FDG-PET during surveillance detects 10 %

clinically occult relapse, while 80 % of relapse

are suspected clinically (moderate evidence).

PET/CT is not cost-effective for posttreatment

surveillance for HL patients in remission, and

CECT is recommended as surveillance tool

(moderate evidence). Risk stratification is

suggested for utilizing PET/CT for surveillance

in DLBCL in complete remission (moderate evi-

dence). Cost saving is suggested when incorpo-

rating PET/CT in assessment of residual disease

of HL after first-line therapy (moderate evi-

dence). A few studies suggest omitting CECT

when staging with PET-CT and no need for full

diagnostic high-dose CT with PET-CT to

decrease radiation exposure (limited evidence).

Supporting Evidence
Both HL and NHL have many histology subtypes

and clinical behaviors from indolent to aggres-

sive malignant with variable treatment response

from curable to incurable, resulting in several

standard treatment protocols as well as numerous

on-going clinical trials. Comprehensive onco-

logic review of lymphoma is beyond the scope

of this chapter; however, the following brief

review is necessary to appreciate the complexity

of the appropriate imaging strategies for lym-

phoma. Currently, a combination of clinical stag-

ing, tumor cell biology, and prognostic indicators

predicts the overall survival of each lymphoma

subtype and guides the initial treatments and

second-line therapies for primary refractory, pro-

gressive, and relapsed disease. The treatment pro-

tocols employ chemotherapy with or without

radiation with tailored treatment schedules and

dose intensity to achieve remission, progression-

free interval, and overall survival with minimal

toxicity and long-term complication [157, 158].

The Ann Arbor staging classification with

Cotswold modification is used for staging of HL

and NHL, assessing the number of nodal and

extranodal tumor sites, tumor locations above or

below the diaphragm, tumor bulk, and associated
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B symptoms (fever, night sweats, and weight

loss) [159]. Prognostic indicators add accuracy

to predicting long-term survival and treatment

response and have been developed for each

subtype. Broadly speaking, prognostic indicators

incorporate patient’s age, sex and performance

status, and laboratory evaluations (ESR, LDH,

albumin, hemoglobin, white blood count, and

lymphocyte count) to the Ann Arbor staging sys-

tem. European Organization for the Research and

Treatment of Cancer (EORTC) and the German

Hodgkin Study Group (GHSG) favorable and

unfavorable prognostic factors are used for

stage I-II HL; International Prognostic Score are

used for advanced stage III-IV HL, International

Prognostic Index (IPI) and its variants (such as

follicular lymphoma IPI) for NHL; HL has about

80–90 % curable rate even after recurrence and

relapse, and the first-line treatment is chemother-

apy followed by field irradiation for stage I-II and

chemotherapy for stage III-IV with or without

consolidative radiation [157–167]. Varieties of

chemo regimens with or without radiation,

rituximab and interferon are used for spectrum

of NHL, depending on histology, stage, and prog-

nostic index with extended course for higher

stages. Patient with a relapse or progressive,

resistant disease may be candidates for second-

line therapies such as different agents or higher

dose of chemotherapy, autologous hematopoietic

cell rescue, and autologous hematopoietic stem

cell transplantation [168–171].

References for assessment of treatment

response include histology confirmation, clinical

and radiological follow up [172–174]. The com-

plexity of this disease presents a tremendous

challenge to unify the imaging strategy with

high diagnostic performance and cost-

effectiveness in staging and restaging. Whole

body evaluation is necessary to stage lymphoma

using Ann Arbor staging system, therefore the

reported diagnostic performance of imaging for

lymphoma is for whole body imaging and not for

head and neck imaging alone. CT was incorpo-

rated with the Cotswolds staging recommenda-

tion for HL in 1989 and International Working

Group response criteria for NHL in 1999

[159, 172]. FDG-PET, currently PET-CT, has

emerged as the imaging choice for FDG-avid

lymphoma with consistently higher diagnostic

performance than CT in staging and restaging.

PET should only be considered after histologic

confirmation of lymphoma because a variety of

inflammatory/infectious and other neoplastic

processes are also FDG-avid. To standardize

performing and interpreting PET imaging for

treatment response assessment in lymphoma,

the imaging subcommittee of International Har-

monization Project in Lymphoma developed con-

sensus recommendations based on published

literature and the collective expertise of its

members in the use of PET in lymphoma in

2007 [173, 174]. In summary, restaging FDG-

PET should be performed preferentially 6–12

weeks after completion of therapy. Visual assess-

ment alone is adequate for interpreting PET find-

ings as positive or negative. Mediastinal blood

pool activity should be used as the reference back-

ground activity to define PET positivity for

a residual mass�2 cm in greatest transverse diam-

eter, regardless of its location; smaller residual

mass or �1 cm in diameter lymph node should

be considered positive if its activity is above that

of the surrounding background. Use of PET for

treatment monitoring during a course of therapy

should only be done in a clinical trial or as part of

a prospective registry. These recommendations

are based on the consensus opinions of experts

on the field as well as published literature with

moderate and strong evidences of high diagnostic

performance of CT, subsequently PET and PET/

CT in staging of lymphoma with consistently

higher sensitivity and specificity of PET and

PET/CT compared to CT, especially in restaging.

FDG-PET for Lymphoma Staging
and Restaging
FDG avidity is the key factor for diagnostic yield

of FDG-PET for evaluation of neoplasm. Weiler-

Sagie et al. retrospectively investigated FDG

avidity of various types of lymphoma evident on

initial staging FDG-PET/CT of 766 patients dur-

ing 2001–2008 [175]. FDG avidity was found in

100 % of HL (233 patients), 97 % of DLBCL

(216 of 222 patients), 95 % of FL (133 of 140

patients), 85 % of T-cell NHL (34 of 40 patients),
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83 % of small lymphocytic lymphoma (24 of 29

patients), and 55 % of MALT (29 of 53 patients).

Their study concurs with other studies,

confirming FDG avidity of HL and the most

common types of NHL, DLBCL, and FL

[176, 177]. MALT has FDG avidity in about

half of the cases, and its sensitivity depends on

disease location (higher sensitivity with lung

involvement than gastric and orbital involve-

ment), stage at initial diagnosis, and histology

[176–180]. Similarly, T-cell NHL are markedly

heterogeneous, resulting in overall 88–90% FDG

avidity with a wide range from 20 % to 100 %

depending on disease sites and histology

[181–183]. Feeney et al. retrospective study of

135 patients found high rates of FDG positivity in

T-cell lymphoma (overall 90 %) and given the

propensity for disease involvement outside the

normal scan range of diagnostic CT, they recom-

mend that patients with T-cell lymphoma be

scanned from vertex to feet by use of PET/CT

[181]. Cahu et al. also found that although T-cell/

natural killer cell lymphomas are FDG-avid at

diagnosis, a negative interim or post-therapy

FDG–PET does not translate into an improved

progression-free survival [184]. Several studies

reported higher standardized uptake value (SUV)

correlates to aggressive histology and malignant

transformation of indolent lymphomas and

suggested biopsies should be directed to the site

of greatest FDG avidity [185, 186]. Collectively,

there are not enough evidences to support routine

use of PET for low-grade lymphoma and T-cell

NHL, for which CECT remains the cost-effective

imaging choice.

As demonstrated above, FDG avidity of HL

and DLBCL renders FDG-PET as the imaging

choice for these lymphomas with consistently

higher sensitivity and specificity than CT in stag-

ing and especially restaging (sensitivity and spec-

ificity of 90–100 % and 99–100 %, respectively,

with PET compared to 81–88 % and 86–100 %

with CT) [187–196]. Especially PET and

PET/CT outperformed CECT for assessment of

extranodal organ involvement (sensitivity and

specificity of 88 % and 100 %, respectively,

with PET compared to 50 % and 90 %, respec-

tively, with CECT) and for distinguishing viable

tumors from treated fibrosis in residual masses

with high negative predictive values for residual

disease and positive predictive value for early

relapse [188, 193, 195–199]. Regarding clinical

impact of higher diagnostic performance of PET

when compared to CT, the majority of studies did

not include details on the change of therapy and

most importantly impact on outcome. The major-

ity of studies reported PET upstaged patients with

DLBCL and HL up to 20 % of the time (most of

these with stage I-II) and fewer than 10 % of the

patients were downstaged, resulting in treatment

change less than 15 % of the time without

improvement of outcome [187–191]. Buchmann

et al. conducted a multicentric prospective study

comparing FDG-PET with CT and bone marrow

biopsy in the pretreatment staging of malignant

lymphoma, analyzing site specific disease in HL

and NHL (52 patients, 1297 anatomic sites, only

4 patients with low-grade NHL) [189]. They

found that FDG-PET was significantly superior

to CT in both HL and NHL, except in infradiaph-

ragmatic regions, in which the two methods pro-

duced equivalent results. In 4 of 52 patients

(8 %), FDG-PET upstaged and changed therapy.

This study strongly supports the use of PET for

accurate staging of HL and intermediate- to high-

grade NHL. Another multicentric prospective

study of 186 patients by Rigacci and colleagues

compared CT to FDG-PET in staging of HL and

investigated the impact of PET finding on thera-

peutic approaches [190]. PET staging in compar-

ison to CT staging was higher in 14 % and lower

in 1% of patients, and 8%, with a change of stage

from localized to advanced after PET evaluation,

were treated with different strategies. Their study

supports the application of PET for staging of

HL, particularly in early stage patients where

upstaging may modify the therapy.

To address the heterogeneity of the published

studies evaluating FDG-PET diagnostic perfor-

mance for lymphoma staging and restaging, sev-

eral meta-analysis and systemic reviews have

been done. Meta-analysis conducted by Isasi

et al. included 20 studies: 14 reported patient-

based data (total 854 patients), 7 reported

lesion-based data (total 3,658 lesions), and 1

study reported both patient- and lesion-based
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data; 7 prospective and 13 retrospective studies;

PET images were interpreted blind to the results

of the reference standard in 12 studies (published

literature from 1995 to 2004) [195]. Patient-

based data demonstrated 91 % pooled sensitivity

and 90% pooled specificity with statistical homo-

geneity. Lesion-based data showed 96 % pooled

sensitivity and 99 % pooled specificity but with

statistical heterogeneity. Pooled sensitivity and

false positivity appeared higher in HL (92.6 %

and 13.4 %, respectively) than NHL (89.4 % and

11.4 %, respectively). This meta-analysis pro-

vides moderate evidence that PET has high sen-

sitivity and specificity for the staging and

restaging of patients with lymphoma. Recent sys-

tematic review by Kwee et al. included 19 stud-

ies: 3 studies (94 patients) investigated CT

(1 study for initial staging), 17 studies (832

patients) investigated FDG-PET (3 studies for

initial staging), and 4 studies (234 patients) inves-

tigated FDG-PET/CT fusion (1 study for initial

staging) (published literature up to 2007) [196].

The analysis supports strong-moderate evidences

for better diagnostic performance of FDG-PET in

restaging when compared to CT and FDG-

PET/CT fusion outperforms either modality used

alone. However, the authors’ conclusion that CT

remains the standard imaging modality for initial

staging of malignant lymphoma has insufficient

supportive evidence by the included three CT

studies. This review demonstrates the heterogene-

ity in criteria for positivity between studies of the

same imaging modality. A well-designed studies

that expressed results according to the Ann Arbor

staging system are needed to determine the most

accurate and cost-effective imaging modality in

staging malignant lymphoma.

Terasawa et al. conducted a systematic review

of FDG-PET for post-therapy assessment of HL

and aggressive NHL with literature search from

1966 to 2006 [199]. Nineteen studies were

included in the review: 15 HL (474 patients) and

8 NHL (254 patients); 5 prospective and 14 retro-

spective. They found heterogeneity in reported

sensitivity and specificity of PET even though

PET has good diagnostic accuracy for assessing

residual HL at the completion of first-line treat-

ment and conclusive data on aggressive NHLwere

more limited. They expressed the need for pro-

spective randomized clinical trials with more rig-

orous design to reveal the clinical diagnostic

accuracy and efficacy of PET/CT imaging modal-

ity and its impact on clinical outcome before treat-

ment strategy based on post-therapy PET findings

can be implemented in routine clinical practice.

CECT will be discussed in the next section

[200–202].

A more recent prospective study published in

2008 by Dupuis et al. integrated FDG-PET to

International Workshop Criteria for assessment

of treatment response of patients with DLBCL

demonstrated PET as powerful tool to predict

outcome [203]. The 5-year event-free survival

was 36 % for patients with a positive PET versus

80 % with a negative examination. Similarly,

Filmont et al. prospectively investigated the

impact of pre- and post-transplantation FDG-

PET on poor-prognosis lymphoma patients

undergoing autologous stem cell transplantation

(ASCT) [204]. A positive pre-ASCT PET image

indicated a high risk of ASCT failure, which was

increased by a positive post-ASCT PET image,

suggesting a new treatment regimen is needed in

positive pre-ASCT PET patients. To unify this

prognostic value, Poulou conducted a meta-

analysis of published literature up to 2007 for

predictive value of 18F-FDG PET in patients

with relapsing/refractory lymphoma who are

receiving high-dose chemotherapy and ASCT

[205]. The pooled survival data from seven stud-

ies suggested a worse progression-free survival in

patients with a positive PET study. The overall

survival pooled from six studies was also signif-

icantly worse among patients with a positive PET

study. These studies demonstrated the prognostic

impact of pre-transplant FDG-PET in patients

with lymphoma for both progression and survival

after ASCT (strong-moderate evidences).

Is CECT Still Needed in Lymphoma
Staging?
Several retrospective comparisons of PET/CT

and CECT suggest no added benefit of diagnostic

CT in staging of lymphoma with limited evi-

dences [193, 200]. However, these conclusions

are not necessarily applicable to all lymphoma
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types because the studied patient populations are

largely HL, DLBCL, and high-grade lymphoma,

which are routinely FDG-avid. The most impor-

tant application is high negative predictive value

in exclusion of disease with PET/CT and impli-

cation that CECT may not be needed for staging

of HL and high-grade NHL.

Raanani investigated the added benefit of

CECT and PET/CT in initial staging of lym-

phoma [201]. Upstaging by PET/CT versus CT

was most evident for stage I-II (31 % for NHL

and 32 % for HL) and resulted in treatment

changes in a third of HL and in a quarter of

NHL. They suggest that in centers performing

a diagnostic CT as the initial step of staging,

PET/CT should only be added in patients defined

as early stage disease by CT alone (limited evi-

dence). Rodriguez prospective study of 47

patients found no significant differences between

unenhanced low-dose PET/CT and contrast-

enhanced full-dose PET/CT, although full-dose

PET/CT showed fewer indeterminate findings

and a higher number of extranodal sites affected

without change in disease stage [202]. Additional

radiation with full-dose CT does not gain clini-

cally significant diagnostic information that

changes staging and clinical management (mod-

erate evidence).

Hutchings investigated diagnostic perfor-

mance of FDG-PET, CECT (with oral and intra-

venous contrast), and fusion PET/CECT for the

staging of HL and therefore the impact on treat-

ment choice in prospective blinded study of 99

patients (61 had PET/CECT) [194]. They con-

firmed higher accuracy of PET and PET/CECT

compared to CECT for assessment of staging.

Compared to CECT alone, PET and PET/CECT

would have upstaged 18 % and 17 % of patients,

respectively, and downstaged 5 % of patients,

leading to a different treatment in 9 % of patients

with PET and 7 % with PET/CECT. However, in

this prospective study, only one patient who

would have been upstaged to an advanced treat-

ment group by PET experienced progression dur-

ing the 2-year follow-up period, compared to

18 out of all 99 patients; none of the 3 patients

who would have been upstaged to the advanced

treatment group by FDG-PET/CT experienced

progression, compared with 12 out of all 61

patients. Therefore, authors concluded that care

should be taken so patients with an excellent

prognosis and at risk of over-treatment do not

receive more extensive treatment because of

these staging methods (moderate-strong

evidence).

Role of Interim PET
Currently, the heterogeneity of the patient

populations, histologies, stages, and treatment

protocols in the numerous published studies

addressing the role of FDG-PET inmid-treatment

evaluation render generalization of these findings

in clinical practice difficult. To date, there is no

direct evidence that altering therapy on the basis

of interim PET findings improves patient out-

come. On the basis of the available data, mid-

treatment PET scans should be reserved for

clinical trials and should not be performed as

standard practice.

Barnes concluded in the retrospective study of

96 patients with non-bulky limited stage HL that

interim PET scans were not predictive of out-

come and end-of-treatment PET was highly pre-

dictive of overall survival [206]. Several

prospective studies found that a positive interim

PET is highly predictive of relapse in advanced-

stage HL [207–209]. Avigdo and colleagues

conducted a prospective clinical trial of 45

advanced high-risk HL patients, utilizing

response evident on interim PET in addition to

clinical assessment as inclusion criteria for their

treatment arm [209]. They found that the 4-year

progression-free survival rates for early PET-

negative patients and early PET-positive patients

were 87 % and 53 %, respectively, and concluded

that early-interim PET can guide treatment

choice for the proposed regimen with less toxicity

but comparable cure rate.

The lack of a consistent advantage for interim

PET among the studies for NHL reflects many

variables, including different timing of PET

among various treatment cycles and variability

in PET interpretation. Earlier studies show early

interim FDG-PET in aggressive NHL is an accu-

rate and independent predictor of complete

response rate, progression-free survival, and
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overall survival, irrespective of the International

Prognostic Index, and could provide the basis for

selection of patients for alternative therapeutic

strategies [210–212]. The long-term outcome of

PET-negative patients was fairly consistent

among these studies at 81–93 %. However,

these conclusions should be viewed with caution

before subjecting patients to more toxic therapy

because about half of these groups had positive

interim PET scans and the long-term survival of

these positive interim PET patients varied from

0 % to 43 %. Furthermore, high false-positive

PET results in patients with aggressive NHL

treated with rituximab-containing regimens

have been reported in a prospective study of

51 patients with poor positive predictive value for

predicting relapses of interim and posttreatment

PET (33 % and 19 %, respectively) [213].

Terasawa conducted a systematic review of

13 studies to evaluate interim PET for response

assessment of advanced-stage HL (360 patients)

and DLBCL (311 patients) [214]. Only 10 % of

these HL patients had unfavorable risk. Overall

sensitivity was 81 %, and specificity was 97 %.

Therefore, the finding is only applicable to

patients with low to intermediate risk. Results in

DLBCL included a sensitivity of 78% and a spec-

ificity of 87 %. However, the authors could not

draw reliable conclusions for DLBCL, because

this patient population and published studies

were heterogeneous.

Surveillance
Several studies have shown that surveillance

imaging only detects maximally 20 % of relapses

while a majority of the time it is suspected by the

patient or the physician. PET has failed to show

clear benefits in surveillance [215, 216]. The

largest prospective study published by Zinzani

included 421 patients with follow-up PET scans

for DLBCL, HL, and FL after first remission

scheduled every 6 months for the first 2 years

and then annually thereafter [217]. This study

demonstrated the capability of PET to identify

clinically unsuspected relapses in 10 % of scans

of HL, 9 % of aggressive NHL, and 22 % of

indolent NHL, validating PET as a valuable tool

for follow-up. Most importantly, this study

demonstrates the timeframe and likelihood of

relapse for each group. The relapse rate for HL

and aggressive NHL dropped to 4 % at 18 months

and to 2 % at 24 months, respectively. On the

other hand, relapse rates for indolent NHL were

steady; at least 8 % until 36 months and slightly

reduced to 6 % at 4 years.

Other studies concluded regular follow-up

with PET scans in HL patients in remission is

not needed because of low ratio of true-positive

PET scans and asymptomatic patients without

morphological residues and an early stage of

disease do not need a routine FDG–PET/CT for

follow-up [218–220]. Lee et al. found only 12

relapses in 192 patients with HL in remission

and estimated the cost to detect a single event

was approximately $100,000 with limited clini-

cal impact, thus they concluded that surveillance

CT is generally adequate for these patients [220].

A recent retrospective study of PET/CT for

follow-up of DLBCL patients who had complete

remission or unconfirmed complete remission

after first-line therapy demonstrated high positive

predictive value of 85 % with 30 % relapse rate

[221]. However, older age (>60) and clinical

symptoms are most predictive of relapses and

therefore PET/CT during follow-up is indicated

for patients <60 years with clinical signs of

relapse and in patients >60 years with and with-

out clinical signs of relapse.

Cost-Effectiveness
There are a few studies addressing the cost-

effectiveness of utilizing PET in lymphoma. In

1997, Hoh compared total cost of lymphoma

staging utilizing whole body FDG-PET to con-

ventional studies and found that the addition of

PET to the diagnostic workup increased the diag-

nostic accuracy with cost reduction by approxi-

mately $1,685 per patient [222]. To evaluate

cost-effectiveness of FDG-PET, Klose enrolled

22 patients in a randomized prospective in 1999

and found economic disadvantage of PET with

6.6 times higher cost for each correctly staged

patient when compared to CT [223]. The authors

suggested optimizing utilization of the

PET facility could reduce the incremental

cost-effectiveness ratio of FDG-PET versus CT
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by 53 %. Therefore, the cost per patient correctly

staged would be 3.2 times higher than with CT.

To assess the cost-effectiveness of incorporat-

ing FDG-PET in the decision tree to manage HL

patients without complete remission after first-

line treatment between 2005 and 2007, Cerci

et al. conducted a prospective study of 130

patients whose residual disease evident on CT

were defined as unconfirmed complete remission

or partial remission according to International

Workshop to Standardize Response Criteria for

NHL [224]. PET-positive patients were biopsied

to confirm the residual viable tumor and

PET-negative patients were followed up with

CT to confirm clinical response. The study dem-

onstrated PET offered 95.9 % accuracy in

restaging with 19 % decrease in restaging costs,

which accounts for 1 % of total cost of HL treat-

ment and results in 1 % cost saving for Brazilian

public health care. All these studies show cost of

staging is a small portion of total cost for treat-

ment of lymphoma.

What Is the Appropriate Management
of a Palpable Neck Mass
Without an Imaging Correlate?

Occasionally, a patient will present with

a complaint of a neck mass that is palpable and

persistent and imaging will yield no correlate

abnormality. There are no studies in the literature

examining this uncommon issue but anecdotally,

these palpable neck masses tend to be prominent

normal anatomic structures that the patient dis-

covers and brings to the attention of their primary

doctor. Such “palpable neck masses” include

prominent carotid bulbs, normal laryngeal carti-

lages, and ptotic submandibular glands (the latter

common during the aging process when the

platysma muscle weakens and attenuates). In the

case of normal prominent anatomy, the patient is

reassured and educated. Scar tissue from prior

trauma and skin keloid may also present as

a palpable and visible mass that has no definite

imaging correlate. Small skin masses such as

sebaceous cysts and epidermal inclusion cysts

may also not be obvious on imaging. These skin

abnormalities and scars do not typically require

any imaging prior to intervention. As a general

rule, however, the indeterminate palpable neck

masses should be at minimum followed with

close observation and repeat imaging if they

grow or change significantly. Close collaboration

between clinician and radiologist can help with

the choice of repeat study as well as timing of

imaging.

Take-Home Tables and Figure

See Fig. 38.1 for an algorithm for imaging of

palpable neck masses. See Tables 38.1 through

38.3 for common neck masses in adults, imaging

options for palpable neck lump, and summary of

diagnostic performance of CECT for neck infec-

tion, respectively.

Table 38.1 Common neck masses in adults

Infectious-inflammatory etiologies

Acute lymphadenitis (bacterial-cat scratch disease, viral-

mononucleosis, HIV/AIDs)

Abscess

Tuberculosis

Sarcoid

Neoplasm- benign

Lipoma

Salivary gland: Pleomorphic adenoma, Warthin’s tumor

Thyroid goiter

Paraganglioma

Neurogenic tumor

Neoplasm- malignant

Lymphoma

Metastatic adenopathy (HN SCCA, thyroid cancer,

melanoma, lung cancer, breast cancer)

HN SCCA

Thyroid carcinoma

Salivary gland carcinoma (Mucoepidermoid, Adenoid

cystic carcinoma, Carcinoma ex pleomorphic)

Sarcoma

Congenital

Thyroglossal duct cyst

Branchial cleft cyst

Venolymphatic malformation
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Table 38.2 Imaging options for a palpable neck lump

Imaging

studies Contrast required

Bone

visualization

Soft tissue

visualization

Radiation

exposure

Other risks and

limitations

Average

medicare

reimbursement

US No None Good

(excellent

for

vascularity)

No Operator dependent $100

$200 for

US-FNA

(inexpensive)

CT Usually yes Excellent Good Yes Iodine contrast allergy

and renal insufficiency.

Dental artifact

$300 (mild)

MRI Usually yes Good

(excellent

for marrow)

Excellent No Nephrogenic Systemic

Fibrosis, MRI

compatible medical

devices, long scan time,

susceptibility artifact

$700

(moderate)

PET-CT 18-fluorodeoxyglucose

(FDG)

Moderate Moderate Yes Physiologic uptake

dependant

$1,200

(expensive)

Table 38.3 Summary of diagnostic performance of CECT for neck infection

Study, year

(reference

number)

Number of

patients (age

range, mean

age) Study design

References for neck

infection CECT criteria

Diagnostic

performance

Miller

et al. 1999

[26]

35 adults

(18–80, 37.8

years)

Prospective Intraoperative finding

of pus or long-term

follow up for abscess

Drainable collection:

hypodensity with or

without ring

enhancement

Clinical assessment

and CECT: 95 %

sensitivity, 80 %

specificity, 89 %

accuracy

Boscolo-

Rizzo et al.

2006 [27]

80 adults

(18–87, 51

years)

Retrospective Intraoperative finding

of abscess

Abcess: enhancing rim

around non-enhancing

fluid density

Clinical assessment

and CECT: 88.1 %

accuracy

Nagy et al.

1997 [145]

47 children

(7 months–18

years, 4.2

years)

Retrospective Intraoperative finding

or long-term follow up

Retrophagyngeal and

parapharyngeal abscess:

low attenuation with

ring enhancement

CECT sensitivity for

DNI 95 %

Stone et al.

1999 [146]

32 children

(3 months–9

years)

Retrospective Intraoperative finding

of cellulitis/phlegmon

or abscess of

retropharyngeal space

Cellulitis/phlegmon:

decreased attenuation

without well-defined rim

of enhancement.

Abscess: with complete

rim of enhancement

CECT for abscess:

sensitivity 80.8 %,

specificity 62.5 %,

accuracy 73.5 %

(continued)
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Table 38.3 (continued)

Study, year

(reference

number)

Number of

patients (age

range, mean

age) Study design

References for neck

infection CECT criteria

Diagnostic

performance

Elden et al.

2001 [147]

110 children

(1 month–17

years)

Retrospective Intraoperative finding

cellulitis or abscess

Cellulitis: mass, low

density core,

surrounding edema.

Abscess: imaging

findings of cellulitis and

complete enhancing rim,

fluid level

CT accuracy 76 %

(67 % abscess, 9 %

cellulitis)

24 % discordant

(16.8 % false positive

and 7 % false negative

for abscess)

Vural et al.

2003 [148]

80 children

(3 months–14

years, 4.9

years)

Retrospective Intraoperative finding

of abscess

Cellulitis: Low-density

core, soft-tissue

swelling, obliterated fat

planes, mass effect

CECT 68 %

sensitivity, 56 %

specificity, 63 %

accuracy

Abscess: cellulitis

finding with a complete

rim enhancement

Daya et al.

2005 [149]

54 children

(0.4–17.9/5.4

years)

Retrospective Clinical and imaging

diagnosis of

retropharyngeal and

parapharyngeal

infection and intra-

operative finding of pus

Abscess: CSF density

collection with

a complete enhancing

rim

CECT for abscess:

81 % sensitivity, 57 %

specificity

Courtney

et al. 2007

[144]

205 children

(0–14 years,

3.4 years)

Retrospective Clinical, radiological

and intraoperative

findings of

lymphadenitis, necrotic

node, cellulitis, abscess

87 US and 11 CT.

Radiologist’s report

impression

US for abscess:

accuracy 65.2 %,

sensitivity 70 %, 33 %

specificity. CECT

abscess: accuracy

85 %

Shefelbine

et al. 2007

[150]

30 children

(9–96

months)

Retrospective Clinical, intraoperative

and radiological

assessment for

retropharyngeal

adenitis

Retropharyngeal

adenitis: a lymph node

with a central low-

attenuation focus with

rim enhancement

located in anatomic

location of the

retropharyngeal nodal

group

CECT identify

purulence as low

density volume

�2 cm3: accuracy

80 %, sensitivity

90 %, specificity 25 %

Malloy

et al. 2008

[151]

43 (mean age

4.1 years)

Retrospective Intraoperative finding

of pus in a neck space

collection

Abscess: Grade 1–3

(none, incomplete and

complete) rim

enhancement of the

collection (both surgical

and nonsurgical groups

have mostly grade 2

collections)

CECT for abscess:

72 % specificity
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Patient with palpable neck mass

Clinical assessment
Diagnositic impression

Infectious
Inflammatory

Sialolithiasis
Sialadenitis

DNI

YesNo

No imaging CECT MR
USFNA

CECT
or MR

SCCASalivary
gland

Lymphoma Thyroid Sinus

Neoplasm

FDG-PET
CECT

US
USFNA

CT
MR

Fig. 38.1 Algorithm for imaging of a palpable neck mass

Fig. 38.2 Case 1: Sinus mass lesion. 65-year-old male

referred to ENT for evaluation of a suspected frontal

mucocele. Noncontrast axial images of CT sinus fusion

protocol in soft tissue (a) and bone (b) algorithms demon-

strate an expansile soft tissue density lesion (asterisk)
centered in superior frontal sinuses accounting for

patient’s frontal bossing. The anterior cortical table of

frontal bone is destroyed (arrow head) and the posterior

frontal sinus wall has scattered rarefaction. MR sinus with

pre-contrast sagittal T1-weighted (c), axial T2-weighted
TSE with fat saturation (d), and Gadolinium enhanced

axial T1-weighted with fat saturation (e) demonstrate

intermediate T2 signal intensity and solid enhancement

of the lesion compatible with a neoplasm. The integrity of

the cortical bone is superiorly demonstrated with CT, and

MR maps the extent of solid neoplasm and excludes

intracranial involvement. This patient has plasmacytoma
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Imaging Case Studies

Case 1: Sinus Mass Lesion (Fig. 38.2)

Case 2: Deep Neck Infection (Fig. 38.3)

Case 3: Lymphoma (Fig. 38.4)

Suggested Protocols

CECT Neck

16-64 multidetector CT scanner. 0.625–1.25 mm

helical scanning with 3 mm thick axial

reconstruction from skull base to aortopulmonary

window with 30–45 s delayed after

intravenous iodine contrast administration. Cor-

onal and sagittal reformats can be obtained as

needed.

MR Neck

1.5 T magnet. Pre-contrast sagittal and axial

T1-weighted spin echo, axial STIR and

T2-weighted FSE, and post-contrast axial and

coronal T1-weighted spin echo with fat satura-

tion. Slice thickness 5 mm (no gap). Scanning

from skull base to aortopulmonary window.

Fig. 38.3 Case 2: Deep neck infection. 22-year-old

female presented to emergency department with worsen-

ing sore throat, dysphagia, and fever for a couple of days

with new dyspnea, and found to have leukocytosis and

bandemia and swollen palatine tonsils on evaluation

CECT neck: (a) Inflammation of the right parapharyngeal

space (arrow). (b) Enlarged kissing palatine tonsils with

right peritonsillar abscess (asterisk) and extensive inflam-

mation including the retropharyngeal space (arrow).
(c) Diffuse edema of larynx (star) and inflammation of

the right submandibular space (arrow). The airway is

deformed and narrowed
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CT Sinus Fusion Protocol

16-64 multidetector CT scanner. 0.625–1.25 mm

helical scanning with 1 mm thick axial images

from vertex to mandible and 3 mm thick direct

coronal images from tip of nose to brain stem in

soft tissue and bone algorithms.

MR Sinus

1.5 T magnet. Pre-contrast axial T2-weighted

FSE with fat saturation of entire head (5 mm

thick). Pre-contrast axial and coronal

T1-weighted spin echo, coronal STIR and

T2-weighted FSE with fat saturation, and post-

gadolinium contrast axial and coronal

T1-weighted spin echo with fat saturation of the

sinuses (from top of orbits to below hard palate,

from tip of nose to brain stem, 3 mm thick).

Future Research

• The limited evidence of the cost-effectiveness

and impact on patient’s outcome by imaging

utilization is inherently due to the complexity

of the multidisciplinary approach to diagnosis

and treatment of a suspicious palpable neck

lump. Ideally, multicenter study is needed to

Fig. 38.4 Case 3: Lymphoma. 72-year-old female

presented to emergency department with stridor from an

enlarging thyroid bed neck mass over several months.

Thyroid ultrasound (a) shows a poorly defined,

hypoechoic mass infiltrating and enlarging the left thyroid

lobe (star) with internal vascularity (arrow). Left thyroid
biopsy shows DLBCL. Staging CECT neck (b) reveals
severe tracheal (T) and esophageal (e) compression by the

thyroid mass (star) and adenopathy (arrow). Staging

whole body FDG-PET/CT (c, d) reveals FDG avidity of

the left thyroid lymphoma, and bilateral central

compartment, level II–IV cervical and mediastinal

adenopathy (arrow) with SUV of 13–18. Note FDG avid-

ity of sub-centimeter node (arrow head) anterior to non-

FDG-avid of the uninvolved right thyroid lobe (solid star).
Interim PET/CT after 2 cycles of RCHOP (e, f) shows
minimal FDG avidity (SUV of 2–4) of the residual tissue

in the thyroid and nodal bed. End of treatment and 1-year

follow-up PET/CTs (not shown) demonstrate complete

treatment response without FDG uptake of the residual

tissue
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unify imaging strategy with a balance between

optimal diagnostic performance and cost-

effectiveness.

• Even though there is moderate evidence

supporting modality choice for the specific

pathology in question, in reality, the available

local resources and expertise remain the main

driving forces determining the imaging

choice.
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Key Points

• Thyroid nodules are common and are com-

monly benign (strong evidence).

• Ultrasound is the most sensitive and specific

imaging method for evaluation of thyroid nod-

ules detected by other imaging methods (mod-

erate evidence).

• Fine-needle aspiration is the most accurate

method in evaluation of a nodule (strong

evidence).

• Ultrasound features are helpful in determining

the risk of cancer in a given nodule and hence

to screen nodules to decide which nodules

should undergo FNA (moderate evidence).

Epidemiology

Thyroid nodules are very common. The preva-

lence of thyroid nodules largely depends on the

method of screening and the population evalu-

ated. Increasing age, female sex, iodine defi-

ciency, and a history of head and neck radiation

seem to increase the risk of thyroid nodules [1, 2].

The Danish investigation on iodine intake and

thyroid disease monitors the iodine fortification

program in Denmark [3]. They observed a large

population before and after iodine fortification

and reported that even small changes in iodine

intake significantly influenced goiter prevalence,

nodule incidence, and thyroid dysfunction [3].

Other factors, such as smoking, pregnancy, and

alcohol use, also influenced goiter development.

Imaizumi et al. [4] in their study on atomic bomb

survivors found the prevalence of solid nodules,

malignant tumors, benign nodules, and cysts of

the thyroid was 14.6 %, 2.2 %, 4.9 %, and 7.7 %,

respectively. A significant linear dose–response

relationship was observed for the prevalence of

all solid nodules, malignant tumors, benign nod-

ules, and cysts (p < 0.001). The investigators

estimated that about 28 % of all solid nodules,

37 % of malignant tumors, 31 % of benign nod-

ules, and 25 % of cysts were associated with

radiation exposure at a mean and median thyroid

radiation dose of 0.449 sieverts (Sv) and

0.087 Sv, respectively [4]. The increasing use of

imaging has increased the number of thyroid

nodules detected incidentally. Autopsy and pro-

spective US studies in North America have

shown a prevalence of thyroid nodules in 50 %

and 67 % of patients, respectively [5, 6]. A study

comparing US and clinical examination showed

that 46 % of the nodules detected by US would

not be detected by clinical examination alone

[7]. Most of these nodules are benign with

a prevalence of thyroid cancer reported in the

range of 1.2–2.6 per 100,000 men and 2.0–3.8

cases per 100,000 in women [8]. The incidence of

thyroid cancer in the population has increased

from 3.6 per 100,000 in 1,073 to 8.7 per

100,000 in 2002 in the USA [9]. However, most

of this increase in thyroid cancer was due to an

increased detection of small papillary cancers. In

autopsy studies, clinically silent thyroid papillary

microcarcinomas (<1 cm in diameter) have been

reported in up to 36 % of patients [10]; however,

a comparison with the incidence rates for clini-

cally apparent papillary carcinomas suggests that

most papillary microcarcinomas will not lead to

clinically apparent thyroid carcinomas. A follow-

up study of papillary microcarcinomas over a

9-year period also did not show any metastasis

in patients with tumors <0.8 mm [11, 12].

The risk of cancer in thyroid nodules ranges

from a 48% likelihood ofmalignancy in a solitary

solid nodule with punctuate calcifications in

a man to a likelihood of <3 % in a noncalcified,

predominantly cystic nodule in a woman [13].

Overall Cost to Society

Since thyroid nodules are seen in greater than

50 % of the population, performing FNA on all

these nodules is quite impossible. An estimated

250,000–300,000 new nodules were identified in

the United States in 2007, and only about 18,000

turned out to be malignant. US-guided FNA pro-

cedure for a single thyroid nodule costs $624,

while a US exam of the thyroid gland costs

$233 per Seattle area estimated Medicare reim-

bursement rates. Thus, if a patient undergoes

a US exam and an FNA, the average cost for
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thyroid nodule evaluation exceeds $800. Since

the yearly incidence of thyroid nodules in the

US population is about 232,000–282,000,

approximately $225 million is spent every year

to diagnose benign nodules. Thus, to diagnose

every malignant nodule, more than $12,000

($225 M/18,000 malignant nodules detected) is

spent to detect and exclude the benign nodules.

A study by Gharib and Goellner et al. in 1993

concluded that because cytologic examination

offers the most direct and specific information,

FNA should be the initial recommended test.

Savings in cost of care per patient after the intro-

duction of FNA was estimated to be more than

$1,200 [14]. Ultrasound is very helpful to screen

for nodules with high-risk features that can then

get an FNA, decreasing the overall cost to the

society.

Goals of Imaging

The main goal of imaging is to assess the features

of thyroid nodules that are associated with malig-

nancy. Currently, ultrasound is the most accurate

modality for determining high-risk features

which can then be used to decide which nodules

should undergo FNA.

Methodology

A MEDLINE search was performed using

PubMed (National Library of Medicine,

Bethesda, Maryland) for original research publi-

cations discussing thyroid nodules, thyroid

malignancy, and diagnostic performance and

effectiveness of imaging strategies of the thyroid.

The search covered the years 1980 to March of

2011. The search strategy employed different

combinations of the following terms: (1) thyroid

nodules, (2) thyroid incidentalomas, (3) ultra-

sound or iodine scan or imaging, and (4) thyroid

cancer or papillary carcinoma. Additional articles

were identified by reviewing the reference lists of

relevant papers. This review was limited to

human studies and the English language litera-

ture. The author performed an initial review of

the titles and abstracts of the identified articles

followed by review of the full text in articles that

were relevant.

Discussion of Issues

Thyroid Incidentaloma: How Should
They Be Evaluated?

Summary

Thyroid incidentalomas are defined as lesions

that are nonpalpable but seen on imaging studies

performed for indications other than evaluation

of the thyroid gland. These studies include imag-

ing exams like ultrasound performed for carotid

evaluation and CT, MRI, and PET for nonthyroid

malignancies. The problem generated is not triv-

ial from either the patient’s point of view or that

of the resulting general medical socioeconomic

burden. The yearly incidence of differentiated

thyroid cancers is increasing due, in part, to

more frequent detection of small nonpalpable

nodules on cross-sectional imaging examinations

performed for unrelated indications [15]. CT and

MRI do not provide adequate detail for charac-

terization of these nodules. Established ultra-

sound guidelines exist to suggest suspicious

features in nodules, and hence, US is essential

for characterization of the nodule (strong

evidence).

Supporting Evidence
Thyroid incidentalomas are seen in 16% of cross-

sectional studies like CT and MRI [16, 17],

9.4–27 % of carotid duplex ultrasound exams

[18], and 3–4 % of PET scans [19]. Thyroid

carcinoma is the most frequent type of endocrine

cancer in the United States, with 33,500 new

cases diagnosed each year but only 1,500 deaths

annually, mainly due to uncommon, aggressive

forms of the disease [20]. The frequency of thy-

roid incidentalomas has ranged from as low as

2 % to as high as 67 % [5, 21, 22]. The vast

majority of cases are ultimately diagnosed as

benign colloid nodules, cysts, or adenomas,

whereas approximately 5% of nodules are malig-

nant [23]. A limited number of CT- and
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MRI-based studies have examined the prevalence

of incidental thyroid nodules.

However, in a study by Shetty et al. [16] of

nodules detected on CT with follow-up ultra-

sound, the authors found no reliable CT feature

to help distinguish benign from malignant

nodules. As noted in their article, thyroid nodules

detected on chest CT are typically small and often

too small to characterize accurately. Even larger

incidental nodules detected on CT may be

difficult to characterize because the CT was not

performed specifically to address the thyroid and

the entire gland may not be imaged. For example,

on chest CT, the patient’s arms are positioned

over the head, which often results in beam-

hardening artifact through the thyroid as a result

of high-density IV contrast material in the sub-

clavian veins. The clavicle can also cause artifact

through the thyroid gland. These artifacts can

obscure nodules or create pseudolesions. In addi-

tion, small nodules would be difficult to charac-

terize on CT unless thin collimation and

multiplanar reconstruction were available. Rou-

tine chest CT is usually performed with 3- to

5-mm slice thickness, not ideal for characterizing

nodules less than 1 cm in size. Yoon et al. [24]

examined 734 patients without known thyroid

disease using 16-MDCT contrast-enhanced

scans of the neck and found thyroid nodules in

16 % of the subjects. They also found that 9 % of

these incidentalomas were malignant, with some

diagnostic CT features, such as nodular or rim

calcifications, anteroposterior to transverse diam-

eter ratio above 1.0, and mean attenuation value

on contrast-enhanced scans greater than 130 HU.

However, they do recommend that further evalu-

ation of a thyroid nodule detected on neck CT

should be performed with ultrasound and/or

biopsy.

In the study by Shetty et al. [16], 230 patients

with abnormal findings in the thyroid on CT

underwent ultrasound, and 118 ultimately

underwent biopsy or resection. The CT and

sonography images were reviewed and corre-

lated. CT matched the sonography findings in

53 % of patients. CT correctly identified the

dominant nodule but missed the multinodularity

in 30% of patients. CT overestimated the number

of nodules in 2.2 % and was false positive for

lesions in 4.3 %. The prevalence of malignancy in

these incidentally detected nodules was 3.9 %,

with a 7.4 % rate of malignant potential [16]. The

authors also report that although nodules may

appear homogeneously cystic on CT, on sonog-

raphy the same nodules may appear as complex

cystic or solid nodules of varying echogenicity.

No simple density threshold on CT could distin-

guish simple cysts from complex cystic or solid

nodules. Since CT also underestimated the num-

ber of nodules relative to sonography in several

cases, the authors suggested that sonography is

a useful follow-up study after incidental detection

of a thyroid nodule on CT [16].

The imaging appearance of thyroid nodules on

MRI has been described; however, no studies

were found in the literature to compare the sen-

sitivity and specificity of MR with standard exam

like ultrasound (insufficient evidence).

Ultrasound (US) has been suggested to be the

“gold standard” investigation for evaluation of

thyroid nodules and incidentalomas (in [62]).

Nonpalpable thyroid nodules are detected by

US in 13–50 % of the general population

approaching the incidence detected on autopsy

[25]. Sensitivity and specificity of ultrasound to

differentiate benign and malignant thyroid nod-

ules has been reported to be 89–97 % and

16–43 %, respectively, in various studies [26].

Various ultrasound imaging features associated

with malignancy include microcalcifications,

hypoechogenicity, irregular margins or absent

halo sign, solid pattern, intranodular vasculariza-

tion, and shape (taller than wide). These in isola-

tion do not have sufficient predictive value;

however, multiple patterns taken together

increase the specificity for diagnosing malig-

nancy [26–30] (Table 39.1).

Which Nodules Should Undergo
Fine-Needle Aspiration?

Summary

Characteristics of thyroid nodules on ultrasound

that could suggest malignancy include solid

hypoechoic nodule, a taller-than-wide shape, an
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irregular shape, a spiculated margin, a blurred or

indistinct margin, marked hypoechogenicity,

micro- and macro-calcifications, a disrupted

calcified rim, and an intranodular vascular pat-

tern. Sonographic features of benignity are

isoechogenicity, completely cystic appearance,

and a spongiform appearance. Since no one

parameter is sufficiently sensitive or specific for

differentiation between benign and malignant

nodules, combinations of features used in some

studies may not show the same sensitivity and

specificity when applied at other centers, and

since the interobserver reliability is variable, the

use of a “classic pattern” approach to nodule

assessment may not be advisable (strong evi-

dence). However, these features can be used to

decide if a nodule is suspicious enough to

undergo FNA. FNA is considered the most reli-

able diagnostic test for evaluation of thyroid nod-

ules and has low rate of complications when US

guidance is used [31]. FNAB on every thyroid

nodule detected with ultrasound is not cost-

effective because of the high prevalence of nod-

ules (limited evidence) [32]. Multiple guidelines

exist to decide if a nodule should undergo FNA.

Some of these include the Society of Radiologists

in Ultrasound (SRU) [33], American Thyroid

Association (ATA) [34], and American Associa-

tion of Clinical Endocrinologists (AACE) [35].

Any of these guidelines can be used to decrease

the number of FNAs being performed especially

on benign nodules; however, the decision as to

which guideline should be used should be made

in combination with the referring endocrinolo-

gists. However, scientific review shows that the

AACE guidelines were recommended for achiev-

ing high specificity and the Kim criteria for

achieving high sensitivity [36] (moderate

evidence).

Supporting Evidence

Many studies have been published in which the

ability to predict whether a thyroid nodule is

benign or malignant on the basis of US findings

was assessed [37–46]. Nodule size is not predic-

tive of malignancy [38, 39]. Several US features

have been found to be associated with an

increased risk of thyroid cancer, including

presence of calcifications, hypoechogenicity,

irregular margins, absence of a halo, predomi-

nantly solid composition, and intranodule vascu-

larity. However, the sensitivities, specificities,

and negative and positive predictive values for

these criteria are extremely variable from study to

study, and no single US feature has both a high

sensitivity and a high positive predictive value

for thyroid cancer. The feature with the highest

sensitivity, in the range of 69.0–75.0 %, is solid

composition; however, this feature has a fairly

low positive predictive value of 15.6–27.0 %.

The feature with the highest positive predictive

value, 41.8–94.2 %, is the presence of microcal-

cifications; however, this feature has low sensi-

tivity and is found only in 26.1–59.1 % of

cancers. The combination of factors improves

the positive predictive value of US to some extent

[39, 40]. In particular, a predominantly solid

nodule (<25 % cystic) with microcalcifications

has a 31.6 % likelihood of being cancer, as

compared with a predominantly cystic nodule

(>75 % cystic) with no calcification, which has

a 1.0 % likelihood of being cancer [33]. Experi-

enced radiologists are able to evaluate nodules on

ultrasound with a high consistency; however, the

variability in inexperienced radiologists can be

significant. In a study by Choi et al., there was

only slight interobserver agreement in assess-

ment of echogenicity (K¼ 0.34), a fair agreement

in composition, margin, calcification, and final

assessment (K ¼ 0.59, 0.42, 0.58, and 0.54,

respectively), and shape and vascularity showed

substantial agreement (K ¼ 0.61 and 0.64,

respectively) [47]. Multiple guidelines exist to

help decide if a particular nodule should be

chosen for FNA or not. These include the Society

of Radiologists in Ultrasound guidelines [33],

American Thyroid Association [34], American

Association of Clinical Endocrinologists [35],

and Kim criteria [38]. Controversy exists as to

which guidelines aremost accurate. A recent study

by Ahn et al. comparing three sets of guidelines –

SRU, AACE, and Kim criteria – found that Kim

and AACE criteria are more accurate than the

SRU criteria. The AACE guidelines were

recommended for achieving high specificity and

the Kim criteria for achieving high sensitivity [36].
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The guidelines used at a particular institution

should be based on consensus with the endocrinol-

ogist, surgeon, and pathologist.

Fine-Needle Aspiration of Thyroid
Gland: Safety and Efficacy

Summary

FNA of the thyroid is a very safe procedure with

a very small number of rare complications

reported in the literature. The incidence of com-

plications increases with increasing needle size.

For superficial fine-needle aspiration, minor com-

plications similar to blood drawing occur and are

typically restricted to local pain and slight ecchy-

mosis. Small asymptomatic hematomas are com-

mon and resolve without treatment. Other

complications like recurrent laryngeal nerve

paralysis and tumor seeding are also rarely seen

(limited evidence). Accuracy for diagnosis of

papillary carcinoma is also very high; however,

FNA suffers from inability to differentiate

between follicular adenoma and follicular carci-

noma (strong evidence).

Supporting Evidence

Local pain or bruising can be seen after fine-

needle aspiration and can be treated with an ice

pack. There are a few case reports of significant

hematoma post FNA [48–50]. In a review by

Polyzos et al., the reported incidence of blood

extravasation-related complications during or

after FNA ranged between 1.9 % and 6.4 % in

different studies. This variability was suggested

to be possibly due to definition or record biases.

Intranodular hemorrhage within the cystic part of

complex nodules following fluid aspiration

seemed to be most frequent. Seven cases of

post-FNA life-threatening massive hematomas

resulting in airway obstruction were found as

well as four described cases with secondary hem-

angioma attributed to FNA [51]. While several

large FNA series have failed to report on RLN

paralysis, Tomoda et al. reviewed over 10,000

FNAs with 23-gauge needle with documentation

of four patients with vocal cord paralysis, a rate of

0.036 % [52]. The voice change typically

occurred 1–2 days after FNA procedure, and all

cases were transient with average resolution in

4 months [52]. Hulin noted in a case report of

a patient with FNA-induced RLN paralysis

increased fibrosis around the RLN at surgery

with increased difficulty of surgical dissection

[53]. It is this author’s experience that if cystic

fluid in a thyroid lesion, through either FNA or

trauma, leaks out of the thyroid cyst into sur-

rounding structures, subsequent dissection can

be very challenging. Needle track seeding after

thyroid FNA has been reported but is a rare event

if appropriate precautions are taken – e.g., releas-

ing vacuum before removing the needle.

Basu et al. report a case of FNA in a complex

cyst with a 22-gauge needle causing a

discharging sinus at needle insertion site which

was then diagnosed as a well-differentiated

papillary carcinoma infiltrating skin and strap

muscles [54]. Karowski et al. in their case found

local metastases in the skin and sternoclei-

domastoid muscle 3 years after FNA of the

primary malignancy [55]. Wu, in a review of

FNA of multiple sites including thyroid, noted

that worldwide literature review as of 2004

has revealed a total of 12 cases of tumor seeding

referable to FNA [56]. They found increased risk

with larger-gauge needle (19–21 gauge) and

virtually no risk with 23 gauge or smaller.

The accuracy rate for diagnosing papillary

carcinoma with FNA ranges from 90 % to

100 % [57, 58]. Ashcraft and Van Herle studied

a series of 9,161 cases of thyroid FNA with false-

negative and false-positive rates of 1.6 % and

0.9 %, respectively, for FNA [59]. It is well

established in literature that thyroid FNA cannot

distinguish between follicular adenoma and car-

cinoma with only 10–20 % cases diagnosed as

follicular neoplasms on FNA found to be malig-

nant on histologic examination [60]. In a study by

Lew et al. which included 797 patients, the FNA

results included 147 (18 %) positive for malig-

nancy, 255 (32 %) benign, 358 (45 %) indetermi-

nate, and 37 (5 %) nondiagnostic. The overall

malignancy rate on final histopathology was 369

of 797 (46 %). Overall, there was a false-positive

rate of 2 % and false-negative rate of 8.6 %.

Among the 358 indeterminate FNA results,

684 M. Dighe



carcinoma was found in 81 (36 %) of 223 follic-

ular neoplasms, 18 (36 %) of 50 H€urthle cell

neoplasms, and 78 (92 %) of 85 that were suspi-

cious for papillary thyroid cancer. When FNA

was nondiagnostic, cancer was present in 9 of

37 (24 %). Among 39 patients with benign FNA

who had cancer on final histopathology, 22 of 255

(8.6 %) had cancer in the index thyroid nodule,

and 81 % of cancers were <1 cm [61].

FDG-PET-Positive Thyroid
Incidentalomas

Summary

PET and combined PET/CT are increasingly used

in staging of malignancies, and thyroid lesions

with focally increased uptake may be incidentally

seen. Katz and Shaha coined the term PET-

associated incidental neoplasm (PAIN) to

describe such lesions [19]. A thyroid lesion with

focally increased uptake has a higher risk of

malignancy. It may be necessary to evaluate

a thyroid lesion with focal uptake with ultrasound

and fine-needle aspiration evaluation. This deci-

sion should be based on three factors: (1) progno-

sis of the primary disease, avoiding further

investigation in patients with widespread distant

metastasis and overall poor prognosis from the

index tumor; (2) pattern of FDG uptake with focal

uptake being more suspicious of a neoplastic pro-

cess; and (3) clinical risk factors or a palpable

nodule which have a higher likelihood of harbor-

ing a malignancy [62]. The relationship between

likelihood of malignancy and standard uptake

value (SUV) is debatable [19] (moderate

evidence).

Supporting Evidence

Thyroid incidentalomas with focal increased

FDG uptake are found in 1.2–4.3 % of PET

examinations [21, 22, 63, 64]. Malignancy rates

for hypermetabolic lesion in the thyroid range

from 14 % to 47 % [21, 22, 63, 65–68]. This

variable range for malignancy is due to the fact

that the fine-needle aspiration rate in various

studies ranged from 15% to 83% [62]. Malignant

lesions are likely to have higher SUV values;

however, there is considerable overlap in uptake

levels betweenmalignant and benign lesions. The

range for malignant lesions ranged from 6.4 to

14.2 and for benign lesions ranged from 3.3 to 8.2

in various studies [21, 22, 63, 65–67, 69]. This

variability is suggested to be due to benign

oncocytic lesions like Hurthle cell adenomas,

which have a higher number of mitochondria

and hence high metabolic activity [62]. Published

data suggests that PET-detected thyroid cancers

tend to be more aggressive: 50 % comprise of

aggressive variants like tall cell, insular, or

Hurthle cell tumors [67].

Staging and Monitoring of Thyroid
Malignancy

Summary
Ultrasound is routinely used for preoperative

staging of patients with papillary thyroid carci-

noma (PTC). CT appears to have equal sensitivity

as US and can be complimentary to US in evalu-

ating for lateral neck nodes. MRI does not appear

to have enough sensitivity as a screening tool

especially in patients with recurrent papillary

carcinoma; however, it has better accuracy in

evaluating for extracapsular extension of the pri-

mary tumor. PET/CT is less accurate when com-

pared to US and CT for the initial evaluation of

cervical node levels in patients with papillary

thyroid carcinoma; however, it has better sensi-

tivity in patients with recurrent PTC than CT

(strong evidence).

Supporting Evidence

Shimamoto et al. evaluated the usefulness of

ultrasound for preoperative staging of thyroid

papillary carcinoma in 77 patients and found

that ultrasound was able to estimate the

T categories accurately with a sensitivity of

77.8 % for depicting tumor extension into the

prethyroidal muscle and/or the sternoclei-

domastoid muscle and a sensitivity of 42.9 %

and 28.6 %, respectively, for invasion into the

trachea and the esophagus. The N categories were

underestimated in 36 of the 77 patients [70].

Takes et al. in their multicenter study compared
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the value of US with US-guided FNA to CT in

detection of regional metastases in clinically neg-

ative neck and found that US-guided FNA had

a sensitivity of 48 %, specificity of 100 %, and

overall accuracy of 79 %, while CT had a sensi-

tivity of 54 %, specificity of 92 %, and overall

accuracy of 77 % [71]. In a study by Moon et al.

comparing the positive predictive value and

interobserver variability of US in preoperative

staging of thyroid carcinoma, the T staging,

bilaterality, and N1b staging of preoperative stag-

ing sonography showed high PPV. Agreements

for T and N staging, multifocality, and

bilaterality were moderate, substantial, and

excellent, respectively [72].

A study by Choi et al. compared the diagnostic

accuracy of ultrasound with that of CT in preop-

erative evaluation of primary tumors and cervical

lymph nodes in patients with papillary thyroid

carcinoma. Their study consisted of 299 consec-

utively registered patients with pathologically

proven papillary thyroid carcinoma. Ultrasound

was more accurate than CT in prediction of the

presence of extrathyroidal tumor extension and of

malignant disease in both thyroid lobes (p< 0.05)

for overall lesions and for the two subgroups.

In prediction of central node (neck level VI)

metastasis, CT had greater sensitivity than ultra-

sound alone (p ¼ 0.04) for overall lesions.

Although the combination of ultrasound and CT

had greater sensitivity than ultrasound alone in

prediction of the presence of central node metas-

tasis in the two subgroups, the sensitivity of the

combination of ultrasound and CT did not reach

statistical significance for papillary thyroid

microcarcinoma. Ultrasound alone and ultrasound

with CT had greater sensitivity than CT in predic-

tion of lateral node (levels II–V) metastasis, but

there was no significant difference in diagnostic

value between ultrasound and the combination of

ultrasound and CT for overall lesions or for the

two subgroups [73]. Kim et al. in their 165 con-

secutive patients found that in terms of predicting

node metastases, overall sensitivity, specificity,

accuracy, positive predictive value, and negative

predictive value of US were 51 %, 92 %, 77 %,

81 %, and 76 %, respectively. Those of CT were

62 %, 93 %, 81 %, 84 %, and 80 %, respectively,

and those of US ¼ CT were 66 %, 88 %, 79 %,

77 %, and 81 %, respectively, at all neck levels.

US ¼ CT significantly increased sensitivity and

demonstrated similar specificity compared with

US alone in lateral neck levels. US¼CT increased

sensitivity but decreased specificity compared

with US alone in the central neck levels. CT

provided additional benefit for detecting meta-

static nodes at more than one level in 8 % of all

patients, in 14 % of patients with suspected nodal

metastasis on US, and in 25 % of patients with

metastatic lymph nodes. They found that the com-

bination of US/CT was superior to US alone for

detection of metastatic lymph nodes in the lateral

neck levels in PTC patients [74]. Ahn et al. found

similar results in their study and concluded that

the combination of US and CT was superior to US

or CT alone [75].

King et al. in their study comparedMRI andUS

of the neck in staging papillary thyroid carcinoma

and found MR was superior in accessing

extracapsular extension especially into the trachea;

however, ultrasound was superior in detecting the

primary lesion, multifocal disease, and cervical

lymph nodes [76]. Gross et al. usedMRI for detec-

tion of cervical metastasis from differentiated thy-

roid carcinoma and found that the average overall

percent sensitivity, specificity, positive predictive

value (PPV), negative predictive value (NPV), and

accuracy of MR imaging were 95 %, 51 %, 84 %,

78 %, and 83 %, respectively; however, due to the

low specificity of MR, it would not be a useful

screening tool [77].

Jeong et al. in their study comparing PET/CT

with US and CT found that PET/CT showed

a sensitivity of 30.4 %, a specificity of 96.2 %,

and a diagnostic accuracy of 86.9 %. The

corresponding values for US and CT were

41.3 %, 97.4 %, 89.1 % (US) and 34.8 %,

96.2 %, 87.2 % (CT). This suggested that inte-

grated PET/CT does not provide any additional

benefit when compared to US and CT for the

initial evaluation of cervical node levels in

patients with papillary thyroid carcinoma [78].

Lee et al. had similar findings in their study

which compared CT and PET/CT and found that

CT was more sensitive and accurate than PET/CT

for detecting lymph nodes in recurrent PTC [79].
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Take-Home Tables and Figures

See Figs. 39.1 and 39.2 for workup of thyroid

incidentalomas and management of thyroid nod-

ules based on fine-needle aspiration (FNA),

respectively. See Table 39.1 for specificity and

sensitivity of various features to diagnose

malignancy.

Imaging Case Studies

Case 1: Incidentally detected thyroid nodule on

CT (Fig. 39.3)

Case 2: Incidentally detected thyroid nodule on

MRI (Fig. 39.4)

Case 3: FDG-PET-positive thyroid nodule

(Fig. 39.5)

Suggested Imaging Protocols

Ultrasound

Ultrasound should be performed using a linear

high-frequency transducer ideally between 10

and 17 MHz. Images should be obtained in trans-

verse and sagittal orientation with documentation

of any nodules in the thyroid gland. Measure-

ments of the thyroid gland and nodules should

be performed. Vascularity of the gland and the

nodule should be assessed.

Thyroid incidentaloma
detected on imaging

Dedicated
ultrasound of the

thyroid gland

Nodule characteristics noted
– correlation with focused

history performed

Suspicious festures
and > 1 cm in size

Suspicious features
and < 1cm in size

Perform FNA

FNA to be performed
only if technically

feasible (depending
on local expertise)

Observe and follow
up with US in 6

months to assess
change in size, FNA

only if significant
increase in size.

Perform FNA

> 2cm in size< 2cm in size

No suspicious
features

Fig. 39.1 Workup of thyroid incidentalomas
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Fine-Needle Aspiration

Fine-needle aspiration should be performed with

real-time ultrasound guidance. A 22- or 25-gauge

needle is to be used and samples should be

obtained with capillary action or aspiration.

Local anesthetic may be used at the operator’s

discretion. Smears of the samples can be

performed immediately if a cytotechnologist is

available or the sample may be sent in solution to

the cytopathologist for further processing.

Future Research

• Cost-effectiveness analysis for follow-up of

thyroid nodules instead of fine-needle aspira-

tion. At present, there are limited studies on

cost-effectiveness of performing ultrasound

instead of fine-needle aspiration of thyroid

nodules.

• Cost-effectiveness and outcome for

nonaggressive management of papillary thy-

roid microcarcinomas (PTMC). Management

of PTMCs is controversial with some prefer-

ring to resect all papillary carcinomas regard-

less of size while some preferring to manage

these conservatively. The true incidence of

metastases in the long term is not known, and

further studies are necessary to assess the

actual risk in nonaggressive management of

PTMCs.

FNA results

Suspicious for malignancy or
follicular lesions with high
probability for malignancy

Indeterminate – possible
atypical cells seen or
follicular lesion with

intermediate probability for
malignancy

Benign lesion like nodular
goiter, colloid cyst, follicular
lesion with low probability

for malignancy

No further follow up
Repeat FNA or US follow up

in 6, 12 and 24 months
Surgery

Fig. 39.2 Management of thyroid nodules based on fine-needle aspiration (FNA)

Table 39.1 Specificity and sensitivity of various features

to diagnose malignancy. Combination of features like

microcalcifications and irregular margin appears to

increase the specificity even though the sensitivity may

decrease

Sensitivity (%) Specificity (%)

Microcalcifications 40 90

Absence of halo 66 46

Irregular margins 64 84

Hypoechoic 83 49

Incr. intranodular flow 70 65

MicroCa + irreg margin 30 95

MicroCa + hypoechoic 28 95

Solid + hypoechoic 73 69
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Fig. 39.3 (a, b) Case 1: Incidentally detected thyroid

nodule on CT. A small hypodense mass (arrow) was

seen in the left thyroid lobe on CT (a) performed for

staging of patients known lymphoma. This was indeter-

minate and did not show any enhancement or

calcifications within it. An ultrasound (b) was performed

for further characterization and showed a predominantly

cystic thyroid nodule (calipers). FNA of this lesion is not

recommended due to the small size and predominantly

cystic appearance

Fig. 39.4 (a–d) Case 2: Incidentally detected thyroid

nodule on MRI. A thyroid nodule was seen inciden-

tally on a MRI (a) performed for the cervical spine

(arrow). Due to the inability of MRI to characterize

this lesion and incomplete visualization due to

a different anatomic part being scanned on MRI,

ultrasound (b, c) was performed which showed

a large predominantly solid isoechoic nodule in the

left thyroid lobe. Minimal internal vascularity was

seen on color Doppler image (d). FNA of this nodule

is indicated and showed a benign follicular lesion

likely an adenoma on cytopathology
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Key Points

• Although various size and morphological

criteria, such as central necrosis, extracapsular

spread of tumor, and vascular findings,

have been reported on CT, MR, or US,

the diagnostic performance for each

modality and criteria alone is limited (mod-

erate evidence). The combination of some

diagnostic criteria may improve the

accuracy.

• In the evaluation of clinically N0 stage HNC,

conventional radiological imaging (US, CT,

spin-echo or fast spin-echoMR) shows limited

sensitivity (moderate evidence). Although

fluorine-18-fluorodeoxyglucose (18F-FDG)

PET shows high specificity, the sensitivity in

N0 patients is still suboptimal (moderate

evidence).

• Although US is not routinely used for the

staging of HNC, certain vascular patterns

on power Doppler sonography improve

diagnostic accuracy for the detection of

metastatic nodes (moderate evidence).

Grayscale US examination is not useful

for differentiation of metastatic from

benign nodes.

• Diffusion-weighted imaging (DWI) with

apparent diffusion coefficient (ADC) values

in combination with conventional MR

criteria provides improved accuracy in differ-

entiating benign and malignant lymph nodes,

especially in small lymph nodes (limited

evidence).

• Negative FDG PET CT after radiation therapy

(RT) has a high negative predictive value

(NPV) for residual tumor (moderate evi-

dence). However, positive predictive value

(PPV) of PET-CT is limited.

The diagnostic performance for each CT, MR,

or US with size criteria alone is limited.

Although the accuracy of FDG PET is slightly

higher than conventional CT or MR, the effec-

tiveness for N0 patient is still unsatisfactory.

FDG PET may be useful for the assessment

of treatment response of nodal metastases

following CRT.

Take-Home Points

• Various imaging techniques are available for

the detection of cervical nodal metastasis in

patients with HNC. Diagnostic performances

vary depending on imaging techniques,

patient groups, and type of analysis (per

node, per hemi-neck, per patient). Conven-

tional CT and MR have limited sensitivity

for detecting metastases in normal size

nodes, although specificity is quite high.

• Ultrasound with power Doppler or US-guided

FNA has higher diagnostic performance; how-

ever, invasiveness and cost associated with

FNA prevent it from being used as a routine

staging method. Operator dependency and

lack of assessment of primary tumor extension

are other shortcomings of US limiting its

widespread use for patients with HNC.

• FDG PET is a promising imaging technique

and widely integrated in the staging of patients

with HNC. Generally, the accuracy of FDG

PET is slightly higher than conventional CT or

MR, though the effectiveness among N0

patient is still unsatisfactory.

• Diffusion-weighted imaging with quantitative

assessment of ADC is potentially useful to

differentiate metastatic from benign lymph

nodes. This needs further investigation in a

large clinical study.

• FDG PET may be useful for the assessment of

treatment response following CRT in patients

with HNC. PET could be used to identify

patients with a favorable response who could

avoid a salvage neck dissection.

Definition and Pathophysiology

Anatomy

There are more than 800 lymph nodes in the

human body, and approximately 300 are located

in the neck. The original nodal classification was

described by a French anatomist, Rouviere,

where neck lymph nodes were divided into 10

groups and each nodal group was named based on
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the location [1]. These include internal jugular

chain, spinal accessory chains, and submandibu-

lar, submental, and supraclavicular nodes.

Other minor groups are retropharyngeal, occipi-

tal, mastoid, parotid, and facial lymph nodes.

Since 1980, a simplified classification was

endorsed and extensively used as the complexity

of surgical management of HNC patients

increased. The numeric classification improved

communication among medical specialties: ear,

nose, and throat (ENT) surgeons; radiation and

medical oncologists; and radiologists. Based on

the clinical classification of the American Joint

Committee on Cancer (AJCC) and the American

Academy of Otolaryngology-Head and Neck

Surgery (AAO-HNS), the imaging-based

nodal level classification reported by Som et al.

is widely used by both clinicians and

radiologists [2].

Pathology

Metastatic lymph nodes are defined as cancer

spread to regional lymph node from primary

HNC. As gross pathologic features, metastatic

lymph nodes are often round pale nodes, and

they are frequently multiple. Microscopically,

a metastasis first lodges in the subcapsular sinus

through afferent lymphatic vessels, then spreads

through the marginal sinus, into the whole node.

Once cancer within a lymph node extends

through the lymph node capsule, it is called

extracapsular spread. Extracapsular spread into

the perinodal fat often leads to adherence of

tumor to vessels or invasion of adjacent muscles.

Extracapsular spread is one of the poor prognos-

tic indicators for HNC [3–5]. A prospective

study of 170 cases with H&N squamous cell

carcinoma of the hypopharynx and larynx

showed that the 5-year overall survival rates

were 52.0 % for cases without metastases

and 5.8 % when macroscopic transcapsular

spread was present [3]. Central necrosis is

a characteristic feature of metastatic squamous

cell carcinoma. This is an area of hypodensity

on contrast-enhanced CT or hypointensity on

T1-weighted, contrast-enhanced MR and indi-

cates an area of tumor necrosis or tumor itself.

Normal lymph node tissue enhances more vividly

and rapidly compared with a focus of cancer.

Therefore, a heterogeneous appearance of

lymph nodes in patients with squamous cell car-

cinoma in the head and neck (H&N) is a finding

of lymph node metastases [6–8]. However, not all

metastatic lymph nodes contain areas of necrosis.

Focal fat deposition sometimes mimics central

necrosis on CT.

The staging of cervical lymph nodes

according to the AJCC for H&N squamous cell

carcinoma (except nasopharyngeal carcinoma) is

as follows: [9]

N0: No regional nodal metastasis

N1: Single ipsilateral node �3 cm in greatest

dimension

N2a: Single ipsilateral 3–6-cm node in greatest

dimension

N2b: Multiple ipsilateral nodes�6 cm in greatest

dimension

N2c: Bilateral or contralateral nodes �6 cm in

greatest dimension

N3: Any nodal mass>6 cm in greatest dimension

The natural history and response to treatment of

cervical nodal metastasis from the nasopharynx as

the primary site is different from other head and

neck malignancies, resulting in a different nodal

classification scheme.

The nodal staging for nasopharyngeal carci-

noma is:

N0: No regional nodal metastases

N1: Unilateral nodes�6 cm in greatest dimension

N2: Bilateral nodes� 6 cm in greatest dimension

N3: >6 cm or supraclavicular node in greatest

dimension

N3a: Lymph node (LN) metastasis >6 cm

N3b: LNmetastasis to the supraclavicular fossa

(Retropharyngeal LN(s), regardless of unilat-

eral or bilateral location, is considered N1 (AJCC

staging summary in seventh edition)).

The methodology for calculating the sensitiv-

ity and specificity in the differentiation between

malignant and benign lymph nodes differs

between studies, with some based on the patient,

some based on the neck level, and the remainder

based on individual nodes.
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Epidemiology

HNC constitutes a minority of cancer in the pop-

ulation (approximately 3–5 % of new cancer

cases are in the head and neck in the United States

(http://www.cdc.gov/uscs). HNC has high mor-

tality and morbidity, including disfigurement and

difficulties with speech, swallowing, and breath-

ing [7]. HNC is generally more common in men,

with a male to female ratio of approximately 2:1

except for thyroid cancer. HNC is relatively

aggressive, with complex patterns of regional

and distant metastases. More than 66 % of HNC

patients present with advanced stage cancer

(AJCC stage III–IVb) and have a 25 % chance

of having distant metastases at the time of pre-

sentation [10].

Approximately 5 % of HNC patients have

a second primary at diagnosis, and 20 % of

patients subsequently develop second primary

cancer (http://www.cdc.gov/cancer/npcr). Major

risk factors include tobacco and alcohol. Abuse

of both tobacco and alcohol increases the risk of

developing head and neck cancer by 11-fold.

Another major risk factor is human papillomavi-

rus (HPV), particularly for oral cavity and oro-

pharyngeal cancer (http://www.cdc.gov/cancer/

hpv/statistics/headneck.htm).

The annual incidence rates of potentially

HPV-associated cancers of the tonsil and base

of tongue both increased significantly from

1998 to 2003 (annual percentage change [APC],

3.0), whereas the incidence rates of head and

neck cancer at almost all the comparison sites

generally decreased. Laryngeal cancer incidence

rates declined most sharply from 4.5 % (rate is

per 100,000 population) in 1998 to 3.7 % in 2003

(APC, � 3.5) [11].

The presence of nodal metastases at the time

of diagnosis varies by primary tumor site. Naso-

pharyngeal cancer has the highest incidence of

lymph node metastasis (approximately 85 %),

and glottic laryngeal cancer has the lowest (less

than 10 %) [8]. Accurate diagnosis of nodal

metastases is of paramount importance in staging

and treatment. Generally speaking, organ preser-

vation is a more commonly accepted strategy for

advanced stage HNC, and primary surgery is

performed for early stage disease. Both treatment

strategy and prognosis highly depend on the stag-

ing of primary and nodal disease as well as

genetic and various biomarkers.

Overall Cost to Society

The various options for the management of head

and neck cancer have been evaluated using cost-

identification analysis. Although most reported

economic studies are for T1 or N0 HNC, the

presence of cervical lymph node metastases is

one of the most important prognostic factors for

HNC. A single nodal metastasis halves the over-

all survival of HNC regardless of the location or

size of the primary tumor [12–14]. Although

diagnostic tests, especially PET scan, are costly,

the appropriate diagnostic strategy could prevent

inadequate treatment or avoid overtreatment

potentially affecting outcomes for patients

with HNC.

A study analyzed the cost-effectiveness of

PET in patients with squamous cell carcinoma

of the H&N and absence of clinical signs indicat-

ing lymphatic spread on CT [15]. In this study,

PET was cost effective if lymph node metastases

could be detected more sensitively than with

a standard imaging approach. By preventing mor-

bidity and improving the overall survival and

quality of life, PET-based tumor staging was

associated with an increased median survival of

0.13 years or 0.44 quality-adjusted life years

(QALYs). PET resulted in additional costs of

$1,107, resulting in an incremental cost-

effectiveness ratio (ICER) of $871 per life year

saved or $2,505/QALY. Given the prevalence of

18F-FDG-positive lymph node metastasis of

16–36 %, costs were below the commonly

accepted threshold of $50,000/QALY. This

study has several limitations, most notably that

the results are conditional on the parameters of

the decision model. Parameters such as the cost of

treatment, utility of treatments, and life expec-

tancy may vary according to the institution. Clin-

ical scenarios in which this modality can be

implemented cost-effectively have not been

696 M. Furukawa and Y. Anzai

http://www.cdc.gov/uscs
http://www.cdc.gov/cancer/npcr
http://www.cdc.gov/cancer/hpv/statistics/headneck.htm
http://www.cdc.gov/cancer/hpv/statistics/headneck.htm


well defined [16]. Prospective, randomized clin-

ical trials are needed to further evaluate the clin-

ical relevance and cost-effectiveness.

Goals of Imaging

The goals for the imaging evaluation of cervical

lymph nodes with HNC are (1) to accurately

distinguish metastatic nodes from benign nodes

in the initial staging and (2) to differentiate resid-

ual disease from posttreatment changes after radi-

ation or chemoradiation in order to determine the

need for salvage surgery.

See Table 40.1 for imaging options for the

primary head and neck cancer and staging of the

neck.

Methodology

A MEDLINE search was performed using

PubMed (National Library of Medicine,

Bethesda, Maryland) for original research publi-

cations discussing the diagnostic performance

and effectiveness of imaging strategies in the

H&N lymph node. Clinical predictors of cervical

lymph node metastases were also included in the

literature search. The search covered the period

January 1990 to March 2011. The search strategy

employed different combinations of the follow-

ing terms: (1) lymph node, (2) head and neck,

(3) metastasis, (4) ultrasound or CT or MR or

PET, (5) size criteria, (6) cost, and (7) histology.

Additional articles were identified by reviewing

the reference lists of relevant papers. This review

was limited to human studies and the English

language literature. The author performed an ini-

tial review of the titles and abstracts of the iden-

tified articles followed by review of the full text

in articles that were relevant.

In reviewing the diagnostic performance of

imaging for cervical node metastases, it became

apparent that results vary depending on the

grouping of nodal disease by different studies.

For example, some studies addressed diagnostic

accuracy for each individual lymph node with

a specific pathology. This is a far more rigorous

assessment of diagnostic accuracy, requiring

labor-intensive one-to-one correlation of imaging

with pathological results for each lymph node.

More commonly, studies were analyzed using

nodal level or zone as a unit. A single positive

node in one level on imaging could count as a true

positive for two positive nodes in the same nodal

level on pathology. This is a more liberal criterion

in terms of sensitivity. The analysis is often

reported by hemi-neck. In this case, one positive

node in one side of neck (including all levels)

correlates with any number of positive nodes in

the same neck. Lastly, the analysis can be

conducted on a patient basis. In these

diagnostic summary tables, we specify the level

of analysis, per node, per level, per hemi-neck, or

per patient.

Discussion of Issues

Which Imaging Modality Is
Appropriate in the Evaluation of
Lymph Node Metastases
in HNC Patients?

Summary
Various size criteria have been reported on CT,

MR, or US. The diagnostic accuracy of size

criteria is generally limited, as the size of meta-

static and benign nodes overlaps substantially.

By applying a lower threshold, i.e., maximum

diameter of 8 versus 10 mm, sensitivity increases

at the expense of specificity. By applying the

higher threshold, such as minimum axial diame-

ter of 10 mm, sensitivity is limited but specificity

increases. In patients with HNC, there are many

small metastatic lymph nodes but not many large

benign lymph nodes, as one might see in the

thoracic region. The challenge is to identify

normal-sized metastatic lymph nodes. Clearly,

size criteria alone do not discriminate metastatic

from benign nodes. Therefore, morphological

criteria other than size are added to support detec-

tion of metastatic disease in the neck. Parenchymal

echogenicity or intranodal vascular findings should

be combined with various size criteria on US.
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Power Doppler US has been reported to

provide high diagnostic performance (moderate

evidence, sensitivity 92–100 %, specificity

100 %) [17, 18].

In the CT evaluation of cervical lymph nodes,

the presence of central necrosis or heterogeneous

enhancement augments the diagnostic accuracy

of size criteria (moderate evidence, sensitivity

78–86 %, specificity 100 %). Extracapsular

spread is another imaging finding to strongly

suggest presence of metastasis; however, it is

normally seen in larger metastatic lymph nodes.

Some reports recommend minimal diameter and

long- to short-axis diameter ratio (L/S ratio) as

more accurate morphological criteria (sensitivity

87–97 %, specificity 89–97 %) than maximum

diameter (sensitivity 69–95 %, specificity

7–62 %), as metastatic lymph nodes are generally

round (shorter L/S ratio) than benign nodes [19].

Conventional MR sequences with morpho-

logic criteria for nodal staging might be similar

or slightly inferior to those of CT. Echo-planar

DWI with ADC values was reported to be useful

for differentiating metastatic from benign nodes

and should be added to the conventional

sequences (moderate evidence, sensitivity 94 %,

specificity 100 % for level analysis). Ultrasmall

superparamagnetic iron oxide (USPIO)-

enhanced MR was reported to yield high sensi-

tivity and high specificity (moderate evidence,

sensitivity 56–96 %, specificity 93 % for level

analysis). However, none of the agents are cur-

rently available for human use for clinical care in

the United States.

18F-FDG PET/CT or PET has a high sensitivity

and specificity in the diagnosis of metastatic lymph

nodes (moderate evidence, sensitivity 70–100 %,

specificity 82–99 % for level analysis). In the com-

parison with other modalities such as US, CT, and

MR, with pathology as a reference, FDG PET with

or without standard uptake value (SUV) had higher

diagnostic performance [20, 21].

Supporting Evidence

(a) CT Multidetector-row CT scanners allow

fast data acquisition with high spatial resolution

and proper reconstruction and have become

a primary imaging study for staging of HNC.

In addition to the clinical examination, contrast-

enhanced CT is routinely performed to assess

pretreatment staging for lymph nodes as well as

the primary tumor. However, diagnostic criteria

of CT-positive nodes have not been clearly

established yet.

The size criteria vary considerably among

authors [19, 22–24]. Some use a minimum axial

diameter and others use maximum axial diame-

ter. A small cutoff point yields a high sensitivity

and a low specificity. Lymph nodes greater than

10 mm are considered as positive in some studies,

whereas nodes greater than 15mm are considered

as positive in others [19, 22–25]. Sonmez et al.

prospectively evaluated 55 patients with HNC

and found that the specificity and the overall

accuracy with a cutoff value of 15 mm were

higher than that of 10 mm (Table 40.2) [22]. In

this prospective level II study (moderate evi-

dence), they concluded that it was preferable to

use a threshold of 15 mm (sensitivity 86 %, spec-

ificity 81 %) rather than 10 mm (sensitivity 95 %,

specificity of 47 %) for the CT evaluation of

cervical lymph nodes in order to prevent

overtreatment and reduce morbidity associated

with neck dissection.

In comparison between minimum and maxi-

mum axial diameter, van den Brekel et al. corre-

lated size criteria on CT with pathology in 55

patients and 2,719 lymph nodes and reported

that the minimal diameter in the axial plane was

superior to the maximum diameter for predicting

lymph node metastasis (prospective level II

study) [24]. Steinkamp et al. reported minimum

axial diameter showed higher specificity and

diagnostic accuracy (minimum diameter

>8 mm: specificity 89 %, accuracy 88 %) than

maximum axial diameter (maximum diameter

>15 mm: specificity 62 %, accuracy 66 %) [19].

They reported that other diagnostic criteria such

as L/S ratio (specificity 97%, accuracy 97%) and

central lucency (specificity 100 %, accuracy

86 %) also showed higher specificity and accu-

racy than maximum long-axis diameter per node

in the level II prospective study (moderate evi-

dence). In this study, a maximum diameter of

10 mm yielded 95 % sensitivity but only 7 %

specificity per node, leading to overdiagnosis of
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normal nodes. This is similar to a study by van

den Brekel [24]. The other CT criteria used to

determine the presence of metastatic lymph

nodes for squamous cell carcinoma include cen-

tral nodal necrosis, peripheral nodal rim enhance-

ment, grouping of three or more nodes, and round

shape [25].

(b) MRI Because differences in T1 and T2 relax-

ation do not enable reliable differentiation

between nodes with and without tumor, conven-

tional MR imaging has not yielded additional

value to that of CT in the detection of nodal

metastasis [26]. Therefore, the diagnostic accu-

racy of conventional MR imaging using morpho-

logic criteria for nodal staging is similar or

slightly inferior to CT [20, 27–29] (Table 40.3).

Several clinical trials have reported the diagnos-

tic accuracy of USPIO-enhanced MR imaging to

assess lymph node metastases [30–33]

(Table 40.4). USPIO are iron oxide nanoparticles

that are taken up by normal phagocytic lymph

nodes reducing the signal intensity on gradient-

echo T2-weighted imaging (T2*-WI), allowing

differentiation of metastatic from normal nodes,

independent of size [34, 35]. In the prospective

phase III clinical trial (level II study (moderate

evidence)), Anzai et al. reported 96 % sensitivity

and 93 % specificity of USPIO-enhanced MRI by

two blinded readers whose assessment was

correlated with pathological diagnosis in 29

patients with HNC [33]. In a prospective node-

by-node and level-by-level assessment, Sigal

et al. also reported that USPIO-enhanced MR

showed similar sensitivity (> ¼ 95 % for

individual lymph node) and markedly

higher specificity (>86 %) than pre-contrast

MR with conventional criteria (sensitivity >95,

specificity 14) level II (moderate evidence) [31].

As of today, none of the USPIO contrast agents

are FDA approved and clinically available for

nodal staging for cancer patients in the United

States. A potential logistic shortcoming of

USPIO-enhanced MR includes the need for

a postcontrast MR examination 24 h after the

intravenous injection of contrast [30–35].

DWI allows measurement of the random

motion of water molecules within the tissue

microstructure [36]. These differences in

tissue water mobility are quantified by using

ADC values, and ADC correlates with tissue

cellularity [37]. Generally, ADC values tend to

be lower for metastatic nodes than for benign

nodes [38, 39]. Several investigators have

reported the value of ADC measurements com-

pared with that of conventional images [40–44]

(Table 40.4).

In a prospective level II study (moderate evi-

dence), Vandecaveye reported DWI with ADC

values for cervical nodal staging in H&N squa-

mous cell carcinoma and found a sensitivity of

84 % and a specificity of 94 % per node in 33

surgically treated patients using a threshold ADC

value of 0.94 � 10�3 mm2/s [42]. In their study,

DWI with ADC had higher diagnostic accuracy

than turbo spin-echo (TSE) MR imaging even for

small lymph nodes. In the evaluation of

subcentimeter lesions, DWI had a sensitivity of

76 % for the detection of 4–9 mm metastatic

nodes, while the sensitivity of TSE MR imaging

was only 7 %, whose diagnostic criterion was

minimum diameter >10 mm or heterogeneous

enhancement or nodal contour irregularity. In

a prospective level II study (moderate evidence),

Dirix et al. also reported that DWI had the same

ADC cutoff value for identifying metastatic

lymph nodes with 89 % sensitivity and 97 %

specificity and was markedly superior to conven-

tional sequences which had 42 % sensitivity and

94 % specificity [40].

(c) PET 18F-FDG PET or PET/CT allows detec-

tion of metastatic lymph nodes due to higher

glucose utilization compared with normal nodes

[28, 45, 46]. Since CMS approval of FDG PET

for initial staging and restaging of HNC, PET

using 18F-FDG has been widely applied to

HNC. As shown in Table 40.3, several recent

studies have demonstrated high sensitivity and

specificity for PET/CT or PET in the detection

of cervical lymph node metastases. These studies

ranged from 70 % to 100 % for sensitivity and

from 82% to 99% for specificity. Several authors

reported that PET/CT was superior to PET alone

for HNC, primarily due to accurate localization

of metabolic abnormalities, differentiating

40 Diagnosis of Cervical Lymph Node Metastasis in Head and Neck Cancer 699



uptake in lymph nodes from other physiological

uptake [47–49]. In a retrospective level III study

(limited evidence), Kubicek et al. reported that

PET/CT showed higher sensitivity (100 %) and

similar specificity (90 %) than PET alone (sensi-

tivity 86 %, specificity 90 %) [50]. But overall

accuracy was not significantly better for PET/CT

(p ¼ 0.089). The results showed excellent posi-

tive and negative predictive values (PPV 94 %

and NPV 89 %) for PET or PET/CT scans for the

diagnosis of lymph node status, similar to several

other reports [51–58]. A recent level II meta-

analysis (moderate evidence) including 32 stud-

ies by Kyzas et al. found 79 % sensitivity and

86 % specificity of PET in cervical lymph node

staging [51].

Authors of several studies compared various

imaging tests including CT, MR, US, and

18F-FDG PET [20, 21, 28, 29, 59, 60]. In

a prospective level II study (moderate evidence)

of lymph node staging, Adams et al. compared

PET with the conventional imaging modalities

(US, CT, MR) in 60 patients with H&N squa-

mous cell carcinoma [20]. PET with standard

uptake value (SUV) of 2.0 or above showed the

highest sensitivity (90 %) and specificity (94 %)

for the detection of cervical nodal metastasis on

a node-by-node basis; sensitivities and specific-

ities for conventional imaging modalities were

72–82% and 70–85%, respectively. In a prospec-

tive level II study (moderate evidence),

Stuckensen et al. compared PET, US, CT, and

MR with a histological reference in 106 patients

with squamous cell carcinoma of the oral cavity

(patient-by-patient basis) [29]. They found that

PET showed the highest specificity (sensitivity

70 %, specificity 82 %), while US had the highest

sensitivity (sensitivity 84 %, specificity 68 %). In

a more recent retrospective level II study (mod-

erate evidence), Yoon et al. compared PET with

US, CT, and MR with pathology as the reference

standard in 69 patients [28]. The sensitivity of

PET (81 %) for the identification of nodal metas-

tasis on a level-by-level basis was higher than

other modalities (77–78 %), whereas the speci-

ficity of PET (98 %) was similar to that of other

modalities (98–99 %). In this study, the sensitiv-

ity of PET/CT was slightly higher than those of

other imaging studies, but the difference was not

significant, and the comparison of diagnostic per-

formance for each modality showed no statisti-

cally significant difference (p > 0.05).

(d) US While US is extensively used for evalua-

tion of nodal metastasis from thyroid cancer, it is

not routinely used for the staging of HNC. This is,

in part, due to its lack of ability to accurately

assess extension of primary H&N tumor.

Ultrasound is highly operator dependent and has

not been adapted widely in the United States for

staging nodal disease in HNC. Most US

publications are from Europe and Asia, where it

is heavily integrated to clinical oncology prac-

tice. Several studies have attempted to establish

the sonographic criteria for differentiating meta-

static from nonmetastatic cervical lymph nodes.

These include the nodal size (long- and short-axis

diameters), nodal shape (L/S ratio), nodal

necrosis, and presence of parenchymal or periph-

eral blood flow signals on color Doppler imaging

[17, 18, 61–63]. Table 40.5 summarizes the

diagnostic performance of various US diagnostic

criteria for identifying metastatic lymph nodes.

This demonstrates variable sensitivity and speci-

ficity. Kim et al. studied 148 subjects on US using

morphological and intraarchitectural criteria

[61]. This retrospective study demonstrated

89 % sensitivity and 93 % specificity per level

for identifying metastatic nodes (level II, moder-

ate evidence). In prospective and retrospective

level II studies using the criteria of minimum

axial diameter (threshold value, 7–9 mm), poor

sensitivity (45–86 %) and relatively higher

specificity (90–97 %) for a per node analysis

were reported [62, 63]. Although power

Doppler sonography is not routine in clinical

practice, combined criteria with power Doppler

may be a powerful diagnostic tool for identifying

metastatic superficial cervical lymph nodes

[17, 18, 62–64]. In level II prospective [18–62]

and retrospective [17, 63] studies using combined

criteria, power Doppler improved both

sensitivity and specificity (sensitivity 77–100 %,

specificity 86–100 %). In a level II prospective

study using US-guided fine-needle aspiration

(FNA) of 181 lymph nodes in 56 subjects,
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Knappe et al. achieved a moderate sensitivity

(89.2 %) and higher specificity (98.1 %) per

nodal assessment compared with cytology [64].

Their results were similar to previous studies

[65–67].

(e) Combination of Imaging Modalities Yoon

et al. reported that the overall sensitivity, speci-

ficity, and accuracy of the combination of CT,

MR, US, and PET/CT were 86.5 %, 99.4 %, and

97.0 %, respectively (Table 40.3). The combina-

tion of four imaging modalities improved the

sensitivity compared with the highest value of

each technique used alone (81.1 %, PET/CT)

without loss of specificity and accuracy. How-

ever, the difference failed to reach statistical sig-

nificance (p > 0.05) [28].

Which Imaging Study is Appropriate
for Clinically N0 Stage Patients
with HNC?

Summary

The imaging evaluation for patients who are clin-

ically N0 stage presents a major challenge. These

patients with no suspicious lymph node metasta-

ses harbor metastatic lymph nodes 25–37 % of

time [68–70]. Modalities such as US, CT, and

FDG PET without SUV have all shown poor

sensitivity (7–50 %) (limited and moderate evi-

dence). DWI with ADC has higher sensitivity

(sensitivity, 76 %) than conventional MR

sequences (sensitivity, 7 %) and has been

reported to provide added value in the detection

of subcentimeter nodal metastasis (moderate evi-

dence). Due to the lack of a definitive diagnostic

method, patients with N0 stage necks often

undergo neck dissection. Table 40.6 summarizes

the studies specifically focused on the diagnostic

accuracy of imaging in N0 stage patients. US,

CT, and PET all have inadequate sensitivity for

making decisions regarding neck management.

In a study with N0 stage patients [31], USPIO-

enhanced MR did not show better performance

(receiver operating characteristic (ROC),

Az ¼ 0.56–0.58) than pre-contrast MR with con-

ventional imaging (ROC, Az ¼ 0.59–0.61)

(Table 40.4). The ideal imaging study should

have a high NPV, over 95–98 %, confidently

avoiding neck dissection following a negative

test.

The American College of Radiology Imaging

Network (ACRIN) 6685 trial (http://www.acrin.

org/6685_protocol.aspx) is currently assessing

the effectiveness of FDG PET in N0 stage

patients with H&N squamous cell carcinoma.

Supporting Evidence

For treatment of the neck with N0 status, one

approach is the use of selective neck dissection

or postoperative radiation therapy. This

approach, however, leads to the possibility of

overtreatment with increased morbidity and cost

[62, 63]. In a retrospective level III study (limited

evidence), Schuller et al. reported that the

sensitivity of CT scan alone is too low (25 %)

for it to be used as an isolated screening tool to

identify patients with occult positive lymph

nodes [71]. In retrospective level III studies

(limited evidence) evaluating US for clinically

N0 HNSCC, To and van den Brekel reported

poor sensitivity (16–47 %) with low NPV

(64 %) [72, 73]. As listed in Table 40.6, level II

and III studies of FDG PET showed variable

sensitivity (25–67 %) but relatively high

specificity (87–95 %) in N0 neck evaluation

[51, 68, 74]. Because of the relatively poor spatial

resolution of PET, its ability to detect small

metastatic nodes is limited [28, 75]. In addition,

nodal necrosis may cause a false-negative

PET because of the low glycolytic activity of

the necrotic material [76]. In a prospective

level II study (moderate evidence), Vandecaveye

et al. studied 33 cases with histologically proven

clinically N0 H&N squamous cell carcinomas

using DWI with ADC [42]. They reported ADC

had higher sensitivity (76 %) than conventional

TSE (sensitivity 7 %) while maintaining high

specificity (94 %). An ADC threshold value of

0.94 � 10�3 mm2/s yielded 95 % NPV in a per

node analysis of 259 lymph nodes in 33 patients.

If this proves to be reproducible in other studies,

DWI has the potential to be a useful tool in

determining metastatic involvement of small

lymph nodes. Evidence of metastatic disease as
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determined by imaging in N0 stage patients

would support the decision to perform a neck

dissection. A negative neck by imaging in clini-

cally N0 stage patients might avoid negative neck

dissections.

Which Imaging Study is Appropriate
in the Evaluation of Residual
Nodal Disease After Radiation
or Radiochemotherapy?

Summary
The concept of widespread organ preservation has

disseminated in the last several years as a pivotal

treatment option for patients with advanced HNC.

The majority of advanced stage HNC patients are

treated with chemoradiation therapy (CRT) ini-

tially, with salvage surgery being left as an option

for those who do not respond to CRT. This creates

another important role of imaging, differentiating

CRT responders from nonresponders. For exam-

ple, a patient with a good response by a primary

tumor may have residual soft tissue in nodal dis-

ease. Patients with residual neck disease will likely

benefit from salvage neck dissection. Conventional

CT and MR are limited in their ability to assess

treatment response for HNC. Soft tissue seen on

CT and MR after CRT may represent residual

tumor or posttreatment fibrosis. One of the major

roles of 18F-FDG PET is to evaluate the treatment

response of HNC after CRT. PET has a high spec-

ificity and NPV to assess for residual disease after

CRT. If PET is negative, these patients could

undergo careful clinical observation without neck

dissection. To minimize the false-positive rate fol-

lowing treatment, PET should not be performed for

at least 12 weeks following RT (limited evidence)

[77–85].

Supporting Evidence

For patients treated with definitive CRT, the role

of planned neck dissection remains controversial.

Even for patients with residual cervical lymph

nodes, pathologic analysis has not revealed via-

ble tumor cells in many of these lymph nodes

[77, 78]. Clinical experience supports there

being a subset of patients for whom neck

dissection may be withheld after definitive radia-

tion [79], and identifying this group of patients

becomes a key issue in the management of

patients with advanced HNC. PET has been

used extensively in HNC for staging, assessment

of treatment response, and detection of recur-

rence. The optimal time to obtain 18F-FDG

PET after radiation is still in debate. It appears

that high false-negative and false-positive rates

for PET may occur when PET is obtained too

soon after RT [80–83]. Porceddu et al. hypothe-

sized that if residual viable tumor cells remained

after treatment, they would repopulate to a size

detectable by PET in a median 12-week interval

posttreatment [84]. 12 weeks post radiation

appears to be a suitable time to obtain FDG PET

to assess treatment response [81–84]. In

a retrospective level III study (limited evidence),

Yao et al. reported that PET scans performed 13

weeks after RT showed excellent sensitivity

(100 %) and NPV (100 %) (Table 40.7) [85].

They concluded that a negative post-RT FDG

PET is highly predictive of negative pathology

in residual lymph nodes following definitive RT.

Ong et al. studied post-RT PET obtained for 84

hemi-necks in 65 cases [86]. In this retrospective

level II study (moderate evidence), they showed

that PET scans obtained later than 8 weeks after

RT had a moderate sensitivity (71 %), specificity

(89 %), and high NPV (97 %). In prospective and

retrospective level II studies using CT after RT,

Liauw and Ojiri et al. reported that radiographic

complete response (no lymph nodes >15 mm, no

focal abnormal findings, no extracapsular spread,

and no abnormal enhancement) had a high sensi-

tivity (96–100 %) and NPV (94–100 %) [78, 87].

Although these two studies did not have an

optimal interval after RT, CT findings following

RT might help identify residual disease. CT or

MR imaging is usually performed 6–8 weeks

after the completion of CRT. If the tumor is

increasing in size at this point, salvage surgery

is recommended without waiting for a 12-

week post-CRT PET scan (moderate evidence)

[87–89].

Decision trees for imaging evaluation and

management of lymph nodes after radiation ther-

apy are shown in Fig. 40.1.
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Take-Home Tables and Figures

Suggested Imaging Protocols Based
on the Current Evidence

US

High-resolution real-time unit using a 6–15-MHz

linear array transducer.

Grayscale sonography in multiple planes on

multiple nodes and power Doppler sonography

(setting for lymph node vessels with low velocity:

color gain 14–20 dB, dynamic range 66 dB,

Doppler scale 0.04 m/s).

CT

Contrast-enhanced head and neck CT, using

16–64 multidetector-row CT scanner.

0.625- to 1.25-mm helical scanning with cor-

onal and sagittal reformat (120–140 kVp and

200–400mAs).

Reconstructed axial images with slice thick-

ness 3–5 mm on a 512 � 512 matrix.

The scanning range is from the maxillary sinus

to the tracheal bifurcation with appropriate delay

time (30–45 s) after the intravenous injection of

nonionic contrast material.

MRI

1.5 or 3T magnet. Transverse T2-weighted fast

spin-echo imaging with fat suppression, trans-

verse T1-weighted spin-echo imaging, coronal

T2-weighted fast spin-echo imaging, and

contrast-enhanced transverse and coronal

T1-weighted spin-echo imaging with fat suppres-

sion (slice thickness 4–6 mm, intersection gap

0–0.6 mm, 512 � 512 matrix). Scanning range

is from skull base to the clavicle, but various by

the location of primary tumor.

PET/CT

Whole-body FDG-PET scanner (128 � 128

matrix, 4–5-mm section thickness).

Images are acquired 60–90 min after the intra-

venous injection of 10–20 mCi (370–740 MBq)

of 18F-FDG.

Unenhanced CT images using multislice

CT scanner (slice thickness 3–4 mm, matrix

512 � 512) to obtain fused images with PET.

Future Research

• To develop a new contrast agent that is spe-

cific for metastatic lymph nodes having

a favorable safety and cost profile

• To further define MR perfusion and CT perfu-

sion technique for the evaluation of nodal

metastases and determine if the hemodynam-

ics of metastatic foci can be used to differen-

tiate metastatic from benign lymph nodes

• To perform multi-institutional trials of FDG

PET for HNC patients with N0 neck in order to

determine if NPV of PET is sufficiently high

to differentiate patients who need selective

neck dissection from those who can avoid

neck dissection

• To evaluate treatment decisions and quality of

life assessment for patients with HNC in order to

determine if advanced imaging studies change

treatment decisions or, ultimately, outcomes.

Table 40.1 Imaging options for head and neck cancer

Imaging studies Contrast required Bone Soft tissues Radiation Other risks Costs

US Yes/no Poor Good No Operator dependent Inexpensive

CT Yes Excellent Good Yes Dental artifact Moderate

MRI Yes Good Excellent No Long scan time, metal artifact Moderate

PET-CT 18F-FDG Moderate Good Yes Physiologic uptake Expensive

40 Diagnosis of Cervical Lymph Node Metastasis in Head and Neck Cancer 703
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Fig. 40.1 Decision tree for imaging work-ups for

patients after chemoradiation therapy. For the imaging

evaluation of hemi-neck lymph nodes after CRT, more

than 3 months’ interval is recommended to decrease the

false-negative rate. Since 18F-FDG PET/CT after CRT

has a high NPV and specificity for predicting pathological

tumor absence in the residual lymph node, patients with

clinically and radiologically complete response can be

spared from salvage neck dissection

Fig. 40.2 (a, b) Typical CT findings of the lymph node

metastasis. (a, b) Contrast-enhanced CT. Heteroge-

neously enhancing necrotic lymph node (asterisk) with
dermal invasion (a) and loss of fat plane surrounding the

nodal metastasis (arrows) (b) suggestive of extracapsular
spread (arrow). Note right internal jugular vein in com-

pressed posteriorly by enlarged lymph node
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Fig. 40.3 (a–c) CT and FDG-PET findings of

hypopharyngeal cancer with lymph node metastasis

(T2N2bM0). Initial plain CT (a) shows left

hypopharyngeal mass (dotted arrow) and enlarged level

II–III lymph node (arrow). Initial FDG-PET/CT-fused

image (b) shows marked FDG accumulation on both pri-

mary tumor and lymph node. Both tumor and lymph node

have decreased in size, and no abnormal FDG uptake is

seen on primary tumor at follow-up PET/CT image after

3 months CRT (c); however, residual FDG uptake is seen

on the metastatic lymph node. The patient underwent

biopsy of the primary site and left neck dissection after

the PET/CT. Although no definitive residual tumor was

confirmed at the primary site, residual nodal metastases

were present at the left neck dissection

Fig. 40.4 (a–c) CT and FDG-PET findings of tonsillar

cancer (not shown) with multiple lymph node metastasis

(T4N3M0). Initial CT (a) shows level II enlarged necrotic
lymph node (arrow). On FDG-PET/CT-fused image

3 months after CRT (b), there is a residual lymph node

(arrow) decrease in size compared with the original CT

without abnormal FDG uptake. At 1-year follow-up CT

(c), the lymph node is stable or slightly smaller in size,

indicative of a favorable response
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