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Foreword

Few advances in MR imaging have had the impact 
that diff usion-weighted (DW) imaging has had in the 
evaluation of brain. From the time of the early de-
scriptions by LeBihan and colleagues of the ability 
to image and measure the micromovement of water 
molecules in the brain to the present time, diff usion 
imaging and its derivatives have made an impact in 
the evaluation of multiple disease processes, primar-
ily in ischemia, but also in other conditions of the 
brain. In most medical centers diff usion imaging is 
no longer considered a sequence to be used in spe-
cial circumstances, but rather it is employed as part 
of routine MR imaging of the brain. Because the in-
formation derived from diff usion measurements can 
improve our understanding of pathologic processes 
and can infl uence patient care, knowledge of the prin-
ciples and applications of DW imaging is critical.

It is therefore of great interest that the group from 
the University of Rochester (Drs. Moritani, Ekholm, 
and Westesson) have assembled under one cover a 
collection of material which encompasses all the clini-
cal aspects of DW imaging. Th ose who have attended 
recent meetings of the ASNR know the quality of the 
exhibits and presentations which have come from this 
group. Th ey, early on, demonstrated the wide spectra 
of diseases that can cause restricted diff usion and they 
warned us of mimickers of infarction and ischemia.

In this richly illustrated volume the authors take 
the reader from the basic principles of DW imaging, 
through the pulse sequences used, to mathematical 
concepts behind the derivation of apparent diff usion 
coeffi  cients. Following explanations of the diff erent 
types of edema which can eff ect the brain and the ap-
pearance of DW images, this book allows the reader 
to see the variety of conditions that alter diff usion, in-
cluding infarction, hemorrhage, cerebral infections, 

degenerative neurologic disorders, white matter dis-
eases, toxic/metabolic disorders, and tumors. As one 
can easily see from the table of contents, the authors 
have systematically covered all major areas of neuro-
radiology. Th is will allow cross-referencing to prob-
lematic cases which one may encounter. Additionally, 
knowledge of what represents a normal adult brain 
and a normal developing brain along with an expla-
nation of artifacts seen in DW imaging makes this a 
valuable book. It is noteworthy that the authors have 
chosen to abundantly illustrate the clinical material, 
drawing on pathologic correlations in a number of 
areas.

I believe that this book will benefi t not only those 
who deal routinely with neuro-MR imaging, but also 
those who want to establish a basis for understand-
ing of diff usion images in the hope of taking these 
principles of diff usion further into more exotic areas 
of neuroimaging such as white matter tract mapping 
with diff usion tensor imaging, analyzing alterations 
in highly organized structures with fractional anisot-
ropy, or delving into macromolecular alterations with 
ever-higher b values. Th e authors are to be congratu-
lated for putting their considerable experience to-
gether in this form, and I am sure that the collection 
of cases herein will serve to educate not only those 
who are just entering the clinical neurosciences, but 
also those who daily use diff usion imaging to arrive at 
a proper clinical diagnosis.

Robert M. Quencer, M.D.

Chairman, Department of Radiology
Th e Robert Shapiro, M.D. Professor of Radiology
University of Miami/Jackson Memorial 
Medical Center
Miami, Florida, USA



Preface

Progress in the fi eld of diff usion imaging is occurring 
at a very fast pace, with many papers on the clinical 
application of diff usion-weighted (DW) imaging being 
published in the last few years. Today, DW imaging has 
become one of the routine MR imaging sequences of 
the brain; therefore, the correct interpretation of brain 
MR images is mandatory. Without accurate knowledge 
of DW imaging, correct diagnoses are oft en diffi  cult to 
make. 

Furthermore, remarkable progress has been made 
in the fi elds of diff usion tensor imaging, including 
fractional anisotropy mapping, diff usion tensor color 
mapping, and fi ber tractography, as well as in high-
b-value diff usion imaging, as exemplifi ed by numer-
ous articles published recently. Th e second edition of 
Diff usion-Weighted Imaging of the Brain contains new 
cutting-edge images from these fi elds. Th ose images 
that are clinically most useful were carefully selected 
for inclusion, as the clinical applications are sometimes 
not straightforward.

For this second edition, almost all the chapters were 
rewritten and new cases were added – particularly the 
most clinically useful cases with recent references and 
images, including diff usion tensor imaging and high-
b-value imaging. Consequently, the total number of 
images in this edition is almost double that of the fi rst 
one. 

In Chap. 1, the description of the principle of dif-
fusion tensor imaging, including fractional anisotropy 
mapping, diff usion tensor color mapping, and fi ber 
tractography, was added. In Chaps. 2 and 3, we display 
the normal fi ndings in adult and pediatric brain imag-
ing, along with the pitfalls and artifacts encountered, 
and explain the anatomy of white matter fi ber tracts 
by using diff usion tensor color maps and fi ber tractog-
raphy.

Abnormal fi ndings in DW imaging are based on 
such diverse pathological conditions as edema (cyto-
toxic /cellular edema vs vasogenic edema), necrosis 
(coagulative necrosis vs liquefactive necrosis), cellu-
larity of tissue or tumor (hypercellular vs hypocellular 
tumor), viscosity of fl uid (abscess, hematoma), etc. In 
the present volume, we have given more consideration 

to the pathophysiological mechanisms. I included my 
own hypothesis of “excitotoxic mechanisms,” which ac-
counts for cytotoxic/cellular edema in diff erent patho-
logical conditions. For instance, cytotoxic/cellular ede-
ma (Chap. 4) is seen not only in ischemia/infarction 
(Chap. 5), but also in epilepsy (Chap. 8), demyelination 
and degeneration (Chap. 9), toxic and metabolic dis-
ease (Chap. 10), infectious disease (Chap. 11), trauma 
(Chap. 12), or sometimes in relation to brain neoplasm 
(Chap. 13). Interestingly, their distributions are some-
times similar even though the pathological processes 
are quite diff erent. 

Each chapter presents correlations between many 
DW images and pathological tissues. In Chap. 13, we 
have classifi ed brain neoplasms based on the WHO 
2007 classifi cation, and displayed many cases with pa-
thology. All pathology reports and fi gure legends were 
reviewed and checked by two experienced neuropathol-
ogists, namely, Patricia Kirby MD (Neuropathology, 
Department of Pathology, Th e University of Iowa 
Hospitals and Clinics) and Barbara Germin, MD 
(Neuropathology, Department of Pathology, University 
of Rochester). 

Th e pediatric brain is not a “small adult brain”; dif-
ferent types of diseases and their mechanisms in the 
pediatric brain are remarkably diff erent from those 
of the adult brain. For example, the postnatal period 
of brain development is vulnerable to excitotoxic in-
jury. In Chap. 14, we have collected DW and diff usion 
tensor images of pediatric conditions encompassing 
various common and uncommon diseases. We also 
added a new chapter (Chap. 15) on scalp and skull 
lesions, since DW imaging is executed routinely in 
this area.

I hope that Diff usion-Weighted Imaging of the Brain 
will be useful for the understanding of the anatomy and 
the pathophysiological background of brain diseases, 
contributing to a better interpretation of DW images 
and thereby to correct clinical diagnoses in daily clini-
cal work.

Toshio Moritani MD, PhD

April 2009
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Preface to the 1st Edition

Th is book is the result of many years of clinical and 
academic interest in diff usion-weighted MR (DW) 
imaging of the brain. Researchers and clinicians at 
the University of Rochester started to collect DW 
images of a spectrum of abnormalities aff ecting the 
brain immediately aft er this technique became avail-
able. Several case series with clinical and radiograph-
ic correlations have been presented at the annual 
meetings of the American Society of Neuroradiology 
and the Radiological Society of North America via 
posters and scientifi c reports. Over time it became 
quite clear that we had a collection of DW images 
representing the majority of conditions that aff ect the 
brain and we felt a need to put them all together un-
der one cover. 

MR imaging has evolved dramatically since its 
introduction into clinical work in the mid-1980s. 
Looking back, there are several major steps that took 
MR imaging of the central nervous system to the next 
level. One of the fi rst steps was the introduction of 
the clinical usefulness of contrast agents. Other steps 
were the development of fat suppression techniques, 
fast spin echo imaging, and,more recently, the devel-
opment of a clinically useful DW imaging technique. 
DW imaging has revolutionized the imaging diagno-
sis of acute infarction in the brain. It is,however,quite 
clear from the series of cases shown in this book that 
DW imaging is useful for many other conditions.Th e 
time it takes to obtain a DW image is so short that in 
many institutions it is now being used as a routine 
part of any MR imaging of the brain. 

Th e initial chapters on principles of DW imaging, 
normal DW appearance, and pitfalls and artifacts 
provide the bases for understanding DW imaging. 
Th is technique is complex and is associated with 
many pitfalls and artifacts. Th e following chapter on 
brain edema provides the basis for understanding the 
pathophysiology of signal alterations in DW images 
related to various pathological conditions. Th e im-
ages are correlated to corresponding neuropathologic 
slides and aid the understanding of the DW imag-
ing representation of various types of brain edema. 

Chapters 5–13 cover DW imaging characteristics of 
diff erent pathologic conditions and in Chap. 14 (pe-
diatrics) we have collected DW images of pediatric 
conditions. 

Th e book is organized according to major disease 
categories. Th is brings structure to the book, but is 
not optimal for the clinician sitting in front of a set 
of images and wondering what they might represent. 
For that reason we have a summary chapter entitled 
“How to Use Th is Book” (Chap. 15, Chap. 16 in 2nd 
ed), which is organized from the opposite perspective. 
Th us, in Chap. 15 we have started with DW images 
and grouped them according to imaging characteris-
tics. In each table we have listed diff erential diagnoses 
for each specifi c set of DW imaging characteristics 
and added thumbnail images with references to the 
corresponding chapters. Th e clinician can go directly 
to Chap. 15, determine the signal on the DW imag-
ing, combine it with the T2 and ADC signal charac-
teristics, and get a list of the conditions that match 
these imaging characteristics. Th e thumbnail images, 
the reference to corresponding chapter and knowl-
edge about the patient’s clinical presentation should 
allow the clinician to formulate a relatively narrow 
diff erential diagnosis for most clinical conditions. We 
think that this “reversed” chapter will make the book 
very useful for everyday work with DW imaging of 
the brain. 

We are grateful for many pathological slides and 
fruitful discussions with Barbara Germin, MD, 
Department of Pathology, University of Rochester. 
We acknowledge the case contribution from the 
Department of Radiology,Showa University, Japan, 
collected during the primary author’s time at Showa 
University. We would also like to thank Masahiro 
Ida,MD,Department of Radiology, Ebara Municipal 
Hospital, Japan; Minoru Morikawa, MD, Department 
of Radiology, Nagasaki University, Japan; R.Nuri 
Sener,MD, Department of Radiology, Ege University 
Hospital, Turkey; and Ryutarou Ukisu,MD,Department 
of Radiology, Showa University, Japan, all of whom 
contributed case studies. Our deepest gratitude goes to 
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Ms Margaret Kowaluk and Ms Th eresa Kubera,Med- 
ical Graphic Designers, Department of Radiology, 
University of Rochester, and Ms Belinda De Libero 
for her secretary work.We also wish to thank Yuji 
Numaguchi, MD, PhD, Department of Radiology, 
University of Rochester and St. Luke’s Hospital, Japan, 
who gave us encouragement and support. 

We want to thank the editorial staff  at Springer- 
Verlag, without whose guidance, skills and knowl-
edgeable advice this book would not have become a 
reality. We would also like to thank our colleagues, 

fellows and coworkers at the University of Rochester. 
Finally, but not least, we thank our families for giving 
us the time to complete this project.

 It is our hope that our readers will fi nd this book 
on “Diff usion-Weighted Imaging of the Brain” in-
structional and clinically useful. 

Toshio Moritani 

Sven Ekholm 

Per-Lennart Westesson

October 2003

Preface to the 1st Edition
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Many new images, such as those of diff usion tensor im-
aging, fi ber tractography, high-b-value imaging, as well 
as new cases were provided by leading neuroradiologists 
who take active roles in neuroradiology. We are deeply 
grateful to: Matthew L. White MD and Yan D. Zhang MD 
(Department of Radiology, Th e University of Nebraska 
Medical Center, USA); Jinsuh Kim MD (Department of 
Radiology, Th e University of Iowa Hospitals and Clinics, 
USA); Noriko Salamon MD (Department of Radiology, 
Th e University of California, Los Angeles, USA); 
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University, Japan); Kei Yamada MD (Department of 
Radiology, Kyoto Prefectural University of Medicine, 
Japan); Toshiaki Taoka MD (Department of Radiology, 
Nara Medical University, Japan); Keiko Toyoda MD 
(Department of Radiology, Kameda Medical Center, 
Japan); and Hidetsuna Utsunomiya MD (Department of 
Radiology, Graduate School of Radiology, International 
University of Health and Welfare, Japan).

Many neuroradiologists and clinicians kindly pro-
vided us with valuable cases and pathology reports. 
We hereby express our deepest gratitude to: R. Nuri 
Sener MD (Department of Radiology, Ege University 
Hospital, Turkey); Michael Sacher MD (Department 
of Radiology, Mount Sinai Medical Center, USA); Ho 
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MD (Metro Health Hospital, Case Western Reserve 
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Methodist Hospital, Houston, USA); Toshibumi 
Kinoshita MD (Research Institute for Brain and Blood 
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Radiology, Kikuna Memorial Hospital, Japan); Harushi 
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Chapter 1 1

Diff usion occurs as a result of the constant move-
ment of water molecules. Water makes up 60–80% of 
our body weight. Th e heat associated with our body 
temperature energizes the water molecules, causing 
them to “jerk” around randomly. Th is phenomenon is 
called “ Brownian motion” aft er the scientist who fi rst 
described it [1, 2]. It can be demonstrated by adding 
a few drops of ink to a still bucket of water. Initially, 
the ink will be concentrated in a very small volume, 
but it will quickly spread out (diff use) and mix with 
the rest of the water. Th e speed of this process of dif-
fusion gives physicists a measure of the property of 
water. Similarly, if we could put some “magic ink” into 
the brain tissue and follow its progress, we would gain 
knowledge about the brain tissue itself, as well as the 
kind of changes that may occur in the brain when it is 
aff ected by various disease processes. 

1.1  Diff usion Imaging in MR

In the measurement of diff usion by MR, the “magic 
ink” is created by the magnetic fi eld gradients [3]. 
When the patient enters the large tunnel of a static 
magnetic fi eld, nuclear spins (small magnets inside 
each proton nucleus) are lined up along the direction 
of the big magnet. Magnetic fi eld gradients of a cer-
tain duration will then add a smaller magnetic fi eld 
to spins located in diff erent regions within the tissue. 
Th is is similar to marking the spins with “magic ink”. 
By applying another gradient pulse at a later time, in-
formation is obtained about how much the spins have 
spread (diff used) during this time. Th is is analogous 
to comparing two snapshots, one taken at the mo-
ment when the ink is dropped into the water and one 
taken later, to obtain information about how the ink 
has spread in the water. However, the analogy of ink 
in water and what happens in the brain stops here.

1.2 Diff usion Imaging of the Brain

Th e brain is complex and full of fi brous, globular, and 
other structures and membranes, which may or may 
not allow water to move freely. Because water spins 
will run into constituents of cells of diff erent con-
centrations in diff erent cellular compartments, they 
will spread at diff erent rates when labeled with the 
“magic ink”. In addition, they will not behave in the 
same way when they are moving in diff erent direc-
tions. As described below, the former is measured as 
the diff usion rate, diff usion coeffi  cient, or simply dif-
fusivity, depending on the unit used, and the latter is 
more formally described as diff usion anisotropy, with 
a variety of parameters defi ned [4–7]. 

1.3 Magnetic Resonance Principles
of Diff usion Imaging

In order to perform diff usion studies, one needs 
to apply fi eld gradients in addition to the radiofre-
quency and gradient pulses used for conventional 
MR imaging. A simplifi ed version of the most com-
monly used pulse-gradient spin-echo pulse sequence 
for diff usion imaging is shown in Fig. 1.1. During the 
time evolution (TE), a pair of fi eld gradients is used 
to perform “diff usion-encoding.” Each gradient in 
this gradient pair will last a time δ, with strength G 
(usually in units of mT/m), and the pair is separated 
by a time Δ. A more formal analysis will tell us that 
the intensity of the signal will depend on all these 
parameters, given by

S=S0exp(-b ADC),             (1)

where ADC is the apparent diff usion coeffi  cient, and 
b is the gradient factor, sometimes simply called the 
b-factor. S0 is the signal intensity obtained when no 
diff usion gradients are used. Th e diff usion coeffi  cient 
calculated in this way is usually called “apparent” be-

Basics of Diff usion 
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cause it is oft en an average measure of much more 
complicated processes in the tissues, as discussed be-
low. Th e b-factor is related to the gradient parameters 
δ, G and Δ (Fig. 1.1), usually in the form b μ (dG)2

(Δ – δ / 3), and is set by the experimenter. Th e formula 
for the b-factor tells us that we can increase diff usion 
weighting (DW) by increasing either gradient timing, 
δ or Δ, or gradient strength, G.

Equation 1.1 suggests that there is a reduction in 
the measured signal intensity when DW is applied, 
b≠0, which can be understood with some simple 
reasoning. As the diff using spins are moving inside 
the fi eld gradient (an additional magnetic fi eld vary-
ing in intensity from location to location), each spin 
is aff ected diff erently by the fi eld. Th e alignment of 
the spins with each other is thus destroyed. Since the 
measured signal is a summation of tiny signals from 
all individual spins, the misalignment, or “dephas-
ing”, caused by the gradient pulses results in a drop in 
signal intensity; the longer the diff usion distance, the 
lower the signal (more dephasing; Fig. 1.2). 

1.4  Apparent Diff usion Coeffi  cient

From Eq. 1.1 it can be seen that when a fi xed DW b-fac-
tor is used, tissues with a higher ADC value produce a 

lower signal intensity. Since brain cerebrospinal fl uid 
(CSF) contains water that can move around freely, its 
ADC value is much higher than that of other brain tis-
sues (either gray matter or white matter), which con-
tain many more cellular structures and constituents. 
Consequently, in a DW image one typically sees dark 
CSF space (pronounced dephasing) and brighter tis-
sue signals (less dephasing). It is also clear from Eq. 
1.1 that if we collect a series of DW images with dif-
ferent b-values, we can calculate according to the ex-
pression for every pixel and obtain a parametric map 
of ADC values. Th e result is sometimes referred to as 
an ADC map. Th e calculated ADC map would have 
image pixel intensities refl ecting the strength of diff u-
sion in the pixels. Regions of CSF will therefore have 
higher intensity than other brain tissues – a reversal of 
DW images. Th ere are several reasons why it is some-
times desirable to calculate an ADC map instead of 
just using DW images. One is the so-called T2-shine-
through eff ect, which will be discussed in a later chap-
ter. It can also be noted that S0 in Eq. 1.1 is equal to the 
signal when no DW is used. Figure 1.1 suggests that 
this is actually the same as would be obtained from 
a simple spin-echo sequence. In most clinical scan-
ners, a long TE time (tens of milliseconds) is needed 
to accommodate the diff usion pulses, so S0 is oft en 
T2-weighted.

Basics of Diff usion Measurements by MRI

Figure 1.1

A typical pulse sequence for diff usion imaging. The shaded areas represent fi eld gradient pulses. DW diff usion weighted, 
TE time evolution
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1.5 Diff usion Represents a Molecular Event

Even though an image pixel size in the order of mil-
limeters is used in most clinical MR imaging, the 
information provided by diff usion imaging refl ects 
cellular or molecular events in much smaller scales. 
Th is is because the molecular diff usion process is 
highly modulated by these events. It can be shown 
that water spins diff use about tens of micrometers 
during a typical MR imaging measurement time, 
which coincides with the dimension of typical cel-
lular structures. If spins experience minimal ob-
struction from cellular structures during this time 
(such as for spins in the CSF space), the measured 
diff usion is “free” and “isotropic”, and ADC is just 
the intrinsic molecular diff usion coeffi  cient. On the 
other hand, when diff using spins run into cellular 
constituents and membranes, the value of ADC will 
be reduced when compared with the value in free 
space. What happens at the cellular level is repre-
sented schematically in Fig. 1.3. For patients with 
neurological abnormalities that change the wa-
ter distribution in various cellular compartments, 
or change the ability of water to pass through cell 
membranes, the measured ADC values will also be 
altered [4–7]. Th erefore the MR diff usion measure-
ment off ers a unique opportunity to obtain infor-
mation about morphology otherwise inaccessible to 
conventional MR imaging methods. A wide range of 
pathological conditions can be explored with water 
diff usion measurements, as described later in this 
book. Th e measured ADC may also vary depending 

on the duration of the diff usion process, the direc-
tion in which diff usion is measured, and other fac-
tors. For diff usion in an anisotropic environment 
(such as in brain white matter, where bundles of ax-
ons with myelin layers wrapped around them make 
diff usion along the bundle much easier than across 
the bundle), diff usion becomes more complicated 
and a complete description of the process relies on 
what is called tensor analysis [8, 9].

1.6 Requirements in Clinical Diff usion Imaging

In a clinical environment, certain requirements are 
imposed for diff usion studies. A reasonable imag-
ing time is oft en limited to a few  minutes for each 
type of measurement (T1-W, T2-W, diff usion, and 
others). Multiple slices (15–20) are required to 
cover most of the brain. A good spatial resolution 
(~5–8 mm thick, 1–3 mm in-plane) is required. A 
reasonably short TE (120 ms) to reduce T2 decay, and 
an adequate diff usion sensitivity (ADC ~0.2–1×10-3 
mm2/s for brain tissues) are also needed. However, 
most essential is the almost complete elimination of 
sensitivity to subject motion during scanning. Th e 
best compromise so far in most clinical practices 
of diff usion imaging is the use of the multi-direc-
tional (x,y,z), 2 b-factor (b=0, and b~1/ADC) sin-
gle-shot echo-planar imaging technique. Sometimes 
fl uid attenuation with inversion recovery (FLAIR) is 
used to eliminate signal in the highly diff usive CSF 
space. Separation from relaxation eff ects is achieved 
with calculation of ADC instead of just using DW, 

Basics of Diff usion Measurements by MRI

Figure 1.2

Eff ects of gradients on diff using spins. Diff usion in the gradient causes dephasing of spins and therefore reduction in the 
measured signal intensity
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and elimination of  anisotropic diff usion is achieved 
by averaging the diff usion measurements from three 
orthogonal directions.

1.7 Setting the  b-Value in Clinical DW Imaging

In a clinical setting it is advisable to maintain the 
same b-value for all examinations, making it easier 
to learn to interpret these images and become aware 
of the appearance of fi ndings in various disease pro-
cesses. Th e studies and discussions presented in this 
book are limited to DW imaging using b-values of 0 
and 1,000. An upper b-factor around 1,000 is avail-
able on most clinical scanners and DW imaging at 
these standard values has been shown to be a sensi-
tive tool in detecting and delineating restricted diff u-
sion, e.g., in acute ischemic lesions of the brain. DW 
imaging has become clinically important in many 
other disease processes, which will be discussed in 
this book. 

1.8 Future Trends in Clinical Diff usion Imaging

Newer DW imaging techniques are using even higher 
b-values: 8.000 and more. Some recent articles that 
explore the use of higher b-values imply that they will 
simplify clinical diff usion imaging [10]. Th e increased 
b-values may free up routine DW imaging from its 
most pressing problem, “T2 shine-through”. At high 
b-values more attention will be focused on the actual 
physiological basis of restricted and facilitated diff u-
sion. Clearly, much of the advantage of increased b-
values may lie not with the diagnosis of lesions with 
restricted diff usion, especially acute infarcts, but with 
allowing a more complete understanding of other 
types of diseases.

Th e benefi ts of improved diff usion contrast at high 
b values come with the complication of prescription 
dependent measures of apparent diff usion. Th e ADC 
is conventionally derived from images taken at two 
diff erent b-values. Because tissues are described by 

Figure 1.3

When water spins are diff using among cellular structures, depending on the mean displacement (<r2>) during the mea-
surement time and the size of the cellular structure, their behavior can be quite diff erent. Water inside a non-permeable 
cell (top and bottom left) experiences restriction or hindrance to diff usion. Diff usion barrier eff ects are minimal for water 
inside a permeable cell, or in a cell that is much larger than the mean displacement during diff usion (top middle and right, 
and bottom right) 

Basics of Diff usion Measurements by MRI
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fast and slow components, the results of a two-point 
measurement will depend on the specifi c b-values 
chosen. If the lower b-value is set to 0 (a T2-weight-
ed image) and the upper value is allowed to vary, 
the ADC will vary as a function of the upper value. 
Specifi cally, one would expect the measured ADC to 
decrease as the upper b-value increases.

Another area of diff usion imaging that has become 
more commonly used is  diff usion tensor (DT) imag-
ing, which is now available in modern clinical scan-
ners. Instead of monitoring “magnitude” or strength 
of water movement alone, DT imaging detects both 
the magnitude and directionality of the water diff u-
sion process in three dimensions and allows the in-
vestigation of the microstructure of the CNS by mea-
suring the diff usion properties of water protons in 
the CNS microenvironment. It is expected that water 
molecules move less impeded, e.g., along the axonal 
bundles, and have higher directionality of movement 
(higher anisotropy, i.e., in white matter tracts) than 
perpendicular to these bundles (lower anisotropy, i.e., 
cortical gray matter); on the other hand, in areas with 
high concentration of cerebrospinal fl uid (i.e., ventri-
cles), there would be little preferential directionality 
of movement (high isotropy) and minimal hindrance 
to diff usion (highest diff usivity).  Fractional anisotro-
py (FA) and  mean diff usivity (<D>) are common DT 
imaging indices used to measure microscopic motion 
of tissue water at each image voxel. In a DT imaging 
measurement, six or more DWI measurements are 
required, and tensor  eigenvalues (λ1, λ2, and λ3) and 
eigenvectors are derived from these measurements 
[8]. Maps of <D> and FA can then be generated from 
λ1, λ2, and λ3 with the following relations:

perior-inferior (SI) directions, respectively, while im-
age intensity represents FA values in each voxel. 

By following the main direction of water movement 
(the largest tensor eigenvalue) and its connection in 
adjacent voxels in the three-dimensional space, fi ber 
tractography in white matter can be formed. Th is fur-
ther increases the diagnostic ability of diff usion imag-
ing in degenerative neurological diseases where dam-
age to axon bundles or demyelination can be directly 
detected and visualized.
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FA represents anisotropy of the diff usion process, 
yielding values between 0 (perfectly isotropic diff u-
sion) and 1 (completely anisotropic diff usion). <D> 
represents the overall strength of water mobility in 
diff erent brain areas. A useful representation of DT 
imaging measurement results is given by a “color FA” 
map in which red, green, and blue colors are used to 
represent the orientation of the largest eigenvalue 
along left -right (LR), anterior-posterior (AP) and su-
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2.1 Introduction

 Diff usion-weighted (DW) images are usually ob-
tained in three orthogonal orientations using spin-
echo type single-shot DW echo-planar imaging with 
b-values around 0 and 1,000 s/mm2. Th ese three 
planes are combined into isotropic DW images, and 
apparent diff usion coeffi  cient (ADC) maps are cal-
culated on a pixel-by-pixel basis (Fig. 2.1). To avoid 
misinterpretations, it is important to recognize the 
normal fi ndings on DW images and ADC maps.

2.2 Adult Brain

2.2.1 Low Signal in  Basal Ganglia

Isotropic DW imaging in adult brain oft en shows low 
signal intensity in the basal ganglia (Fig. 2.1). Th is 
low signal is caused by normal iron deposition. Th e 
hypointensity on DW images of these areas is essen-
tially related to T2 contrast, which is also shown on 
b0 images. ADC maps usually show the areas as iso-
intense, but it can be hyper- or hypointense depend-
ing on the paramagnetic susceptibility artifact of iron 
deposition.

2.2.2 Diff usion-Weighted Imaging 
of  Gray and White Matter

Gray matter on DW images is generally hyperintense 
when compared with white matter. ADC values of 
gray matter (0.76 ± 0.13 × 10-3 mm2/s) and white mat-
ter (0.77 ± 0.18 × 10-3 mm2/s) are, however, identical 
in the adult brain [1]. Th ere are several reports about 
ADC increasing with age [2–8], but this increase is 
minimal and has been observed in all parts of the 
brain. It is usually more apparent in the white matter 
and lentiform nucleus than in the rest of the brain. 
Focal areas of DW hyperintensities are oft en seen in 

the posterior limbs of the internal capsule, corticospi-
nal tract, cingulate gyrus, insula, medial lemniscus, 
and the decussation of the superior cerebellar pedun-
cles (Figs. 2.1 and 2.2). Th ese DW hyperintensities are 
caused by T2 contrast and represent normal fi ndings 
without clinical signifi cance. ADC maps are usually 
isointense in these areas [2].

2.2.3 Choroid Plexus

Th e choroid plexus occasionally shows prominent 
hyperintensity on DW imaging associated with 
mild elevation of ADC. In these situations the 
ADC is oft en higher than in white matter, but lower 
than in cerebrospinal fl uid. Th e high DW signal is 
believed to represent gelatinous cystic changes of 
the choroid plexus, which can occur with age (Fig. 
2.3)[9].

2.3 Pediatric Brain

2.3.1 Diff usion-Weighted Imaging 
and ADC of the  Pediatric Brain

Th e normal brain of neonates and infants has signifi -
cantly higher ADC values than the adult brain [10–15] 
(Fig. 2.4). ADC in neonates and infants varies mark-
edly within diff erent areas of the brain and is higher 
in white matter (1.13 × 10-3 mm2/s) than in gray mat-
ter (1.02 × 10-3 mm2/s) [13]. ADC at birth is higher 
in subcortical white matter (1.88 × 10-3 mm2/s) than 
in both the anterior (1.30 × 10-3 mm2/s) and posterior 
limbs of the internal capsule (1.09 × 10-3 mm2/s). It is 
also higher in cortex and the caudate nucleus (1.34 × 
10-3 mm2/s) than in the thalamus and the lentiform 
nucleus (1.20 × 10-3 mm2/s) [15]. With the exception 
of the cerebrospinal fl uid (CSF), there is a trend of 
decreasing ADC with increasing maturation in most 
areas of the pediatric brain. Th ese ADC changes seem 
to refl ect a combination of diff erent factors, including 

Diff usion-Weighted 
and Tensor Imaging 
of the Normal Brain
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Figure 2.1 a–f

Normal adult brain of a 40-year-old male without neurological defi cits. a Isotropic DW image is obtained by combin-
ing b0 image and three orthogonal unidirectional images (x, y, z axis). The bilateral globi pallidi have low signal on 
DW image as a result of physiological iron deposition (arrows). Corticospinal tracts have mildly high signal on DW 
image (arrowheads). Gray matter shows mildly high signal compared to white matter. These signal changes on iso-
tropic DW imaging are normal and are caused by T2 contrast. b ADC map shows homogeneous ADC values in globi 
pallidi, corticospinal tracts, gray and white matter. c b0 image shows low signal in globi pallidi (arrows), high signal in 
corticospinal tracts (arrowheads), and the gray–white matter contrast. d–f Diff usion weighting is applied in x axis (d),
y axis (e), and z axis (f) 

a reduction of overall water content, cellular matura-
tion and white matter myelination. In neonates and 
infants, ischemia is usually global and can therefore 
resemble the normal image with elevated DW signal 
and decreased ADC. White matter diseases can also 

be mimicked by the normal, age-related appearance 
of DW imaging and ADC. Out of necessity, the ADC 
values will therefore have to be age related for a cor-
rect interpretation of the DW images of the pediatric 
brains.

a b c

d e f
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a b

Figure 2.2 a, b

a  Decussation of the superior 
cerebellar peduncle has mildly 
high signal on DW image (arrow). 
b ADC map shows similar ADC 
values in the decussation of the 
superior cerebellar peduncle to 
those in cerebral peduncles (ar-
row).

Figure 2.3 a–f

 Cystic changes in the choroid plexus. a DW image shows hyperintensity in cystic changes of the left choroid plexus (ar-
row). b ADC values of the cystic changes are lower than those of the CSF, which probably represent viscous gelatinous 
materials, but higher than those of brain parenchyma (arrow). c T2-weighted image shows the cystic changes as hyper-
intensity (arrow). d Gadolinium-enhanced T1-weighted image with magnetization transfer contrast reveals no enhance-
ment in it (arrow). e Macropathology of choroids plexis cyst (another case). f Micropathology shows gelatinous content, 
foci of calcifi cation with a thickened fi brous wall containing blood vessels. (Courtesy of Kinoshita T, MD, Research Institute 
for Brain and Blood Vessels Akita, Japan)

a b c

d e f
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a b

Figure 2.4 a, b

Normal neonatal brain. a The ap-
pearance of the pediatric brain 
on DW images varies with age. In 
neonates it is normal to have low 
DW signal intensities in the fron-
tal deep white matter (arrows). 
b ADC values of the corresponding 
areas are high in neonatal brain, 
especially in the white matter (ar-
rows). These ADC changes seem 
to refl ect a combination of factors, 
including a reduction of overall 
water content, cellular maturation, 
and white matter myelination. 

a b c

d e f

Figure 2.5 a–f

a Fractional anisotropy (FA) map, b-f Axial DTI color maps, g-i Coronal DTI color maps, j-m Sagittal DTI color maps 
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g h i

j k l

m

Figure 2.5 g–m

g-i Coronal DTI color maps, j-m Sagittal DTI color maps. DTI shows the white matter lateral to the posterior horn as three 
parts: the  tapetum (TP), internal and external  sagittal strata including  optic radiation (SS/OR), and SLF. SLF/AF connects 
the frontal lobe to temporal and occipital lobes. SFO/MB is situated beneath the  corpus callosum (CC) and medial to the 
 corona radiata (CR). ILF connects temporal and occipital lobe cortices. The  cingulum (CG) is situated on both sides of the 
midline on the surface of CC. The  uncinate fasciculus (UF) connects the ventral and lateral fontal lobe with the anterior 
temporal lobe. EmC/EC is hard to be separately seen on DTI. SLF  superior longitudinal fasciculus, AF  arcuate fasciculus, ILF 
 inferior longitudinal fasciculus, CG cingulum, UF uncinate fasciculus, SFO  superior fronto-occipital fasciculus, IFO  inferior 
 fronto-occipital fasciculus, EmC  extreme capsule, EC  external capsule, MB  subcallosal fasciculus of Muratoff , IC  internal 
capsule, CST  corticospinal tract, OT  optic tract, OR optic radiation, SS sagittal stratum, gCC  genu of corpus callosum, bCC 
 body of corpus callosum, sCC  splenium of corpus callosum, TP tapatum, AC  anterior commissure, FX  fornix, ST  stria termi-
nalis, SCP  superior cerebellar peduncle, MCP  middle cerebellar peduncle. (Courtesy of Kim J MD, The University of Iowa 
Hospitals and Clinics, USA, and White ML MD and Zhang Y MD, The University of Nebraska Medical Center, USA)
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2.4 Diff usion Tensor Imaging
and  White Matter Anatomy

Diff usion tensor (DT) imaging is available in many 
modern clinical scanners. A  fractional anisotropy 
(FA) map represents the magnitude of the anisotropy 
of the diff usion process at each image voxel, yielding 
values between 0 (perfectly isotropic diff usion) and 1 
(completely anisotropic diff usion) (Fig. 2.5). A  color 
FA map represents the directionality of the anisotro-
py based on the orientation of the largest eigenvalue 
along left -right (red), anterior-posterior (green), and 
superior-inferior directions (blue) (Fig. 2.5). 

A  fi ber tractography map is made by following the 
main direction of water movement(the largest tensor 
eigenvalue) and its connection in adjacent voxels in 
the three-dimensional space (Figs. 2.6-2.11). DT im-
aging with these maps has been used to investigate 
the microstructure of the CNS, and their clinical use-
fulness has been reported in the literature [16-18]. 
DT imaging can beautifully demonstrate white mat-
ter fi ber tracts of the CNS in detail that is useful for 
understanding the anatomy.

White matter fi ber tracts consist of myelinated fi -
ber bundles, called the  fasciculus. Th e white matter 
fi bers are traditionally classifi ed as follows: (1) asso-
ciation fi bers that interconnect various cortical areas 
of the same hemisphere, (2) projection fi bers that in-
terconnect cortical areas with the thalami, brain stem, 
cerebellum, and spinal cord, and (3) commissural fi -
bers that interconnect corresponding cortical areas of 
the two hemispheres [19-22]. However, the classifi ca-
tion of the fi ber bundles is complex and to date has 
remained unresolved [23-27].

2.4.1  Association Fibers

Short association fi bers arch beneath the six layers of 
the cortex referred to as U-fi bers or arcuate fi bers. In 
long association fi bers, the superior longitudinal fascic-
ulus (SLF) is the largest bundle, connecting the frontal 
lobe cortex to the temporal and occipital lobe cortices 
(Fig. 2.6). Th e arcuate fasciculus (AF) is the part of the 
SLF that forms a curved shape and connects the Broca 
area (motor area of speech) with the Wernicke area 
(language comprehension). Th e inferior longitudinal 
fasciculus (ILF) connects the temporal and occipital 
lobe cortices, which are concerned with visual percep-
tion, object identifi cation, and recognition. 

Th e cingulum (CG) is situated on both sides of the 
midline on the peripheral surface of the corpus cal-

losum and courses within the cingulate gyrus that is 
concerned with behavior and regulation of emotional 
processing (Fig. 2.7). Th e cingulum bundle contains 
variable-length fi bers which connect the frontal and 
parietal lobes with the parahippocampal gyrus and 
adjacent temporal lobe cortex. Th e uncinate fascicu-
lus (UF) connects the ventral and lateral fontal lobe 
cortex with the anterior temporal lobe cortex, which 
is concerned with memory integration (retrograde 
amnesia). 

Th e existence of the superior or inferior fronto-
occipital (occipitofrontal) fasciculus is controver-
sial [23-27]. Th e superior fronto-occipital fascicu-
lus (SFO) connects the frontal and parietal lobes. It 
is thought to be concerned with space perception. 
Ventrally its base rests on the subcallosal fasciculus 
of Muratoff  (MB) [24, 26]. Th e SFO/MB is situated 
beneath the corpus callosum and medial to the coro-
na radiata (Fig. 2.5). Th e SFO may not exist based on 
analyses using fi ber dissection techniques [23]. Th e 
inferior fronto-occipital fasciculus (IFO) connects 
the frontal and temporo-occipital areas intermingled 
with the uncinate fasciculus antero-inferiorly, possi-
bly concerned with auditory-visual association [24] 
(Fig. 2.7). Th e IFO may not exist based on analyses 
using isotope anterograde tract tracer in the macaque 
monkey [24-27].

Th e extreme capsules (EmC) contain association 
fi bers parallel to the external capsule (EC), which 
are separated by a sheet of gray matter known as the 
claustrum. 

 Corticostriatal fi bers interconnect the cortex with 
the striatum including the external capsule and the 
subcallosal fasciculus of Muratoff  (MB) concerned 
with motor and cognitive–aff ective performance. Th e 
corticostriatal fi bers are not exactly association fi bers, 
based on the defi nition [25, 28]. 

2.4.2  Projection Fibers

Th e corona radiata and internal capsule (IC) are 
composed of aff erent and eff erent fi bers to and from 
the entire cerebral cortex. Eff erent fi bers in the in-
ternal capsule arise from the cortex and project to 
the brain stem and spinal cord and are categorized 
as corticothalamic, corticopontine, corticobulbar, 
and corticospinal tracts (Fig. 2.8) [29, 30]. Th e most 
posterior component of the posterior limb of the in-
ternal capsule contains fi bers, connecting the lateral 
geniculate nucleus to the calcarine sulcus (geniculo-
calcarine tract), also known as optic radiation (OR) 
(Fig. 2.9). Th e ventral bundle of the optic radiation 
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a b

Figure 2.6 a–d

a, b The  superior longitudinal fasciculus (SLF) interconnects frontal lobe cortex to temporal and occipital lobe cortices. 
The inferior longitudinal fasciculus (ILF) connects temporal and occipital lobe cortices. c The arcuate fasciculus (AF) is 
the part of the SLF that forms a curved shape and connects the Wernicke area with Broca area. d There is asymmetry in 
right and left side of arcuate fasciculi (Courtesy of White ML MD and Zhang Y MD, The University of Nebraska Medical 
Center, USA)

c d

passes anteriorly before making a sharp turn, known 
as the Meyer loop, and terminating in the inferior 
bank of the calcarine cortex. Th e temporal stem is a 
critical landmark in temporal lobe surgery, which is 
crossed by the uncinate fasciculus, inferior fronto-oc-
cipital fasciculus, and Meyer’s loop [24, 31]. Th e optic 
radiation is part of the sagittal stratum. Th e sagittal 

stratum not only conveys fi bers from parietal, occipi-
tal, temporal, and cingulate regions to the thalamus 
and brain stem, but also conveys principally from the 
thalamus to the cortex. Th e thalamocortical (aff er-
ent) and corticothalamic (eff erent) fi bers are arrayed 
around the thalamus, termed thalamic radiations or 
peduncles (Fig. 2.10).
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external sagittal strata, and the SLF [22, 32]. Th e ante-
rior commissure (AC) is a small compact bundle that 
crosses the midline rostral to the columns of the for-
nix. Th e posterior commissure connects the right and 
left  peritectal region. Th e hippocampal commissure 
joins the right and left  hippocampi also known as the 
commissure of the fornix (FX). Th e fornix is the main 
eff erent fi ber system of the hippocampal formation, 
including both projection and commissural fi bers, as-
sociated with antegrade amnesia. Th e stria termina-
lis is an eff erent pathway from the amygdala, which 
arches along the medial border of the caudate nucleus 
and terminates in the hypothalamic nuclei lateral to 
the fornix. Th e stria terminalis is associated with the 
hypothalamus-pituitary-adrenal axis.

a b

c

Figure 2.7 a–c

a The cingulum bundle contains variable length fi bers 
which connect frontal and parietal lobes with parahip-
pocampal gyrus and adjacent temporal lobe cortex 
(Courtesy of White ML, MD and Zhang Y MD, University 
of Nebraska Medical Center, USA). b The  cingulum (or-
ange) is situated on both sides of the midline on the 
peripheral surface of the corpus callosum and courses 
within the cingulate gyrus. The  uncinate fasciculus (UF) 
(pink) connects the ventral and lateral fontal lobe cor-
tex with the anterior temporal lobe cortex. The fornix 
(FX) (light blue) is also demonstrated (Courtesy of Aoki 
S, MD, The University of Tokyo, Japan). c The  inferior 
fronto-occipital fasciculus (IFO) connects frontal and 
temporo-occipital areas intermingled with the uncinate 
fasciculus antero-inferiorly (Courtesy of White ML MD 
and Zhang Y MD, The University of Nebraska Medical 
Center, USA)

2.4.3  Commissural Fibers

Th e corpus callosum (CC) is a broad thick plate of 
dense myelinated fi bers that reciprocally intercon-
nect broad regions of the cortex (Fig. 2.11). Th e genu 
(gCC) contains fi bers interconnecting rostral parts of 
the frontal lobes. Fibers from the remaining parts of 
the frontal lobe and the parietal lobe traverse the body 
of the corpus callosum (bCC). Fibers transversing the 
splenium relate regions of the temporal and occipital 
lobes. Th e tapetum comprises the fi bers in the sple-
nium (sCC) which sweep inferiorly along the lateral 
margin of the posterior horn of the lateral ventricle. 
Th e white matter lateral to the posterior horn is di-
vided into four layers: the tapetum, the internal and 
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a b

c d

2.4.4 Fibers of the Brain Stem and Cerebellum 

Th e complex anatomy of the brain stem includes a 
large number of tracts, nuclei, commissures, and de-
cussations (Fig. 2.12) [19, 33].

In the midbrain, the tegmentum and crus cere-
bri are separated by the substantia nigra. Th e crus 
cerebri consists of corticopontine, corticobulbar, 

Figure 2.8 a–d

a, b Anterior-posterior and oblique lateral views of the corticospinal tract (Courtesy of White ML MD and Zhang Y MD, 
University of Nebraska Medical Center, USA). c The corticospinal tract (orange) and corticobulbar tract (light blue) are 
demonstrated (Courtesy of Aoki S, MD, The University of Tokyo, Japan). d Multi-tensor DTI separate each corticospinal 
fi ber projecting special areas: hand (green),tongue (orange), trunk (purple), face (blue), and lower extremity (yellow) 
(Courtesy of Yamada K MD, Kyoto Prefectural University of Medicine, Japan) (from [30])

and corticospinal fi bers. Th e superior cerebellar pe-
duncle (SCP) is seen on each side of the upper part 
of the fourth ventricle, and decussates completely in 
the caudal midbrain tegmentum. Th e SCP is made 
up of predominantly eff erent pathways arising from 
the cerebellar cortex and deep cerebellar nuclei to the 
thalamus and cerebral cortex but it also caries aff er-
ent pathways. It is associated with coordination of 
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motor function. Th e ventral part of the pons consists 
of longitudinal descending fi bers, pontine nuclei, and 
transverse pontine fi bers projecting to the cerebel-
lum. Th e dorsal tegmental portion contains the retic-
ular formation, medial lemniscus, and cranial nerve 
nuclei. Th e medial lemniscus comprises large ascend-
ing fi bers and terminates in the ventral posterolateral 
nucleus of the thalamus, which is concerned with 
sensation of touch, vibration, proprioception, and 
two-point discrimination.

Th e middle cerebellar peduncle (MCP) also known 
as the brachium pontis consists of predominantly af-
ferent fi bers arising from the pontine nuclei, and most 
of them decussate and terminate as mossy fi bers pro-
jecting to the cerebellar hemisphere. Th e function of 
the MCP includes initiation, planning, and voluntary 
movement. Th e medulla contains the inferior olivary 
nuclei, cranial nerve nuclei, and decussation of the 
medullary pyramids and medial lemniscus. 

Th e inferior cerebellar peduncle (ICP), seen on each 
side of the lower part of the fourth ventricle, connects 

Figure 2.9 a–c

a  Optic radiations on the right (OR), b  Meyer’s loop (ar-
rows) (Courtesy of White ML MD and Zhang Y MD, The 
University of Nebraska Medical Center, USA). c The rela-
tionship between the Meyer’s loop (green) and the unc-
inate fasciculus (Courtesy of Taoka T MD, Nara Medical 
University, Japan)

a

b

c
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Figure 2.10 a–c

 Thalamic radiations (a anterior, b superior, c posterior) (Courtesy of White ML MD and Zhang Y MD, The University of 
Nebraska Medical Center, USA)

Figure 2.11 a–c

The  corpus callosum is a broad thick plate of dense mylinated fi bers that reciprocally interconnect broad regions of the 
cortex. The genu (gCC) contains fi bers interconnecting rostral parts of the frontal lobes. Fibers from the remaining parts 
of the frontal lobe and the parietal lobe traverse the body of the corpus callosum (bCC). Fibers transversing the splenium 
relate regions of the temporal and occipital lobes. The  tapetum (TP) is the extension into the hemisphere of the cor-
pus callosum lying adjacent to the ventricular ependyma (Courtesy of White ML MD and Zhang Y MD, The University of 
Nebraska Medical Center, USA)

a b c

a b c

the cerebellum and medulla (Fig. 2.13). Th e ICP car-
ries mostly aff erent pathways from the spinal cord and 
conveys impulses from vestibular receptors, associ-
ated with balance coordination. Th e corpus medullare 
is a compact mass of cerebellar white matter imbed-

ding four deep nuclei (dentate, fastigial, globose, and 
emboliform), continuous with the three cerebellar pe-
duncles [34]. Th e corpus medullare splits in the roof of 
the fourth ventricle at an acute angle (fastigium) and 
forms the superior and inferior medullary vela. 
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Figure 2.12 a–d

a The midbrain: The crus cerebri 
consists of corticopontine, corti-
cobulbar and corticospinal fi bers 
(CPT,CBT,CST). The tegmentum 
and crus cerebri are separated by 
the substantia nigra (SN). The su-
perior cerebellar peduncle (SCP) 
and their decussation (DSCP, 
round red spot) are noted in the 
caudal midbrain tegmentum. 
The dorsal tegmental portion 
contains the central tegmental 
tract (CTT) and medial lemnis-
cus (ML). b c The upper (b) and 
lower (c) pons: The ventral part of 
the pons contains CPT, CBT, CST, 
pontine nuclei, and transverse 
pontine fi bers (TPF). The middle 
cerebellar peduncle (MCP) arises 
from pontine nuclei projecting 
to the cerebellar hemisphere. 
The inferior cerebellar peduncle 
is noted on each side of the 
lower part of the forth ventricle. 

d The medulla: The  inferior olivary nuclei (ION), medullary pyramids (CST, CBT),  medial leminiscus (ML) and ICP are dem-
onstrated (Courtesy of White ML MD and Zhang Y MD, The University of Nebraska Medical Center, USA, and Courtesy of 
Salamon N MD, The University of California, Los Angelus, USA)

a b

c d

a

Figure 2.13 a–h

a-c Axial (a), Coronal (b), and 
Sagittal (c) images. The ventral 
part of the pons consists of  py-
ramidal tracts (PrT), pontine 
nuclei, and  transverse pontine 
fi bers (TPF) projecting to the cer-
ebellum. The medial leminiscus 
(ML) is large ascending fi bers and 
terminates in the ventral posteri-
olateral nucleus of the thalamus. 
The  middle cerebellar peduncle 
(MCP) consists of predominantly 
aff erent fi bers from TPF and most 
of them decussate and terminate 
as mossy fi bers projecting to the 
cerebellar hemisphere. The  inferi-
or cerebellar peduncle (ICP), seen 
on each side of the lower part of 
the forth ventricle, connects the 
cerebellum and medulla
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b

c

d

Figure 2.13 a–h

d-f Parasagital images. The corpus medullare 
is a compact mass of cerebellar white matter 
imbedding 4 deep cerebellar nuclei (dentate, 
fastigial, globose, and emboliform), continu-
ous with the three cerebellar peduncles. The 
 superior cerebellar peduncle (SCP) is seen on 
each side of the upper part of the forth ven-
tricle, decussates completely in the caudal 
midbrain tegmentum
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g h

Figure 2.13 a–h

g, h Fiber tractography. SCP is predomi-
nantly eff erent pathways arising from cer-
ebellar cortex and deep cerebellar nuclei 
to thalamus and cerebral cortex (green). 
Pyramidal tracts (blue), and middle cerebel-
lar peduncles and transverse pontine fi b-
ers (orange) are demonstrated (Courtesy of 
Salamon N MD, The University of California, 
Los Angelus, USA)

e

f
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2.5 Conclusion

Good knowledge of the DW appearance of the nor-
mal adult and pediatric brain and variations is neces-
sary to avoid misinterpretation. In children it is also 
important to match the fi ndings with those of nor-
mal children of the same age. DT imaging is useful 
for understanding the normal white matter fi ber tract 
anatomy.
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3.1 Introduction

Th ere are many inherent artifacts and pitfalls in dif-
fusion-weighted (DW) imaging of the brain that are 
important to recognize to avoid misinterpretations. 

3.2 Infl uence of ADC 
and T2 on the DW Appearance 

Diff usion-weighted images are inherently T2 weight-
ed and changes in T2 signal characteristics will thus 
infl uence the appearance of DW images independent 
of tissue diff usibility [1–16]. Th e eff ect of T2 prolon-
gation, so-called “ T2 shine-through”, is well known. 
Less well known is the balance between apparent dif-
fusion coeffi  cient (ADC) and T2, sometimes called 
 T2 washout. Also the eff ect of T2 shortening, or  T2 
blackout, and magnetic susceptibility eff ects will in-
fl uence the DW appearance in many situations. Th is 
chapter will illustrate and discuss the eff ects of T2 and 
ADC on DW images.

3.2.1 Concepts 

Th e signal intensity (SI) on DW images is infl uenced 
by T2, ADC, the b-factor, the spin density (SD) and 
the echo time (TE), and is calculated as follows:

SI=SIb=0e-bADC

However, 

SIb=0=kSD(1-e-TR/T1)e-TE/T2

For TR >>T1

SI=kSDe-TE/T2e-bADC

where k is a constant, TR is repetition time, and SIb=0 
is the signal intensity on the spin-echo echo-planar 
image (b0 image) [1, 2, 5, 7, 8, 10, 12, 16]. 

To evaluate the tissue T2 and ADC, we should pay 
attention to the images discussed below as well as iso-
tropic DW images and b0 images [3–5, 7, 8, 10, 11, 
13–16].

3.2.2 Apparent Diff usion Coeffi  cient Maps

To evaluate the diff usibility, ADC is calculated as:

ADC=-ln (SI/SIb=0)/b

Subsequently, increased ADC causes decreased SI on 
DW images, and decreased ADC causes increased SI 
on DW images [3–5, 7, 10, 15, 16].

3.2.3 Exponential Images

To remove the T2-weighted contrast, the DW image 
can be divided by the b0 image to create an “ exponen-
tial image” [4, 7, 10, 15].

Th e signal intensity (SIeDWI) on the exponential 
image is calculated as:

SIeDWI=SI/SIb=0=e-bADC

Th erefore, this image can eliminate the eff ect of T2. 
Contrary to ADC maps, hyperintensity on exponen-
tial DW images means decreased ADC, and hypoin-
tensity means increased ADC.

3.3 Clinical Conditions

3.3.1 T2 Shine-through

This is a well-known phenomenon that causes hy-
perintensity on DW images by means of T2 prolon-
gation [3–5, 7, 8, 10, 11, 15, 16]. If ADC is decreased 
at the same time, this can result in an accentua-
tion of the hyperintensity on DW images (Figs. 3.1–
3.3).

Pitfalls and Artifacts
of DW Imaging

In collaboration with A. Hiwatashi and J. Zhong
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Figure 3.1 a–e

T2 shine-through in a 35-year-old female patient with multiple sclerosis and weakness of the lower extremities. a T2-
weighted image shows several hyperintense lesions, with the largest in the right frontal lobe (arrow). b On T1-weighted 
image the lesion was hypointense (arrow) and did not enhance with contrast (not shown). c On DW image the lesion is 
hyperintense (arrow). d ADC map also shows hyperintensity in the lesion (1.2×10-3 mm2/s; arrow). e Exponential image 
eliminates the T2 eff ect and shows the lesion to be hypointense (arrow). This confi rms that the hyperintensity on DW im-
age is due to a T2 shine-through eff ect

a b c

d e
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Figure 3.2 a–e

T2 shine-through in a 45-year-old female patient with seizures caused by an anaplastic astrocytoma. a T2-weighted im-
age shows a hyperintense lesion in the left frontal lobe (arrow). b On T1-weighted image the lesion is hypointense with 
a peripheral hyperintense area (arrow). The lesion did not enhance with contrast (not shown). c DW image shows hyper-
intensity (arrow). d ADC map also shows hyperintensity in the lesion (0.98–1.35 10-3 mm2/s; arrow). e Exponential image 
eliminates the T2 eff ect and shows the lesion to be hypointense (arrow). This confi rms that the hyperintensity on the DW 
image is due to a T2 shine-through eff ect

a b c

d e
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3.3.2 T2 Washout

Th is implies that isointensity on DW images is the 
result of a balance between hyperintensity on T2-
weighted images and increased ADC [13, 14, 16]. Th is 
is oft en seen in vasogenic edema, where the combi-
nation of increased ADC and hyperintensity on T2-

Figure 3.3 a–f

T2 shine-through and restricted diff usion in a 56-year-old male patient with right-sided weakness due to acute infarction. 
MR imaging was obtained 24 hours after the onset of symptoms. a FLAIR image shows a hyperintense lesion in the left 
middle cerebral artery territory. b On T1-weighted image the lesion is hypointense. c On T2-weighted image (b0) the le-
sion is hyperintense. d DW image also shows hyperintensity in the lesion. e ADC map shows hypointensity in the lesion 
(0.27–0.45 10-3 mm2/s). f On the exponential image, which eliminates the T2 eff ect, the lesion remains hyperintense. This 
confi rms that the DW hyperintensity is due to both restricted diff usion and T2 prolongation

weighted images will result in isointensity on DW 
images (Fig. 3.4).

To the best of our knowledge there have been no 
systematic reports on pathological conditions with 
isointensity on DW images, caused by a balance of 
hypointensity on T2-weighted images and decreased 
ADC. 

a b c

d e f
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3.3.3 T2 Blackout 

Th is indicates hypointensity on DW images caused by 
hypointensity on T2-weighted images and is typically 
seen in some hematomas [9,16]. Paramagnetic sus-
ceptibility artifacts may occur in this situation (Figs. 
3.5 and 3.6).

Figure 3.4 a–d

 T2 washout in a 45-year-old fe-
male patient with hypertension, 
seizures and posterior revers-
ible encephalopathy syndrome. 
a FLAIR image shows hyper-
intense lesions in the bilateral 
occipital lobe (arrows). b T2-
weighted image (b0) also shows 
hyperintensity of the lesions (ar-
rows). c DW image shows mild hy-
perintensity in the lesions. d ADC 
map shows hyperintensity of the 
lesions (1.18–1.38 10-3 mm2/s; 
arrows). With the strong T2 pro-
longation one would expect 
more hyperintensity on the DW 
image, but the T2 shine-through 
eff ect is reduced by the hyper-
intensity on the ADC, resulting 
in a balance between increased 
diff usibility and hyperintensity 
on the T2-weighted image (T2 
wash-out)

3.4 Artifacts 

Numerous artifacts can be generated during the ac-
quisition of DW images. Th ere are fi ve main artifacts 
of single-shot DW echo-planar imaging: 
1.  Eddy current artifacts due to echo-planar imaging 

phase-encoding and readout gradients, and motion-
probing gradient pulses for diff usion weighting 

2.  Susceptibility artifacts
3.  N/2 ghosting artifacts
4.  Chemical shift  artifacts 
5.  Motion artifacts

We will discuss each artifact separately.

a b

c d
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Figure 3.5 a–e

 T2 blackout in lung cancer metastasis in a 62-year-old male patient with adenocarcinoma of the lung. a T2-weighted 
image shows a hypointense mass (arrow) with surrounding edema in the left cerebellar hemisphere. b Gadolinium-
enhanced T1-weighted image shows heterogeneous enhancement of the mass (arrow). c T2-weighted image (b0) also 
shows hypointensity in the lesion with surrounding hyperintense edema (arrow). d ADC map shows central hyperinten-
sity (1.63–2.35 10-3 mm2/s; arrowhead) and peripheral hypointensity (1.13–1.38 10-3 mm2/s; arrow) of the mass. There 
is also hyperintensity of the surrounding tissue, consistent with vasogenic edema. e DW image shows heterogeneous 
hypointensity of the mass (arrow) and isointensity of the surrounding edema. The DW hypointensity of the mass (arrow) 
is due to the increased diff usibility and the hypointensity on the T2-weighted image (T2 blackout). The isointensity in the 
surrounding edema is due to the balance between increased diff usibility and hyperintensity on the T2-weighted image 
(T2 washout)

3.4.1  Eddy Current Artifacts

Eddy currents are electrical currents induced in a con-
ductor by a changing magnetic fi eld. Eddy currents 
can occur in patients and in the MR scanner itself, 
including cables or wires, gradient coils, cryoshields 

and radiofrequency shields [17]. Eddy currents are 
particularly severe when gradients are turned on and 
off  quickly, as in echo-planar imaging pulse sequenc-
es. Gradient waveforms are distorted due to eddy cur-
rents, which results in image artifacts, including spa-
tial blurring and misregistration. In single-shot DW 

a b c

d e
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Figure 3.6 a–d

T2 blackout from susceptibility artifacts in acute hemorrhage (deoxyhemoglobin and intracellular met-hemoglobin) 
in a 74-year-old man with left-sided weakness. MR imaging was obtained 24 hours after the onset of symptoms. a T2-
weighted image shows hypointense lesions in the right frontoparietal lobes (arrows deoxyhemoglobin and intracellular 
met-hemoglobin) with areas of surrounding hyperintensity consistent with edema (arrowheads). b T1-weighted image 
shows the heterogeneous lesion with hypointensity (arrow deoxyhemoglobin) and hyperintensity (arrowheads intracel-
lular met-hemoglobin). c DW image shows hypointensity (arrows deoxy-hemoglobin and intracellular met-hemoglobin) 
and hyperintensity in the region of edema (arrowhead). The surrounding hyperintense rims (small arrowheads) are due 
to magnetic susceptibility artifacts. d ADC could not be calculated accurately in the T2 “dark” hematoma due to magnetic 
susceptibility artifacts (arrows). The surrounding areas of hypointensity (arrowhead) probably correspond to cytotoxic 
edema surrounding the hematoma. This example shows how T2 hypointensity from susceptibility eff ects can produce a 
complex appearance in and around cerebral hemorrhage

echo-planar imaging, eddy currents are due to both 
echo-planar imaging gradients and motion-probing 
gradients, which lead to image distortions (Fig. 3.7). 
Correction of image distortion is essential to calcu-
late ADC values and especially to quantify anisotropy 
with diff usion tensor imaging. 

Correction methods: (1) correction of distortion by 
using post-processing [18–21], (2) pre-emphasis or 
pre-compensation, purposely distorting the gradient-
driving currents [22, 23], (3) shielded gradients, rede-
signing the magnet to incorporate shielding coils be-
tween the gradient coils and the main windings [24].

a b

c d
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Figure 3.7 a, b

Misregistration due to eddy cur-
rent artifact. a, b Misregistration 
artifact is noted in the occipital 
regions (arrows) on DW image (a) 
and the ADC map (b). Gradient 
waveforms are distorted due to 
eddy currents, which results in 
this misregistration

3.4.2  Susceptibility Artifacts 

Single-shot echo-planar imaging is sensitive to sus-
ceptibility artifacts, especially frequency and phase 
errors due to paramagnetic susceptibility eff ects. 
Th ese artifacts are seen near the skull base, especially 
near the air in paranasal sinuses and mastoid (Fig. 
3.8). Susceptibility artifacts are more severe along the 
phase-encoding direction and phase encoding should 
thus be along the anterior–posterior direction for ax-
ial DW images. Coronal and sagittal DW images are 
helpful in detecting lesions in certain locations, such 
as the hippocampus and the brain stem, and to iden-
tify susceptibility artifacts (Fig. 3.9). Increased matrix 
size leads to elongation of the readout time, which 
causes even larger image distortions. 

Correction methods: (1) multi-shot echo-planar im-
aging (to reduce the readout time, to enable high-
resolution scanning) [25, 26], (2) line scan [27,28], 
(3) single-shot fast spin echo (SSFSE) [29, 30], (4) 
periodically rotated overlapping parallel lines with 
enhanced reconstruction (PROPELLER) [31, 32], (5) 
sensitive encoding (SENSE)/array spatial and sensi-
tivity-encoding technique (ASSET), undersampling 
of k-space which enables eff ective band width and 
shortens readout time, providing thin section and 
high-resolution matrix [33].

3.4.3  N/2 Ghosting Artifact (Nyquist Ghost) 

Th e N/2 ghosting artifact occurs when there are dif-
ferences between the even and odd lines of the k-

space. Phase error is due to hardware imperfections 
(eddy currents, imperfect timing of even and odd 
echo, imperfect gradients, and magnetic fi eld inho-
mogeneity), which can be produced by on-off  switch-
ing during readout gradients. Th e ghosts in this arti-
fact are always shift ed by half of the fi eld of view in 
the phase-encoding direction (Fig. 3.10). Th is ghost 
can produce severe artifacts when ADC maps are cal-
culated.

Correction methods: (1) reduce eddy currents, (2) 
adjust gradients and magnetic fi eld homogeneity, (3) 
high b-value, (4) fl uid-attenuated inverse-recovery 
(FLAIR) DW imaging (reduce cerebrospinal fl uid 
signal) [33, 34].

3.4.4  Chemical Shift 

In echo-planar DW imaging, chemical shift  artifacts 
due to the diff erent resonance frequencies in water 
and fat are produced along the phase-encoding direc-
tion, while they are along the frequency-encoding di-
rection in conventional spin-echo type MR imaging. 
Th is artifact is more severe in echo-planar imaging 
than in conventional spin-echo type imaging. Eff ective 
fat suppression techniques, such as the chemical shift  
selective (CHESS) method and the spectral selective 
radiofrequency excitation method are necessary. 

Correction methods: appropriate fat suppression 
techniques.

a b
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Figure 3.8

Susceptibility artifact. Susceptibility artifacts are seen near the air content of 
the mastoids (arrows). This is generally prominent in echo-planar sequences

Figure 3.9 a–d

Susceptibility artifact in coronal 
and sagittal plane DW images. 
Coronal DW image (a) and the 
ADC map (b) are used to evaluate 
the hippocampus, but susceptibil-
ity artifacts distort the image near 
the mastoids. Sagittal DW image 
(c) and the ADC map (d) show a 
pontine infarct as hyperintense 
with decreased ADC (arrowhead). 
Susceptibility artifacts are caused 
by air in the ethmoid and sphe-
noid sinuses (arrows)

a b

c d
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Figure 3.10 a, b

N/2 ghosting artifact. a DW im-
age shows N/2 ghosting artifacts 
(arrows), which are always shifted 
by half of the fi eld of view in the 
phase-encoding direction. b On 
the ADC map severe N/2 ghosting 
artifacts are also seen (arrows)

Figure 3.11 a–d

Motion artifacts due to head mo-
tion during the scan of a patient 
with status epilepticus. a It is diffi  -
cult to evaluate the DW image be-
cause of severe motion artifacts. 
b In the raw data of the DW imag-
ing, the x axis image is corrupted 
by head motion during the scan. 
c The y axis image is free from the 
artifacts. This image shows a hy-
perintense lesion in the left hip-
pocampus (arrow). d ADC map of 
y axis image also shows decreased 
ADC of the lesion (transferred to a 
workstation for image processing, 
using a home-made code, which 
is based on the numerical compu-
tation software)

a b

a b

c d
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3.4.5  Motion Artifacts 

Th e sources of motion artifacts include gross head 
motion, respiratory motions, cardiac-related pulsa-
tions and patient bed vibration due to gradient pulses. 
Single-shot DW echo-planar imaging has relatively 
low sensitivity to patient motion, because each im-
age is acquired in about 100–300 ms and the total 
acquisition time is less than 40 s. If one of the x, y, 
z or b0 images is corrupted by motion artifacts dur-
ing a scan, or if patient head motion occurs between 

scans, the isotopic DW images and the ADC maps 
will have these artifacts (Figs. 3.11 and 3.12). In those 
cases, unidirectional and b0 images from the raw data 
of DW imaging can be free from the motion artifacts 
and remain diagnostically useful. Long (tens of ms) 
gradient pulses to reach suffi  cient diff usion weighting 
oft en increase sensitivity to motion.

Correction methods: (1) For a fi xed b-factor, use 
high-gradient amplitude but reduce gradient pulse 
duration to minimize the sensitivity to motion, (2) 

Figure 3.12 a–f

Motion artifacts due to head motion between the scans. Chronic infarcts in the right basal ganglia. a DW image has mo-
tion artifacts due to head motion between the scans. This image is composed of appears overlapping of b0, and x, y, and 
z axis images. b ADC map also shows severe motion artefacts. This map is composed of b0, x, y, and z axis images.  c b0, 
d x axis, e y axis, f z axis. b0 and unidirectional images are all free from the artefacts

a b c

d e f
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post-processing to correct for phase error (Navigator 
method) [35–37], (3) elimination of phase-encode 
step (line scan method, projection reconstruction), 
(4) minimize time for phase error accumulation 
(single-shot echo-planar imaging, hybrid method 
with multishot echo-planar imaging), (5) SSFSE, (6) 
PROPELLER [38], (7) SENSE.

3.5 Conclusion

Diff usion-weighted images are inherently T2 weight-
ed and the interpretation of signal intensity on DW 
images requires a correlation between b0 images, 
ADC maps and exponential images to uncover the 
underlying pathophysiologic condition. It is also im-
portant to understand a variety of artifacts to avoid 
misinterpreting the DW images. Understanding in-
herent artifacts and how to reduce the artifacts on 
DW imaging will improve the quality and accuracy 
of DW imaging.
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4.1 Characterization
and Classifi cation of  Brain Edema

Brain edema is defi ned as accumulation of excess fl u-
id in cells or in the extracellular space. Brain edema 
can be classifi ed as cytotoxic (cellular), vasogenic [1] 
or interstitial. Cytotoxic and vasogenic edema usually 
coexist in pathological conditions such as infarction, 
hypoxic ischemic encephalopathy, trauma, and mul-
tiple sclerosis. Th e edema may primarily be either va-
sogenic or cytotoxic, but as the process evolves over 
time, the injury leads to a combination of cellular 
swelling and vascular damage. Interstitial edema oc-
curs with hydrocephalus, water intoxication, or plas-
ma hyposmolarity. 

Conventional MR imaging does not always allow 
distinction between the diff erent forms of edema. 
However, diff usion-weighted (DW) imaging, which 
is based on the microscopic movement of water mol-
ecules in brain tissue, can diff erentiate cytotoxic ede-
ma from vasogenic and interstitial edema [2].

4.2 Defi nition and Classifi cation 
of  Cytotoxic Edema

Cytotoxic or cellular edema is an abnormal uptake of 
fl uid in the cytoplasm due to abnormal cellular os-
moregulation. Th is kind of edema may accompany 
various processes that damage cells, such as ischemia, 
trauma, toxic metabolic disease, demyelination, and 
even the early phase of degeneration. Classifi cation of 
the involved cell types may explain the pathophysiol-
ogy and diff erent prognosis of these conditions. 

In normal brain tissues, the gray and white mat-
ters are mainly composed of  neurons,  glial cells,  axo-
ns, and  myelin sheaths (Fig. 4.1). In the gray matter, 
cytotoxic edema occurs mainly in neurons and glial 
cells (Fig. 4.2). In the white matter, however, cytotoxic 
edema occurs in glial cells, axons ( axonal swelling) 
(Fig. 4.3) and myelin sheaths ( intramyelinic edema) 
(Fig. 4.4) [1]. 

Brain Edema

Figure 4.1

Normal brain tissue is main-
ly composed of neurons, glial 
cells (astrocytes or oligodendro-
cytes), axons, and myelin sheaths 
surrounded by an extracellular 
space
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4.3 Pathophysiology of Cytotoxic Edema

4.3.1 Energy Failure 

In ischemia or hypoxia, cytotoxic edema is mainly 
caused by energy failure [3]. Th e insult initiates sub-

Figure 4.3

Cytotoxic edema can occur in ax-
ons

Figure 4.2

Cytotoxic edema occurs in neu-
rons and glial cells (astrocytes 
and oligodendrocytes). These 
cells are vulnerable to ischemia. 
As cells increase in size, there is 
a shift of water from extracellu-
lar to intracellular compartments, 
which can occur without a net 
gain in water (compared with Fig. 
4.1). Cytotoxic edema results in 
increased intracellular space and 
decreased extracellular space, 
which may cause a decrease in 
ADC

strate depletion, which leads to a decrease in intra-
cellular ATP used for oxidative phosphorylation, 
and a failure of the sodium–potassium pump. Th is 
will cause an infl ux of sodium and calcium into the 
cells, subsequently increasing the osmotic gradient 
and the transport of water into the cells, resulting in 
cellular swelling. Moreover, in an attempt to produce 
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Figure 4.4

Cytotoxic edema can occur in my-
elin sheaths in which edema is 
found in either the myelin sheath 
itself or in the intramyelinic cleft

ATP, the cells switch from oxidative phosphorylation 
to anaerobic glycolysis, resulting in intracellular lac-
tate formation. Th is will further increase the osmotic 
gradient across the cell membrane, which exacerbates 
the cytotoxic edema. Pathologically, injured neurons 
shrink and become esosinophilic due to increased 
density of dameged mitochondria.  Astrocytes swell-
ing ( Alzheimer type II cells) is seen as a response to 
metabolic insults. Th e damaged neurons disintegrate 
and are removed by mauophages. With time, cortical 
atrophy and gliosis develop.

4.3.2 Excitotoxic Brain Injury

Energy failure is not the only mechanism responsible 
for the cytotoxic edema [3]. Membrane transporters 
can be triggered or inhibited by a range of excitatory 
neurotransmitters, such as glutamate and aspartate, 
but also other agents such as cytokines and free radi-
cals [4]. Any cell, including neuron, glia, axon and 
myelin sheath can be a target of these toxic substanc-
es; however, reactive astrocytes play a signifi cant role 
in cellular and tissue repair by detoxifying various 
noxious substances (such as glutamate, free radicals, 
ammonia and metals). Neuropathologic examination 
shows that the acutely reactive astrocytes have swol-
len cytoplasm and neurophil, consistent with cyto-
toxic edema [5].

High  glutamate in the synaptic and extracellular 
space is one of the important mechanisms associated 

with cytotoxic edema of various diseases, including 
infarction, hypoxic ischemic encephalopathy, status 
epilepticus, and traumatic brain injury, such as dif-
fuse axonal injury, contusion and shaken baby syn-
drome [6, 7]. Increased extracellular glutamate is a 
direct cause of excitotoxic brain injury. In acute ex-
citotoxic injury, increased extracellular glutamate re-
sults from an increased release/leakage of glutamate 
or a decreased re-uptake (Figs. 4.5, 4.6)[8]. 

Neuronal glutamate is released from the pre-syn-
aptic terminal into the synaptic cleft . Th e glutamate 
binding to  N-methyl-D-aspartate (NMDA) receptors 
allows entry of Ca2+ into the post-synaptic neuron, 
which results in necrotic cell death or apoptosis. Th e 
glutamate binding to  non-NMDA receptors allows 
entry of Na+ into the post-synaptic neuron, resulting 
in cytotoxic edema. Apoptosis is defi ned as a pro-
grammed cell death and is histologically character-
ized by fragmentation of DNA in the nucleus of the 
cell. Re-uptake of extracellular glutamate takes place 
at the pre-synaptic terminals and in adjacent glial 
cells, which may cause cytotoxic edema (acute phase 
of  reactive astrocytosis). 
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Figure 4.6

 Acute excitotoxic brain injury in various diseases. Various diseases are associated with acute excitotoxic brain injury. The 
mechanisms are classifi ed into: (1) decreased re-uptake, (2) increased release, (3) leakage due to disruption of axonal 
membranes, (4) others, including impaired glutamate receptor function, or substances structurally similar to glutamate. 
There are various combinations of mechanisms according to each disease process. There are two positive feedback loops 
(yellow arrow): (1) increased extracellular glutamate depolarizes adjacent neurons that release intracellular glutamate; 
(2) neuronal injury causes leakage of glutamate. This mechanism is self-propagating via neuron-glial cell units and via 
transaxonal or transynaptic routes along the fi ber tracts. (From [8])

Figure 4.5

 Excitotoxic mechanisms in the 
neuron and astrocyte. In the neu-
ron, glutamate is released from 
the pre-synaptic terminal into 
the synaptic cleft. The glutamate 
binding to NMDA receptors allows 
entry of Ca2+ into the post-synap-
tic neuron, which can result in ne-
crotic cell death or apoptosis. The 
glutamate binding to non-NMDA 
receptors allows entry of Na+ into 
the post-synaptic neuron, result-
ing in cytotoxic edema of the 
neuron. Re-uptake of extracellu-
lar glutamate takes place at the 
pre-synaptic terminals and in ad-
jacent astrocytes. Similar mecha-
nisms also cause cytotoxic edema 
in the astrocyte
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Acute excitotoxic injury can also be related to 
functional failure of the glutamate receptor and the 
presence of structurally similar substances to gluta-
mate, such as hydroxyglutarate or glutarate, at the 
receptor sites. Excessive extracellular glutamate de-
polarizes injured adjacent glial cells or neurons and 
in turn causes release or leakage of glutamate. Th is 
mechanism is self-propagating through neuron-glial 
cell units, and transaxonal or transynaptic routes 
along the white matter fi ber tracts [8].

Whatever the cause, cytotoxic edema can result in 
necrosis or delayed neuronal death, or degeneration 
similar to apoptosis with various amounts of reactive 
gliosis. Whether necrosis or apoptosis ensues, it may 
neurochemically depend on the levels of adenosine 
triphosphate or cytosol calcium ions that trigger pro-
tease and lipase production [9]. 

4.4 Diff usion-Weighted Imaging 
and Cytotoxic Edema

Cytotoxic edema characteristically shows hyperinten-
sity on DW images associated with decreased apparent 
diff usion coeffi  cient (ADC). Th e precise mechanisms 
underlying the reduction in ADC are unknown. Th e 
most common explanation is a shift  of extracellular 
water to the intracellular space. However, the ob-
served 40% reduction of ADC cannot be explained 
by an increase in intracellular water alone, even if all 
extracellular fl uid went intracellular [10]. Th ere must 
be a reduction in diff usivity of water molecules in the 
intracellular space which may be explained by the 
large number of intracellular organelles, that may act 
as obstacles for diff usion. A decrease in intracellular 
ADC could also be due to a decrease in the energy-
dependent intracellular circulation or an increase in 
cytoplasmic viscosity from a swelling of intracellular 
organelles [11]. 

Tumors, hemorrhages, abscesses and  coagulative 
necrosis also result in a decrease in ADC. Th e mecha-
nisms underlying the reduction in ADC in those le-
sions are also unknown, but can be related to hyper-
cellularity or hyperviscosity of the pathological tissue 
[12, 13].

4.4.1 Conditions that Cause Cytotoxic Edema, 
and  Reversibility

Cytotoxic edema of neuron and glial cells usually ac-
company infarction [14–17], hypoxic ischemic en-
cephalopathy [18, 19], traumatic brain injury [20, 

21], status epilepticus [6, 22, 23], migraine [24, 25], 
encephalitis [26], and Creutzfeldt–Jakob disease [27, 
28]. 

Neurons and glial cells are the cells most vulner-
able to ischemia and hypoxia, but if the ischemia is 
severe, myelin sheaths and axons may also be aff ected 
[3]. Th ese diff erences among cell types for cytotoxic 
edema can explain the diff erent time courses of DW 
abnormalities between gray and white matter in cere-
bral infarction and hypoxic ischemic encephalopathy. 
In arterial infarction, the area of cytotoxic edema on 
DW imaging seems to be irreversibly damaged tis-
sue, resulting in coagulative or liquefactive necrosis. 
However, mild decreased ADC in the ischemic pen-
umbra can be reversible aft er intra-arterial or intra-
venous fi brinolytic therapy (Fig. 4.7). In transient 
ischemic attacks and venous infarctions, an initially 
abnormal signal on DW imaging has occasionally 
been reversed, partially or completely, on follow-up 
MR images. Hypoxic ischemic encephalopathy (Fig. 
4.8) and traumatic brain injury are usually related to 
irreversible brain damage. 

In status epilepticus (Fig. 4.9) and migraine 
(Fig.  4.10), cytotoxic edema is oft en partially or com-
pletely reversible. If severe, it may result in selective 
necrosis followed by brain atrophy or gliosis [6, 25]. 
A cytotoxic edema of reactive astrocytes in the acute 
phase can be responsible for the reversible signal ab-
normalities [6]. 

In Creutzfeldt–Jakob disease, the area of cytotoxic 
edema will eventually develop into prominent brain 
atrophy (Fig. 4.11). Axonal swelling can also accom-
pany diff use axonal injury (Fig 4.12) and the early 
phase of wallerian degeneration (Fig. 4.13) [29]. 

Intramyelinic edema may accompany the acute 
phase of multiple sclerosis (Fig. 4.14) [30, 31], toxic or 
metabolic leukoencephalopathy (Fig. 4.15) [32–34] 
and osmotic myelinolysis [35]. Partially or completely 
reversible lesions are also seen in these conditions. 

A focal lesion in the splenium of the corpus cal-
losum in epileptic patients or those with encepha-
litis/encephalopathy is oft en completely reversible 
(Fig.  4.16) [36-38].

Th e explanation for this reversibility may be an in-
tramyelinic edema where the edema is oft en primar-
ily located in the intramyelinic cleft  [1].
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Figure 4.7 a–e

 Hyperacute cerebral infarction (3 hrs after onset) in a 39-year-old woman with decreased consciousness. Her neurologic 
functions improved after intra-arterial thrombolytic therapy. a T2-weighted image appears normal. b DW image shows a 
hyperintense lesion in the right corona radiata (arrow) and a slightly hyperintense lesion in the right middle cerebral ar-
tery (MCA) territory, which may correspond to ischemic penumbra (arrowheads). c ADC map shows a defi nite decrease in 
ADC in the corona radiata and slightly decreased ADC in the right MCA territory (arrowheads). d On DW image after fi bri-
nolytic therapy (3 days after onset), the hyperintense lesion in the cortical area is largely resolved, with remaining small, 
peripheral infarcts. Early cytotoxic edema with slightly decreased ADC does not always result in infarction. e Another 
case. Pathology of cytotoxic edema in the cortex in an acute stroke shows shrunken eosinophilic neurons which are an-
oxic (arrows) and  swollen glial cells (arrowheads) (hematoxylin–eosin stain, original magnifi cation ×200). (From [43])

a b c

d e
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Figure 4.8 a–c

A 2-day-old term girl with  hypoxic ischemic encephalopathy due to perinatal hypoxia–ischemia event. a T2-weighted im-
age appears normal. b DW image shows hyperintense lesions in the temporo-occipital gray and white matter including 
the corpus callosum (arrows). Low intensity in bilateral frontal deep white matter (arrowheads) is a normal fi nding in a pa-
tient of this age. c ADC map shows these lesions as decreased ADC representing cytotoxic edema. Increased ADC in the 
frontal deep white matter is also a normal fi nding in a patient of this age. These ischemic lesions are more clearly seen on 
DW imaging than on the ADC map because DW imaging depicts subtle T2 contrast abnormalities (T2 shine-through ef-
fect) in addition to the contrast of diff usion restriction of these lesions

a b c
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Figure 4.10 a–c

 Migraine in a 37-year-old woman. a FLAIR image shows diff use mild cortical hyperintensity in the left hemisphere (ar-
rows). b DW image shows slightly increased intensity in the cortex (arrows). c ADC map shows decreased ADC of the le-
sions (arrows) 

Figure 4.9 a–d

 Status epilepticus in a 2-year-old 
girl 24 hours after onset. a T2-
weighted image shows diff use 
cortical hyperintensity in the en-
tire left hemisphere cortex. b DW 
image shows diff use hyperinten-
sity mainly in the gray matter of 
the left hemisphere. c ADC map 
shows decreased ADC of these 
lesions. d Diff use brain atrophy 
and hyperintense lesions in the 
left hemisphere are seen on a 5-
month follow-up T2-weighted 
image

a b c
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Figure 4.11 a–d

 Creutzfeldt–Jakob disease in a 72-
year-old woman with progressive 
dementia. a T2-weighted image 
demonstrates mildly increased sig-
nal bilaterally in the caudate nuclei 
and putamina (arrows). b DW im-
age clearly demonstrates bilat-
eral, symmetrical increase in sig-
nal intensity in the caudate nuclei 
and putamina. c ADC map shows 
these lesions as decreased ADC. 
d Four-month follow-up MR imag-
ing shows prominent brain atro-
phy. (From [44])

Figure 4.12 a–c

 Diff use axonal injury in an 18-year-old female patient 48 h after motor vehicle accident. a T2-weighted image shows mild-
ly hyperintense lesions in the corpus callosum and the white matter of bilateral frontal lobes (arrows). b DW image dem-
onstrates diff use axonal injury as high signal intensity, representing cytotoxic edema (arrows). c ADC map shows de-
creased ADC lesions in the anterior to posterior corpus callosum and the frontal deep white matter (arrows). (From [44])

a b c
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Figure 4.13 a–e

An early phase of  wallerian degeneration in a 20-year-old woman with subacute infarction (72 h after onset). a T2-weight-
ed image shows a hyperintense lesion involving the right basal ganglia, the posterior limb of the internal capsule and co-
rona radiata, representing a subacute infarct. b T2-weighted image shows a hyperintense lesion along the ipsilateral cor-
ticospinal tract (arrow) and substantia nigra (arrowheads) in the cerebral peduncle, which represents wallerian and trans-
neuronal degeneration secondary to the infarction in the right basal ganglia and corona radiata. c, d DW image shows a 
hyperintense spot in the right cerebral peduncle associated with decreased ADC, which may represent axonal swelling 
in the early phase of wallerian and transneuronal degeneration. e Another case of the early phase of wallerian degenera-
tion. Histopathology shows axonal swelling as an enlarged axon in the corticospinal tract in the brain stem (arrows) (he-
matoxylin–eosin stain, original magnifi cation ×200)

a b c

d e
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Figure 4.14 a–f

 Multiple sclerosis in a 36-year-old 
woman with subacute onset of 
progressive aphasia. a T2-weight-
ed image shows a hyperintense 
lesion in the periventricular white 
matter (arrow). b Gadolinium T1-
weighted image with magnetiza-
tion transfer contrast shows rim 
enhancement of this lesion. c DW 
image shows a combination of 
moderately hyperintense and sig-
nifi cantly hyperintense lesions.
d On ADC, the moderately hy-
perintense lesion on DW im-
age has an increased ADC, 
which may represent demyelin-
ation (arrows), while the mark-
edly hyperintense lesion on the DW image, with decreased ADC, may represent intramyelinic edema (arrowheads). 
e Another case. Histopathology shows that intramyelinic edema (arrows) is located in the periphery of a plaque (PL) 
(Luxol fast blue PAS stain, original magnifi cation ×40). f Magnifi cation of (e).  Intramyelinic edema is seen along the myelin 
sheaths (arrows) (Luxol fast blue PAS stain, original magnifi cation ×200). (From [43])

f
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Figure 4.15 a–d

 Phenylketonuria in a 36-year-old 
man. a T2-weighted image shows 
hyperintense lesions in the peri-
ventricular white matter (arrows). 
b DW image shows these lesions 
as hyperintense. c These hyper-
intense lesions have decreased 
ADC, representing cytotoxic ede-
ma, presumably intramyelinic 
edema. d Three-month follow-up 
MR imaging shows complete res-
olution of these lesions with clini-
cal improvement

a b

c d
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Figure 4.16 a–d

 A focal lesion of the splenium of 
the corpus callosum in a 26-year-
old woman. a T2-weighted im-
age shows a hyperintense lesion 
in the splenium of the corpus cal-
losum. b DW image shows this le-
sion as hyperintense. c This lesion 
has decreased ADC, representing 
cytotoxic edema, presumably in-
tramyelinic edema which is usu-
ally completely reversible. d FA is 
relatively preserved

a b

c d
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Figure 4.17 

Vasogenic or interstitial ede-
ma. There is enlarged extracellu-
lar space as water shifts from the 
blood vessels and/or ventricles. 
Intracellular compartments are 
relatively preserved

Figure 4.18

 Vasogenic edema, as shown on 
this tissue stain of a trauma case 
(arrows), is the result of plasma 
leakage through the blood vessel 
walls. The increase in extracellu-
lar space osmolarity will result in 
a marked increase in extracellular 
water, i.e., vasogenic edema (he-
matoxylin–eosin stain, original 
magnifi cation ×200). (From [43])

4.5 Vasogenic or  Interstitial Edema 

Vasogenic edema is characterized by dysfunction of 
the blood–brain barrier, allowing an abnormal pas-
sage of proteins, electrolytes and water into the extra-
cellular compartments. Fluid leaving the capillaries 
enlarges the extracellular space, predominantly in the 
white matter. Osmotic and hydrostatic gradients will 
also cause interstitial edema, increasing the extracel-
lular space as water shift s from blood vessels and/or 

ventricles. Intracellular components are relatively 
preserved (Fig. 4.17), although some swelling of my-
elin sheaths and astrogliosis may be seen histologi-
cally [3]. 

In vasogenic and interstitial edema, electron mi-
croscopy has shown an increase of interstitial spaces 
in white matter amounting to 1000 nm, versus 60 nm 
in normal white matter [39]. Th ese enlarged extracel-
lular spaces, with free water, may be the dominant 
source for the total brain water signal, resulting in 
increased ADC. 
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Figure 4.19 a–d

 Posterior reversible encephalopa-
thy syndrome (PRES) in a 42-year-
old woman with hypertension af-
ter liver transplant. a FLAIR image 
shows multiple hyperintense le-
sions in the right frontal and bi-
lateral parieto-occipital areas (ar-
rows). b DW image reveals these 
lesions as isointense. c ADC map 
shows increased ADC consistent 
with the vasogenic edema seen 
in PRES (arrows). d FA map shows 
decreased FA in the area of the 
subcortical vasogenic edema (ar-
rows)

4.5.1 Conditions That Cause Vasogenic Edema 

Vasogenic edema is related to multiple pathological 
conditions. It typically occurs in the vicinity of brain 
tumors, intracerebral hematomas, infarctions, cere-
bral abscesses, contusions and in the reversible pos-
terior leukoencephalopathy syndrome [40]. Venous 
ischemia at fi rst shows a vasogenic edema due to 
venous congestion and a breakdown of the normal 
blood–brain barrier. Progressive venous ischemia re-
sults in reduced capillary perfusion pressure and cy-
totoxic edema [41]. 

Pathological specimens of vasogenic edema show 
leakage of plasma from the vessel and diff use expan-
sion of the extracellular space in the white matter 
(Fig. 4.18). 

Diff usion-weighted images show low signal inten-
sity, isointensity or slightly increased intensity, de-

pending on T2 contrast, and an increase in ADC that 
refl ects free water in the enlarged extracellular space 
(Figs. 4.19–4.21).

4.6  Diff usion Tensor Imaging and Edema

Diff usion tensor (DT) imaging measures the transla-
tion of extracellular water in the white matter tracts 
by directional evaluation of the water diff usivity (dif-
fusion anisotropy) [42]. Fractional anisotropy (FA), a 
parameter derived from DT imaging computations, is 
sensitive for detecting extracellular edema (vasogen-
ic and interstitial edema) in the white matter tracts 
(Fig. 4.19). DT imaging shows decreased FA in the 
area of vasogenic edema, while FA is relatively pre-
served in pure cytotoxic edema (Fig. 4.16).
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Figure 4.20 a–c

Cerebral toxoplasmosis and vasogenic edema in an 18-year-old female patient with headache. a T2-weighted image 
shows central necrosis as slightly hyperintense (arrow) and peripheral vasogenic edema as very hyperintense in the left 
hemisphere (arrowheads). Multiple lesions of toxoplasmosis are also seen in the right occipital and left periventricular ar-
eas. b DW image reveals vasogenic edema as hypointense, while the central necrosis shows hyperintensity on DW image. 
c ADC map shows increased ADC from the vasogenic edema. Decreased ADC of the central necrosis is probably due to 
hyperviscosity of the coagulative necrosis

4.6 Conclusion

4.6.1 Cytotoxic or Cellular Edema 

Cytotoxic or cellular edema is hyperintense on DW 
images and associated with decreased ADC. It can 
occur in neurons, glial cells, axons (axonal swelling) 
and myelin sheaths (intramyelinic edema). Cytotoxic 
edema may be present not only in infarction/ischemia 
and trauma, but also in status epilepticus, the acute 
phase of multiple sclerosis, toxic or metabolic leuko-
encephalopathy, osmotic myelinolysis, encephalitis, 
and presumably in the early phase of transneuronal 
or wallerian degeneration and Creutzfeldt–Jakob dis-
ease. Th e diff erential diagnosis for hyperintense DW 
images also includes tumor, abscess and hemorrhage, 
conditions that also may have decreased ADC. Th e 
decreased ADC in these latter conditions may be due 
to hypercellularity and/or hyperviscosity rather than 
the cytotoxic edema. 

4.6.2 Vasogenic Edema 

Vasogenic edema has a variable appearance on DW 
images, with increased ADC. It is reversible but occa-
sionally associated with cytotoxic edema, which usu-
ally is not reversible. DW images and ADC maps are 
useful for understanding MR images of various dis-
eases with cytotoxic and/or vasogenic edema. Th ese 
images are more sensitive than conventional MR im-
aging to determine the extent of edema in both gray 
and white matter.

a b c
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Figure 4.21 a–d

Hyperperfusion syndrome in 
a 72-year-old man after carot-
id endoatherectomy. a FLAIR im-
age shows diff use hyperintensi-
ty in the entire right hemisphere.
b DW image reveals these areas 
as isointense. c ADC map shows 
increased ADC consistent with 
vasogenic edema. d Perfusion-
weighted image (rCBV) shows in-
creased cerebral blood volume in 
the entire right hemisphere

a b

c d
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5.1 Clinical Signifi cance and Therapeutic 
Considerations for Brain Infarcts

Stroke is the third leading cause of death in the USA, 
and  cerebral infarction is the most common cause 
of disability among adult Americans. Until recently 
these patients were mainly imaged with computed to-
mography (CT) to establish if the cause of stroke was 
ischemic or hemorrhagic. Treatment was above all 
aimed to reduce the risk for further embolic events.

Th e National Institute for Neurological Diseases 
and Stroke Trial [1] has demonstrated a clinical bene-
fi t for intravenous thrombolytic drug therapy in cases 
of acute stroke using CT. A subsequent trial showed 
better clinical outcomes of thrombolytic drug therapy 
in patients with acute infarction who were selected 
on the basis of imaging criteria including diff usion-
weighted (DW) imaging [2].

5.1.1 Stroke Mimickers

Th ere is a long list of conditions that mimic the symp-
toms of an acute ischemic stroke. Th e most common 
ones include intracranial hemorrhage, migraines, sei-
zures, functional and metabolic disorders, and also va-
sogenic edema syndromes. It is important to visualize 
and verify that an ischemic lesion is indeed the cause 
of the clinical symptoms before therapy is initiated, 
as these non-ischemic stroke mimickers should not 
be treated with thrombolysis and such therapy could 
actually be harmful. Moreover, in older patients it is 
not uncommon to detect older lesions with prolonged 
T2 that are indistinguishable from acute lesions using 
conventional MR imaging.

5.1.2 Diff usion-Weighted Imaging

CT as well as conventional MR imaging have sensi-
tivities below 50% with regard to detection of infarcts 
in the hyperacute stage, within 6 hours [3]. In recent 

years, DW imaging has been proven as the most sen-
sitive MR imaging technique to diagnose hyperacute 
cerebral infarction, with a sensitivity of 88%–100% 

and a specifi city of 86%–100% [4-7]. Th e detection of 
acute ischemic lesions is based on alterations in mo-
tion of water molecules [8, 9]. 

DW imaging techniques employ echo-planar se-
quences that are highly resistant to patient motion. 
DW imaging of the brain can usually be accomplished 
in less than 2 minutes. Other methods of diff usion im-
aging include single-shot fast spin-echo techniques, 
line scan DW imaging, and spiral DW MR imaging 
[10, 11]. 

Th e ischemic event results in restricted diff usion 
of the aff ected tissue, which can be seen as early as 30 
minutes aft er ictus [12]. A few rare cases of false-neg-
ative DW imaging have been reported [13, 14]. Th ese 
infarcts were seen on perfusion-weighted images and 
later on DW imaging [13, 14].

5.2 Diff usion-Weighted Imaging 
and Pathophysiology of Cerebral Infarction

Th e abnormal imaging fi nding of cerebral and cer-
ebellar infarctions is an area of hyperintensity on DW 
imaging of the involved vascular territory. Th is hyper-
intensity is presumed to be caused by cytotoxic edema 
as a result of cessation of ATP production [15]. Under 
normal circumstances, ATP maintains the Na+/K+ 

pump activity and other intracellular energy-related 
processes. When the Na+/K+ pump is not functioning 
properly, an inability to remove excess water from the 
cells develops, resulting in intracellular edema [16]. 
With cellular swelling, there is a reduction in the vol-
ume of extracellular space. A decrease in the diff u-
sion of low-molecular-weight tracer molecules has 
been demonstrated in animal models [17, 18], which 
suggests that the increased tortuosity of extracellular 
space pathways contributes to restricted diff usion in 
acute ischemia. Th e outcome of this on DW imag-
ing is restriction of water diff usion, which results in 
a signal increase on DW imaging and a decrease in 
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diff usion shown as a reduced apparent diff usion co-
effi  cient (ADC) [19]. Th ese fi ndings in acute stroke 
usually represent irreversible damage of brain tissue, 
or infarction [20, 21].

5.3 Apparent Diff usion Coeffi  cient

Th e actual diff usion coeffi  cient cannot be measured 
by using DW imaging for a number of reasons [12]. 
When measuring molecular motion with DW imag-
ing, the diff usion coeffi  cient obtained from orthogo-
nal DW images in all three planes is called the ADC. 
Th e ADC is used to determine whether the signal 
abnormality on DW images is caused by restricted 
diff usion or a T2 shine-through eff ect [22], as seen 
in subacute–chronic infarctions. ADC represents the 
degree of diff usibility of water molecules and aids in 
detecting subtle fl uid changes in the hyperacute–acute 
stages of ischemic stroke. Reduced diff usion is seen as 
an area of low signal intensity on ADC maps.

5.3.1 Explanation for Restricted Diff usion

Several mechanisms have been proposed to explain 
the restricted diff usion in ischemia. Th ese include cel-
lular necrosis, shift  of fl uid from extra- to intracellular 
spaces causing a reduction in size and increase in tor-
tuosity of the extracellular space, but there is also rath-
er strong evidence that at least parts of these fi ndings 
relate to a reduction in intracellular diff usion [23].

Regions of decreased or restricted diff usion are best 
seen on DW imaging, while ADC maps will verify the 
fi ndings by eliminating the T2 shine-through eff ect as 
a cause of the increased signal intensity on DW imag-
ing [12]. DW imaging and ADC can also show chang-
es in diff usion that vary for the diff erent stages of a 
stroke [24], and they can possibly distinguish between 
multiple strokes over time versus a single, progressive 
stroke by determining the time course of a cerebral 
infarction.

In animal models of ischemia, an ADC threshold 

for reversibility has been demonstrated [25, 26]. In 
humans, ADC values may also be of help in the future 
to assist in selecting patients with salvageable tissue 
within an ischemic penumbra for thrombolysis. 

In older patients it is not uncommon to detect older 
lesions with prolonged T2 that are indistinguishable 
from acute lesions using conventional MR imaging. 
Acute infarctions are hyperintense on DW images 
and hypointense on ADC maps, whereas chronic foci 
are usually isointense on DW images and hyperin-
tense on ADC maps [27]. 

Intermediate ADC values are noted in the ischemic 
penumbra, indicating tissue at risk of infarction [28]. 
An approach that is used more oft en to select patients 
who may benefi t from thrombolysis is by comparing 
DW imaging and perfusion MR imaging to look for 
hypoperfused but not diff usion-restricted regions. 
Th e mismatch between DW imaging and perfusion 
demonstrates aff ected tissue that is still salvageable 
and not yet infarcted: the penumbra.

5.4 Time Course of Infarction

Infarctions may be classifi ed as hyperacute (less than 
6 hours from time of onset of symptoms), acute (6 
hours to 3 days), subacute (3 days to 3 weeks), or 
chronic (3 weeks to 3 months), each having its char-
acteristic signal abnormalities (Table 5.1).

5.4.1 Hyperacute (< 6 Hours) 

One of the main clinical applications of DW imaging 
is to detect a  hyperacute cerebral infarction. Th is in-
formation is critical, particularly in cases of territorial 
thromboembolic infarction, as thrombolytic therapy 
can be started within the golden period of 3 hours 
from onset of symptoms. Such treatment can result 
in early reperfusion and reduce the extension of the 
infarction [19, 29]. Diff usion restriction with reduced 

Table 5.1 Time course of thromboembolic infarction of the middle cerebral artery [29]

< 6 hours 3 days 7 days 30 days

T2 Isointense Bright Bright Bright

DW imaging Bright Very bright Bright Isointense

ADC Dark Very dark Dark Bright
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ADC has been observed as early as 30 minutes aft er 
the onset of ischemia, at a time when T2-weighted 
images still show a normal appearance. Th e DW sig-
nal intensity is increased during the hyperacute stage 
(<6 hours) (Fig. 5.1). DW signal intensity changes are 
generally considered to be permanent (and therefore 
refl ect infarction) in clinical studies. However, some 
cases could be reversed with prompt treatment [30].

5.4.2 Acute (6 Hours to 3 Days) 

Almost all acute (6 hours to 3 days) stroke patients 
examined within 24 hours of onset of symptoms show 
abnormal signal intensity on DW imaging [31]. At 
this stage the infarctions show a further increase in 
DW signal intensity and also a lower ADC than in 

the hyperacute stage (Fig. 5.2). Th e ADC continues to 
decrease and is most reduced at 8–32 hours, remain-
ing markedly reduced for 3–5 days. In most patients, 
a secondary increase in the size of the DW imaging 
abnormality was seen within 1 week [32].

5.4.3 Subacute (3 Days to 3 Weeks)

As the infarct continues to evolve into the subacute 
stage (3 days to 3 weeks), there is pseudo-normaliza-
tion of the ADC, most likely attributed to a combi-
nation of (a) persistence of cytotoxic edema, and (b) 
development of vasogenic edema and cell membrane 
disruption, which results in increased amounts of ex-
tracellular water. Th e hyperintensity on DW imaging 
usually decreases within 1–2 weeks [33], but is still 

Figure 5.1 a–d

Hyperacute infarction (2 hours af-
ter onset) in a 39-year-old wom-
an with decreased consciousness. 
The symptoms improved after in-
tra-arterial fi brinolytic therapy. 
a T2-weighted image appears 
normal. b DW image shows a hy-
perintense lesion in the right co-
rona radiata (arrows) and a slight-
ly hyperintense lesion in the right 
middle cerebral artery (MCA) ter-
ritory (arrowheads). c ADC map 
shows decreased ADC in the co-
rona radiata (arrows) and slightly 
decreased ADC in the cortical area 
of the MCA territory (arrowheads). 
d On DW image after fi brinolytic 
therapy (3 days after onset), the 
hyperintense lesion in the corti-
cal area mostly resolved with pe-
ripheral small infarcts. Early cyto-
toxic edema with mild decreased 
ADC does not always result in in-
farction after treatmentt

a b

c d
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5.5 Diff usion-Weighted Imaging 
and ADC Characteristics of Gray 
and  White Matter Ischemia 

Diff usion-weighted imaging and ADC maps are more 
sensitive than conventional MR imaging in demon-
strating both gray and white matter ischemia (Figs. 
5.1, 5.2 and 5.3). Changes in ADC values in acute 
infarctions seem to be diff erent for gray matter and 
white matter. Th us, there is a more prominent de-
crease in ADC in white matter than in gray matter. 
Th is decrease also remains for a longer period than 
in gray matter (Figs. 5.2 and 5.3). One of the expla-
nations for these phenomena is that necrosis may be 
completed earlier in gray matter infarctions than in 
white matter infarctions. Another explanation is that 
the prominent and prolonged decrease in ADC in 
white matter may refl ect cytotoxic edema in diff erent 
cell types, such as myelin sheaths, axons and glial cells 
[23, 24, 34].

Fiebach et al. observed a decrease in the relative 
ADC up to 3 days aft er the stroke and an increase in 
relative ADC from the third to the tenth day [24]. Th e 
relative ADC increased slightly faster in gray matter 

slightly hyperintense, while ADC is usually normal-
ized within 10 days [34, 35]. Th is time gap is thought 
to result from T2 shine-through eff ects on DW imag-
ing in the late subacute infarction (Fig. 5.3).

5.4.4 Chronic (3 Weeks to 3 Months)

In the chronic stage (3 weeks to 3 months) of infarc-
tion, there is a more or less complete necrosis of the 
cells, and at this stage there is an increase in ADC with 
a bright signal on the ADC map. On T2-weighted im-
ages the infarction is seen as a bright signal and this, 
in combination with the increased ADC, will result in 
a decrease in the signal on DW imaging; the gliosis 
in the infarction is isointense with surrounding tissue 
(Fig. 5.4).

Figure 5.2 a–c

 Acute infarction (24 hours after onset) in a 56-year-old man with left hemiparesis. a T2-weighted image shows hyperin-
tense lesions preferentially involving the right posterior frontal cortex and the right caudate region, sparing the right co-
rona radiata (arrows). This fi nding is consistent with a relatively greater involvement of gray matter in the early infarction. 
b DW image shows the entire right MCA territory as hyperintense. c Decreased ADC is seen in the right MCA territory (ar-
rows). However, some cortical lesions seem to be isointense or have a slightly increased ADC (arrowheads). This may refl ect 
relative vulnerability for brain tissue. Hyperintensity on DW image of these cortical lesions is due to a T2 shine-through ef-
fect. DW images and ADC maps are more sensitive than conventional MR imaging for showing both gray and white mat-
ter involvement. ADC maps precisely refl ect diff usion restrictions of the lesion within the gray and white matter

a b c
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than in white, which may be due to the variability be-
tween these two tissue types at any stage in the isch-
emic process, which leads to an altered diff usion. Th e 
observed diff usion contrast in gray and white mat-
ter could be caused by diff erences in the mismatch 
between blood supply and metabolic demand, the 
type and/or severity of the histopathologic response 
to ischemic injury (vulnerability) or mechanisms by 
which histopathologic changes lead to altered diff u-
sion [36]. Regarding the histopathologic response, 
gray matter has traditionally been considered to be 
more vulnerable than white matter to early isch-
emia. More recent fi ndings in experimental models 
of stroke have demonstrated that ischemic damage to 
white matter occurs earlier and with greater severity 
than previously appreciated [37]. However, if this is 
true for humans as well is to our knowledge, not yet 
established.

5.6 Reversibility and Treatment 

Reversible ADC is rare but can be found in cases of 
transient ischemic attack in which imaging was per-
formed within 4 hours, venous infarction, hemiplegic 
migraine and transient global amnesia. In these rare 
clinical settings, ischemia does not progress to com-
plete necrosis but a minor subclinical, irreversible in-
jury cannot be ruled out [23].

Clinically, the area of cytotoxic edema with bright 
DW signal seems to be irreversibly damaged resulting 
in permanent infarction. In early cerebral ischemia, 
mildly decreased ADC in the ischemic penumbra is 
indicative of viable tissue, but hypoperfused tissue at 
risk of infarction [38]. Aft er intra-arterial or intra-
venous fi brinolytic therapy, or spontaneous lysis of 

Figure 5.3 a–d

 Subacute infarction (10 days af-
ter onset) in a 19-year-old wom-
an with loss of consciousness due 
to cerebral embolism after cardi-
ac surgery for endocarditis. a T2-
weighted image shows hyperin-
tense lesions in the gray (arrow-
heads) and white matter (arrows) 
in the right hemisphere and left 
frontal region. b Gadolinium T1-
weighted image with magnetiza-
tion transfer contrast shows gyral 
enhancement in the cortical le-
sions, representing subacute in-
farcts. c DW image also shows 
hyperintense lesions in the right 
deep white matter (arrows), and 
gray matter of both frontal and 
right parieto-occipital regions (ar-
rowheads). d The ADC map shows 
decreased ADC in the right deep 
white matter lesion (arrows), and 
normal or slightly increased ADC 
in the gray matter lesions (arrow-
heads). The prolonged decreased 
ADC in the white matter may re-
fl ect edema of myelin sheaths or 
axons

a b

c d
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a clot, abnormal signal in such areas is occasionally 
reversed, partially or completely (Figs. 5.4 and 5.5).

ADC normalization is not a rare event in acute 
stroke aft er thrombolytic therapy [39]. ADC normal-
ization occurred predominantly in the basal ganglia 
and white matter aft er thrombolytic therapy in pa-
tients with more distal vessel occlusions. Early reper-
fusion is a prerequisite for ADC normalization. Tissue 
prone to ADC normalization is characterized by less 
severe initial ADC decreases. 

5.7  Watershed Infarction

Watershed infarction may develop between two ma-
jor vascular territories or within a single territory in 
the supraganglionic white matter, a border zone of the 

superfi cial and deep penetrating arterioles (Fig. 5.6). 
As mentioned above, thrombolytic therapy within 
the fi rst 3 hours from acute onset of symptoms can 
be eff ective to limit the size of the infarct under those 
circumstances. Th is is, however, not the case in water-
shed infarctions, as the basic etiology for these lesions 
is a signifi cant reduction in perfusion secondary to 
an overall decrease in cerebral blood fl ow with subse-
quent poor perfusion pressure distally [29, 40].

Th ere is a diff erence in the evolution time of ADC 
between watershed and thromboembolic infarction, 
the latter having an earlier normalization (Table 5.2). 
However, T2 signal intensity is the same for both types 
of infarction. Th e reason for this diff erence most like-
ly lies in the diff erent pathophysiologic features and 
cerebral perfusion of the two stroke subtypes. It is 
important to note that strokes with diff erent pathoge-

Figure 5.4 a–d

 Chronic infarction (10 months af-
ter onset) in a 54-year-old man 
with numbness and weakness of 
the left lower extremity. a Fluid-
attenuated inversion-recovery 
(FLAIR) image shows chronic in-
farction in the right MCA territo-
ry as a cystic lesion with low sig-
nal intensity (cystic necrosis) and 
peripheral mild hyperintensi-
ty (gliosis) with atrophy (arrows). 
b b0 image shows the hyperin-
tense cystic lesion (arrow). c DW 
image shows chronic infarction as 
hypointense cystic areas, and iso- 
or slightly hyperintense areas rep-
resenting gliosis. d The ADC map 
shows marked increased ADC in 
the cystic necrosis (arrow), and 
slightly increased ADC in the gli-
otic periphery of the lesion (ar-
rowheads)

a b

c d
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Figure 5.5 a–f

 Reversible ischemia with cytotoxic edema (2 h from onset) in a 39-year-old man with left internal carotid artery dissec-
tion, presenting with right-sided weakness. a FLAIR image shows a subtle hyperintensity in the left frontoparietal white 
matter (arrows), and linear hyperintensity representing slow fl ow in the peripheral arteries (arrowheads). b, c DW image 
(b) shows a hyperintense lesion with decreased ADC (c) in the left frontoparietal white matter, representing cytotoxic 
edema (arrows). d Perfusion-weighted image shows increase in mean transit time of the entire left ACA and MCA territo-
ries. e Follow-up DW image 2 days later shows only a very subtle hyperintensity in the left frontal white matter (arrows). 
f ADC was normalized, which is in accordance with clinical improvement. Early ischemia with cytotoxic edema may have 
spontaneously resolved

netic, hemodynamic mechanisms may have diff erent 
evolution in the ADC courses as well [29]. 

In fact, perfusion-weighted MR imaging dem-
onstrated diff erences between territorial infarction 
and watershed infarction in the temporal changes of 
both relative cerebral blood volumes [40]. Patients 
with territorial infarction showed a progressively 

increasing pattern in relative cerebral blood volume 
from initial low values to peak high values at an early 
chronic stage. On the other hand, patients with wa-
tershed infarction showed consistently high relative 
cerebral blood volume throughout all stages. 

a b c

d e f
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5.8 Perfusion Versus Diff usion Imaging 

 Perfusion-weighted (PW) imaging may be more 
sensitive than DW imaging in the detection of a hy-
peracute cerebral infarction, but it currently entails 
extensive post-processing to create interpretable per-
fusion maps (Figs. 5.5 and 5.6). Moreover, MR perfu-

sion determines the degree of blood fl ow reduction 
at the level of the cerebral microvasculature, but it 
will not tell if a hypoperfused area represents an area 
of infarction or severe hypoperfusion. Perfusion MR 
can, however, be matched with the infarcted area on 
DW images and can demonstrate the area of hypo-
perfusion outside the infarction – the so-called pen-
umbra. Th is is the area where neural tissue is at risk 

Figure 5.6 a–d

Watershed infarction. 66-year-old man presented with stroke and seizure. 
a T2-weighted image shows multiple hyperintense lesions in the right fron-
toparietal area (arrows). b, c DW image shows these lesions as very hy-
perintense with decreased ADC, representing acute infarcts in the wa-
tershed area between anterior and middle cerebral arteries (arrows). 
d MR angiography shows a stenosis of the right internal carotid, artery (ar-
row)

Table 5.2 Time course of watershed infarction of middle cerebral arterial territory [29]

3 days 7 days 14 days 30 days

T2 Bright Bright Bright Bright

DW imaging Bright Bright Bright Bright

ADC Dark Dark Dark Less dark

a b c

d
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for infarction if perfusion is not re-established and 
ischemic penumbra is assumed to be salvageable by 
means of thrombolysis. 

Most acute ischemic stroke patients arrive aft er the 
3-hour time window for recombinant tissue plasmino-
gen activator administration. Intravenous desmoteplase 
administered 3–9 hours aft er acute ischemic stroke in 
patients selected with perfusion/diff usion mismatch is 
associated with a higher rate of reperfusion and a bet-
ter clinical outcome compared with placebo [2]. A wider 
time-to-treatment window may be achievable in patients 
selected by PW and DW imaging.

5.9 Venous Infarction 

Cerebral venous sinus thrombosis accounts for only 
a small percentage of cerebral infarctions in general. 
Because of its non-specifi c presentation, cerebral ve-

nous sinus thrombosis can be diffi  cult to diagnose. In 
about 50% of cases, cerebral venous sinus thrombo-
sis results in cerebral venous infarction. Th is usually 
presents as a hemorrhagic infarction or focal edema 
in regions that are not typical for an arterial vascular 
distribution, usually occurring within the white mat-
ter or at the gray–white matter junction (Fig. 5.7).

5.9.1 Predisposing Factors

Th ere are several predisposing factors for thrombus 
formation within the cerebral venous sinuses. Th ese 
include pregnancy, infection, extrinsic compression 
or local invasion by tumor, dehydration, oral contra-
ceptives, hypercoagulable state, trauma, drug abuse. 
It may also be idiopathic. Th rombus initially forms 
within the venous sinuses, eventually extending to the 
veins draining into the sinuses, leading to infarction.

Figure 5.7 a–d

 Venous infarction in a 57-year-old 
man with dysarthria. a Sagittal 
T1-weighted image shows a large 
area of hypointensity in the left 
temporal lobe (arrows) with a 
small area (hemorrhage). The hy-
perintensity in the left transverse 
sinus represents sinus thrombosis 
(arrowhead). b T2-weighted im-
age shows a hyperintense lesion 
in the left temporal lobe (arrow). 
c DW image reveals this lesion as 
mildly hyperintense. d ADC is in-
creased, representing vasogenic 
edema. On DW image, the lesion 
is overlapped with diamagnetic 
susceptibility artifacts from air in 
the mastoid cells

a b

c d
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5.9.2 Pathophysiology and Imaging

Th e pathophysiological mechanisms that lead to cere-
bral venous infarction are unclear. It has been postu-
lated that: (1) retrograde venous pressure may cause 
breakdown of the blood–brain barrier, with leakage 
of fl uid (vasogenic edema) and hemorrhage into the 
extracellular space or, (2) retrograde venous pressure 
may cause a decrease in cerebral blood fl ow, causing 

Figure 5.8 a–e

 Acute-phase thrombosis with venous infarcts. A 23-year-old man with hypercoagulative state. a T2-weighted image 
shows hyperintense lesions in the right frontal lobe. It is diffi  cult to detect the thrombi in the superior sagittal sinus and 
cortical veins. b, c DW image demonstrates hyperintense lesions with decreased ADC (cytotoxic edema) and surrounding 
increased ADC (vasogenic edema) consistent with venous infarcts. d On GRE hypointense thrombi in an arborizing fash-
ion are clearly noted in the cortical veins in the bilateral frontal lobes. e Dynamic contrast 3D MR venogram shows nonvi-
sualization of the anterior 2/3 of the superior sagittal sinus and the cortical veins

a b c

d e

tissue damage similar to that seen in arterial infarc-
tions. Restricted water diff usion suggesting cytotoxic 
edema is found in patients with acute cerebral venous 
infarction [41, 42]. However, areas without diminish-
ment in ADC may primarily represent vasogenic ede-
ma from venous hypertension [43] (Figs. 5.7 and 5.8). 
Complete or nearly complete resolution of edema in 
patients with cerebral venous thrombosis and dimin-
ished ADC values has also been reported [44].
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Gradient echo T2* images are very useful in the 
detection of acute- to subacute-phase thrombi as very 
low signals (deoxy- or intracellular methemoglobin), 
especially before T1-weighted images show high sig-
nals in the subacute-phase thrombi (Fig. 5.8). DW 
imaging shows subacute-phase thrombi as high sig-
nals with decreased ADC (Fig. 5.9). Diff usion restric-
tion of the thrombi may be predictive of a low rate of 
recanalization [45].  

Figure 5.9 a–d

Subacute to chronic-phase throm-
bosis in the left jugular vein, trans-
verse and sigmoid  sinuses after 
decompression surgery for high 
jugular bulb in a 7 year-old boy. 
a, b T2- and T1-weighted images 
show subacute-phase thrombi (ar-
rows) in the left transverse and sig-
moid sinuses extending from the 
left jugular bulb as hyperintense. 
c, d DW image shows the sub-
acute thrombi (arrows) as hyper-
intense with decreased ADC

a b

c d

Preferred imaging modalities when suspecting ce-
rebral venous sinus thrombosis are conventional MR 
imaging including gradient echo T2* images com-
bined with MR venography.
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Figure 5.10 a–c

Small vessel infarction in a 74-year-old woman. a T2-weighted image shows periventricular hyperintensities; however, it 
is diffi  cult to detect acute small infarction. b DW image clearly shows a small hyperintensity spot in the left white matter. 
c ADC is decreased, representing the acute phase of small vessel infarction

a b c

Figure 5.11 a–c

Brain stem infarction in an 85-year-old man with slurred speech and gait diffi  culties. a T2-weighted image show a hyper-
intense lesion in the left side of the pons. b DW image clearly shows a hyperintense lesion. c The ADC is decreased, rep-
resenting acute infarction

a b c

5.10 Small Vessel Infarcts 

Th ese are small infarcts measuring approximately 
5–15 mm, usually seen in the basal ganglia, internal 
capsule, thalamus, pons and corona radiata. Th ey ac-

count for about 20% of all infarctions and are second-
ary to an embolus, thrombus or atheromatous lesion 
within long, single, penetrating end arterioles.

Th ese infarcts show increased signal in DW imag-
ing with low ADC values (Fig. 5.10). However, un-
like the usual time course of cerebral infarctions, they 
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Figure 5.12 a–c

Corpus callosum infarction in a 64-year-old man with left-sided weakness. a T2-weighted image shows a hyperintense le-
sion in the anterior part and body of the corpus callosum extending into right frontal white matter (arrows). b DW image 
clearly shows this lesion as hyperintense (arrows). c ADC is decreased, representing acute infarction (arrows)

eas in the posterior fossa. Some MR imaging tech-
niques such as parallel MR imaging with SENSE and 
PROPELLER diff usion-weighted MR imaging reduce 
the susceptibility eff ect and image distortions. Th ese 
techniques may improve detection of brain stem and 
cerebellar infarcts [48, 49].

5.12 Corpus Callosum Infarcts 

Isolated corpus callosum infarction due to pericallo-
sal artery disease is rare, but can present as an alien 
hand syndrome. Th ese patients fail to recognize the 
ownership of one hand when placed in certain posi-
tions or situations [50]. Patients with corpus callosum 
infarcts can present with a variety of clinical signs and 
symptoms, which further complicates the diagnosis 
[51]. Th ese lesions are readily detected by DW imag-
ing and have signal characteristics similar to cerebral 
infarcts (Fig. 5.12).

5.13 Hemorrhagic Infarcts 

About 40–50% of all stroke patients develop  hemor-
rhagic transformation of their infarcts (Fig. 5.13, 5.14). 
Th is usually occurs during the fi rst week aft er onset 
of symptoms. Th e cause may be a spontaneous lysis 
of an embolus, which took place at a time when en-

may show a prolonged increase in DW imaging signal 
and decrease in ADC values, sometimes seen beyond 
60 days aft er onset of symptoms [46, 47].

Diff erential diagnoses include widened perivascu-
lar spaces (Virchow–Robin spaces) and subependy-
mal myelin pallor.

5.11 Brain Stem and Cerebellar Infarcts 

Cerebellar infarction is caused by occlusion of one of 
the major posterior circulation branches, which include 
the superior cerebellar, the anterior and posterior infe-
rior cerebellar arteries, and the basilar artery. Th e poste-
rior inferior cerebellar artery (PICA) supplies the pos-
tero-inferior portions of the cerebellum and is the most 
commonly obstructed cerebellar artery. Th e size of the 
infarct is important because a large infarct may cause a 
signifi cant mass eff ect on the fourth ventricle and lead 
to hydrocephalus as well as brain stem compression. 
PICA infarctions can also result in the so-called lat-
eral medullary (Wallenberg) syndrome, manifested by 
ipsilateral Horner’s syndrome, ataxia, dysphagia, ver-
tigo, nystagmus, hiccups and contralateral numbness, 
diminished pain and temperature sensation. Th e brain 
stem and cerebellar infarcts behave similar to cerebral 
infarcts on DW imaging and ADC maps (Fig. 5.11).

Substantial image distortions are observed in the 
areas close to the base of the skull, which include ar-

a b c
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Figure 5.13 a–c

 Hemorrhagic infarction in a 78-year-old woman with cardiogenic embolic-type acute infarction. a T2-weighted image shows 
a hyperintense area in the right white matter and hypointense lesions in right basal ganglia. b DW image shows hyperintense 
lesions in right basal ganglia, representing acute hemorrhagic infarction. c ADC is decreased with an area of hypointensity

a b c

dothelial cells of the vessel had also been damaged by 
the ischemia, thus resulting in a breakthrough hemor-
rhage into the infarcted region. Th e incidence of hem-
orrhage is increased with use of thrombolytic therapy, 
as well as in the presence of certain clinical conditions, 
such as hypertension, embolic etiology, use of antico-
agulant therapy and increasing stroke severity.

Studies have shown that neuroimaging can predict 
which lesions are prone to progress into a hemorrhag-
ic infarction [52]. Th us, ischemic lesions with a sig-

nifi cantly greater percentage of low ADC values have 
a higher risk for hemorrhagic transformation than le-
sions with a smaller proportion of low ADC [52].

Th e most feared complication of tissue plasmino-
gen activator therapy for acute stroke patients is symp-
tomatic intracerebral hemorrhage. Patients with large 
baseline DW image lesion volumes who achieve early 
reperfusion appear to be at greatest risk of symptom-
atic intracerebral hemorrhage aft er tissue plasmino-
gen activator therapy [53].

a b c
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Figure 5.15

An acute infarct in the left corona radiate in a 51-year-
old woman. A 3D tractography superimposed on an ax-
ial isotropic DW image (from left anterosuperior view-
point). An acute infarct is shown in the left corona radi-
ata. The corticospinal tract (orange lines) of the aff ected 
cerebral hemisphere appears to be just medial to, but 
not to run through, the infarct. (Courtesy of Aoki S MD, 
University of Tokyo, Japan)

5.14  Diff usion Tensor Imaging  

Th e success of DW imaging is rooted in the concept 
that during their random diff usion-driven displace-
ments, molecules probe the tissue structure. As dif-
fusion is a three-dimensional process, molecular mo-
bility in tissues may be anisotropic. With diff usion 
tensor (DT) imaging, diff usion anisotropy eff ects can 
be extracted, providing more details on tissue micro-
structure [33].

Both reduced [54, 55] and normal-to-elevated [56, 
57] anisotropy have been reported in acute infarcts 

less than 24 hours aft er the onset of symptoms. Some 
have proposed that increased diff usion anisotropy 

indicates continued structural integrity and tissue 
salvageability [56] and that increased anisotropic dif-
fusion occurs as a result of fl uid shift  from the extra-
cellular space to the intracellular space without mem-
brane rupture [56]. Decreased diff usion anisotropy 
may signify the loss of cellular integrity with irrevers-
ible cellular injury.

Fiber tractography (FT) is a new method that can 
demonstrate the orientation and integrity of white 
matter fi bers in vivo [58, 59, 60]; however, its clini-
cal application is still under investigation. In stroke, 
FT may improve our understanding of the symptom 
progression and predict functional recovery [61-63] 
(Fig. 5.15, 5.16). 

Figure 5.14 a–c

Hemorrhagic infarction in a 64-year-old man with mental status change. a T2-weighted image shows mixed hypher- and 
hypointense lesions in bilateral occipital lobes (arrows). b DW image shows these lesions as mixed hypher-, hypo-, and 
isointense, representing acute hemorrhagic infarction (arrows). c ADC is decreased with areas of DWI hyperintensity (ar-
rows)
◀
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Figure 5.16 a, b

Acute left MCA infarcts in an 85-year-old woman with 
motor aphasia. a Sagittal and axial DW images are su-
perimposed with fi ber tractography show the relation-
ship between infarcts and the arcuate fasciculus. b The 
arcuate fasciculus forms a curved shape along the an-
gular gyrus, and connects the Wernicke area with the 
Broca area. (Courtesy of Yamada K MD, Kyoto Prefectural 
University of Medicine, Japan)

a

b

Kunimatsu et al. used FT to show the corticospinal 
tract in patients with acute or early subacute ischemic 
stroke involving the posterior limb of the internal 
capsule or corona radiata and to assess involvement 
of the tract [61]. Infarcts and the tract were shown si-
multaneously, providing information on their spatial 
relationships. In fi ve of the eight patients, three-di-
mensional fi ber tract maps showed the corticospinal 
tract in close proximity to the infarct but not pass-
ing through it. All these patients recovered well, with 
maximum improvement from the lowest score on 
manual muscle testing (MMT) up to the full score 
through rehabilitation. In the other three patients the 
corticospinal tract was shown running through the 
infarct; reduction in MMT did not improve favorably 
or last longer, other than in one patient. Th ree-di-
mensional white matter tractography can show spa-
tial relationships between the corticospinal tract and 
an infarct. Th e authors concluded that FT might be 
helpful in prognosis of gross motor function.

5.15  High-b-Value Diff usion-Weighted Imaging

Th e b-values applied in the stroke diff usion studies 
were usually in the range of 800–1,500 s/mm2. Th is 
range of b-values is considered reasonable based on 
contrast-to-noise ratio (CNR) estimates at gradient 
strengths of clinical MR instruments. MR technology 
has allowed higher b-values in recent years [64]. 

High-b-value DW imaging using a clinical MR im-
aging system has been applied and its clinical benefi t 
has been discussed in the diagnosis of cerebral infarc-
tion. Th e initial application of DW imaging with high 
b-values of 2,500–3,000 s/mm2 for acute or subacute 
infarction provided no apparent diagnostic advantag-
es compared with those of usual images of b=1,000 s/
mm2 [65, 66]. 

However, the amount of diff usion weighting in-
creases as the b-value increases [67]. Th erefore, higher 
b-value DW imaging would be more advantageous in 
the diagnosis of hyperacute ischemic lesions in which 
mild diff usion changes can be present within the le-
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a b c

Figure 5.17 a–g

A cardiogenic embolic-type acute infarct in the left corona radiate in an 87-
year-old woman. a b=1,000 isotropic DW image, b b=2,000 isotropic DW im-
age, c b=3,000 isotropic DW image, d b=1,000 ADC map, e b=2,000 ADC map, 
f b=3,000 ADC map at the same level. g Follow-up CT. On the isotropic DW im-
ages (a–c) and ADC map (d–f), the area of restricted diff usion became more 
distinct and more extensive with increasing b-value. The area of the fi nal in-
farct (g) was partly included in the site of decreased diff usion on the b=3,000 
DW image. Such a change was hardly indicated on the b=1,000 DW images or 
ADC map. (Courtesy of Toyoda K MD, Kameda Medical Center, Japan)

d e f

g

sions than in the diagnosis of acute or subacute lesions. 
DW imaging at b=2,000 s/mm2 was better than that 
at b=1,000 s/mm2 for the detection and estimation of 
the extent of ischemia in patients with hyperacute isch-

emic stroke [68]. Toyoda et al. suggested that the size of 
the fi nal infarction or irreversible cytotoxic edema was 
more predictable on high-b-value DW images than on 
the usual b=1,000 DW images (Fig. 5.17) [69]. 
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5.16 Thin-Section Diff usion-Weighted Imaging

Conventional DW imaging uses 5–8-mm sections 
with a fi eld of view of 20–40 cm and a matrix of 
128–256, which produces in-plane resolution of 1–
2×1–2 mm. Th erefore, the in-plane resolution of DW 
imaging is higher than the section thickness. When a 
lesion is smaller than the section thickness and when 
it occupies only part of a voxel, the contrast relative to 
background tissue depends on both the signal inten-
sity from the lesion and the proportion of the voxel 
that it occupies. Small, low-contrast lesions occupy-
ing only part of a voxel may go undetected. Th is phe-
nomenon is known as partial volume eff ect [70, 71].
Nakamura et al. concluded that thin-section DW im-
aging with a 3-mm section thickness increased lesion 
conspicuity and improved the accuracy of stroke sub-
type diagnosis when comparing conventional 5-mm 
section DW imaging [72].
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6.1 Introduction

Intracranial hemorrhages are oft en characterized ac-
cording to their location, such as intraparenchymal, 
subarachnoid, subdural, epidural and intraventricu-
lar hemorrhages. Th e etiology of these hemorrhages 
includes a variety of heterogeneous conditions, such 
as trauma, hypertension, infarction, infection, neo-
plasm, vascular malformations, vasculitis, vasculop-
athy, coagulopathy, and drugs. Th is chapter will de-
scribe diff usion-weighted (DW) imaging characteris-
tics of intracranial hemorrhages in relation to their 
location and evolutionary stage.

6.2  Intraparenchymal Hemorrhages: 
Appearance and Evolution (Table 6.1)

Th e classic pattern for the temporal evolution of in-
tracerebral hematomas on MR images at 1.5 T is well 
known [1–38]. However, determination of the age of a 
hemorrhage is oft en inaccurate because of variations 
between individual patients. Th e change in signal in-
tensity over time depends on many factors, such as 
the oxygenation state of hemoglobin, the status of red 
blood cell membranes, hematocrit, proteins and clot 
formation [1–34, 37, 38]. Among these, the evolution 
of hemoglobin and the red cell membrane integrity 
are the most important [1–23, 25, 28, 30, 31, 33, 34]. 

Th e transition of oxy-hemoglobin to deoxy-hemo-
globin and thereaft er to met-hemoglobin depends 
primarily upon the oxygen tension in the vicinity of 
the lesion as well as inside the hematoma itself. In the 
hyperacute stage, oxy-hemoglobin will dominate ini-
tially, but transformation into deoxy-hemoglobin will 
soon take place and deoxy-hemoglobin will domi-
nate aft er a few days – the acute hematoma [7, 11, 14, 
19, 22, 23, 25, 28, 29, 33, 34]. Within a few days to 
a week, deoxy-hemoglobin will transform to met-he-
moglobin [3, 4, 7, 10, 11, 14, 19, 22, 23, 28–30, 33, 34]. 
However, the rate of this oxidation to met-hemoglo-
bin will depend on the oxygen tension in the tissue, 
which may further complicate the temporal pattern 
of expected signal changes. Initially, met-hemoglobin 
will be found within intact red blood cells (the early 
subacute stage), but when the red cell membranes 
start to rupture, met-hemoglobin will be found in 
the extracellular fl uid space (the late subacute stage), 
which takes place about two weeks following hemor-
rhage [7, 11, 14, 19, 22, 23, 28, 29, 33, 34]. Th e fi nal 
stage, the chronic stage, is the result of continuous 
phagocytation of the breakdown products of hemo-
globin, ferritin and hemosiderin, which starts about 
one month following hemorrhage. Th e products, fer-
ritin and hemosiderin, will remain within the phago-
cytic cells, which accumulate in the periphery of the 
hematoma, where they may remain for years, maybe 
indefi nitely, as a marker of an old hemorrhage [6, 7, 
11, 14, 17, 19–23, 27, 33, 34].

Intracranial Hemorrhage

In collaboration with A. Hiwatashi

Table 6.1.  Time course of intraparenchymal hematomas

Hyperacute Acute Early Subaute Late Subacute Chronic

T2 Hyper Dark Dark Bright Bright with dark rim

T1 Hypo/iso Hypo/iso Bright Bright Hypo

DW Bright Dark Dark Bright Hyper-hypo

ADC Dark NAC NAC Dark Increase/NAC

NAC: no accurate calculation
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Figure 6.1 a–f

Acute infarction with  hyperacute hemorrhage (oxy-hemoglobin/deoxy-hemoglobin). A 72-year-old woman suff ered 
from a right-sided weakness. MR imaging 30 hours after the onset of symptoms (a–c) showed a lesion in the right basal 
ganglia (arrow) that is hyperintense on DW (a) and b0 images (b). On the ADC map (c) the lesion is hypointense (arrow), 
indicating that this is a non-hemorrhagic acute infarction. During the end of the MR scanning, 30.5 hours after the onset 
of symptoms (d–f), the patient suddenly lost consciousness. The study was repeated, showing the increased size of the 
basal ganglia lesion. On the DW image (d) there is now a heterogeneous hyperintensity (arrow), consistent with oxy-he-
moglobin. The b0 image (e) also shows the lesion as heterogeneous, hyperintense (arrow), supporting oxy-hemoglobin. 
Note the new regions of hypointensity around the lesion (arrowhead), indicating deoxy-hemoglobin (d–f). The ADC map 
(f) shows the lesions as heterogeneously hypointense, consistent with oxy-hemoglobin (arrow). However, it is diffi  cult to 
calculate the ADC due to the presence of paramagnetic deoxy-hemoglobin (arrowhead)

6.2.1  Hyperacute Hematoma 

In the early stage of a hyperacute hematoma (Figs. 
6.1 and 6.2), oxygenated hemoglobin within intact 
red blood cells is dominant. Oxy-hemoglobin is a 

diamagnetic substance and will, as such, generate 
an opposing magnetic fi eld that reduces the applied 
magnetic fi eld, as in most normal tissues in the 
body. Since there are no unpaired electrons in the 
iron of oxygenated hemoglobin, both longitudinal 

a b c

d e f
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Figure 6.2 a–f

Hyperacute and chronic hemorrhage (oxy-hemoglobin/deoxy-hemoglobin, met-hemoglobin and hemosiderin/ferritin). 
A 40-year-old woman developed an acute left-sided weakness. A non-enhanced CT scan 6 hours after the onset of symp-
toms (a) shows a hyperdense lesion (arrow) in the right frontoparietal region associated with a small amount of subarach-
noid hemorrhage (arrowhead). MR imaging 12 hours after the onset of symptoms (b–h) shows a heterogeneous lesion 
with areas of central hyperintensity on the T2-weighted image (b) (arrow; oxy-hemoglobin) with a peripheral hypointen-
sity from the susceptibility infl uence of paramagnetic material (arrowheads; deoxy-hemoglobin). The T1-weighted image 
(c) shows the lesion as heterogeneous with areas of isointensity (arrow; oxy-hemoglobin) and hypointensity (arrowheads; 
deoxy-hemoglobin). Both the DW (d) and b0 images (e) show the lesion as heterogeneous with areas of hyperintensity 
(arrows; oxy-hemoglobin) and hypointensity (arrowheads; deoxy-hemoglobin). The hypointensity is more prominent on 
these sequences than on the T2-weighted image (b). The ADC map (f) has a similar appearance of a heterogeneous le-
sion with areas of hypointensity (arrows; oxy-hemoglobin and arrowheads; deoxy-hemoglobin). As usual, when there is a 
strong susceptibility infl uence, it is diffi  cult to calculate ADC

and transverse relaxation will be created by the so-
called proton–proton, dipole–dipole interactions. 
At this stage, hematomas will have shorter relax-
ation times than water due to their protein content 
and will be slightly hypo- or iso-intense when com-

pared with brain parenchyma on T1-weighted im-
ages. On T2-weighted images, oxy-hemoglobin will 
be seen as a slightly hyperintense region because of 
the high water content [7, 11, 14, 19, 22, 23, 25, 28, 
29, 33, 34].

a b c

d e f
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eff ect of magnetic susceptibility, gradient-echo (GRE) 
images will be more sensitive than DW- and T2-weight-
ed images for the detection of acute, as well as chronic 
hematomas [19, 26, 27, 32]. Th e T1 relaxivity eff ect is 
related to dipole–dipole relaxation, in this case the di-
poles of water and unpaired electrons of the paramag-
netic center. Th is would normally result in a shortening 
of relaxation time; however, the molecular confi gura-
tion of deoxy-hemoglobin will act as a shield for such a 
close approach of water molecules to the unpaired elec-
trons of the paramagnetic, ferrous iron. Th e acute he-
matoma containing deoxy-hemoglobin will thus show 
an iso- to hypointense signal on T1-weighted images, 
similar to oxy-hemoglobin [5, 22, 23, 34].

Diff usion-weighted images of an acute hematoma 
show a marked hypointensity [28–31, 33], caused 
by the magnetic fi eld inhomogeneity created by the 
paramagnetic deoxy-hemoglobin [6, 7, 14, 18, 22, 23, 
25, 33]. Although the ADC has been reported to be 
decreased, accurate calculations are oft en diffi  cult 
[28–30, 33, 36].

6.2.3  Early Subacute Hematoma 

In the early stage of the subacute hematoma (Figs. 6.2 
and 6.3), there is a decline in the energy state of the 
red blood cell and hemoglobin is oxidized to met-he-
moglobin [3, 4, 7, 10, 11, 14, 19, 22, 23, 28–30, 33, 
34]. In met-hemoglobin the iron is still bound to the 
heme moiety within the globin protein, but it is now 
in the ferric state with fi ve unpaired electrons. Th is 
transformation normally starts in the periphery of 
the hemorrhage and gradually evolves to the center. 

Figure 6.2 g–n

The coronal GRE image (g) and the GRE–echo-planar image (h) are more sensitive in depicting the susceptibility ef-
fect from deoxy-hemoglobin (arrowheads). The diamagnetic oxy-hemoglobin will, as expected, show an isointense sig-
nal (arrow), similar to the other sequences. Four months after the onset of symptoms (i–n), the patient had a new MR 
examination. On a T2-weighted image (i), the lesion is still heterogeneous, but there are now areas of hyperintensity 
(extracellular met-hemoglobin; arrow) and hypointensity (arrowheads; hemosiderin/ferritin). The T1-weighted image (j) 
shows the heterogeneous lesion with areas of hyperintensity (arrow; extracellular met-hemoglobin) and hypointensity 
(hemosiderin/ferritin). The DW image (k) show the lesion as hypointense overall and the same is seen on the b0 image 
(l), but this “T2-weighted” image has a small hyperintense zone in the center of the hematoma, probably due to extra-
cellular met-hemoglobin (arrow). The hypointensity (arrowheads) on the b0 image (l) is more pronounced than on the 
conventional T2-weighted image (i), demonstrating the higher sensitivity to susceptibility with this imaging sequence. 
The susceptibility eff ect will make it diffi  cult to calculate ADC accurately, but the ADC map (m) will demonstrate the sus-
ceptibility from hemosiderin/ferritin as peripheral hypointense areas (arrowheads). In the center there are hyperintense 
areas (arrow), probably containing extracellular met-hemoglobin. The hypointensity on the DW image (k) is probably a 
combined eff ect of T2 shortening, magnetic susceptibility and increased diff usibility. A marked peripheral hypointensity 
from hemosiderin/ferritin will also be seen when a GRE technique (n) is used (arrowheads)

◀

Results of DW imaging of hematomas at this stage 
have not been well characterized. In our experience, 
however, a hyperacute intraparenchymal hemorrhage 
is hyperintense on DW images, with a decreased ap-
parent diff usion coeffi  cient (ADC). Th is is in accor-
dance with observations of other authors [28, 33]. Th e 
possible causes for the decreased ADC are shrinkage 
of extracellular space due to clot retraction, changes 
in the concentration of hemoglobin and a high vis-
cosity [13, 19, 22–24, 28, 33–35].

6.2.2  Acute Hematoma 

Following hemorrhage there is normally a gradual oxy-
gen desaturation of hemoglobin transforming oxy-he-
moglobin into deoxy-hemoglobin (Fig. 6.3) [7, 11, 14, 
19, 22, 23, 25, 28, 29, 33, 34]. Th e loss of oxygen will 
change the binding geometry of iron from a six-ligand 
system to a fi ve-ligand system, leaving four unpaired 
electrons and making it paramagnetic. When exposed 
to a magnetic fi eld, paramagnetic substances will en-
hance the applied fi eld locally. Th is will infl uence image 
contrast by means of so-called magnetic susceptibility-
induced relaxation, which only eff ects transverse relax-
ation (T2* eff ect). Th e susceptibility eff ects create local 
fi eld inhomogeneities, with a rapid loss of transverse 
magnetization of protons within this region resulting in 
signal loss on T2-weighted images. Deoxy-hemoglobin 
will therefore demonstrate a marked hypointensity on 
T2-weighted images [1, 3, 7–9, 11–15, 19, 22–25, 30–
34]. Besides the concentration of deoxy-hemoglobin, 
red blood cell concentration and/or clot formation may 
also contribute to this T2 hypointensity. Since this is an 
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Figure 6.3 a–e

Acute to early subacute hemorrhage (deoxy-hemoglobin and intracellular met-hemoglobin). A 49-year-old man with 
headache and aphasia was referred for MR imaging 24 hours after the onset of symptoms (a–e). This study shows a left 
temporal lobe lesion that is hypointense on the T2-weighted image (a) (arrow; deoxy-hemoglobin and intracellular 
met-hemoglobin) with surrounding edema. On the T1-weighted image (b) the lesion is heterogeneous with areas of 
hypointensity (arrow; deoxyhemoglobin) and hyperintensity (arrowhead; intracellular met-hemoglobin). The DW image 
(c) demonstrates hypointensity (arrow; deoxy-hemoglobin and intracellular met-hemoglobin). The surrounding hyper-
intense rim (arrowhead) represents magnetic susceptibility artifact and perihematomal injury. This peripheral artifact is 
also seen around the hypointensity (arrow) created by deoxy-hemoglobin and intracellular met-hemoglobin on the b0 
image (d). ADC cannot be calculated accurately, which is easy to understand when looking at the extremely heteroge-
neous lesion depicted on the ADC map (e)

a b c

d e
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In the transition to met-hemoglobin, conformational 
changes will take place in the molecule and water pro-
tons will now have access to the unpaired electrons of 
iron in met-hemoglobin, creating a proton–electron, 
dipole–dipole interaction. Dipolar relaxation en-
hancement will then take place, making met-hemo-
globin appear hyperintense on T1-weighted images. 
Met-hemoglobin, as a paramagnetic substance, will 
induce magnetic susceptibility relaxation aff ecting 
the transverse relaxation (T2* eff ect), which results in 
a marked hypointensity on T2-weighted images [3, 6, 
7, 10, 14, 22–24, 28–31, 33, 34].

On DW imaging, intracellular met-hemoglobin 
shows hypointensity due to these paramagnetic sus-
ceptibility eff ects and ADC measurements are not re-
liable due to the susceptibility eff ects [28–30, 33].

6.2.4  Late Subacute Hematomas 

Th e decline in energy state of the red blood cell will 
eventually damage the integrity of the red cell mem-
brane, releasing the intracellular content to the extra-
cellular fl uid space (Figs. 6.2 and 6.4). Subsequently, 
there will be a dilution of the paramagnetic met-he-
moglobin in extracellular fl uid, reducing the suscep-
tibility eff ect of met-hemoglobin [7, 11, 14, 19, 22, 23, 
28, 29, 33, 34]. Th e signal intensity on T2-weighted 
images will thus relate to the water content, creat-
ing a hyperintense signal on T2-weighted images. 
Extracellular met-hemoglobin will, however, still 
have high signal intensity on T1-weighted images 
created by the same proton–electron, dipole–dipole 
relaxation as described in early subacute hematomas 
[5–7, 10, 14, 22, 23].

It has been reported that late subacute hematomas 
are hyperintense on DW imaging [28, 29]. Th e ADC 
value for late subacute hematoma is controversial. 
Ebisu et al. [24] reported decreased ADC in hema-
tomas of hemorrhagic infarctions, whereas Atlas et 
al. reported ADC values higher than normal white 
matter in late subacute hematomas and suggested this 
was due to increased diff usibility [28]. Finally, Kang 
et al. reported decreased ADC in late subacute he-
matomas and thought this was due to high viscosity 
and cellularity [33]. It is important to diff erentiate late 
subacute hematomas from abscesses since both can 
show hyperintensity on DW images and decreased 
ADC. Late subacute hematomas are hyperintense on 
T1-weighted images but abscesses are usually hypoin-
tense. 

6.2.5  Chronic Hematomas 

Over time, met-hemoglobin will be resorbed or de-
graded and the eff ect on T1 enhancement will be re-
duced (Figs. 6.2 and 6.4). Th e high water content in the 
chronic stage will result in prolonged T1 as well as T2 
relaxation. From the start of the hemorrhage there is 
a continuous phagocytation of heme proteins. Ferritin 
and hemosiderin, the fi nal breakdown products of 
hemoglobin, will remain within the phagocytic cells, 
which accumulate in the periphery of the hematoma, 
where they may remain indefi nitely as a marker of an 
old hemorrhage [6, 7, 11, 14, 17, 19–23, 27, 33, 34, 37, 
38]. Ferritin and hemosiderin within these cells will 
have no access to water protons and thus there are no 
relaxivity eff ects. Magnetic susceptibility is the only 
factor infl uencing the signal, creating a marked signal 
loss on T2-weighted images. As mentioned earlier, the 
magnetic susceptibility eff ects are most prominent on 
T2*-weighted images [7, 17, 22, 23, 34].

Diff usion-weighted images also show hyperinten-
sity in chronic hematomas [29, 33]. However, they 
can show hypointensity in late chronic hematomas. 
Th e ADC value has been reported to be increased, 
but sometimes decreased in early chronic hemato-
mas probably due to the high viscosity. It is diffi  cult 
to measure accurately due to magnetic susceptibility 
artifacts from the surrounding deposition of ferritin 
and hemosiderin [28–30, 33, 36]. Diff erentiation be-
tween early chronic hematomas and abscesses on MR 
imaging is diffi  cult because both can show hyperin-
tensity on DW images and iso- or hypointensity on 
T1-weighted images.

6.2.6  Perihematomal Edema and Injury

Morbidity and mortality are associated with hemato-
ma enlargement and the development of perihemato-
mal edema. Serum protein penetration from the clot 
into the surrounding white matter and blood-brain 
barrier breakdown have been proposed as mecha-
nisms leading to edema formation in the extracellular 
compartment (vasogenic edema). Th ere is a signifi -
cant direct relationship between ADC elevation in the 
edema and the volume of hematoma [39].

A rim of decreased ADC (cytotoxic edema) outside 
the hematoma can be observed in the hyperacute or 
acute period. Mechanisms proposed as contributing 
factors to the perihematomal injury include ischemia 
resulting from mechanical compression and edema, 
or neurotoxicity resulting from breakdown products 
of blood or infl ammation (Figs. 6.3, 6.5) [40, 41].
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Figure 6.4 a–f

Late subacute-chronic hemorrhage (extracellular met-hemoglobin and hemosiderin/ferritin). A 52-year-old man with 
a history of chronic hypertension complained of headache and aphasia. MR examination 2 months after the onset of 
symptoms shows a left temporal lobe lesion that is hyperintense on the T2-weighted image (a) (arrow; extracellular met-
hemoglobin) and surrounded by a hypointense rim (arrowheads; hemosiderin/ferritin). Another hypointense lesion is 
visualized in the right basal ganglia (small arrowhead; hemosiderin/ferritin), compatible with chronic hemorrhage sec-
ondary to hypertension. The T1-weighted image (b) shows the temporal lobe lesion as hyperintense (arrow; extracellular 
met-hemoglobin). The lesion in the right basal ganglia is also hypointense on this sequence (small arrowhead; hemosid-
erin/ferritin). On the DW image (c) the temporal lobe lesion is hyperintense (arrow; extracellular met-hemoglobin) with 
a hypointense rim (arrowheads; hemosiderin/ferritin). The basal ganglia lesion remains hypointense, but the signal void 
is more extensive than on the conventional T2-weighted image (a), since spin-echo type EPI does not compensate for 
signal loss due to local magnetic fi eld inhomogeneities and is thus more sensitive than regular spin-echo imaging. This 
increased susceptibility sensitivity revealed a second, old hemorrhagic lesion in the left thalamus (small arrowhead; he-
mosiderin/ferritin). The b0 image (d) also shows the hyperintense lesion (arrow; extracellular met-hemoglobin) with the 
hypointense rim (arrowheads; hemosiderin/ferritin) as well as the older lesions in the basal ganglia and thalamus (small 
arrowheads; hemosiderin/ferritin). On the ADC map (e) the temporal lesion is somewhat hypointense (arrow; extracel-
lular met-hemoglobin) with a hypointense rim (arrowheads; hemosiderin/ferritin). The other lesions are also visualized 
(small arrowheads); however, ADC cannot be calculated. Finally, the coronal GRE image (f) shows the temporal lesion as 
hyperintense (arrow; extracellular met-hemoglobin) with a hypointense rim (arrowhead; hemosiderin/ferritin). The GRE 
sequence is the most sensitive and shows multiple small hypointense lesions (old hemorrhagic breakdown products) in 
the cerebral hemispheres and in the pons (small arrowheads; hemosiderin/ferritin)
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Figure 6.5 a–c

Perihematomal edema and injury. A 61-year-old man presented with headache. a T2-weighted image shows an acute 
hematoma as hypointense and the surrounding edema as hyperintense. b DW image shows the hematoma as mixed in-
tense (arrows) and the edema as hyper- or isointense (arrowheads). c The ADC map shows most of the edema as increased 
ADC, which represents vasogenic edema (arrows). However, there is a peripheral decreased ADC rim that probably repre-
sents perihematomal injury (arrowheads)

b ca

6.3  Subarachnoid Hemorrhage 

Computed tomography (CT) is still essential in the di-
agnosis of acute subarachnoid hemorrhages (Fig. 6.6), 
as the sensitivity and usefulness of MR imaging is con-
troversial [4, 5, 9, 34, 42–48]. Fluid-attenuated inver-
sion-recovery (FLAIR) imaging has a high sensitivity 
for subarachnoid hemorrhage [49–52]. However, the 
specifi city is low because there are several other causes 
for the appearance of subarachnoid hemorrhage on 
FLAIR imaging, such as high proton concentration, 
mass eff ect, vascular disease, contrast medium and 
use of specifi c intravenous anesthetic agents [53–56].

It is oft en diffi  cult to detect subarachnoid hemor-
rhage on DW images [31, 57]. Lin et al. detected sub-
arachnoid hemorrhage in two of four cases on GRE 
imaging, but it could not be detected on b0 images 
[31]. Wiesmann et al. reported that proton density and 
FLAIR images could detect subarachnoid hemorrhage, 
but T2-weighted and DW images could not [57].

However, DW images may be useful to visual-
ize parenchymal injuries secondary to subarachnoid 
hemorrhage. Ischemic changes, probably related to 
subarachnoid hemorrhage, have shown hyperinten-
sity on DW images in both clinical and animal studies 
[58–63]. Th is fi nding depends on the timing of imag-
ing and the severity of injury.
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Figure 6.6 a–g

Subarachnoid and intraventricular hemorrhage due to arteriovenous malfor-
mation (intracellular met-hemoglobin). A 48-year-old woman presented with 
acute onset of severe headache had a CT scan 24 hours after the onset of 
symptoms (a), which shows diff use subarachnoid (arrowhead) and intraven-
tricular hemorrhage (arrows). Forty-eight hours after the onset of symptoms 
(b–g) she underwent MR imaging. On this examination the T2-weighted im-
age (b) showed intraventricular hemorrhage (arrows), which is hypointense 
when compared with the cerebrospinal fl uid. The diff use subarachnoid hem-
orrhage cannot be visualized on the T2-weighted image. The T1-weighted 
image (c) shows the intraventricular hemorrhage (arrows) as hyperintense 
when compared with cerebrospinal fl uid, but neither sequence can visual-
ize the subarachnoid hemorrhage. The FLAIR image (d), however, shows both 
the subarachnoid (arrowheads) and intraventricular hemorrhage (arrows). 
The subarachnoid hemorrhage cannot be visualized on the DW image (e), 
but the intraventricular hemorrhage (arrows) can easily be seen as hyperin-
tense when compared with cerebrospinal fl uid and brain parenchyma. As ex-
pected, the subarachnoid hemorrhage cannot be demonstrated on either b0 
image (f) or ADC maps (g), but both sequences will depict the intraventricular 
hematoma as hypointense (arrows)
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Figure 6.7 a–f

Subacute  subdural hematoma (extracellular met-hemoglobin). A 49-year-old woman with headache following head trau-
ma had an MR examination 2 weeks after the trauma, which shows right subdural hematoma as a hyperintense lesion 
(arrows) on the T1-weighted (a) and T2-weighted (b) images. The lesion was hyperintense on the DW (c) and the b0 (d) im-
ages (arrows). On the ADC map (e) there are hypointense lesions (arrows), which correspond to the hyperintense lesions 
on the DW image (c). The coronal GRE image (f) shows the subdural hematoma to be hyperintense (arrows)

6.4 Subdural and Epidural Hematoma 

Subdural and  epidural hematomas (Fig. 6.7) are well 
demonstrated on T1- and T2-weighted images. In the 
acute and subacute stages, the evolution of signal in-
tensity generally follows the one of intraparenchymal 
hematomas with a slower rate because of higher oxy-
gen tension in the subdural or epidural space. In the 
chronic stage, MR images oft en show hyperintensity 

of the hematoma, which may be iso- to hypodense on 
CT [34, 64–70].

Diff usion-weighted imaging fi ndings of subdu-
ral and epidural hematomas have not been well de-
scribed. Lin et al. reported that all three lesions could 
be detected on b0 images, but GRE images were better 
at detecting lesions [31]. Th e benefi t of DW imaging 
is probably for the detection of underlying or associ-
ated parenchymal lesions [71, 72].
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6.5  Intraventricular Hemorrhage 

Intraventricular hemorrhages (Figs. 6.6 and 6.8) are 
well demonstrated on FLAIR, T1-, T2- and proton 

density-weighted images [34, 59, 73–75]. FLAIR has 
been reported to have the highest sensitivity for detec-
tion of intraventricular hematomas [74]. DW images 
can demonstrate intraventricular hemorrhages, but in 
general the GRE images have a higher sensitivity [31].

Figure 6.8 a–f

Intraventricular hemorrhage (intracellular met-hemoglobin). A 78-year-old woman with headache after thrombolytic therapy 
for femoral artery occlusion had a CT scan 6 hours after surgery (a). This shows intraventricular hemorrhage in the bilateral 
lateral ventricles (arrows). Three days after surgery (b–f), the T2-weighted image (b) shows hypointense lesions in the bilateral 
lateral ventricles with fl uid–fl uid levels (arrows) and the T1-weighted image (c) shows hyperintense lesions in the same distri-
butions (arrows). The DW image (d) shows hypointense lesions (arrows) with surrounding hyperintensities. These are ascribed 
to magnetic susceptibility artifacts. The b0 image (e) also shows hypointense lesions (arrows). These hypointensities are more 
prominent than on the T2-weighted images (b). The ADC map (f) shows hypointense lesions (arrows)
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Figure 6.9 a–f

 Hemorrhagic tumor. The T2-weighted MR image (a) in a 54-year-old woman with glioblastoma shows a mass lesion with 
heterogeneous intensity near the right lateral ventricle. The irregular hypointensities centrally in the lesion (arrow) indi-
cate hemorrhage. The T1-weighted image (b) shows the heterogeneous hypointense to isointense mass, with a central 
area of higher signal intensity consistent with hemorrhage (arrow). The gadolinium-enhanced T1-weighted image (c) 
shows heterogeneous enhancement (arrow). On the DW image (d) the hemorrhage is heterogeneously hypointense 
(arrow). The b0 image (e) shows the hemorrhage to be more hypointense (arrow) than on the T2-weighted image (a). The 
ADC (f) cannot be calculated due to magnetic susceptibility artifacts

6.6  Intratumoral Hemorrhage 

Many primary brain tumors and metastases can bleed 
[34, 76–81]. Th e signal intensity of intratumoral hem-

orrhage (Fig. 6.9) tends to be more complex and its evo-
lution tends to be delayed when compared with non-
neoplastic hemorrhages [34, 81]. DW and b0 images are 
useful to detect the hemorrhage in tumors [31].
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6.7 Hemorrhage Related 
to Vascular Malformation 

Vascular malformations can also cause intracranial 
hemorrhages (Fig. 6.10).  Cavernous angioma is a 
vascular malformation that contains blood cavities 

Figure 6.10 a–e

Multiple cavernous angiomas. The T2-weighted MR image (a) in a 30-year-old woman with seizures shows a hyperintense 
lesion in the left frontal lobe with a surrounding hypointense rim (arrows). This is a characteristic fi nding for a cavernous 
angioma. The lesion is hyperintense on the T1-weighted image (b) (arrow) and hypointense on the DW image (c) (arrow). 
The ADC map (d) shows heterogeneous intensity and the GRE image (e) shows marked hypointensity in the left frontal 
lobe (arrow). The hypointensities in the right and left temporo-occipital region (arrowheads) suggest multiple cavernous 
angiomas

surrounded by a single layer of endothelium [82–86]. 
MR imaging fi ndings are well known and character-
ized as a central reticulated core with a peripheral 
rim of hypointensity due to the deposition of hemo-
siderin [82, 85, 86]. DW and b0 images are useful for 
detecting hemorrhages related to vascular malfor-
mations.
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6.8  Hemorrhage Related to Trauma
(see also Chap. 12)

Trauma is one of the most common causes of intracra-
nial hemorrhages in younger patients (Fig. 6.11). MR im-
aging is valuable in detecting intracranial injuries. DW 
and b0 images and an ADC map can be more sensitive 
than conventional MR images to detect whether the ab-
normality includes diff use axonal injury [87]. 

6.9 Conclusions

Diff usion-weighted imaging is oft en of limited value 
for diagnosis and staging of intracranial hemorrhages 

Figure 6.11 a–d

Trauma with hemorrhagic dif-
fuse axonal injury. MR imaging 
of a 2-year-old girl 12 hours after 

a motor vehicle accident shows 
(a) a hyperintense lesion in the 
left frontal lobe on T2-weighted 
image (arrow). The correspond-
ing area on the DW image (b) is 
hypointense with surrounding 
hyperintensity (arrow). The ADC 
map (c) shows hypointensity (ar-
row). The coronal GRE (d) image 
shows hypointense lesions in the 
bilateral frontal lobes (arrows)

because accurate ADC measurements are only pos-
sible in the hyperacute stage, which contains diamag-
netic oxy-hemoglobin, and in the late subacute phase, 
which contains extracellular met-hemoglobin, whose 
paramagnetic susceptibility artifacts are diminished 
by the dilution of extracellular fl uid. CT and routine 
MR imaging continue to be the mainstay in diagnos-
ing and characterizing intracranial hemorrhages. A 
thorough understanding of DW imaging characteris-
tics is important, however, in order to avoid misinter-
pretations and inaccurate conclusions.
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7.1 Defi nition

Vasculopathy is a general term used to describe any 
disease aff ecting blood vessels [1]. It includes vascular 
abnormalities caused by degenerative, metabolic and 
infl ammatory conditions, embolic diseases, coagula-
tive disorders, and functional disorders such as poste-
rior reversible encephalopathy syndrome. Th e etiology 
of vasculopathy is generally unknown and the condi-
tion is frequently not pathologically proven. Vasculitis, 
on the other hand, is a more specifi c term and is de-
fi ned as infl ammation of the wall of a blood vessel [2]. 
However, the term vasculopathy is also used for “vas-
culitis” that has not been pathologically established.

7.2 Clinical Presentation

Vasculitis and vasculopathy of the central nervous 
system (CNS) oft en have similar clinical and radio-
logical characteristics. Both result in ischemia, which 
can be reversible or develop into infarction. Th e re-
versibility of a lesion is related to the size and loca-
tion of vessels involved and the severity of ischemia. 
Diff usion-weighted (DW) imaging has been useful in 
the early detection of cytotoxic edema in hyperacute 
or acute infarctions and can distinguish cytotoxic 
edema from vasogenic edema and chronic infarctions 
[3]. Some specifi c types of vasculitis or vasculopathy 
demonstrate primarily vasogenic edema [4–8]. 

7.3 Treatment

Vasculitis and vasculopathy of the CNS caused by an 
abnormal immune reaction are oft en treated with im-
munosuppressant agents. If, on the other hand, the 
vascular changes are caused by thrombosis or em-
bolism, they are treated with anticoagulants. Prompt 
characterization of the nature of CNS vasculitis and 
vasculopathy, by imaging and/or biopsy, is thus nec-
essary to institute appropriate management.

7.4 Vasculitis of the CNS

Th e term vasculitis encompasses a heterogeneous 
group of multisystemic disorders characterized patho-
logically by infl ammation and necrosis of the blood 
vessel wall. Cerebral ischemia, which may result in fo-
cal infarction, is the major neurological manifestation 
of CNS vasculitis. Th e clinical manifestations include 
headache, transient ischemic attacks (TIAs), altered 
mental status, seizures, cranial nerve palsies and local-
ized neurologic defi cits.

7.4.1 Characterization of CNS Vasculitis

Vasculitis of the CNS is characterized by the size of the 
aff ected vessel, as illustrated in Fig. 7.1 [2]. Determining 
size and location of the predominantly aff ected vessels 
is useful to obtain an optimal tissue biopsy and estab-
lish appropriate treatment [9]. Large artery vasculitis 
usually responds well to steroids alone, while small and 
medium-sized vessel vasculitis respond better to a com-
bination of cytotoxic agents and steroids. Th erefore, a 
clear understanding of the size of the vessels involved 
and the pathophysiologic mechanisms are useful for the 
treatment decision [10, 11]. 

Digital subtraction catheter angiography and brain 
biopsy are the diagnostic foundations in establishing 
the diagnosis. However, angiography has a false-neg-
ative rate of 20–30%, as small arteries with a diameter 
of less than 100–200 μm are beyond the limit of reso-
lution of digital subtraction angiography [2]. Good-
quality MR angiography can demonstrate stenosis or 
occlusion of large to middle-sized arteries, but the 
resolution is not suffi  cient to detect abnormalities of 
small arteries. MR imaging, on the other hand, is sen-
sitive to detect gray and white matter lesions in CNS 
vasculitis, but the appearance of these lesions is usu-
ally not specifi c [12]. 

Whether the lesions on MR imaging are reversible 
or irreversible depends on the severity of ischemia 
and seems to be related to size and location of the ves-

Vasculopathy 
and Vasculitis
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sels involved. Occlusion or stenosis involving large, 
medium or small arteries mainly results in infarction, 
whereas lesions involving arterioles, capillaries, ve-
nules or veins predominantly cause vasogenic edema. 
DW imaging can be useful to diff erentiate an acute or 
subacute infarction from vasogenic edema, which is 
important both for choice of treatment and to predict 
the long-term prognosis. 

Multifocal and multiphasic ischemia are some of 
the characteristic sequelae of CNS vasculitis. DW 
imaging can diff erentiate the phases of cerebral in-
farction as hyperacute, acute, subacute or chronic. 
Th e hyperacute phase of an infarction usually has a 
decreased apparent diff usion coeffi  cient (ADC) and 
a normal or subtle increase in signal intensity on 
T2-weighted or fl uid-attenuated inversion-recovery 
(FLAIR) images. Th e acute phase has a decreased 
ADC with hyperintensity on T2-weighted images. In 
the subacute phase, ADC values are normalized; in 
the chronic phase, DW imaging shows hypointensity 
with increased ADC. Diff use increase in water diff u-
sion in the normal-appearing brain with CNS vascu-
litis is also observed [13].

7.4.2  Primary Angitis 
of the Central Nervous System 

Primary angitis (angiitis) of the central nervous sys-
tem (PACNS) is a non-infectious granulomatous an-
gitis, pathologically characterized by infi ltration of 

the vessel walls with lymphocytes, histiocytes, and/or 
multinucleated giant cells, with a variable degree of fi -
brinoid necrosis [14]. PACNS is usually seen in young 
adult and middle age groups (mean age 46.2 years) 
[15]. PACNS in association with amyloid angiopathy 
has been reported and in older patients [16, 17]. Th e 
pathogenesis is probably related to T cell-mediated 
infl ammation. PACNS tends to aff ect small to me-
dium-sized vessels of the brain parenchyma and me-
ninges, but can aff ect vessels of any size. Angiography 
typically shows a “string-of-beads” appearance, which 
is usually seen in PACNS involving medium-sized ar-
teries, but it has a false-negative rate of 20–30% [18]. 
Brain and meningeal biopsies are diagnostic in only 
50–72% of patients with PACNS. 

Magnetic resonance imaging fi ndings in PACNS 
are highly variable, ranging from multiphasic cerebral 
infarction, vasogenic edema and gliosis, to hemor-
rhage and  leptomeningeal enhancement [19, 20]. Th e 
lesions caused by occlusion of large or medium-sized 
arteries aff ect the cortical or deep gray matter which 
may result in multiple infarcts. If the vessels involved 
are small, MR imaging may show discrete or diff use 
lesions in the deep or subcortical white matter with 
leptomeningeal enhancement. On follow-up MR im-
aging, the lesions may change with regard to number 
and size, and they may even disappear. DW imaging 
is useful in diff erentiating an acute or subacute in-
farction from reversible vasogenic edema (Figs. 7.2, 
7.3), and can demonstrate multiphasic infarctions 
(Fig. 7.4). Prompt diagnosis is important, as PACNS 

Figure 7.1

Classifi cation of CNS vasculitis. 
(Modifi ed from [10])
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is oft en fatal if not treated with aggressive immu-
nosuppression [21]. PACNS involving small vessels 
tends to be responsive to immunosuppressive drugs, 
but oft en there is relapse. PACNS involving medium-
sized vessels tends to have isolated episodes with pau-
city of relapses [22].

7.4.3 Giant Cell (Temporal) Arteritis 

Th e criteria of the American College of Rheumatology 
for the diagnosis of  giant cell arteritis (Fig. 7.5) in-
clude at least three of the following: (1) age at dis-
ease onset >50 years, (2) new onset of headache, (3) 
claudication of jaw or tongue, (4) tenderness of the 
temporal artery on palpation or decreased pulsation, 

Figure 7.2 a–f

Primary angiitis of central nervous system (proven by biopsy) in a 60-year-old woman with dizziness and speech diffi  cul-
ties. a T2-weighted image shows hyperintense lesions in the bilateral tempo-occipital cortices (arrows). b FLAIR image 
shows hyperintense lesions in the bilateral tempo-occipital cortices (arrows). c DW image shows slightly high signal in 
the lesions (arrow) with increased ADC (d), mainly representing vasogenic edema (arrow). e DSA shows multiple focal ste-
noses of distal branches of left middle cerebral arteries (arrows). f Two-month follow-up T2-weighted image shows no in-
farction in the bilateral tempo-occipital areas. (From [69])

a b c
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Figure 7.3 a–g

 Primary angiitis of the central 
nervous system associated with 
 amyloid angiopathy (proven by 
biopsy) in a 56-year-old wom-
an. a FLAIR image shows multi-
ple hyperintense lesions in the 
bilateral frontoparietal areas (ar-
rows). b DW image shows slight-
ly increased signal with increased 
ADC (c), representing vasogen-
ic edema. d, e Postcontrast T1-
weighted image shows promi-
nent leptomeningeal enhance-
ment in these lesions. f Patholo-
gy shows lymphocytic infi ltration 
in the wall of the small artery. 
g Congo red stain reveals amyloid 
deposition (orange) and granulo-
matous infl ammation in a vessel 
wall

a b c

d e
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Figure 7.4 a–g

Primary angiitis of central nervous system (proven by 
biopsy) in a 35-year-old woman with right hemiparesis. 
a, b T2-weighted image shows hyperintense lesions in 
the left corona radiata (arrow) and left side of the pons 
(arrow). c DW image shows slightly increased signal in 
the left corona radiata, indicating subacute infarction. 
d ADC map shows slightly increased ADC in this lesion 
(arrow). e DW image simultaneously shows very high 
signal in the left side of the pons, indicating acute in-
farction (arrow). f ADC map shows decreased ADC in 
this lesion (arrow). g MR angiography shows stenosis in 
the left middle cerebral and posterior cerebral arteries 
(arrows). (From [69])

g

a b c

d e f
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h

(5) erythrocyte sedimentation ratio >50 mm/h and 
(6) temporal artery biopsy showing vasculitis with 
multinucleated giant cells.

Giant cell arteritis is probably a T cell-mediated 
vasculitis and it can aff ect medium to large arteries. 
Th e superfi cial temporal, vertebral and ophthalmic 
arteries are more commonly involved than the inter-
nal carotid arteries, while the intracranial arteries are 
rarely involved (Fig. 7.5) [23]. Abrupt and irreversible 
visual loss is the most dramatic complication of giant 
cell arteritis, while TIA and stroke are rare (7%), but 
when present most oft en involve the vertebrobasilar 
territory. Steroids are eff ective, and giant cell arteritis 
is usually self-limited and rarely fatal.

7.4.4  Takayasu’s Arteritis (Aortitis Syndrome) 

Takayasu’s arteritis (Fig. 7.6) is a primary arteritis of 
unknown cause but probably also related to T cell-
mediated infl ammation. Takayasu’s arteritis com-
monly aff ects large vessels including the aorta and its 
major branches to the arms and the head. It is more 
commonly seen in Asia and usually aff ects young 
women [24]. Pulseless upper extremities and hyper-
tension are the common clues to suggest the diagno-
sis. Most patients are treated with steroids alone to 
reduce the infl ammation. Th e prognosis is relatively 
good and 90% of patients are still alive aft er 10 years. 
TIA or stroke is rare but can occasionally occur in se-
vere cases with signifi cant stenosis of arteries supply-
ing the CNS (Fig. 7.6).

Figure 7.4 h–j

h, i Digital subtraction angiography (DSA) confi rms the 
stenosis in the left middle cerebral (arrow) and poste-
rior cerebral arteries, consistent with PACNS involving 
medium-sized arteries (arrows). j Pathological speci-
men by meningeal biopsy shows infi ltration of the ves-
sel wall with lymphocytes, multinucleated giant cells, 
and intramural granulomatous infl ammation (arrows). 
(From [69])

i

j

h
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Figure 7.5 a–d

 Giant cell arteritis (proven by bi-
opsy) in a 48-year-old woman 
with visual loss. a T2-weighted im-
age shows hyperintense lesions in 
the bilateral parieto-occipital cor-
tices and right frontal deep white 
matter (arrows). b DW image 
shows these lesions as high sig-
nal intensity, representing acute 
infarcts (arrows). c DSA of the left 
subclavian artery shows stenoses 
of the left vertebral and subclavi-
an arteries (arrows). d DSA of the 
left vertebral artery shows exten-
sive multifocal arterial stenoses 
(arrows). (From [69])

c

7.4.5  Polyarteritis Nodosa

Th e criteria of the American College of Rheumatology 
for the diagnosis of polyarteritis nodosa include at 
least three of the following: (1) weight loss >4 kg, (2) 
livedo reticularis, (3) testicular pain or tenderness, 
(4) myalgias, weakness or leg tenderness, (5) mono- 
or polyneuropathy, (6) hypertension, (7) elevated 
blood creatinine or blood urea nitrogen, (8) hepatitis 
B antigen or antibodies in the serum, (9) aneurysm 
or occlusion of the visceral arteries and (10) granulo-
cytes in small or medium-sized arteries on vessel wall 
biopsy. Neurologic abnormalities occur in 25–50% 
of cases. Ischemic stroke can result from vasculitis, 
severe hypertension or embolism secondary to car-
diac involvement [25]. Th e treatment usually requires 
both cytotoxic agents and steroids.

7.4.6  Churg–Strauss Disease 

Th is is an antineutrophil cytoplasmic autoantibody-
mediated vasculitis, defi ned by at least four of the 
following: (1) asthma, (2) history of allergy, (3) eo-
sinophilia (>10%), (4) mono- or polyneuropathy, (5) 
migratory or transitory pulmonary infi ltrates and (6) 
sinusitis. A biopsy of aff ected organs, including small 
arteries, arterioles or venules shows a vasculitis with 
extravascular eosinophils, which confi rms the diag-
nosis. Neurological involvement occurs in 62% of 
cases, including stroke and intracerebral hemorrhage 
(Fig. 7.7) [26, 27]. Steroids usually stabilize this con-
dition, but treatment with cyclophosphamide may be 
required. A normal angiogram does not exclude this 
form of vasculitis, as aff ected vessels are oft en smaller 
than the resolution of angiography.

a b

d
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7.4.7 Other  Small Vessel Vasculitis

The incidence of neurological symptoms in Wegener’s 
granulomatosis varies from 11 to 54%, but cerebral 
or meningeal involvement is uncommon, occurring 
in 2-8% of cases (Fig. 7.8) [28]. Involvement of the 

Figure 7.6 a–d

Takayasu’s arteritis in an 18-year-
old woman with left hemiparesis. 
a T2-weighted image shows a hy-
perintense lesion in the right bas-
al ganglia and temporal lobe (ar-
rows). b DW image shows a very 
high signal lesion, indicating an 
acute infarct. c T1-weighted ax-
ial image shows occlusion of in-
ternal carotid arteries bilaterally 
and the left vertebral artery, with 
thickening of the wall and throm-
bosis (arrows). d DSA shows oc-
clusion of both carotid arteries, 
and stenosis of the brachioce-
phalic and left subclavian arter-
ies (arrows)

a b

dc

CNS in other forms of small vessel vasculitis  (mi-
croscopic polyangitis, Henoch–Schönlein purpura, 
essential cryoglobulinemia and hypersensitivity 
vasculitis) is rare. In the case of Henoch–Schönlein 
purpura, MR imaging can show reversibility of le-
sions [7]. 
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Figure 7.7 a, b

 Churg–Strauss disease in a 65-
year-old man with seizures. a T2-
weighted image shows multiple 
hyperintense lesions in both co-
rona radiata and right parieto-oc-
cipital area, the latter with a he-
mosiderin rim, representing old 
hemorrhage (arrow). b DW im-
age shows a hyperintense lesion 
(arrow) in the left corona radiata, 
representing an acute infarct. An 
old hemorrhage shows hypoin-
tensity (arrowhead) on DW im-
age. MR angiography and DSA 
revealed no abnormalities (not 
shown). (From [69])

Figure 7.8 a–d

 Wegener’s granulomatosis in 
a 50-year-old man. a Chest CT 
shows a cavitary lesion in the left 
lung. b Postcontrast T1-weight-
ed image shows diff use dural en-
hancement. c DW image shows a 
hyperintense lesion (arrow) in the 
left temporal lobe, representing 
an acute infarct. d Decreased ADC 
in the ischemic lesion is noted

a b

c d
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Figure 7.9 a–d

 Neuro-Behçet’s disease in a 24-
year-old man. a T2-weighted im-
age shows a hyperintense lesion 
in the left midbrain extending 
into the left temporal lobe, with 
enlargement of the left cerebral 
peduncle (arrow). b Gadolinium-
enhanced T1-weighted image 
shows enhancement in this lesion 
(arrow). c DW image shows a hy-
perintense lesion with increased 
signal intensity in the left cerebral 
peduncle, probably representing 
vasogenic edema (arrow). d ADC 
map shows increased ADC in this 
lesion (arrow). (From [70])

7.4.8  Collagen Vascular Diseases 

Behçet’s disease is a multisystem vasculitis of unknown 
origin. It is most common in Middle Eastern and 
Mediterranean countries. CNS involvement has been 
described in 4–49% of cases [6]. Th e parenchymal dis-
tribution of lesions in Behçet’s disease, especially at 
the mesodiencephalic junction (46%) supports small 
vessel vasculitis involving both the arterial and venous 
system; mainly venules. Occasionally, these lesions are 
reversible on MR images that mainly represent va-
sogenic edema. Th is is why DW imaging is useful in 

distinguishing them from infarction (Fig. 7.9). Th e 
treatment is usually a combination of cytotoxic agents 
and steroids. In other types of collagen diseases, such 
as scleroderma or rheumatoid arthritis, involvement of 
the CNS is very rare.

7.4.9  Infectious Vasculitis 

Infections can cause vasculitis both by direct inva-
sion of the vessel walls and by an immune-medi-
ated response to the pathogens. Bacterial, fungal 

a b

c d
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and some viral infections (e.g. herpes virus) result 
in a vasculitis such a direct involvement of the ves-
sel walls usually results in ischemia with or without 
subsequent infarction (Fig. 7.10) [2, 29]. Vasculitis 
with aseptic meningitis is probably related to an im-
munologic reaction, which can show reversible le-
sions. Aspergillus infiltrates and destroys the inter-
nal elastic lamina of major cerebral arteries, which 
results in infarction, abscess formation and hemor-
rhage [30] (Fig. 7.11). Infection of the infarcted tis-
sue may be aggressive, and direct extension into the 
surrounding brain may progress quickly. 

Figure 7.10 a–d

Pneumococcal meningitis and 
vasculitis in a 4-year-old girl with 
high fever. a T2-weighted image 
reveals hyperintense lesions in 
bilateral basal ganglia (arrows). 
b DW image shows these lesions 
as very hyperintense, represent-
ing acute or subacute infarcts 
caused by infectious vasculitis 
(arrows). c ADC demonstrates low 
signal, confi rming acute or sub-
acute infarcts (arrows). d MR angi-
ography shows stenosis of inter-
nal carotid arteries, right middle 
cerebral and left anterior cerebral 
arteries (arrows)

d

7.4.10  Drug-Induced Vasculitis, 
Including  Illicit Drugs 

Some drugs, such as chemotherapeutic agents (e.g. 
sulfonamide, thiouracil) and illicit drugs (e.g. co-
caine), can cause vasculitis [31]. Stroke can occur 
soon aft er administration of illicit drugs by an intra-
venous, oral or nasal route. Cocaine, heroin, amphet-
amine and other sympathomimetic drugs are most 
commonly implicated. Th e diagnosis of “vasculitis” 
depends on the pathological fi ndings, not on the an-
giographic fi ndings, which are usually non-specifi c 

a b c
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Figure 7.11 a–g

 Disseminated aspergillosis in a 
48-year-old woman presenting 
with altered mental status and 
a history of acute lymphoblastic 
leukemia, post recent bone mar-
row transplant. a T2-weighted im-
age shows a round high signal in-
tensity lesion (arrow) at the corti-
comedullary junction in the medi-
al left frontal lobe. A hypointense 
spot in this lesion represents a 
hemorrhagic component (arrow-
head). b Gadolinium-enhanced 
T1-weighted image reveals no en-
hancement within this lesion (ar-
rows). c DW image shows this le-
sion containing areas of very high 
signal intensity (arrows), indicat-
ing a vasculitis-mediated acute 
septic infarction. d ADC shows 
heterogeneous decreased signal 
(arrows) in the lesion, confi rming 
a conglomerate of acute septic in-
farctions. e Coronal FLAIR image 
shows a hyperintense mass in the 
left frontal lobe. f Gross specimen 
reveals a hemorrhagic necrotic le-
sion in the left frontal lobe. g Me-
thenamine Silver stain shows nu-
merous aspergillus hyphae in-
volving the wall of the small ar-
tery (arrows). (From [69])

e f g

and may simply indicate vasospasm induced by these 
drugs. 

Cocaine use has emerged as an important cause 
of cerebrovascular events in young adults [32]. 
Vasculitic changes can be present on angiography, but 
the signifi cance of these changes has been debated. 

However, elevated sedimentation rate and biopsy 
changes of vasculitis have been documented. MR an-
giography may reveal irregularity of the intracerebral 
vessels and DW imaging is useful for the detection of 
acute ischemic changes (Fig. 7.12).

a b

c d
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Figure 7.12 a–c

 Cocaine-induced vasculopathy 
in a 41-year-old man with dysar-
thria. a T2-weighted image shows 
bilateral hyperintense lesions in 
medial thalami (arrows). b DW im-
age shows the lesion in the right 
thalamus as hyperintense, indi-
cating an acute infarct. c MR an-
giography shows stenosis of the 
right posterior cerebral artery (ar-
row). Biopsy was not performed 
and therefore the term cocaine-
induced vasculopathy was used. 
(From [69])

c

7.5 Vasculopathy of the CNS 

Vasculopathy is caused by a wide variety of underlying 
conditions such as degenerative, metabolic, infl amma-
tory, embolic, coagulative and functional disorders [1]. 
Th is presentation focuses on vasculopathies that mimic 
vasculitis, but have no infl ammation in the wall of the 
blood vessel (Fig. 7.13). 

7.5.1 Systemic Lupus Erythematosus 

Involvement of the CNS occurs in 14–75% of pa-
tients with systemic lupus erythematosus (SLE) [4]. 
Pathologically, microinfarcts and small vessel vascu-
lopathy are the most common. Vasculopathy aff ects 
predominantly the arterioles and capillaries, resulting 

in vessel tortuosity, vascular hyalinization, endothe-
lial proliferation and perivascular infl ammation or 
gliosis. True vasculitis is very rare (0–7%). Th is vas-
culopathy may be related to both acute infl ammation 
and ischemia [33]. In recent reports, the mechanism 
of the SLE vasculopathy has been attributed to intra-
vascular activation of a complement, which leads to 
adhesion between neutrophils and/or platelets and 
endothelium, resulting in  leukothrombosis in the mi-
crovasculature ( Shwartzman phenomenon) [34]. 

In this vasculopathy, despite widespread micro-
vascular occlusions, parenchymal damage is minimal 
and potentially reversible. Sibbit et al. reported that 
up to 38% of CNS lesions in SLE were potentially re-
versible on MR imaging [35]. MR angiography and 
conventional angiography may provide additional 
information concerning vascular abnormalities. DW 
imaging shows primarily two patterns of parenchymal 

a b



Vasculopathy and VasculitisChapter 7106

Figure 7.13

Spectrum of CNS vasculopathy. 
(Modifi ed from [10])

Figure 7.14 a–d

 Systemic lupus erythematosus in a 39-year-old woman with recurrent epi-
sodes of stroke, who presented with fever and disturbance of consciousness. 
a T2-weighted image shows hyperintense lesions in the right thalamus, in-
ternal capsule, putamen, subcortical white matter, and the left internal cap-
sule (arrows). b Gadolinium-enhanced T1-weighted image reveals marked 
enhancement of the lesion on the right side, suggesting blood–brain barrier 
breakdown (arrows). c DW image shows a slightly hyperintense lesion in the 
right thalamus, but an isointense lesion in the right putamen and white mat-
ter (arrows). There is a linear hyperintense lesion in the right internal capsule 
(long thin arrow). A subtle hyperintense lesion in the left internal capsule is 
also seen (arrowhead). d The ADC map shows increased ADC of the lesion on 
the right side (short thick arrows), representing vasogenic edema. Increased 
ADC of the lesion in the left internal capsule (arrowhead) represents an old in-
farct. Decreased ADC is seen in the lesion in the right internal capsule (long 
thin arrow), presumably representing acute microinfarcts. (From [71])

a b c

d
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Figure 7.15 a–c

Probable Moyamoya disease in a 
7-year-old girl with left hemipa-
resis. a T2-weighted image shows 
lesions with mildly increased sig-
nal in the right basal ganglia and 
parieto-occipital cortex (arrows). 
b DW image clearly shows these 
lesions as high signal intensity, 
representing acute infarcts (ar-
rows). c MR angiography shows 
occlusion of the right middle ce-
rebral artery, and stenosis of the 
right internal carotid artery (ar-
rows) and bilateral posterior cere-
bral arteries (arrowheads)

c

lesions with acute or subacute CNS symptoms: one is 
an acute or subacute infarction, and the other is vaso-
genic edema with or without microinfarcts (Fig. 7.14) 
[5]. CNS involvement in SLE is also due to associated 
uremia, hypertension, infection, Libman–Sacks en-
docarditis, and corticosteroid or immunosuppressive 
therapy.

7.5.2  Moyamoya Disease 

Moyamoya disease is a rare, non-infl ammatory vascu-
lopathy of the intracranial vessels of unknown cause, 

which is found predominantly in East Asia. It has a 
bimodal age presentation, the fi rst in childhood (fi rst 
decade) and the second in adults (fourth decade). 
Endothelial thickening, the main pathological fi nding, 
leads to chronic progressive arterial stenosis of the cir-
cle of Willis and eventually to infarctions. In the adult 
form, the presenting symptom is oft en intracranial 
hemorrhage, usually intraparenchymal. Th e stenosis 
or occlusion of the supraclinoid portion of the internal 
carotid artery should be bilateral, but unilateral lesions 
can be included as “probable” cases of Moyamoya dis-
ease. DW imaging is useful in evaluating cerebral isch-
emia in Moyamoya disease (Fig. 7.15) [36].

a b
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7.5.3  Sickle Cell Disease 

About 5–8% of patients with sickle cell disease develop 
symptomatic cerebrovascular disease. Th e risk of stroke 
is greatest during thrombotic crises and during the fi rst 
15 years of life [37]. Approximately 75% of strokes are 
the result of an occlusion of the large arteries at the base 
of the brain. Cortical and white matter watershed isch-
emia is common. Th is vasculopathy can be similar to 
Moyamoya disease. Occlusion of small vessel branches, 
which leads to ischemia of deep white matter, accounts 

for 25% of the cerebral infarctions in sickle cell disease. 
Th ese lesions are thought to be related to peripheral 
vaso-occlusive events in which the arteriole or post-
capillary venule is the major site of sickle cell adhesion 
[37]. If progression is associated with neurologic dys-
function, strong consideration should be given to place 
the patient on a long-term transfusion program. DW 
imaging is useful in detecting active ischemic chang-
es and in diff erentiating them from chronic ischemic 
changes (Fig. 7.16) [38]. 

Figure 7.16 a–c

Sickle cell disease. 3-year-old boy 
presented with right side weak-
ness as a recurrent stroke. He has 
been non-compliant to trans-
fusion therapy. a FLAIR image 
shows multiple hyperintense le-
sions in the left frontal and right 
frontotemporal regions (arrows). 
FLAIR image also shows multi-
ple curvilinear hyperintensities 
along the peripheral vessels that 
probably refl ects the slow fl ow in 
the collateral circulation (arrow-
heads). b DW image shows the 
left frontal lesion as very hyper-
intense representing an acute in-
farct (arrow). c MR angiography 
shows bilateral stenoses of inter-
nal carotid, and middle and an-
terior cerebral arteries (arrows). 
(From [38])

c

a b



Chapter 7 109Vasculopathy and Vasculitis

7.5.4  Posterior Reversible 
Encephalopathy Syndrome 

Posterior reversible encephalopathy syndrome is a 
remarkably heterogeneous group of disorders, related 
to hypertensive encephalopathy, severe preeclampsia/
eclampsia, immunosuppressive drug or interferon 
neurotoxicity, uremia and thrombotic thrombocyto-
penic purpura [39]. Th e clinical symptoms are head-
ache, altered mental status, seizures and visual loss. 
Posterior reversible encephalopathy syndrome is due 
to dysfunction of a cerebrovascular autoregulatory 
system, and a vasculopathy of small vessels, the arte-
rioles. Brain perfusion is maintained by the autoregu-
latory system of the small arteries and arterioles that 
have myogenic and neurogenic components. Since 
the vertebrobasilar system and the posterior cere-
bral arteries are sparsely innervated by sympathetic 
nerves, the occipital lobes and other posterior brain 
regions are more susceptible to a breakthrough of the 
autoregulation in case of a sudden elevation of the 
systemic blood pressure. Endothelial damage, which 
can attenuate the myogenic response of the autoregu-
latory system, is hypothesized to be the cause of the 
posterior reversible encephalopathy syndrome.

Other names for the posterior reversible encepha-
lopathy syndrome are reversible posterior leuko-
encephalopathy syndrome, or posterior leuko-en-
cephalopathy syndrome [40, 41]. Th e lesion can also 
involve the cerebral cortex and another name for 
posterior reversible encephalopathy syndrome is oc-
cipital parietal encephalopathy [42]. Similar lesions 
can also be seen in the frontal lobes, basal ganglia, 
brain stem and cerebellum [43-45]. In addition, the 
posterior reversible encephalopathy syndrome may 
not be entirely reversible, as infarction and hemor-
rhage may develop. 

7.5.5  Hypertensive Encephalopathy

Th e primary cause of hypertensive encephalopathy is 
thought to be fl uid extravasation through the intersti-
tium, resulting from overdistension of distal small ce-
rebral vessels (breakthrough of autoregulation) causing 
vasogenic edema [46]. Ischemic processes can be trig-
gered by the vasospasm of the cerebral arteriole in re-
sponse to a severe increase in blood pressure (overregu-
lation), which oft en results in infarctions. Hypertensive 
encephalopathy is a clinical syndrome in which mor-
phological and clinical phenomena are not correlated to 
each other. However, plasma proteins, including fi brin, 
are deposited in the walls of small arteries (hyperten-

sive vasculopathy). Th is process leads to destruction of 
smooth muscle cells (fi brinoid necrosis). 

Th e most common aff ected area is the bilateral 
parieto-occipital subcortical white matter. However, 
these lesions can occur in the gray matter as well and 
also involve the frontal lobes, basal ganglia, thalamus, 
cerebellum and brain stem. Th ey are potentially re-
versible; however, if left  untreated, permanent neu-
rologic defi cits or even death may occur as a result 
of ensuing cerebral infarction or hemorrhage. Th e 
prognosis probably depends on the extent of cyto-
toxic edema, which may be seen in severe cases. DW 
imaging can distinguish irreversible ischemic chang-
es from reversible conditions with vasogenic edema 
alone (Fig. 7.17) [46].

7.5.6  Preeclampsia/Eclampsia 

Preeclampsia is characterized by hypertension, ab-
normal peripheral edema, and proteinuria that can 
progress to eclampsia, which also involves seizures. 
Although CNS changes in severe preeclampsia and 
eclampsia represent a form of hypertensive encepha-
lopathy, they also occur in normotensive individuals. 
Th e precise pathogenesis remains unclear. However, 
endothelial dysfunction due to circulating endothe-
lial toxins or antibodies against the endothelium can 
be the primary cause [47]. MR fi ndings in patients 
with severe preeclampsia/eclampsia are oft en similar 
to those with hypertensive encephalopathy. However, 
intracranial hemorrhage and infarction (Fig. 7.18) 
are common [48]. Bilateral external capsule or basal 
ganglia lesions are also common [49]. DW imaging 
can discriminate a cytotoxic edema from vasogenic 
edema [50].

Hemolysis, elevated liver enzymes and low platelets 
(HELLP syndrome) is a thrombotic microangiopathic 
vasculopathy in pregnancy. Fatalities are attributable 
to intracranial hemorrhage, which may occur either 
in isolation or as part of the HELLP syndrome. Th e 
DW imaging fi ndings are similar to those in eclamp-
sia/preeclampsia.

7.5.7  Immunosuppressive Drug-Induced 
Vasculopathy 

 Cyclosporine,  tacrolimus (FK506) and  interferon-α are 
eff ective immunosuppressive agents for the treatment 
of organ transplant rejection. Previous theories regard-
ing the mechanism of neurotoxicity include neuro-
peptide-mediated ischemia and high-pressure failure 
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of cerebral autoregulation [51]. Neurotoxicity usually 
coexists with hypertensive crisis; however, it also oc-
curs in normotensive individuals. Th ese drugs have 
profound eff ects directly on the endothelium and cause 
release of potent vasoconstrictors such as endothelin. 
Disruption of the blood–brain barrier with possible fo-

cal loss of vascular autoregulation causes extravasation 
of fl uid, which leads to vasogenic edema.

Magnetic resonance imaging shows signal chang-
es within the cortex and subcortical white matter in 
the occipital, posterior temporal, parietal and fron-
tal lobes (Fig. 7.19). Non-transplant patients or those 
with total body irradiation develop white matter le-

Figure 7.17 a–e

 Hypertensive encephalopathy in a 41-year-old woman with hypertensive crisis with pheochromocytoma. a T2-weight-
ed image shows hyperintense lesions in the right frontal lobe and left temporo-parieto-occipital area (arrows). b Coronal 
FLAIR image shows multiple hyperintense lesions in the subcortical white matter (arrows) and slightly hyperintense le-
sions (arrowheads) in the left parieto-occipital area. c DW image shows the lesion in the left side as hyperintense (arrows) 
and the subcortical lesions as isointense. d ADC map reveals decreased ADC of the lesion on the left side, representing 
acute infarcts (arrows). Subcortical lesions show slightly increased or normal ADC, representing vasogenic edema (arrow-
head). e Three-month follow-up MR imaging shows hyperintense lesions in the left parieto-occipital area, representing 
old infarcts (arrows). The lesion in the right frontal lobe is not detected. (From [69])

a b c
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Figure 7.19 a–c

 Tacrolimus neurotoxicity in a 42-year old woman with confusion after liver transplantation. a T2-weighted image shows 
high signal intensity lesions in the bilateral fronto-parieto-occipital subcortical white matter (arrows). b On DW image, 
these lesions show slightly hyperintense or isointense signal intensity (arrows). c ADC map shows increased ADC, which 
with hyperintense lesions (arrows) on DW image indicates T2 shine-through eff ect. These lesions had resolved on follow-
up MR imaging (not shown)

Figure 7.18 a, b

 Eclampsia in a 30-year-old woman with seizures. a T2-weighted image shows high signal intensity lesions in the right co-
rona radiata, posterior corpus callosum and left parieto-occipital region (arrows). The lesion in the left parieto-occipital re-
gion has a central, very low signal intensity, representing hemorrhage. b On DW image, a small infarct in the right corona 
radiata (arrow) and a hemorrhagic infarct in the left parieto-occipital region (arrowheads) are shown as hyperintense as-
sociated with decreased ADC (not shown). The lesion in the posterior corpus callosum represents vasogenic edema

a b

a b c
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Figure 7.20 a–d

 Uremic encephalopathy in a 10-
year-old girl with seizure. She im-
proved after dialysis. a T2-weight-
ed image shows hyperintense le-
sions in bilateral parietal and right 
frontal subcortical white matter 
and cortex (arrows). b DW image 
reveals punctate foci of high sig-
nal within T2 high signal area (ar-
row) in the right frontal lobe and 
an additional bright lesion in the 
left parietal lobe. c Follow-up T2-
weighted image obtained 5 days 
later shows incomplete resolu-
tion of left parietal high signal 
area (arrow). d T1-weighted im-
age reveals punctate foci of high 
signal corresponding to a high 
signal area on the initial DW im-
age (arrow). (From [53])

sions, whereas those conditioned with chemotherapy 
develop mixed cortical and white matter lesions [52].

7.5.8  Uremic Encephalopathy 
and  Hemolytic Uremic Syndrome 

Uremic encephalopathy is the name given to a brain 
syndrome that occurs in patients with renal failure. 
Th e pathogenesis is unknown, but it has been hypoth-
esized that it may be caused by various toxins asso-
ciated with uremia (elevated parathyroid hormone 
level, hypercalcemia, and other metabolic abnormali-
ties) [53]. MR imaging usually shows reversible bilat-
eral symmetric white matter lesions. Th e lesions can 
also involve the basal ganglia or cortex. DW imag-

ing usually shows iso- or slightly hyperintense lesions 
with increased ADC, mainly representing vasogenic 
edema (Fig. 7.20). Follow-up MR imaging can show 
cortical laminar necrosis on T1-weighted images.

Hemolytic uremic syndrome is defi ned as a mul-
tiorgan disease characterized by the triad of micro-
angiopathic hemolytic anemia, thrombocytopenia 
and uremia. CNS complications are commonly seen 
(20–50%) [54]. Hemolytic uremic syndrome caused 
by O-157 Escherichia coli enterocolitis can poten-
tially result in fatal CNS complications in infants and 
children. MR imaging sometimes shows irreversible 
lesions in the basal ganglia or cortex, representing 
infarction or cortical laminar necrosis. DW imaging 
can show these lesions as hyperintense with decreased 
ADC (Fig. 7.21). 

a b
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7.5.9  Thrombotic Thrombocytopenic Purpura 

Thrombotic thrombocytopenic purpura is a multi-
system vasculopathy characterized by microangio-
pathic hemolytic anemia, thrombocytopenia, renal 
involvement, fluctuating neurologic manifesta-
tions and fever [55]. Neuropathology shows hyaline 
thrombosis and occlusion of capillaries and arterioles 
without surrounding inflammatory reaction, which 
results in infarcts and petechial hemorrhages. MR 
findings are variable, ranging from punctate white 
matter lesions to posterior reversible encephalopa-
thy syndrome, multifocal gray matter edema, infarc-
tion and hemorrhage. DW imaging can differentiate 
between these lesions (Fig. 7.22), which is important 
since some of the lesions seen on T2-weighted im-

ages may disappear following treatment with plasma 
exchange [56].

7.5.10  Cerebral Amyloid Angiopathy

Cerebral amyloid angiopathy is characterized by 
deposition of homogeneous eosinophilic material 
in the media and adventitia of arterioles and small 
and medium-sized vessels of the cortex, subcortex, 
and leptomeninges [57]. The usual neurologic pre-
sentation includes spontaneous hemorrhage, tran-
sient ischemic attack-like symptoms, and dementia. 
Up to 90% of elderly patients with Alzheimer dis-
ease have changes of amyloid angiopathy at autop-
sy. Histologically, β-amyloid deposits stained with 

Figure 7.21 a–c

 Hemolytic uremic syndrome in a 12-year-old girl with bloody diarrhea. a T2-weighted image shows high signal intensity 
lesions in the bilateral basal ganglia, thalami and fornices (arrows). b DW image shows these lesions as hyperintense (ar-
rows). c ADC map shows these lesions as decreased ADC (arrows)

a b c
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Congo red show classic yellow-green birefringence 
under polarized light. 

Gradient echo T2*-weighted imaging is sensitive 
for detecting microangiopathy-related microbleeds, 
which are not often detected on T2-weighted fast 
spin-echo images. Susceptibility-weighted imag-
ing is the most sensitive for the detection of micro-
bleeds [58] (Fig. 7.23). DW images and the b0 image 

can show such microbleeds as low signal intensity 
spots.

Two imaging patterns of leukoencephalopathy 
in association with amyloid angiopathy have been 
reported in the literature [57, 59-61]: (1) chronic 
ischemic change pattern in the white matter, and (2) 
white matter edema pattern with subacute cognitive 
decline. In the latter pattern, perivascular infl amma-

Figure 7.22 a–d

 Thrombotic thrombocytopenic 
purpura in a 53-year-old wom-
an with altered mental status and 
seizures. a Computed tomogra-
phy shows a hemorrhage in the 
right parieto-occipital area (ar-
row) and a wedged-shaped area 
of low density more peripherally 
in the right occipito-parietal area 
(arrowheads). b T2-weighted and 
c FLAIR images show correspond-
ing hyperintense lesions in the 
deep white matter and right oc-
cipito-parietal area (arrowheads). 
Hemorrhage is seen as a hypoin-
tense lesion (arrow). d On DW im-
age, deep white matter lesions 
are isointense, mainly represent-
ing vasogenic edema, while a cor-
tical lesion in the right occipito-
parietal area is hyperintense, rep-
resenting acute infarction (arrow-
heads). Hemorrhage is hypoin-
tense with a hyperintense rim (ar-
row)

a b
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tion secondary to β-amyloid-induced vasculopathy, 
cerebral amyloid infl ammatory vasculopathy has 
been proposed [60]. DW imaging shows the leuko-
encephalopathy as isointense with increased ADC 
consistent with extracellular edema (Fig. 7.24). Th e 
leukoencephalopathy has responded to immunosup-
pressive therapy with at least partial resolution at im-
aging [61].

7.5.11  Susac Syndrome

Susac syndrome is characterized by acute or subacute 
encephalopathy, sensorineural hearing loss, and oc-
clusion of the retinal artery branch caused by micro-
angiopathy involving the brain, cochlea, and retina 
[62, 63]. Th ere is a female predominance of 3:1 and 
the age ranges from 16 to 58 years. Th e pathogenesis 

Figure 7.23 a–e

Cerebral  amyloid angiopathy in a 68-year-old woman (autopsy proven). a Gradient echo T2*-weighted image shows low 
signal intensity lesions representing microbleeds in the right temporo-parietal white matter (arrows). b Susceptibility-
weighted image demonstrates numerous low signal spots in both hemispheres. Susceptibility-weighted image is more 
sensitive for detecting microbleeds than gradient echo T2*-weighted image. c, d DW image (c) and b0 image (d) show 
the microbleed in the right temporo-parietal white matter as a hypointensity spot (arrow). The detection of the microhe-
morrhage is less conspicuous than on the T2* and susceptibility-weighted image. e The ADC cannot be calculated accu-
rately due to the susceptibility artifact

a b c
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Figure 7.24 a–f

Cerebral  amyloid angiopathy with leukoencephalopathy in a 54-year-old woman (biopsy proven). a FLAIR image shows 
white matter hyperintensity in the right fronto-temporal and left temporo-occipital regions. A microhemorrhage is not-
ed as a low signal spot in the right temporo-parietal white matter. b, c DW image shows the white matter lesions as isoin-
tense associated with increased ADC consistent with vasogenic edema (d). DW image also demonstrates the microbleed 
as a low signal spot (arrow). e Congo red stain shows β-amyloid deposits along the wall of the arteriole. f Congo red stain 
viewed with polarized light shows the classic yellow-green birefringence of the β-amyloid deposits (arrow)

is unknown. Th e basic histologic feature is microin-
farctions. T2-weighted and FLAIR images typically 
show small and multifocal hyperintense lesions, which 
are sometimes similar to multiple sclerosis plaques. 
Th e lesions are predominantly supratentorial, with 
a predilection for the corpus callosum (100%) and 
deep gray matter (basal ganglia and thalamus)(70%), 
although they can be seen in the cerebellum and 
brain stem. Th e lesions frequently enhance during 

the acute stage (70%) and leptomeningeal enhance-
ment is occasionally seen (30%). DW imaging shows 
some lesions as hyperintense with decreased ADC, 
and others with increased ADC (Fig. 7.25) [64]. DW 
imaging can also depict diff use abnormalities in the 
nonlesional white matter. Th e disease may have a 
self-limited course but patients usually have residual 
cognitive and visual/hearing disability. 

a b c
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7.5.12  Hypereosinophilic Syndrome

Hypereosinophilic syndrome (HES) is characterized 
by an eosinophil count of more than 1,500/μL for more 
than 6 months and multiorgan involvement without 
other causes of eosinophilia and in the absence of eo-
sinophil blast cells in the marrow or blood. Th e three 
subtypes are myeloproliferative, lymphocytic, and id-
iopathic. 65% of HES patients have neurologic involve-

ment, including three major types: peripheral polyneu-
ropathy, encephalopathy, and central nervous system 
(CNS) thromboemboli infarction. Th e locations of the 
infarctions are distributed particularly in the border 
zone or distal fi elds of the major cerebral arteries (Fig. 
7.26). Th e specifi c mechanism of hypereosinophilia-
induced brain infarctions remains unclear. For patients 
with cardiac involvement, microembolism in the CNS 
may be secondary to intracardiac thrombus formation 

Figure 7.25 a–d

 Susac syndrome in a 49-year-old 
woman with recurrent neurolog-
ic defi cits, hearing loss, and reti-
nal artery branch occlusions. a, b 
FLAIR image shows multiple small 
high signal intensity lesions in the 
bilateral basal ganglia, thalami, 
and corpus callosum. A diff use, 
mild white matter hyperintensity 
is also noted. c DW image shows 
these small multiple lesions as 
hyperintensity, especially in the 
corpus callosum (arrow). d ADC 
map shows a callosal lesion as de-
creased ADC (arrow). Diff usely in-
creased ADC is also noted in deep 
white matter

a b
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due to endomyocardial fi brosis and eosinophilic in-
fi ltration. However, small and multiple infarcts in the 
border zone may also occur in HES patients without 
demonstrable cardiac disease. It has been postulated 
in these cases that local thrombus formation from a 
hyperviscous, hypercoaguable state or distant micro-
thromboemboli within the vessels of the CNS may be 
the underlying mechanisms. 

7.6 Conclusion 

Diff usion-weighted imaging is useful in patients with 
CNS vasculitis and vasculopathy to detect acute in-
farctions and to diff erentiate diseases that show cy-
totoxic edema from those with vasogenic edema. 
Overall, lesions demonstrating cytotoxic edema are 
usually irreversible and those with vasogenic edema 
are oft en reversible. Th us, DW imaging is an impor-
tant tool to establish a prognosis and to determine the 
best treatment.
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8.1 Defi nition

 Epilepsy is a chronic brain disorder, which has a wide 
spectrum of underlying causes. It is characterized by 
recurrent seizures due to excessive discharge of ce-
rebral neurons ( epileptic seizures) and is associated 
with a variety of clinical and laboratory manifesta-
tions [1]. Epileptic seizures are defi ned as the clinical 
manifestation of abnormal excessive neuronal activ-
ity in cerebral gray matter. 

8.2 Classifi cation

Th e international classifi cation of epileptic seizures 
is useful to describe the patients’ symptoms, but this 
is oft en only the fi rst step in the diagnostic process 
(Table 8.1) [2]. If the clinical characteristics are asso-
ciated with a recognizable group of features, such as 
age of onset, genetic background and course, they may 
constitute an  epileptic syndrome. Th e international 
classifi cation of the epilepsy and epileptic syndromes 
classifi es epilepsy as localized or generalized, and id-
iopathic, cryptogenic or symptomatic (Table 8.2) [2]. 

Epilepsy

Table 8.1 Classifi cation of epileptic seizures (from [2])

1. Partial (focal, local) seizures
Simple partial seizures
Complex partial seizures
Partial seizures evolving to secondary
generalized seizures

2. Generalized seizures (convulsive or non-convulsive
Absence seizures
Myoclonic seizures
Clonic seizures
Tonic seizures
Tonic–clonic seizures
Atonic seizures

3. Unclassifi ed epileptic seizures

However, most generalized seizures eventually occur 
secondary to partial or localized seizures because 
generalized seizures are oft en improved aft er corpus 
callosotomy. 

Idiopathic epilepsies are the most common and oc-
cur in otherwise normal children who have underly-
ing genetic etiology with age-related, specifi c seizures 
and classic EEG patterns. Most of these are turning 
out to be  channelopathies (calcium, sodium, potas-
sium, Ach receptor, GABA receptor). Symptomatic 
epilepsies are those in which seizures are related to 
abnormalities that are clearly defi ned by imaging, 
metabolic, and genetic testing. In cryptogenic epilep-
sies the underlying etiology is suspected to be symp-
tomatic, but the seizures are not specifi cally age-re-
lated without classic EEG pattern. 

Table 8.2 Classifi cation of epilepsies and epileptic syn-
dromes (modifi ed from [2])

1. Localization-related epilepsies and syndromes
Idiopathic with age-related onset
Symptomatic (temporal, frontal, parietal
or occipital epilepsy)
Cryptogenic

2. Generalized epilepsies and syndromes
Idiopathic with age-related onset
Cryptogenic or symptomatic 
(West syndrome, Lennox–Gestaut syndrome)
Symptomatic (early myoclonic encephalopathy, 
specifi c syndromes)

3. Epilepsies and syndromes undetermined
as to whether they are focal or generalized 
Neonatal seizures

4. Special syndromes
Febrile convulsions 
Drug-induced seizures
Eclampsia
Chronic progressive epilepsia partialis continua 
of childhood
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8.3 Mechanisms and Pathophysiology 
of Epilepsy

Th e fundamental mechanisms of epilepsy can be 
studied at the basic level of the molecular environ-
ment of the cell. Th is involves cellular systems such as 
membrane channels, neuronal systems, cell popula-
tions and cell-to-cell interactions. 

Several neurotransmitter systems are important 
for the mechanisms of epilepsy [3]. Glutamate is an 
excitatory synaptic transmitter in cerebral cortex and 
hippocampus. Th e primary receptors are divided into 
two groups:  N-methyl-D-aspartate (NMDA) recep-
tors and non-NMDA receptors [4]. Excessive release 
of glutamate activates the NMDA receptor, depolariz-
es the postsynaptic terminals, and induces changes in 
membrane function and ionic homeostasis. NMDA 
receptors, which have a high density in the hippo-
campus and other parts of the limbic system, can be 
related to regions that are susceptible to excitotoxic 
damage (Fig. 8.1) [5, 6]. In some models of epilep-
togenesis it has been possible to block bursts of dis-
charges by NMDA channel antagonists [7]. 

Another neurotransmitter related to epilepsy is 
gamma-aminobutyric acid (GABA), which is an in-
hibitor of discharges. Loss of GABAergic inhibition 
can generate epileptiform activity, which is believed 
to be important in chronic epilepsy [3]. 

Th e onset of epileptiform activity presupposes that 
an epileptic focus must exist where the seizure origi-
nates. Th e epileptic focus almost always exists in the 
cortex usually near structural brain abnormalities 
such as an anomaly or tumor, but it could be located 
far from the focus or even in the contralateral side. 

Th e epileptic focus may exist in a discrete group of 
neurons, such as the CA1 pyramidal cells in the hip-
pocampus, or over a larger region, including hippo-
campus and entorhinal cortex [5]. Th e seizure attack 
is associated with abnormal discharges in popula-
tions of synchronously active neurons. Th e spread of 
the seizure may be associated with an accumulation 
of extracellular substances, such as potassium ions or 
excitotoxic amines, and electrical gating mechanisms 
among neurons.

8.4 Imaging of Epilepsy

8.4.1 Magnetic Resonance Imaging of Epilepsy

MR imaging is widely used to evaluate patients with 
seizures and can detect structural brain abnormali-
ties that may give rise to the epileptic disorder, e.g. 
stroke, anoxic injury, ulegyria, trauma, tumor, infec-
tions, demyelination, arteriovenous malformation, 
Sturge-Weber syndrome, and congenital anomalies 
(focal cortical dysplasia, microdysgenesis, tuber-
ous sclerosis, polymicrogyria, hemimegalencephaly, 
gray matter heterotopia). Th e most common cause of 
seizures in patients older than 45 years is stroke [8]. 
Intracranial tumors are oft en associated with epilep-
tic seizures, and trauma is the most common cause of 
seizures in patients aged 15–24 years [9]. Up to 5% of 
epilepsy cases have a history of central nervous system 
infections [10]. MR imaging is performed for preop-
erative planning in epilepsy (anteromedial lobectomy, 
multiple subpial transection, corpus callosotomy, 
hemispherotomy etc.).

Figure 8.1 

 Excitotoxic mechanisms in the neuron and astrocyte. 
In the neuron, glutamate is released from the pre-
synaptic terminal into the synaptic cleft. The gluta-
mate binding to NMDA receptors allows entry of Ca2+ 
into the post-synaptic neuron, which can result in ne-
crotic cell death or apoptosis. The glutamate binding 
to non-NMDA receptors allows entry of Na+ into the 
post-synaptic neuron, resulting in cytotoxic edema 
of the neuron. Re-uptake of extracellular glutamate 
takes place at the pre-synaptic terminals and in adja-
cent astrocytes. Similar mechanisms also cause cyto-
toxic edema in the astrocyte
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MR imaging has become useful for the diagnosis 
of temporal lobe epilepsy, especially mesial temporal 
(hippocampal) sclerosis [11–15]. “Mesial” means the 
“proximal” site of the temporal stem. Brain tumors, 
congenital anomalies such as microdysgenesis, corti-
cal dysplasias, and polymicrogyria, or other lesions 
sometimes coexist with mesial temporal sclerosis 
(dual pathology). 

 Most seizure activity resolves within a few min-
utes without persistent neurologic defi cits. However, 
transient hemiparesis (Todd’s paralysis), sensory loss, 
Jacksonian march, persistent altered mental status, or 
aphasia occasionally occurs in epilepsy. MR imaging 
can show secondary eff ects of seizures on the brain 
[16–27]. Mesial temporal sclerosis may occur as a pri-
mary lesion and may also arise as a lesion secondary 
to status epilepticus [20, 22]. 

Variable MR fi ndings have been reported in the 
brain in the ictal or postictal stage [16–27]. Th ese 
fi ndings include transient increase in T2 signal and 
swelling of the cerebral cortex, subcortical white 
matter and medial temporal lobe (including hippo-
campus), thalamus (anterior, medial dorsal thalamic 
nuclei, pulvinar), fornix, claustrum and cerebellar 
hemispheres (Figs. 8.2-8.11). Th e distribution of le-
sions with temporal lobe epilepsy on MR imaging 
is related to transneuronal degeneration via the cir-
cuit of Papetz [28, 29].  Th e circuit of Papetz starts in 
the hippocampus connected to the mamillary body 
through the fornix. Via synapses in the mamillary 
body, the mamillothalamic tract connects to the an-
terior thalamic nucleus. Th e thalamocingulate fi ber 
projects into the cingulate gyrus via synapses. Th e 
circuit is completed by the transfer of impulses from 

Figure 8.2 a–d

Postictal encephalopathy follow-
ing partial seizure evolving to 
generalized seizure in a 60-year-
old woman. a T2-weighted and 
b FLAIR images 24 h after sei-
zures show hyperintense lesions 
(arrows) in the right fronto-pa-
rietal cortex. c DW image and d 
ADC map show these lesions as 
isointense, probably represent-
ing mild vasogenic edema. These 
lesions were resolved on the 20-
day follow-up MR imaging (not 
shown)

a b

c d
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the cingulum to the hippocampus through the para-
hippocampal gyrus. 

Th e  medial pulvinar of the thalamus has rich and 
reciprocal connections with the temporal lobe cor-
tex and is involved in the maintenance and propaga-
tion of epileptic seizures (corticothalamic coupling 
or thalamocortical synchrony through epileptogenic 
network) (Figs. 8.8, 8.9)[30, 31]. Cortical or sub-
cortical lesions can be uni- or bilateral and they are 
predominantly found in the fronto-parietal regions. 
Whether periictal lesions are reversible or irrevers-

ible on MR imaging seems to depend on the duration 
and/or severity of the seizures. 

8.4.2 Diff usion-Weighted Imaging in Epilepsy

On routine MR imaging, signal alterations related to 
ictal or postictal status can be misdiagnosed as infarc-
tions, tumorous conditions, infl ammatory diseases or 
demyelinating diseases. Th is may occur because rou-
tine MR sequences will not separate vasogenic edema 

Figure 8.3 a–e

Postictal encephalopathy lesion following partial seizure in a 64-year-old woman with generalized seizure secondary to 
hyperglycemia. a T2-weighted image 24 h after seizures shows hyperintense lesions in bilateral medial fronto-parietal 
cortex (arrows). b Coronal FLAIR image also shows cortical and subcortical hyperintense lesions (arrows). c Gadolinium-
enhanced T1-weighted image shows no abnormal enhancement. d DW image shows these lesions as isointense with in-
creased ADC (e) (arrows), representing vasogenic edema

a b c

d e
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from cytotoxic edema. Such misdiagnoses may result 
in unnecessary invasive treatment. Diff usion-weight-
ed (DW) imaging is helpful in evaluating epilepsy, 
as it will detect cytotoxic edema and can diff erenti-
ate between cytotoxic and vasogenic edema in ictal 
and postictal lesions of the brain (peri–or postical 
encephalopathy.

8.4.3  Ictal Stage to  Periictal Stage 

During ictus there is an increase in metabolism (oxygen 
and glucose) in the seizure focus. Th is hypermetabolic 
state results in consumptive hypoxia, hypercarbia and 
lactic acidosis, which impair vascular autoregulation in 
the aff ected areas of cortex, leading to vasogenic edema 
and disruption of the blood–brain barrier [23]. If the 
seizures are not too prolonged, the periictal brain le-
sions will only show transient T2 hyperintensity, mainly 
representing vasogenic edema. However, if the seizures 

Figure 8.4 a–e

Postictal encephalopathy following partial seizures with or without secondary generalization in a 75-year-old wom-
an. a T2-weighted image at 4 days after seizures shows hyperintense lesions in the right fronto-parietal region (arrow). 
b Coronal FLAIR image shows cortical and subcortical hyperintense lesions (arrows). c Gadolinium-enhanced T1-weight-
ed image shows a dense enhancing nodule (arrow) and leptomeningeal enhancement. d DW image shows these lesions 
as isointense to slightly hyperintense (arrows), with increased ADC (arrows) (e). Brain biopsy was performed and proved 
the lesions to be acute ischemic changes

a b c

d e
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are severe or prolonged, cytotoxic edema can develop, 
which usually results in cortical and/or subcortical white 
matter hyperintensity on DW imaging associated with 
decreased ADC. Th is is oft en seen in patients with gen-
eralized tonic–clonic seizure or status epilepticus (Figs. 
8.5–8.8). Whether these lesions show enhancement or 
not depends on the degree of blood–brain barrier dis-
ruption (Figs. 8.3 and 8.4). 

Vasogenic edema in periictal brain lesions has 
variable signal intensity on DW imaging, which is as-

sociated with an increase in ADC (Figs. 8.2-8.4). As 
mentioned above, DW imaging is useful in detecting 
and diff erentiating cytotoxic from vasogenic edema.

8.4.4  Status Epilepticus 

Status epilepticus is defi ned as continuous seizure 
activity that lasts longer than 30 minutes, or two or 
more sequential seizures that together last longer than 

Figure 8.5 a–e

 Postictal encephalpathy following generalized tonic–clonic seizure in a 42-year-old man with alcohol withdrawal. a T2-
weighted image shows hyperintense lesions (arrows) in bilateral fronto-parietal cortex. b T1-weighted image 8 days 
after the seizure shows gyriform high signal intensity in these lesions, representing cortical laminar necrosis (arrows). 
c Coronal gadolinium-enhanced T1-weighted image shows gyriform enhancement of these lesions. d DW image shows 
corresponding regions of hyperintensity. e ADC map shows almost normal ADC values of these lesions, suggesting a sub-
acute phase of ischemia

a b c

d e
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30 minutes and without full recovery of conscious-
ness between the seizure attacks [33]. Th is is a serious 
event and should be treated aggressively, as the mor-
tality associated with status epilepticus is about 8% in 
children and 30% in adults [33, 34].

In status epilepticus, neuronal injury is thought to 
result primarily from an excitotoxic mechanism me-
diated by intrinsic neuronal seizure activity. Th is is 
supported by the eff ect of kainic acid (an excitotoxic 
analog of glutamate), as shown in animal studies [35, 

36]. Neuronal seizure activity will increase the release 
of glutamate from the pre-synaptic terminal of neuro-
nal axons. Th e released glutamate crosses the synaptic 
cleft  to bind to NMDA receptors of the postsynap-
tic neurons, resulting in cytotoxic edema. Cytotoxic 
edema is also seen in the astrocytes as an acute phase 
of reactive astrocytosis [22]. 

Figure 8.6 a–d

Hippocampal lesion following 
generalized tonic–clonic seizure 
in a 2-year-old girl with febrile sei-
zure leading to generalized tonic–
clonic seizure. a T2-weighted and 
b FLAIR images 3 days after sei-
zure show hyperintensity in the 
left hippocampus (arrows). c DW 
image shows increased signal in 
the left hippocampus (arrows) as-
sociated with normal or slightly 
decreased ADC (d), suggesting a 
subacute phase of the postictal 
hippocampal lesion

a b

c d
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8.4.5 Cytotoxic Edema in Status Epilepticus

 Cytotoxic edema following status epilepticus can be 
at least partially reversible [23], as compared to ce-
rebral ischemia, where these changes are usually ir-
reversible. In cerebral ischemia, a signifi cant compro-
mise of blood supply leads to irreversible failure of 
energy metabolism. In sustained seizures, there is an 
increased cerebral metabolism with an increase in ce-
rebral blood fl ow. Th is will maintain the energy state 
of the neuron provided there is suffi  cient oxygen sup-
ply.

Th e parts of the human brain that are most vulner-
able include parts of the hippocampus (the CA1 and 
CA3 segments, and the hilus), amygdala, pyriform 
cortex, thalamus, cerebellum, and cerebral cortex. 
NMDA receptors are predominantly located in the 
CA1 of the hippocampus and layers 3 and 4 in the 

cerebral cortex [37, 38]. Th e Purkinje cell loss of the 
cerebellum, seen in severe epilepsy, may be explained 
by an increased demand for inhibition, resulting in 
GABA depletion and subsequent infl ux of calcium 
into neurons [39]. Unilateral hemispheric involve-
ment is occasionally seen in status epilepticus. 

Transient and reversible MR signal changes have 
been reported in patients following status epilepticus 
[17, 20–24]. On the other hand, other lesions have 
been proven irreversible, resulting in selective neu-
ronal necrosis, gliosis and delayed neuronal death 
with subsequent atrophy [25–27] (Figs. 8.7 and 8.8). 
Following status epilepticus, there has also been re-
ported acute neuronal loss in the hippocampus ac-
companied by intense astrocytic reactions, called 
mesial temporal gliosis. Th is is pathologically diff er-
ent from mesial temporal sclerosis [17, 40, 41] (Fig. 
8.7). However, these lesions may be the fi rst step in 

Figure 8.7 a–d

Hippocampal lesion following 
status epilepticus in a 55-year-old 
man with prolonged seizures as-
sociated with tacrolimus toxici-
ty. a FLAIR image at 2 days after 
seizure shows high signal areas 
in the bilateral frontal deep white 
matter and the left hippocam-
pus (arrows). b DW image (y axis) 
shows high signal in the left hip-
pocampus (arrow). c ADC (y axis) 
shows low signal intensity (arrow) 
consistent with cytotoxic edema. 
d Seven-month follow-up coro-
nal FLAIR image shows the resolu-
tion of white matter changes and 
residual high signal intensity with 
atrophy in the left hippocampus 
(arrow)

a b

c d
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the development of mesial temporal sclerosis [20, 22]. 
Increased apparent diff usion coeffi  cient (ADC) in the 
hippocampus has been reported in mesial temporal 
sclerosis [32]. 

Diff usion-weighted imaging and ADC maps are 
more sensitive than conventional MR imaging to 
show both gray and white matter involvement, and 

discriminate between cytotoxic and vasogenic edema 
following status epilepticus [23]. In experimental sta-
tus epilepticus models, ADC decrease was fi rst seen at 
about 3 hours and lasted until 48 hours aft er the on-
set of seizures, aft er which time it normalized or even 
increased [42–47]. Th e defi nite time course of DW 
imaging changes in humans is unknown, but areas of 

Figure 8.8 a–e

 Hemiplegic hemiconvulsion epilepsy syndrome in a 2-year-old girl with partial status epilepticus involving the right face 
and hand. a T2-weighted image 24 h after seizure shows diff use cortical hyperintense lesions in the entire left cerebral 
hemisphere, including the basal ganglia, and thalamus (anterior and medial area, pulvinar). b DW image shows diff use 
left-sided cortical and subcortical hyperintense lesions with decreased ADC (c), representing cytotoxic edema. d MR an-
giography reveals dilatation of the left middle cerebral and posterior cerebral artery branches (arrows), representing 
hyperperfusion. e Diff use atrophy with ventricular dilatation and hyperintense lesions in the left hemisphere seen on 
5-month follow-up T2-weighted image

a b c
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signal abnormalities on DW imaging and ADC are 
seen in cytotoxic edema following status epilepticus, 
although they are sometimes reversible, as mentioned 
above [23].

8.4.6 Other Imaging Techniques for Epilepsy

Several other newer MR imaging techniques have 
been used in epilepsy. Th ese include MR angiography 
[20], perfusion-weighted imaging [24], single-pho-
ton emission computed tomography (SPECT) [48], 
xenon CT [49] and positron emission tomography 
(PET) [50]. MR perfusion may provide information 
on the periictal phase in epileptic patients (Figs. 8.10 
and 8.11) [51]. Diff usion tensor tractography demon-
strates the relationship between the lesion and fi ber 
tracts such as the corticospinal tract, uncinate fas-

ciculus, and optic radiation, which is useful in preop-
erative planning (Figs. 8.12 and 8.13). MR spectros-
copy can show metabolic changes such as decreased 
N-acetyl aspartate (NAA), and increased lactate and 
glutamate/glutamine peaks [52]. 

8.5 Hemiconvulsion–Hemiplegia Epilepsy 
Syndrome and Rasmussen Encephalitis

 Hemiconvulsion–hemiplegia epilepsy (HHE) syn-
drome is one of the recognized sequelae of convulsive 
status epilepticus in infancy and early childhood: (1) 
less than 4 years of age; (2) prolonged seizures with 
unilateral predominance; and (3) sequelae of hemi-
convulsion and hemiparesis [53, 54]. MR imaging 
shows signal abnormalities in the entire hemisphere. 
DW imaging shows diff use cytotoxic edema confi ned 

Figure 8.9 a–d

Postictal lesion involving the 
pulvinar of the thalamus with in-
traparenchymal hemorrhage in a 
65-year-old man. a T2-weighted 
image shows a subacute phase 
hemorrhage in the left tempo-
roparietal cortex. Mild hyperin-
tensity is noted in the ipsilateral 
pulvinar of the thalamus (arrow).
b–d DW image shows the left 
pulvinar lesion as hyperintense 
associated with decreased ADC 
(c) and slightly decreased FA (d) 
(arrows). The hemorrhage is very 
high on the DW image with de-
creased ADC (c) and partial-
ly increased FA (d). (Courtesy of 
Gurol E, MD, The University of 
Iowa Hospitals and Clinics, USA)

a b
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to one hemisphere (Fig. 8.8). Epilepsia partialis conti-
nua or Rasmussen encephalitis is excluded on clinical 
grounds. 

 Rasmussen encephalitis, characterized by sei-
zures, progressive hemiplegia, and psychomotor de-
terioration, is a chronic progressive infl ammation of 
unknown etiology.  Epilepsia partialis continua is the 
most common pattern of seizures. Glutamate recep-
tor (GluR3) autoimmunity, associated with persistent 
viral infection, has recently been proposed as a cause 
[55]. Diagnosis is confi rmed by pathology, showing 
laminar spongiform degeneration, perivascular T-
cell lymphocyte cuffi  ng, neuronal loss, gliosis, and 
microglial nodules. MR imaging shows T2 prolonga-
tion and progressive atrophy in the aff ected regions 
of the brain oft en involving the holohemisphere in-
cluding the basal ganglia [56, 57]. DW imaging usu-
ally shows increased ADC values in the hemispheric 

lesion, but may show partially restricted diff usion 
areas [58, 59]. 

8.6  Limbic Encephalitis

Limbic encephalitis is initially described as a para-
neoplastic syndrome characterized by an acute or 
subacute onset of confusion, temporal lobe seizures, 
short-term memory loss, and psychiatric symptoms 
[60, 61]. Limbic encephalitis is now known to be a 
relatively frequent autoimmune encephalitis [62]. It 
is associated with various antibodies including para-
neoplastic antibodies (Hu, Yo, Ri, Ma1,Ma2, Cv2/
CR MP5, Tr, amphiphysin, NMDA receptor) and 
non-paraneoplastic voltage-gated potassium chan-
nel (VGKC) antibodies, among others [63,64,65]. 
Neuropathologic features are dominant T-cell infi l-

Figure 8.10 a–d

Postictal encephalopathy in a 
45-year-old man. a FLAIR image 
shows mild hyperintensity in the 
left temporoparietal cortices. b, c 
DW image shows the lesion  as hy-
perintense associated with slight-
ly decreased ADC (c). d MR per-
fusion demonstrates slightly in-
creased cerebral blood volume in 
the left temporoparietal area
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Figure 8.11 a–e

 Band type heterotopia with postictal encephalopathy in a 21-year-old man. a T2-weighted image shows typical band 
type heterotopia (arrows) and mild hyperintensity in the right temporoparietal cortex. b, c DW image shows hyperintense 
lesions in the temporoparietal cortices and heterotopic gray matter bilaterally (arrows) with partially decreased ADC (ar-
rows). d, e DT imaging with FA and color map demonstrate the band type heterotopia and the edema as decreased an-
isotropy (arrows). f MR perfusion shows preserved perfusion in the cortex and heterotopic gray matter

a b c
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Figure 8.12 a, b

Arteriovenous malformation and subcortical hemorrhage in a 33-year-old man. a CT shows a subcortical hemorrhage 
with edema adjacent to the right central sulcus. b DT imaging tractography images (stereo view) demonstrate the re-
lationship between the hematoma and corticospinal tract, which is useful for the preoperative planning. (Courtesy of 
Taoka T. MD, Nara Medical University, Japan) 

Figure 8.13 a, b

Glioma in the hippocampus in a 
66-year-old woman. a Coronal T2-
weighted image show a focal hy-
perintense mass lesion in the right 
hippocampus (arrow). b DT imag-
ing tractography images (stereo 
view) demonstrate the relation-
ship between the tumor and un-
scinate faciculus (yellow) and op-
tic radiation (green). The unsci-
nate faciculus and optic radiation 
appear to be kissing at the tempo-
ral stem. (Courtesy of Taoka T. MD, 
Nara Medical University, Japan)

a b
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Figure 8.14 a–c

Limbic encephalitis (non-paraneoplastic) in a 45-year-old woman. a T2-weighted and b coronal FLAIR show hyperintense 
lesions in the bilateral hippocampi (arrow). c DW image shows these lesions as hyperintense (arrows) associated with 
slightly increased ADC (not shown) 

tration, neuronal loss, activated microglia, neurono-
phagia, and reactive astrocytosis. 

MR imaging contributes to the diagnosis by show-
ing T2 and FLAIR high signal and swelling in the 
medial temporal lobe which is more oft en bilateral 
than unilateral. Contrast enhancement is very rare. 
Signifi cant atrophy is visible approximately 1 year 
aft er symptom onset [61]. Extralimbic involvement 
(pyriform cortex, insula etc.) is occasionally seen. DW 
imaging shows hyperintensity in the medial tempo-
ral lobe with slightly increased ADC (Fig. 8.14) [66]. 
Paraneoplastic limbic encephalitis is treated with tu-
mor removal and immunotherapy. Limbic encepha-
litides related to cell membrane antigen (NMDA re-
ceptor, VGKC, unknown neuropil antigens) are more 
sensitive to immunotherapy (IVIg, plasma exchange, 
corticosteroids, cyclophosphamide, rituximab) than 
those with intracellular antigens [67].

8.7  Focal Lesion in the Splenium of the Corpus 
Callosum in Epileptic Patients

Th e cause of the focal lesion sometimes seen in the 
splenium of the corpus callosum is not known. It has 
been speculated to represent transient focal edema, re-
lated to the transhemispheric connection and second-

ary generalized seizure activity [68]. Interhemispheric 
propagation of the seizure activity is via the splenial 
callosal fi bers. Th e splenium contains decussating fi -
bers originating in the temporal lobe, which are likely 
to be involved in a secondarily generalized seizure. 
Th e lesion may be related to toxic eff ects of antiepi-
leptic drugs such as dilantin, carbamazepine and vi-
gabatrin [69]. Abrupt withdrawal and dose reduction 
of antiepileptic drugs may contribute to the transient 
edema, mediated by the infl uence of these drugs on 
fl uid balance systems, namely arginine–vasopressin 
[70]. However, reversible splenial lesions are apparent 
in a wide spectrum of diseases and conditions, includ-
ing infectious encephalitis/meningitis /encephalopa-
thy, alcoholism and malnutrition, hypoglycemia, os-
motic myelinolysis, trauma, other medications (5-FU, 
metronidazole, IVIg), systemic lupus erythematosus, 
and leptomeningeal malignancy [71-78]. Th e cause 
of the reversible splenial lesions should be related to 
more integrated mechanisms such as CNS cytokin-
opathy and excitotoxic mechanisms [6, 79, 80].

Conventional MR imaging shows a non-hemor-
rhagic, hyperintense lesion on T2-weighted and FLAIR 
images, which is slightly hypointense on T1-weighted 
images (Figs. 8.15, 8.16). Th ere is no enhancement 
aft er administration of intravenous gadolinium. DW 
imaging shows an acute, hyperintense lesion in the 

a b c
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Figure 8.15 a–e

Focal lesion in the splenium of the corpus callosum in epilepsy in a 9-year-old patient presenting with intractable partial 
seizures since the age of 4 years. a Coronal T2-weighted and b FLAIR images 3 days after seizure show a small round hy-
perintense lesion in the central portion of the splenium of the corpus callosum (arrow). c Coronal DW image shows this 
lesion (arrow) as hyperintense associated with decreased ADC (d). e Gadolinium-enhanced T1-weighted image reveals 
mild hypointense lesion with no abnormal enhancement (arrow)
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Figure 8.16 a–d

Focal lesion in the splenium of 
the corpus callosum with intrac-
table epilepsy in a 25-year-old 
patient. a Sagittal FLAIR image 
shows hyperintense lesion in the 
splenium of the corpus callosum 
(arrow). b-d DW image shows an 
oval-shaped splenium lesion as 
hyperintense associated with de-
creased ADC (c) and preserved 
normal FA values (d) (arrow)

a b

c d

splenium of the corpus callosum, with decreased ADC. 
Fractional anisotropy (FA) map shows preserved FA 
values in the lesion (Fig 8.16). Th ese fi ndings indicate 
that the lesion represents a cytotoxic edema in myelin-
ated tracts (intramyelinic edema) in the corpus callo-
sum, which can be a reversible lesion. 

8.7 Conclusion

Routine MR imaging is widely used to evaluate vari-
ous primary brain diseases that cause seizures. Th ese 
include stroke, anoxic injury, trauma, tumor, infec-
tions, demyelination, congenital anomaly and many 
others. Th e typical MR fi nding in a seizure patient 
is an area of T2 hyperintensity, oft en located in the 
cerebral cortex, subcortical white matter, hippocam-
pus, thalamus and/or cerebellum. DW imaging can 
provide additional information concerning the brain 

edema and tell whether it is primarily cytotoxic or va-
sogenic. Th is is important since cytotoxic edema fol-
lowing seizures indicates a more serious injury and, 
although oft en reversible, may result in brain atrophy 
and necrosis. 

References

 1.  Gestaut H (1973) Dictionary of epilepsy, part 1: defi nitions. 
Geneva: World Health Organization

 2.  Commission on Classifi cation and Terminology of the 
International League Against Epilepsy (1989) Proposal for 
revised classifi cation of epilepsies and epileptic syndromes. 
Epilepsia 30:389–399

 3.  Wasterlain CG, et al. (1993) Pathophysiological mecha-
nisms of brain damage from status epilepticus. Epilepsia 
34(Suppl 1):S37–S53

 4.  Rothman SM, et al. (1987) Excitotoxicity and NMDA re-
ceptor. Trends Neurosci 10:301–304



Chapter 8 137Epilepsy

 5. Babb TL, Lieb JP, Brown WJ, Pretorius J, Crand PH (1984) 
Distribution of pyramidal cell density and hyperexcitability 
in the epileptic human hippocampal formation. Epilepsia 
25:721–728

 6.  Moritani T, Smoker WR, Sato Y, Numaguchi Y, Westesson 
PL (2005) Diff usion-weighted imaging of acute excitotoxic 
brain injury. AJNR Am J Neuroradiol 26:216-28

 7. Herron CE, Williamson R, Collingridge GL (1985) A selec-
tive N-methyl-D-aspartate antagonist depresses epilepti-
form activity in rat hippocampal slices. Neurosci Lett 
61:255–260

 8.  Aminoff  MJ, Simon RP, Wiedemann E (1980) Status epilep-
ticus. Causes, clinical features and consequences in 98 pa-
tients. Am J Med 69:657–666

 9.  Annegers JF, Hauser WA, Lee JR, Rocca WA (1995) 
Incidence of acute symptomatic seizures in Rochester, 
Minnesota, 1935–1984. Epilepsia 36:327–333

10.  Durack DT, Whitly RJ, Scheld WM (1991) Approach to the 
patient with central nervous system infection. In: Sheld 
WM (eds). Infections of the central nervous system. New 
York: Raven Press, pp 41–86

11. Maertens PM, Machen BC, Williams JP, Evans O, Bebin J, 
Bassam B, Lum GB (1987) Magnetic resonance imaging of 
mesial temporal sclerosis: case reports. J Comput Tomogr 
11:136–139

12. Heinz ER, Crain BJ, Radtke RA, Burger PC, Friedman AH, 
Djang WT, Wilkinson WE (1990) MR imaging in patients 
with temporal lobe seizures: correlation of results with 
pathologic fi ndings. AJNR Am J Neuroradiol 11:827–832

13. Meiners LC, van Gils A, Jansen GH, de Kort G, Witkamp 
TD, Ramos LM, Valk J, Debets RM, van Huff elen AC, van 
Veelen CW, et al (1994) Temporal lobe epilepsy: the various 
MR appearances of histologically proven mesial temporal 
sclerosis. AJNR Am J Neuroradiol 15:1547–1555

14. Jack CR Jr, Rydberg CH, Krecke KN, Trenerry MR, Parisi 
JE, Rydberg JN, Cascino GD, Riederer SJ (1996) Mesial 
temporal sclerosis: diagnosis with fl uid-attenuated inver-
sion-recovery versus spin-echo MR imaging. Radiology 
199:367–373

15. Lee DH, Gao FQ, Rogers JM, Gulka I, Mackenzie IR, Parrent 
AG, Kubu CS, Munoz DG, McLachlan RS, Blume WT, 
Girvin JP (1998) MR in temporal lobe epilepsy: analysis 
with pathologic confi rmation. AJNR Am J Neuroradiol 
19:19–27

16. Silverstein AM, Alexander JA (1998) Acute postictal cere-
bral imaging. AJNR Am J Neuroradiol 20:1485–1488

17. Chan S, et al. (1996) Reversible signal abnormalities in the 
hippocampus and neocortex aft er prolonged seizures. AJNR 
Am J Neuroradiol 17:1725–1731

18. Horowitz SW, et al. (1992) Complex partial seizure-induced 
transient MR enhancement. J Comput Assist Tomogr 
16:814–816

19. Kassem-Moussa H, et al. (2000) Early diff usion-weighted 
MR imaging abnormalities in sustained seizure activity. 
AJR Am J Roentgenol 174:1304–1306

20. Cox JE, Mathews VP, Santos CC, Elster AD (1995) Seizure-
induced transient hippocampal abnormalities on MR: cor-
relation with positron emission tomography and electroen-
cephalography. AJNR Am J Neuroradiol 16:1736–1738

21. Lansberg MG, et al. (1999) MRI abnormalities associated 
with partial status epilepticus. Neurology 52:1021–1027

22. Tien RD, Felsberg GJ (1995) Th e hippocampus in status 
epilepticus: demonstration of signal intensity and morpho-
logic changes with sequential fast spin-echo MR imaging. 
Radiology 194:249–256

23. Kim JA, Chung JI, Yoon PH, et al. (2001) Transient MR sig-
nal changes in patients with generalized tonicoclonic sei-
zure or status epilepticus: periictal diff usion-weighted im-
aging. AJNR Am J Neuroradiol 22:1149–1160

24. Flacke S, Wullner U, Keller E, Hamzei F, Urbach H (2000) 
Reversible changes in echo planar perfusion- and diff usion-
weighted MRI in status epilepticus. Neuroradiology 42:92–
95

25. Men S, et al. (2000) Selective neuronal necrosis associated 
with status epilepticus: MR fi ndings. AJNR Am J 
Neuroradiol 21:1837–1840

26. Soff er D, Melamed E, Assaf Y, et al. (1986) Hemispheric 
brain damage in unilateral status epilepticus. Ann Neurol 
20:737–740

27. Walker MT, et al. (1999) Profound neocortical atrophy aft er 
prolonged, continuous status epilepticus. AJR Am J 
Roentgenol 173:1712–1713

28. Kodama F, Ogawa T, Sugihara S, Kamba M, Kohaya N, 
Kondo S, Kinoshita T (2003) Transneuronal degeneration 
in patients with temporal lobe epilepsy: evaluation by MR 
imaging. Eur Radiol 13:2180-2185

29. Oikawa H, Sasaki M, Tamakawa Y, Kamei A (2001) Th e cir-
cuit of Papez in mesial temporal sclerosis: MRI. 
Neuroradiology 43:205-210

30. Rosenberg DS, Mauguière F, Demarquay G, Ryvlin P, Isnard 
J, Fischer C, Guénot M, Magnin M (2006) Involvement of 
medial pulvinar thalamic nucleus in human temporal lobe 
seizures. Epilepsia 47:98-107

31. Kimiwada T, Juhász C, Makki M, Muzik O, Chugani DC, 
Asano E, Chugani HT (2006) Hippocampal and thalamic 
diff usion abnormalities in children with temporal lobe epi-
lepsy. Epilepsia 47:167-175

32. Yoo SY, Chang KH, Song IC, Han MH, Kwon BJ, Lee SH, Yu 
IK, Chun CK (2002) Apparent diff usion coeffi  cient value of 
the hippocampus in patients with hippocampal sclerosis 
and in healthy volunteers. AJNR Am J Neuroradiol 23:809–
812

33. Dodson WE, DeLorenzo RJ, Pedley TA, et al. (1993) 
Treatment of convulsive status epilepticus. Recommendations 
of the Epilepsy Foundation of America’s Working Group on 
Status Epilepticus. JAMA 270:854–859

34. Hauser WA (1990) Status epilepticus: epidemiologic con-
siderations. Neurology 40(5 Suppl 2):9–13

35. Sperk G, Lassmann H, Baran H, Kish SJ, Seitelberger F, 
Hornykiewicz O (1983) Kainic acid induced seizures: neu-
rochemical and histopathological changes. Neuroscience 
10:1301–1315

36. Siesjo BK, Wieloch T (1986) Epileptic brain damage: patho-
physiology and neurochemical pathology. Adv Neurol 
44:813–847

37. DeGiorgio CM, Tomiyasu U, Gott PS, Treiman DM (1992) 
Hippocampal pyramidal cell loss in human status epilepti-
cus. Epilepsia 33:23–27



EpilepsyChapter 8138

38. Ingvar M, Morgan PF, Auer RN (1988) Th e nature and tim-
ing of excitotoxic neuronal necrosis in the cerebral cortex, 
hippocampus and thalamus due to fl urothyl-induced status 
epilepticus. Acta Neuropathol (Berl) 75:362–369

39. Dam AM, Dam M (1991) Neuropathology. In: Dam M, 
Gram L (eds) Comprehensive epileptology. New York: 
Raven Press, pp 43–55

40. Bruton CJ (1988) Th e neuropathology of temporal lobe epi-
lepsy. New York: Oxford University Press

41. Corsellis JAN, Bruton CJ (1983) Neuropathology of status 
epilepticus in humans. In: Delgado-Escuta AV, Wasterlain 
CG, Treiman DM, Porter RJ (eds) Advances in neurology: 
status epilepticus. New York: Raven Press, 34:129–139

42. Zhong J, Petroff  OA, Prichard JW, Gore JC (1993) Changes 
in water diff usion and relaxation properties of rat cerebrum 
during status epilepticus. Magn Reson Med 30:241–246

43. Zhong J, Petroff  OA, Prichard JW, Gore JC (1995) 
Barbiturate-reversible reduction of water diff usion coeffi  -
cient in fl urothyl-induced status epilepticus in rats. Magn 
Reson Med 33:253–256

44. Righini A, Pierpaoli C, Alger JR, Di Chiro G (1994) Brain 
parenchyma apparent diff usion coeffi  cient alterations asso-
ciated with experimental complex partial status epilepticus. 
Magn Reson Imaging 12:865–871

45. Nakasu Y, Nakasu S, Morikawa S, Uemura S, Inubushi T, 
Handa J (1995) Diff usion-weighted MR in experimental 
sustained seizures elicited with kainic acid. AJNR Am J 
Neuroradiol 16:1185–1192

46. Christopher JW, et al (2000) Rapid alterations in diff usion-
weighted images with anatomic correlates in a rodent mod-
el of status epilepticus. AJNR Am J Neuroradiol  21:1841–
1852

47. Wang Y, et al. (1996) Postictal alteration of sodium content 
and apparent diff usion coeffi  cient in epileptic rat brain in-
duced by kainic acid. Epilepsia 37:1000–1006

48. Wichert-Ana L, Velasco TR, Terra-Bustamante VC, et al. 
(2001) Typical and atypical perfusion patterns in periictal 
SPECT of patients with unilateral temporal lobe epilepsy. 
Epilepsia 42:660–666

49. Johnson DW, Hogg JP, Dasheiff  R, Yonas H, Pentheny S, 
Jumao-as A (1993) Xenon/CT cerebral blood fl ow studies 
during continuous depth electrode monitoring in epilepsy 
patients. AJNR Am J Neuroradiol 14:245–252

50. Th eodore WH (1999) Cerebral blood fl ow and glucose me-
tabolism in human epilepsy. Adv Neurol 79:873–881

51. Szabo K, Poepel A, Pohlmann-Eden B, Hirsch J, Back T, 
Sedlaczek O, Hennerici M, Gass A (2005) Diff usion-weight-
ed and perfusion MRI demonstrates parenchymal changes 
in complex partial status epilepticus. Brain 128:1369-1376

52. Fazekas F, Kapeller P, Schmidt R, Stollberger R, Varosanec 
S, Off enbacher H, Fazekas G, Lechner H (1995) Magnetic 
resonance imaging and spectroscopy fi ndings aft er focal 
status epilepticus. Epilepsia 36:946–949

53. Salih MA, Kabiraj M, Al-Jarallah AS, El Desouki M, 
Othman S, Palkar VA (1997) Hemiconvulsion-hemiplegia-
epilepsy syndrome. A clinical, electroencephalographic and 
neuroradiological study. Childs Nerv Syst 13:257–263

54. Freeman JL, Coleman LT, Smith LJ, Shield LK (2002) 
Hemiconvulsion-hemiplegia-epilepsy syndrome: charac-
teristic early magnetic resonance imaging fi ndings. J Child 
Neurol 17:10–16

55.  Whitney KD, McNamara JO (2000) GluR3 autoantibodies 
destroy neural cells in a complement-dependent manner 
modulated by complement regulatory proteins. J Neurosci 
20:7307-7316

56. Geller E, Faerber EN, Legido A, Melvin JJ, Hunter JV, Wang 
Z, de Chadarevian JP. (1998) Rasmussen encephalitis: com-
plementary role of multitechnique neuroimaging. AJNR 
Am J Neuroradiol 19:445-449

57. Chiapparini L, Granata T, Farina L, Ciceri E, Erbetta A, 
Ragona F, Freri E, Fusco L, Gobbi G, Capovilla G, Tassi L, 
Giordano L, Viri M, Dalla Bernardina B, Spreafi co R, 
Savoiardo M (2003) Diagnostic imaging in 13 cases of 
Rasmussen’s encephalitis: can early MRI suggest the diag-
nosis? Neuroradiology 45:171-183

58. Sener RN.(2003) Diff usion MRI and spectroscopy in 
Rasmussen’s encephalitis. Eur Radiol 13:2186-2191

59. Arias M, Dapena D, Arias-Rivas S, Sesar A, Vázquez F, 
Prieto A, Suárez-Peñaranda JM (2006) Rasmussen en-
cephalitis in the sixth decade: magnetic resonance image 
evolution and immunoglobulin response. Eur Neurol 
56:236-239

60. Graus F, Saiz A (2008) Limbic encephalitis: an expanding 
concept. Neurology 70:500-501

61. Urbach H, Soeder BM, Jeub M, Klockgether T, Meyer B, 
Bien CG (2006) Serial MRI of limbic encephalitis. 
Neuroradiology 48:380-386

62. Irani S, Lang B (2008) Autoantibody-mediated disorders of 
the central nervous system. Autoimmunity 41:55-65

63. Iizuka T, Sakai F, Ide T, Monzen T, Yoshii S, Iigaya M, Suzuki 
K, Lynch DR, Suzuki N, Hata T, Dalmau J (2008) Anti-
NMDA receptor encephalitis in Japan: long-term outcome 
without tumor removal. Neurology 70:504-511

64. Mochizuki Y, Mizutani T, Isozaki E, Ohtake T, Takahashi Y 
(2006) Acute limbic encephalitis: a new entity? Neurosci 
Lett 394:5-8

65. Asaoka K, Shoji H, Nishizaka S, Ayabe M, Abe T, Ohori N, 
Ichiyama T, Eizuru Y (2004) Non-herpetic acute limbic en-
cephalitis: cerebrospinal fl uid cytokines and magnetic reso-
nance imaging fi ndings. Intern Med 43:42-48

66. Sener RN. (2002) MRI and diff usion MRI in nonparaneo-
plastic limbic encephalitis. Comput Med Imaging Graph 
26:339-342

67. Tüzün E, Dalmau J (2007)Limbic encephalitis and variants: 
classifi cation, diagnosis and treatment. Neurologist 13:261-
271

68. Cohen-Gadol AA, Britton JW, Jack CR Jr, Friedman JA, 
Marsh WR (2002) Transient postictal magnetic resonance 
imaging abnormality of the corpus callosum in a patient 
with epilepsy. Case report and review of the literature. J 
Neurosurg 97:714–717

69. Kim SS, Chang KH, Kim ST, Suh DC, Cheon JE, Jeong SW, 
Han MH, Lee SK (1999) Focal lesion in the splenium of the 
corpus callosum in epileptic patients: antiepileptic drug 
toxicity? AJNR Am J Neuroradiol 20:125–129



Chapter 8 139Epilepsy

70. Polster T, Hoppe M, Ebner A (2001) Transient lesion in the 
splenium of the corpus callosum: three further cases in epi-
leptic patients and a pathophysiological hypothesis. J Neurol 
Neurosurg Psychiatry 70: 459–463

71. Maeda M, Tsukahara H, Terada H, Nakaji S, Nakamura H, 
Oba H, Igarashi O, Arasaki K, Machida T, Takeda K, 
Takanashi JI (2006)Reversible splenial lesion with restricted 
diff usion in a wide spectrum of diseases and conditions. J 
Neuroradiol 33:229-236

72. Takanashi J, Barkovich AJ, Shiihara T, Tada H, Kawatani M, 
Tsukahara H, Kikuchi M, Maeda M (2006) Widening spec-
trum of a reversible splenial lesion with transiently reduced 
diff usion. AJNR Am J Neuroradiol 27:836-838

73. Kim JH, Choi JY, Koh SB, Lee Y (2007) Reversible splenial 
abnormality in hypoglycemic encephalopathy. 
Neuroradiology 49:217-222

74. Doherty MJ, Jayadev S, Watson NF, Konchada RS, Hallam 
DK (2005)Clinical implications of splenium magnetic reso-
nance imaging signal changes. Arch Neurol 62:433-437

75. Conti M, Salis A, Urigo C, Canalis L, Frau S, Canalis GC 
(2007) Transient focal lesion in the splenium of the corpus 
callosum: MR imaging with an attempt to clinical-physio-
pathological explanation and review of the literature. Radiol 
Med (Torino) 112:921-935

76. da Rocha AJ, Reis F, Gama HP, da Silva CJ, Braga FT, Maia 
AC Jr, Cendes F (2006) Focal transient lesion in the spleni-
um of the corpus callosum in three non-epileptic patients. 
Neuroradiology 48:731-735

77. Cecil KM, Halsted MJ, Schapiro M, Dinopoulos A, Jones 
BV (2002) Reversible MR imaging and MR spectroscopy 
abnormalities in association with metronidazole therapy. J 
Comput Assist Tomogr 26:948-951

78. Appenzeller S, Faria A, Marini R, Costallat LT, Cendes F 
(2006) Focal transient lesions of the corpus callosum in sys-
temic lupus erythematosus. Clin Rheumatol 25:568-571

79. Tada H, Takanashi J, Barkovich AJ, Oba H, Maeda M, 
Tsukahara H, Suzuki M, Yamamoto T, Shimono T, Ichiyama 
T, Taoka T, Sohma O, Yoshikawa H, Kohno Y (2004) 
Clinically mild encephalitis/encephalopathy with a reversi-
ble splenial lesion. Neurology 63:1854-1858

80. Bulakbasi N, Kocaoglu M, Tayfun C, Ucoz T (2006) 
Transient splenial lesion of the corpus callosum in clinically 
mild infl uenza-associated encephalitis/encephalopathy. 
AJNR Am J Neuroradiol 27:1983-1986



Chapter 9 141

9.1 Demyelinating Disease

Demyelination is divided into two types: primary and 
secondary. Primary demyelination is defi ned as the 
abnormality or dysfunction of the oligodendrocytes. 
Secondary demyelination is defi ned as changes of the 
myelin secondary to neuronal or axonal degeneration 
associated with ischemia, infection, or metabolic/ 
toxic disease. Demyelinating disease usually refers to 
the primary demyelination, which pathologically rep-
resents perivenous demyelination and infl ammatory 
cell infi ltration. Idiopathic infl ammatory–demyelin-
ating diseases comprises the spectrum of demyelinat-
ing diseases based on purely clinical considerations, 
including monophasic, multiphasic, and progressive 
disorders from a localized form to multifocal or dif-
fuse variants [1, 2].

9.1.1 Multiple Sclerosis

Multiple sclerosis (MS) is the most common demy-
elinating disease characterized by relapses and remis-
sions of neurological disturbances. It is classifi ed ac-
cording to the clinical course: (1) relapsing-remitting 
(80%), (2) primary progressive (10%), (3) secondary 
progressive (10%) [1].  MS plaques are usually well-
demarcated round-to-oval and frequently show fi n-
ger-like extension in the periphery that follow the 
path of a small or medium-sized vessel ( Dawson’s 
fi nger), which was observed by Dr. Dawson (neuro-
pathologist) in 1916 [3]. Corticosteroids and plasma-
pheresis are used for the acute exacerbation of MS, 
while interferon-β prevents the relapse and progres-
sion of MS.

MR imaging has become important for the diag-
nosis of MS, which is integrated with clinical and 
paraclinical diagnostic methods as in McDonald’s 
new criteria [4]. Axial T2-weighted and fl uid-at-
tenuated inversion-recovery (FLAIR) images show 
well-demarcated round-to-oval lesions along the 

white matter tract. Th ese MR sequences are sensi-
tive for depicting focal lesions, but sometimes lack 
histopathologic specifi city. Other lesions such as in-
fl ammation, edema, reactive gliosis, axonal loss, and 
secondary demyelination sometimes have a similar 
appearance [5]. On sagittal FLAIR images, subcal-
losal striations and ependymal “dot-dash” signs have 
been reported as relatively specifi c early fi ndings of 
MS (Fig. 9.1) [6, 7]. Enhancement in the MS plaque 
on post-contrast T1-weighted images is related to the 
activity of the plaque, which histologically represents 
infl ammation and breakdown of the blood-brain bar-
rier. Hypointense T1 lesions in MS are usually caused 
by matrix destruction and loss of axons [8]. Th e T1 
hypointense MS lesion usually has a low magnetiza-
tion transfer ratio (MTR), and correlates better with 
clinical disability than proton density/T2 lesions [9]. 
Decreased MTR is also observed in normal-appearing 
white matter in MS patients [10].

MS plaques can show hyper-, iso-, or hypointensity 
on diff usion-weighted (DW) images, with increased 
ADC, in contrast-enhancing active plaques (Figs. 9.1, 
9.2) and chronic plaques alike (Fig. 9.3). An enhanc-
ing portion of the MS plaques tends to have mildly in-
creased ADC, representing prominent infl ammation 
and blood-brain barrier breakdown with mild demy-
elination, while the non-enhancing portions tend to 
have more increased ADC, representing scarring with 
mild infl ammation and myelin loss [11, 12]. ADC val-
ues of MS plaques seem to be related to the severity of 
MS. Th e ADC values in secondary-progressive MS are 
higher than those in relapsing-remitting MS [13].

In some cases of the acute or subacute phase of MS, 
decreased ADC is observed in plaques (Figs. 9.4 and 
9.5) [14]. Th e decreased ADC is presumably due to 
intramyelinic edema with infl ammatory cell infi ltra-
tion and accumulation of myelin breakdown products 
(cytotoxic plaque). Th e decreased ADC area can be 
located in the periphery of a plaque.  Intramyelinic 
edema occurs in the myelin sheath itself and/or in the 
intramyelinic cleft . Some of the intramyelinic edema 
is completely reversible.

Demyelinating and 
Degenerative Disease
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Figure 9.1 a–g

Multiple sclerosis (secondary progressive type) in a 33-year-old woman with 
lower extremity weakness. a FLAIR image shows multiple well-demarcated 
and oval-shaped hyperintense lesions in the deep white matter. b Sagittal 
FLAIR demonstrates the dots and dash pattern of the lesions along the cal-
losomarginal interface (arrows). c, d T1-weighted image shows the lesions as 
hypointense (c) with peripheral or open-ring enhancement representing ac-
tive plaques(arrows) (d). e, f DW image (e) shows multiple hypointense le-
sions associated with increased ADCs. The peripheral enhancing area appears 
with less increased ADC values (f) (arrows). g Fractional anisotropy (FA) map 
reveals decreased FA values in the plaques
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Figure 9.2 a–d

Multiple sclerosis (active plaque) 
in a 28-year-old man present-
ing with visual problems. a T2-
weighted image shows a round 
hyperintense lesion in the right 
frontotemporal region (arrow). 
b Gadolinium T1-weighted im-
age shows mild enhancement of 
this lesion, representing an active 
plaque. c, d DW image shows a hy-
perintense lesion associated with 
increased ADC (arrow), which rep-
resents T2 shine-through

a b

c d
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Figure 9.3 a–e

Multiple sclerosis (chronic plaque) in a 59-year-old man with a long history of recurrent seizures. T2-weighted (a) and 
FLAIR (b) images show multiple periventricular hyperintense lesions with ex-vacuo ventricular dilatation. c On gadolini-
um T1-weighted image with magnetization transfer contrast, there is no enhancement of these lesions, representing rel-
atively chronic plaques. d DW image shows a right frontal lesion as mildly hyperintense (arrow). e ADC is increased (T2 
shine-through) and the other periventricular lesions are isointense with increased ADC (T2 washout)

a b c

d e
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Figure 9.4 a–e

Multiple sclerosis (active plaque) in a 36-year-old woman presenting with subacute onset of progressive aphasia. a T2-
weighted image shows an oval-shaped, hyperintense lesion in the left periventricular white matter (arrow). b Gadolinium 
T1-weighted image with magnetization transfer contrast shows rim enhancement of this lesion. c DW image shows com-
bination of a moderately hyperintense (arrow) and a signifi cantly hyperintense lesion (arrowheads). d The moderately hy-
perintense lesion on DW image with increased ADC may represent demyelination (arrows), and the very hyperintense le-
sion on DW image with decreased ADC may represent intramyelinic edema (arrowheads). e Histopathology of another 
case shows that intramyelinic edema (arrows) is located in the periphery of a plaque (PL) (Luxol fast blue PAS stain, origi-
nal magnifi cation ×40). (From [90])

e
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MS plaques are reported to have decreased an-
isotropy [11, 15] (Fig. 9.1). Th e increased ADC and 
decreased  fractional anisotropy (FA) in MS plaques 
are thought to be related to an increase in the ex-
tracellular space due to demyelination, perivascular 
infl ammation with vasogenic edema, gliosis, and 
axonal loss.

Increased ADC and decreased FA values can be 
seen in normal-appearing white matter of MS pa-
tients. Th is is clearly diff erent from healthy control 
subjects, where these abnormalities are not seen [15-
17]. Th e ADC and FA abnormalities may represent 
occult small MS plaques, gliosis, or Wallerian degen-
eration. Increased ADC and FA are observed in corti-
cal lesions in MS [18].  

9.1.1.1 Baló’s Concentric Sclerosis 

 Baló’s concentric sclerosis is a rare demyelination dis-
ease and a variant of multiple sclerosis [1, 19-21]. In 

1927, Baló described the case of a young student who 
died rapidly aft er the onset [22]. Post-mortem exami-
nation showed large lesions with concentric layers or 
a lamellar pattern, representing alternating bands of 
partial preservation of myelin and myelin loss. Baló 
named this particular form “leukoencephalitis peri-
axialis concentrica.” It oft en has an acute monophasic 
course and is more common in individuals of Asian 
descent, suggesting a special genetic predisposition. 
Baló-like lesions can occasionally be seen during an 
exacerbation of relapsing and remitting MS with a 
nonfatal course [1]. 

MR imaging shows a multilayered appearance, 
mostly hyperintense on T2-weighted images, and it 
shows a variable degree of enhancement. DW images 
show hyperintensity with a reduced ADC in the acute 
phase of Baló’s concentric sclerosis and Baló-like le-
sions (Fig. 9.6) [23-25]. Follow-up DW imaging shows 
increased ADC in the chronic lesion. Corticosteroids 
are eff ective for treatment.

Figure 9.5 a–c

Multiple sclerosis (acute plaque) in a 13-year-old girl who presented with acute-onset right-sided weakness and dysar-
thria. a T2-weighted image shows multiple hyperintense lesions in the bilateral centrum semiovale (arrows). b DW image 
shows some lesions as hyperintense (arrows). c ADC is decreased representing acute cytotoxic plaques (arrows)

a b c
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Figure 9.6 a–d

Baló’s concentric sclerosis in a 17-
year-old female patient who pre-
sented with stroke-like symp-
toms. a T2-weighted image 
shows a large hyperintense mass 
with a multilayered appearance 
in the right posterior periventric-
ular and deep white matter. b DW 
image shows the lesions as very 
hyperintense. The ADC map was 
not obtained at this time. c, d A 
2-month follow-up DW image 
shows the lesion as hypointense 
with increased ADC

a b

c d

9.1.1.2 Myelinoclastic Diff use Sclerosis 
( Schilder’s Disease)

 Myelinoclastic diff use sclerosis, also known as in-
fl ammatory diff use sclerosis and Schilder’s disease, 
is a rare primary demyelination disorder and is now 
considered to be a variant of MS [1, 26, 27]. In 1912, 
Schilder described the case of a 14-year-old girl 
with mental deterioration who died aft er 19 weeks. 
An autopsy revealed large areas of sharply demar-
cated plaques of demyelination in both hemispheres. 
Schilder named this specifi c form “encephalitis peri-
axialis diff usa” [28]. Th e characteristic pathological 
features are demyelination of the white matter, lym-
phocytic perivascular infi ltrates, and microglial pro-
liferation.

MR imaging shows large T2 hyperintense lesions 
with irregular or smooth enhancing rims in the deep 
and subcortical white matter. Th e “open-ring” imag-
ing sign is characteristic of tumefactive demyelination 

and is useful in diff erentiating it from a neoplasm 
or abscess [29]. Th e enhancement is shaped like an 
open-ring or a crescent circumscribed to the white 
matter, but the enhancement is not identifi ed to the 
cortical side. DW imaging shows a thin, smooth, hy-
perintense rim with decreased ADC, and surround-
ing hypointense areas with increased ADC (Fig. 9.7)

9.1.2 Acute Disseminated Encephalomyelitis

 Acute disseminated encephalomyelitis (ADEM) is 
an immune-mediated infl ammatory disorder of the 
CNS, usually triggered by an infl ammatory response 
to viral infections or vaccinations [30]. Th e neuro-
logic picture of ADEM commonly refl ects a multifo-
cal but usually monophasic involvement, while MS 
is characterized by recurrent episodes in both time 
and space. ADEM lesions tend to resolve, partially or 
completely, and new lesion formation rarely occurs 
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(5-8%) [30]. Infl ammatory demyelinating lesions 
are observed in the supratentorial and infratento-
rial white matter, brain stem, spinal cord, and also in 
the thalami and basal ganglia, especially in children. 
Involvement of the subcortical white matter is nearly 
a constant fi nding, which helps to distinguish ADEM 
from MS. Pathologic fi ndings include perivenous de-
myelination, infi ltration of lymphocytes and macro-
phages, hyperemia, edema, endothelial swelling, and 
hemorrhage.

MR imaging shows ill-defi ned T2 and FLAIR hy-
perintense lesions asymmetrically distributed in the 
white and gray matter. Th e incidence of gadolinium 
enhancing lesions on T1-weighted sequences is quite 
variable, depending on the stage of infl ammation. 
Magnetization transfer ratio and ADC values in nor-
mal-appearing white matter of ADEM patients are 
similar to those of healthy control subjects [31]. DW 
imaging usually shows hyperintense lesions with in-
creased ADC in the white matter due to expanded 

Figure 9.7 a–f

Myelinoclastic diff use sclerosis in an 80-year-old woman with confusion. a T2-weighted image shows symmetric large hy-
perintense lesions with slightly low signal curvilinear areas (arrows) involving the posterior corpus callosum and occipital 
white matter bilaterally. b Post-contrast T1-weighted image shows symmetric irregular enhancement along the curvilin-
ear T2 low signal areas. c, d DW image shows the curvilinear areas as isointense with iso ADC, corresponding to active de-
myelination (arrows). The surrounding areas are mildly hypointense on DW imaging with increased ADC, which probably 
represents vasogenic edema and demyelination. e, f FA and color maps show decreased anisotropy in both areas

a c

d e f

b
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Figure 9.8 a–d

 Acute disseminated encephalo-
myelitis in a 15-year-old male pa-
tient presenting with right hemi-
paresis. a T2-weighted image 
shows multiple ill-defi ned, hy-
perintense lesions in the left fron-
tal lobe (arrows) b Gadolinium T1-
weighted image with magnetiza-
tion transfer contrast shows in-
homogeneous enhancement of 
these lesions. c DW image shows 
left frontal lesions as hyperin-
tense due to T2 shine-through. 
d ADC is increased

extracellular space with axonal loss, demyelination 
and vasogenic edema [32] (Fig. 9.8). However, in the 
acute stage, ADEM lesions can show decreased ADC, 
presumably due to intramyelinic edema (Fig. 9.9) 
[33, 34]. 

9.1.2.1 Acute Hemorrhagic Leukoencephalitis

 Acute hemorrhagic leukoencephalitis (AHL; Hurst 
encephalitis) is an acute, rapidly progressive, and fre-
quently fulminant infl ammatory hemorrhagic demy-
elination, considered a hyperacute form of the maxi-
mum variant of ADEM [2, 30]. It is usually triggered 
by upper respiratory tract infections. MR imaging 
shows large white matter lesions with the surrounding 
edema [35]. DW imaging shows restricted diff usion in 

a b

c d
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the aff ected areas of the brain and hemorrhage, prob-
ably due to acute vasculitis with subsequent vessel oc-
clusion (Fig. 9.10) [30, 36]. Death from brain edema 
is common within a week. Early and aggressive treat-
ment is necessary using steroids, immunoglobulin, 
cyclophosphamide, and plasma exchange.

Figure 9.9 a–d

Acute disseminated enceph-
alomyelitis in an 11-year-old 
boy with altered mental status. 
a FLAIR image shows multiple ill-
defi ned, hyperintense lesions in 
the white matter, corpus callosum 
and basal ganglia, and thalami. 
b Post-contrast T1-weighted im-
age shows mild enhancement in 
subcortical white matter lesions. 
c, d DW image shows multiple hy-
perintense lesions with increased 
ADC and partially decreased ADC 
in the peripheral area of the le-
sions, which probably represents 
a combination of vasogenic and 
cytotoxic edema with demyelin-
ation

a b

c d

9.1.3 Progressive Multifocal 
Leukoencephalopathy

 Progressive multifocal leukoencephalopathy (PML) is 
a fatal demyelinating disease of the central nervous 
system, occurring in immunocompromised patients 
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Figure 9.10 a–d

 Acute hemorrhagic leukoen-
cephalitis in a 48-year-old wom-
an with altered mental status. 
a T2-weighted image shows mul-
tiple hyperintense lesions in the 
anterior and posterior white mat-
ter bilaterally. b T1-weighted im-
age shows a hyperintense area in 
the left occipital lobe consistent 
with intracerebral hemorrhage 
(arrows). c DW image shows the 
lesions as mildly low or isosignal 
intensity areas with multiple very 
hyperintense foci consistent with 
a combination of vasogenic and 
cytotoxic edema. d DSA shows 
multiple stenosis in the anteri-
or and middle cerebral arteries 
(arrows). This patient died with-
in 1 week

a b

c d

such as those with HIV infection or other condi-
tions associated with impaired T-cell function [37]. 
Demyelination in PML results from the lytic infection 
of oligodendrocytes by JC papovavirus, spreading to 
adjacent oligodendrocytes. Diagnosis is established 
by the detection of JC virus DNA in the CSF. 

MR imaging shows T2 and FLAIR hyperintensity 
white matter lesions, oft en extending to subcortical 
U-fi bers. Th e degree of contrast enhancement of the 
lesion depends on the patient’s immunological state. 
DW imaging usually shows mildly hyperintense le-
sions with increased ADC, which may have central 
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Figure 9.11 a–c

 Progressive multifocal leukoencephalopathy in a 50-year-old woman presenting with right hemianopsia after chemother-
apy for chronic lymphocytic leukemia. a T2-weighted image shows a hyperintense lesion in the left occipital white mat-
ter extending into the posterior corpus callosum (arrows). b DW image shows the lesion as hyperintense due to T2 shine-
through. c ADC is increased. The peripheral area of the lesion seems to have relatively decreased ADC (arrowheads)

iso- or hypointense area. It occasionally shows hy-
perintensity with decreased ADC, especially at the 
margin of the lesion, refl ecting diff erent stages of the 
disease (Figs. 9.11, 9.12). Th ese fi ndings probably 
represent a concentric, centripetal process of tissue 
injury with central areas of necrosis surrounded by 
a progressing rim of active tissue injury with cyto-
toxic edema [38]. Th e peripheral hyperintensity rim 
on DW images with decreased ADC may represent 

JC virus-infected, swollen oligodendrocytes with vi-
ral intranuclear inclusions [37, 39, 40]. On diff usion-
tensor (DT) imaging, the area of decreased fractional 
anisotropy (FA) is observed in PML, which represents 
abnormal microstructural integrity of the myelin 
sheath. Th is change may be observed earlier than the 
increased ADC which represents secondary diff use 
cell loss (Fig. 9.12) [38].

a b c
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Figure 9.12 a–g

Progressive multifocal leukoencephalopathy (PML) in a 48-year-old man. a FLAIR image shows a hyperintense lesion 
in the left cerebellum (arrow). b, c DW imaging shows the lesion as hyperintense with iso or slightly increased ADC val-
ues, which suggests the early active phase of demyelination in PML. d FA is slightly decreased in this lesion. e Follow-up 
FLAIR image after 19 days shows increased size of the left cerebellar lesion extending to the right cerebellum. f DW image 
shows the left cerebellar lesion as mildly hyperintense with a central hypointensity, suggesting vasogenic edema, demy-
elination, and necrosis. g FA map showed a signifi cantly enlarged area of decreased FA in the left cerebellum suggesting 
ongoing tissue damage. (Courtesy of Gurol E., MD, The University of Iowa, Hospitals and Clinics, USA)
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9.2 Degenerative Disease

 Neurodegeneration represents the process of neuro-
nal cell death in which the cause is oft en unknown. 
Histologically, it is characterized by neuronal loss 
associated with variable gliosis due to one of the 
mechanisms of non-necrotic, oft en apoptotic cell 
death. Th ere are  primary degeneration and  second-
ary degeneration. During the process of neuronal cell 
death, neuronal and axonal swelling and swelled reac-
tive gliosis are observed in some degenerative disease 
processes. Th is presumably causes water diff usion re-
striction on DW imaging. Diff usion-tensor imaging is 
sensitive in detecting and quantifying subtle changes 
of the microstructure integrity and the extracellular 
space in the neurodegeneration.

9.2.1 Secondary Degeneration (Wallerian, 
Transneuronal, and Retrograde Degeneration)

Th ere are three major types of secondary degenera-
tions: (1)  Wallerian degeneration (antegrade), (2) 
 transneuronal/trans-synaptic degeneration (ante-
grade or retrograde), and (3)  retrograde degeneration 
(Fig. 9.13)[41].

Wallerian degeneration is an antegrade degenera-
tion of the axons and myelin sheath resulting from in-
jury of the proximal portion of the axons or cell bodies. 
It is most commonly recognized in the corticospinal 
tract secondary to middle cerebral artery infarction. 
Wallerian degeneration can also be seen in corticobul-
bar and corticopontine tracts, the corpus callosum, and 
middle cerebral peduncles [42, 43]. Energy depletion in 
layer 5 neurons may lead to failure of ion channel activ-

Figure 9.13

Three major types of secondary degenerations. 
(1) Wallerian degeneration; an antegrade degenera-
tion of the axons and myelin sheath resulting from in-
jury of the proximal portion of the axons or cell bodies. 
(2) Transneuronal/trans-synaptic degeneration (ante-
grade type); a degeneration of the distal neuron via the 
synapse resulting from injury of the proximal portion of 
the axons or cell bodies. (3) Retrograde degeneration; a 
degeneration of the proximal neuron resulting from in-
jury of the distal portion of the axons
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Figure 9.14 a–d

Wallerian and transneuronal de-
generation (acute phase) in a 76-
year-old man with a large infarct 
in the right middle cerebral artery 
(MCA) territory (6 days after on-
set). a T2-weighted image shows 
a right MCA infarct as hyperin-
tense, including the left putamen. 
b T2-weighted image at the lev-
el of the midbrain reveals slightly 
a hyperintense lesion in the right 
cerebral peduncle including the 
substantia nigra (arrows), as well 
as a right MCA infarct in the tem-
poral area. c DW image shows 
a hyperintense lesion (arrows). 
d ADC is decreased involving 
both the right cerebral peduncle 
and the right substantia nigra (ar-
row)

ity in the axolemma [44]. Th is results in axonal swelling 
followed by disintegration of the intraaxonal organelles. 
Th is in turn is followed by collapse of the myelin sheaths 
and ensuing gliosis. DW imaging shows the acute phase 
of wallerian degeneration as hyperintense associated 
with decreased ADC, presumably representing axonal 
and reactive astrocytic swelling [45, 46] (Fig. 9.14). DW 
high signals can be observed aft er more than 24 hours 
following the associated territorial infarction [47]. In 
DT imaging, diff usion fractional anisotropy is reduced 
in the corticospinal tract, and may correlate with im-
pairment of motor function [48, 49](Fig. 9.15). DT im-
aging is more sensitive than DW imaging in detecting 
chronic Wallerian degeneration [50].

Transneuronal (trans-synaptic) degeneration in 
the substantia nigra can occur secondary to striatal 
infarction [51]. Th ere are fi ber connections originat-

ing in the caudate and putamen projecting over the 
substantia nigra (striatonigral pathway) [52]. Loss of 
inhibitory GABAergic output from the ischemic le-
sion can induce a postsynaptic long-term potentiation 
or a continuous excitatory state in the substantia nig-
ra, resulting in neuronal swelling and cell death [53]. 
DW imaging shows hyperintensity associated with 
decreased ADC in the substantia nigra (Fig. 9.14) 
[54]. Th e decreased ADC of these lesions is thought 
to represent cellular edema of astrocytes or neurons 
in the substantia nigra. Astrocytic swelling, which is 
related to this degeneration, has been reported in an 
experimental study [55]. Diff usion abnormalities in 
the striatum or thalamus secondary to external cap-
sular hemorrhage have also been reported, which are 
presumably related to antegrade transneuronal de-
generation of the striatum (corticostriat fi bers) and 

a b

c d



Demyelinating and Degenerative DiseaseChapter 9156

retrograde transneuronal degeneration of the thala-
mus (thalamostriate fi bers)[56]. 

Retrograde thalamic degeneration is usually seen 
in anterior and dorsomedial nuclei secondary to ip-
silateral large infarction or hemorrhage. It is thought 
to be a retrograde degeneration through the thalamo-
cortical pathway [41, 54, 55]. DW imaging shows hy-
perintensity in the thalamic nuclei (Fig. 9.16).

9.2.2 Creutzfeldt–Jakob Disease

 Creutzfeldt–Jakob disease (CJD) is one of the prion 
diseases characterized by rapidly progressive degen-
erative dementia, myoclonus and ataxia. However, the 
initial clinical symptom is sometimes non-specifi c and 

variable such as visual disturbance (Heidenhain vari-
ant), deafness, and hemiparesis [57, 58]. Th e cause of 
neurodegeneration is thought to be an accumulation 
of an abnormal form of human prion protein (infec-
tious proteinaceous scrapie particles, PrPSc). CJD has 
been reclassifi ed as an infectious disease. Th ere are 
four forms: sporadic, iatrogenic, familial and variant 
[59]. Iatrogenic cases include contaminated neurosur-
gical instruments, administration of human growth 
hormone, cadaver-derived gonadotrophin, and dura 
matter (Fig. 9.17) and corneal graft s [60]. Histological 
features include spongiform degeneration of the gray 
matter, characterized by clustered, 5–25 micrometer 
large prion protein-containing vacuoles in the neuro-
nal and glial elements, and neuronal loss, presumably 
due to apoptosis and gemistocytic astrocytosis [61]. 

Figure 9.15 a–c

 Wallerian and transneuronal degeneration in a 78-year-old woman with right chronic putaminal hemorrhage. a T2-
weighted image shows a right old putaminal hemorrhage as hypointense. b T2-weighted image at the level of the mid-
brain reveals mild hyperintense lesion in the right cerebral peduncle, including the substantia nigra (arrows). c FA map 
shows decreased anisotropy in the right cerebral peduncle(arrows)

a b c
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Figure 9.16 a–e

 Retrograde degeneration in the dorsomedial thalamus in a 56-year-old woman with right large putaminal hemorrhage. 
a Postcontrast CT shows a large hematoma in the right putamen extending into the frontotemporal region with edema 
and a mass eff ect. b The 2-month follow-up T2-weighted image shows a high signal intensity in the dorsomedial thala-
mus (arrow). Right craniectomy and extensive encephalomalacia are also noted. c, d DW image shows a hyperintense le-
sion with decreased ADC in the right dorsomedial thalamus (arrow). e FA map shows decreased anisotropy in the right in-
ternal capsule and dorsomedial thalamus (arrow). (Courtesy of Lee HK, MD, The University of Iowa Hospitals and Clinics, 
USA)
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Periodic synchronous discharge on electroencepha-
lography (EEG) and the detection of 14-3-3 protein 
in the CSF support the clinical diagnosis of CJD.

T2-weighted and FLAIR images show very subtle 
hyperintense lesions in the cerebral cortex and bilat-
eral basal ganglia in patients with CJD, usually seen 
2-5 months aft er the onset of symptoms. Th e lesions 
oft en involve bilateral thalami (pulvinar sign) and 
periaqueductal areas in patients with variant CJD [62, 
63], but this fi nding is also seen in sporadic CJD [64] 
(Fig. 9.18) Cerebral white matter T2 hyperintensity is 
considered to be primary degeneration, and fi rst oc-
curs in the periventricular area 4-5 months aft er the 
onset and rapidly extends to the deep and subcorti-

cal white matter during the following several months 
[65]. DW imaging is the most sensitive in detecting 
early fi ndings in CJD, and should be included in the 
clinical diagnostic criteria [66-70] (Figs. 9.16-9.19). 
Th e cortical involvement is usually asymmetric, 
which does not correspond to the arterial territory. 
Bilateral basal ganglia or thalamic involvement is 
usually symmetric, but can be asymmetric (Fig. 9.19). 
Th e lesions are hyperintense on DW images and oft en 
associated with decreased ADC [67, 69–75]. Electron 
microscopy shows these vacuoles as focal swelling of 
neuritic processes, both axonal and dendritic swelling 
(cellular edema), which may cause decreased ADC 
[75]. In the late stages, abnormal hyperintense signals 

Figure 9.17 a–c

Creutzfeldt–Jakob disease in a 57-year-old woman with progressive dementia 10 years after surgery using cadaver dura 
matter. a T2-weighted image shows postoperative change in the left temporo-occipital region with mild ventricular dil-
atation. b DW image reveals bilateral hyperintensity in the caudate nuclei (arrows) and mild increased signal diff usely in 
the left hemisphere. c A 4-month follow-up FLAIR image shows extensive white matter hyperintensity and diff use atro-
phy

b ca
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Figure 9.18 a–e

Creutzfeldt–Jakob disease in a 51-year-old man with progressive dementia. a T2-weighted image demonstrates mild hy-
perintensity bilaterally in the caudate nuclei, putamina and pulvinar of the thalami (arrows). b DW image clearly demon-
strates these lesions as hyperintense. c ADC is decreased. d A 6-month follow-up T2-weighted image shows prominent 
diff use atrophy and white matter hyperintensity. e Pathological specimen of another case shows spongiform degenera-
tion and reactive astrocytosis. (Courtesy of Ukisu R, MD, Showa University, School of Medicine, Japan)

d e
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disappear with prominent brain atrophy, histologi-
cally representing neuronal loss and marked fi brillary 
gliosis [76].

9.2.3  Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a progressive 
neurodegenerative disease aff ecting both upper and 
lower motor neurons. It oft en aff ects middle-aged 
patients and is characterized by progressive muscle 
weakness, limb and truncal atrophy associated with 
bulbar signs and symptoms. Th e disease progression 
is relentless and half of the patients are dead within 
3 years. Degeneration of upper motor neurons usu-
ally starts in the primary motor cortex and secondary 
degeneration of motor fi bers and gliosis occurs along 
the corticospinal tract.

MR images of ALS are characterized by high T2 
signal along the large myelinated pyramidal tract 
fi bers in the posterior limb of the internal capsule 
and cerebral peduncles. On DW imaging there are 
typically increased ADC and decreased fractional 
anisotropy in the corticospinal tracts [77]. Diff usion 
tensor imaging is useful in analyzing the extent and 
severity of axonal degeneration quantitatively in ALS 
(Fig. 9.20) [78-82]. Diff usion tensor tractography can 

be used for segmentation of white matter tracts, the 
corticospinal tract (CST), and corticobulbar tract 
(CBT) (Fig. 9.21), which may enable one to diff erenti-
ate clinical subtypes of ALS. FA values along the cor-
ticobulbar tract of bulbar-onset type are signifi cantly 
lower than that of limb-onset type [78].

9.2.4 Other Degenerative Diseases 

Th e accumulation of tau (microtubule-associated pro-
tein) and synuclein (protein regulating synaptic plas-
ticity) is the hallmark of distinct neurodegenerative 
disorders classifi ed as tauopathies and synucleinopa-
thies [83]. Tauopathies include  Alzheimer’s disease, 
 Pick’s disease,  corticobasal degeneration,  progressive 
supranuclear palsy, argyrophilic grain disease, and 
frontotemporal dementia. Synucleinopathies include 
 Parkinson’s disease, Lewy body disease, and  multiple 
system atrophy (MSA).

Multiple system atrophy is a sporadic progressive 
adult-onset neurodegenerative disorder characterized 
by parkinsonism (80%), and pyramidal, autonomic, 
and cerebellar dysfunction in varying combinations. 
Pathologic features are cell loss, gliosis, and glial cyto-
plasmic inclusions in the aff ected structures. 

Figure 9.19 a–c

Creutzfeldt–Jakob disease in a 58-year-old woman with altered mental status and visual symptoms (Heidenhain variant). 
a T2-weighted image shows questionable hyperintensities in the basal ganglia bilaterally. b DW image demonstrates hy-
perintensities only in the left basal ganglia (arrows). Hyperintense lesions are also noted in the right temporo-occipital 
cortices, which does not correspond to a single vascular territory (arrows). c ADC is partially decreased in these lesions 
(arrows)

cba
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Figure 9.20 a–d

 Amyotrophic lateral sclerosis in 
a 27-year-old man with progres-
sive weakness and dysphagia. 
a Coronal spin-echo T2-weighted 
image shows bilateral symmetri-
cal hyperintensity along the corti-
cospinal tract (arrows), extending 
into the white matter of the mo-
tor area. b DW image shows mild 
hyperintensity in bilateral cortico-
spinal tracts. c ADC is increased 
(arrows). Hyperintensity and dis-
tortion in the frontal region is due 
to susceptibility artifact from air 
in the frontal sinuses. d Coronal 
diff usion tensor image with col-
or mapping reveals decreased an-
isotropy along bilateral cortico-
spinal tracts

Figure 9.21

Tract-specifi c analysis 
of amyotrophic later-
al sclerosis. (Courtesy 
of Aoki S, MD, The 
University of Tokyo, 
Japan)
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Figure 9.22 a–d

 Multiple system atrophy in a 56-year-old man with ataxia and Shy-Drager syndrome. a, b T2-weighted image shows hyper-
intense lateral putaminal rim (arrow) and atrophy of the middle cerebral peduncles and pons (hot cross bun sign; arrow). 
c Color DT imaging shows decreased anisotropy and atrophy in the middle cerebral peduncles and pons (hot cross bun 
sign; arrow). d The same level of the color DT imaging map in a normal patient as a comparison. (Courtesy of Salamon N, 
MD, The University of California, Los Angeles, USA)

a b

c d

MR imaging fi ndings include a T2 hyperintense 
rim in the outer margin of the putamen, putaminal 
T2 hypointensity and atrophy, T2 hyperintensity in 
the pons, middle cerebellar peduncle, and cerebellum 
[84]. Th e pontine cruciform hyperintensity (hot cross 
bun sign) represents degeneration of transverse pon-
tocerebellar fi bers. Increased ADC and decreased FA 
values are observed in the middle cerebral peduncle, 
basis pontis, and internal capsule [85, 86]. FA values 
in the middle cerebellar peduncle are negatively cor-
related with ataxia severity [86]. Th e color map shows 
selective atrophy and decreased anisotropy in the 
transverse pontine fi bers and the middle cerebellar 
peduncles (Fig. 9.22).

Progressive supranuclear palsy (PSP) is clinically 
characterized by parkinsonism with supranuclear 
ophthalmoplegia. Atrophy of the midbrain is a typical 
neuropathologic feature. Th e appearance of the brain-
stem and the volumetry on midsagittal MR images 
provide an important diagnostic clue [87]. Th e shapes 
of the midbrain tegmentum (bird’s head) and the pons 
(bird’s body) look like a lateral view of a standing pen-
guin (penguin silhouette sign)[87]. In PSP, increased 
ADC and decreased FA are observed in the decussa-
tion of the superior cerebellar peduncles (Fig. 9.23) 
[88]. Diff usion tensor tractography shows a selective 
degeneration of the superior cerebellar peduncle with 
a reduction of cortical projection fi bers in all patients 
with PSP [89].
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9.3 Conclusion

Magnetic resonance imaging with diff usion-weighted 
and tensor imaging including ADC and FA maps, and 
fi ber tractography are useful in characterizing demy-
elinating and degenerative lesions of the brain. Th ese 
imaging techniques can increase specifi city and im-
prove our understanding of the pathophysiology of 
these diseases.
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Computed tomography (CT) of patients with tox-
ic and metabolic disease is generally non-specifi c, 
showing decreased attenuation of lesions in the white 
matter. Routine MR imaging is informative, but usu-
ally also non-specifi c, with T2 prolongation of those 
lesions. Th e white matter is oft en diff usely and sym-
metrically involved, as are the basal ganglia and/or 
brain stem. Diff usion-weighted (DW) imaging can 
add to the diagnostic information and improve the 
understanding of the pathophysiology of various 
white matter abnormalities, such as dysmyelination 
and demyelination in toxic and metabolic diseases.

10.1 Toxic Disease

10.1.1 Chemotherapy-Induced 
Leukoencephalopathy

Intrathecal or intravenous  methotrexate, with or 
without  radiation therapy, can cause diff use white 
matter changes [1]. Th ere are two types of  methotrex-
ate-related leukoencephalopathy: (1)  disseminated 
necrotizing leukoencephalopathy (DNL) and (2) mild 
leukoencephalopathy [2]. DNL indicates a rapidly de-
teriorating clinical course, with irreversible extensive 
white matter damage. Mild leukoencephalopathy is 
usually transient. 

MR imaging fi ndings are diff erent in these two 
types. In DNL, MR imaging shows multifocal T2 and 
FLAIR hyperintensities in the white matter with small 
irregular low-signal foci and contrast enhancement 
on T1-weighted images. DW imaging shows slightly 
increased ADC in the center of the lesion and in-
creased ADC in the perilesional vasogenic edema [3] 
(Fig. 10.1) In mild leukoencephalopathy MR imaging 
shows diff use T2 hyperintensity in the white matter. 
DW imaging shows the diff use white matter as hyper-
intense with decreased apparent diff usion coeffi  cient 

(ADC), even before conventional MR imaging can 
detect the lesions (Fig. 10.2). Pathologically the white 
matter lesion represents intramyelinic edema.

High-dose chemotherapy including carmustine 
(BCNU), cyclophosphamide, cisplatin, 5-fl uoroura-
cil (5-FU) and carmofur can also cause diff use white 
matter disease. Th e lesions are hyperintense on T2-
weighted images as well as on DW images, and ADC is 
decreased [4–6] (Fig. 10.3). Chemotherapeutic agents 
such as 5-FU and carmofur can have direct toxic ef-
fects on myelin, which causes intramyelinic edema 
[7]. Chemotherapy-associated leukoencephalopathy 
can be fatal and early diagnosis and discontinuation 
of the off ending drug is therefore necessary.

10.1.2 Heroin-Induced Spongiform 
Leukoencephalopathy

Th e inhalation of black-market heroin vapors (pyrol-
ysate) as well as intravenous consumption of heroin 
can lead to toxic leukoencephalopathy [8]. Th e leu-
koencephalopathy is pathologically characterized by 
spongiform degeneration of the white matter as a re-
sult of fl uid accumulation within the myelin sheaths 
(intramyelinic edema). Electron microscopy shows 
vacuoles between the myelin lamellae by splitting of 
the intraperiod lines [9]. CT and MR imaging show 
abnormalities in the cerebral and cerebellar white 
matter, cerebral peduncles, corticospinal tracts, lem-
niscus medialis and solitary tracts [10]. Th e accumu-
lation of restricted fl uid between the layers of myelin 
lamellae may cause hyperintensity on DW imaging 
with decreased ADC [11] (Fig. 10.4). Because the 
myelin itself and the blood–brain barrier are intact 
in cases of less severe heroin-induced leukoencepha-
lopathy, one may expect the changes in the DW signal 
to be reversible on follow-up MR imaging [12].

Toxic and Metabolic 
Disease
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Figure 10.1 a–d

 Disseminated necrotizing leu-
koencephalopathy in a 43-year-
old woman with leptomeninge-
al metastasis from breast carci-
noma treated with methotrex-
ate and radiation. a T2-weighted 
image shows multifocal hyperin-
tensities in the deep white mat-
ter with small irregular low signal 
foci in the left frontal area (arrow). 
b Post-contrast T1-weighted im-
age reveals enhancement in 
the foci (arrow) in the left fron-
tal white matter consistent with 
a necrosis. c, d DW image shows 
mild hyperintensity in the white 
matter lesions associated with 
diff use increased ADC and mild 
increased ADCs in the left frontal 
foci, consistent with diff use vaso-
genic edema and necrotic foci (ar-
row) (Courtesy of Policeni B, MD, 
The University of Iowa Hospitals 
and Clinics, USA)

Figure 10.2 a–c

Methotrexate leukoencephalopathy (high dose) in a 50-year-old woman. a T2-weighted image does not demonstrate an 
appreciable abnormality in the white matter. b DW image shows diff use hyperintensity in the bilateral corona radiata ex-
tending into the central semiovale. c ADC map shows diff use white matter lesions as decreased ADC, which represents 
pure intramyelinic edema

a b c
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Figure 10.2 d

d Pathology shows spongiform 
change representing  intramyelinic 
edema (arrows) diff usely in white 
matter. Astrocytes are relatively 
spared (hematoxylin–eosin stain, 
original magnifi cation ×200)

Figure 10.3 a–c

 Carmofur leukoencephalopathy in a 58-year-old woman. a T2-weighted image shows diff use hyperintensity in the peri-
ventricular white matter including the corpus callosum. b, c DW image shows these lesions as hyperintense with de-
creased ADC, presumably related to intramyelinic edema

d

a b c
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Figure 10.4 a–d

 Heroin-induced leukoencephalopathy in a 55-year-old man. a T2-weighted image shows diff use hyperintensity in the 
white matter including U fi bers. b, c DW image shows these lesions as diff usely hyperintense with mildly decreased ADC. 
d Pathology shows intramyelinic edema and reactive astrogliosis, consistent with the subacute phase of heroin induced 
leukoencephalopathy (hematoxylin–eosin stain, original magnifi cation 200)

a b c

d
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10.1.3 Cocaine, Phencyclidine Hydrochloride, 
Amphetamines and Related Catecholaminergics

Cocaine, phencyclidine hydrochloride, amphetamines 
and related catecholaminergics can cause hemorrhage 
or infarction due to vasculitis, vasculopathy, or acute 
hypertensive eff ects [1]. DW imaging can be useful 
for the detection of these lesions (see also Chap. 7).

10.1.4 Hypoxic–Ischemic Encephalopathy

 Hypoxic-ischemic encephalopathy (HIE) is the result 
of decreased global perfusion or oxygenation. Th e 
distribution of HIE varies according to the duration, 
degree, and abruptness of the hypoxic and/or isch-
emic insults, basal blood fl ow, and metabolic activity 
in the areas of ischemia, temperature, and serum glu-
cose levels [13-15]. Hypoxia basically causes cardiac 
decompensation within minutes, resulting in global 
hypoperfusion and ischemic brain injury. However, 
pure anoxic encephalopathy may exist in some pa-
tients who are found early aft er the insult or who have 
suff ered less severe anoxia [16]. In pure anoxia, ce-
rebral blood fl ow is preserved allowing eff ective sup-
ply of nutrients and removal of toxic products such 

as lactic acid. Neurons tolerate pure anoxia for a lon-
ger duration than ischemia. Coma and other clinical 
fi ndings can result from synaptic dysfunction.

DW imaging oft en depicts acute or subacute isch-
emic lesions when conventional MR imaging and CT 
scans show only subtle abnormalities [17]. Layers 3, 
4, and 5 of the cortex, watershed zones, and the hip-
pocampi (cornu ammonis 1 zone) are sensitive to 
ischemia. Cortical laminar necrosis is observed as hy-
perintensity on T2-weighted, FLAIR images(variably 
seen as early as 1 day aft er injury), and on T1-weight-
ed images from the subacute to chronic phase of HIE. 
DW imaging oft en depicts acute or subacute isch-
emic lesions when MR imaging and CT scans are still 
normal or show only subtle abnormalities [18]. DW 
hyperintensity throughout the cerebral cortex sug-
gests devastating diff use hypoxic-ischemic necrosis, 
whereas a pattern of basal ganglia or thalamus sug-
gests primary hypoxic injury or mild HIE (Figs. 10.5, 
10.6). Th e prognosis of HIE depends on the extension 
of the cytotoxic edema, which is usually irreversible. 
DW imaging is helpful in establishing both the diag-
nosis and prognosis, but also in the management of 
HIE [19, 20]. High-b-value DW imaging with long 
TE improves accuracy in the early detection of the 
HIE lesions [21].

Figure 10.5 a–c

 Hypoxic ischemic encephalopathy in an 18-year-old male patient after hanging himself. a FLAIR image shows hyperin-
tensity in the posterior part of the putamina bilaterally. b, c DW image shows these lesions as hyperintense with the de-
creased ADC

a b c
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10.1.5  Brain Death

Brain death is defi ned as the irreversible cessation of all 
function of the entire brain [22]. Brain death criteria 
that most countries have commonly accepted are: deep 
unresponsive coma; absence of brain stem function and 
refl exes; positive apnea test despite pCO2 greater than 
60 mmHg. Th e irreversibility of such criteria must be 
confi rmed. Brain electrical activity (EEG, brain stem 
evoked potentials) may be inaccurate in comatose pa-
tients with drug-induced hypothermia or intoxication. 
Th e absence of cerebral blood fl ow is accepted as a con-
fi rmatory sign of brain death. 

Conventional angiography was considered the gold 
standard until the 1990s, but it is an invasive method 
and may damage transplantable organs.

MR imaging and MR angiography have been re-
ported as reliable methods in demonstrating absence 
of cerebral blood fl ow and determining brain death 
[22-24]. MR fi ndings in brain death include: (1) cen-

Figure 10.6 a–c

Hypoxic ischemic encephalopathy in an 83-year-old man with a cardiac arrest. a It is diffi  cult to detect the abnormalities 
on the FLAIR image. b, c DW image shows extensive diff use hyperintense lesions in the temporo-occipital cortices bilat-
erally (arrows) with the decreased ADC

a b c

tral and tonsillar herniation, (2) absent intracranial 
vascular fl ow void, (3) poor gray matter/white matter 
diff erentiation, (4) no intracranial contrast enhance-
ment, (5) carotid artery enhancement (intravascular 
enhancement sign), and (6) prominent nasal and 
scalp enhancement (MR hot nose sign) [24]. MR an-
giograms show no intracranial fl ow above the supra-
clinoid carotid arteries. Th is is presumably due to the 
increased intracranial pressure. DW imaging shows 
diff use hyperintense areas in the gray and white mat-
ter including the brain stem (Fig. 10.7). A massive 
drop in ADC values in the hemispheres has been re-
ported (<50% of normal values) [25]. Th e ADC value 
of the white matter is signifi cantly lower than that of 
the gray matter [26]. Severe ADC reduction in gray 
and white matter probably refl ects global irreversible 
pathological changes. Th ese ADC changes may also 
be related to the brain temperature and a decrease in 
brain temperature of 1.5ºC corresponds to an ADC 
decrease of 0.02×10-3 mm2/s [27].
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Figure 10.7 a–e

 Brain death in a 48-year-old man. a Sagittal T1-weighted image shows cen-
tral and tonsillar herniation. b T2-weighted image shows diff use hyperinten-
sity in the brain cortex, deep gray matter, and periventricular rim area. c DW 
image shows extensive diff use hyperintensity in the brain, especially the peri-
ventricular rim area. d The ADC values of the brain are diff usely decreased in 
the cortex (0.51×10-3 mm2/s) and white matter (0.25×10-3 mm2/s). e MR an-
giography shows non-visualization of intracranial vessels above the supracli-
noid carotid arteries

a b c
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10.1.6  Hypoglycemia and  Hyperglycemia

Glucose is the main energy substrate of the brain. 
Hypoglycemia is caused by overuse of insulin, oral 
hypoglycemic agents, insulinoma, sepsis, renal or he-
patic failure, or Addison disease. Neurologic signs of 
hypoglycemia are non-specifi c including weakness, 
confusion, seizures, and coma. Sequelae of hypogly-
cemic coma are rare, but if so they includes profound 
memory loss, persistent vegetative state, and death in 
2-4% of cases. 

MR imaging shows lesions that involve the cerebral 
cortex, particularly the temporal lobe, hippocampus, 
and basal ganglia [28]. Th e most severely aff ected 
patients manifest basal ganglia involvement. DW 
imaging shows hyperintense lesions with decreased 
ADC similar to hypoxic–ischemic encephalopathy 
(Fig. 10.8) [28, 29]. Reversible lesions on DW imag-
ing have also been reported, which oft en involves the 
bilateral internal capsules, corona radiata, and corpus 

callosum [29-31]. Th is pattern may be the result of a 
diff erent pathophysiologic process such as a release 
of excitatory amino acids into the extracellular space 
[32]. 

Hyperglycemia can disrupt the blood-brain barrier 
and produce a decreased cerebral blood fl ow, intra-
cellular acidosis, accumulation of extracellular gluta-
mate, and decreased activity of GABAergic neurons. 
Hemichorea-hemiballismus associated with hyper-
glycemia is characterized by hyperintensities in the 
striatum on T1-weighted images and CT studies. Th e 
process is either unilateral or bilateral. Th e T1 high 
signal is probably related to manganese (Mn) accu-
mulations accompanied by Mn superoxide dismutase 
and glutamine synthetase with rich protein contents 
in the reactive swollen astrocytes (gemistocytes) [33-
35]. DW imaging has been reported to detect early 
ischemic damage as areas of heterogeneous signal in-
tensity with decreased ADC (Fig. 10.9) [33, 34, 36]. 
Diabetic ketoacidosis with prolonged hyperglycemia 
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Figure 10.9 a–c

 Hemichorea-hemiballismus associated with hyperglycemia in a 69-year-old woman with type 2 diabetes. a CT shows 
high density areas in the left caudate head and anterior part of the putamen (arrow). b T1-weighted image shows hyper-
intensity in the left entire striatum (arrows). c DW image shows these lesions as low signal intensity with an isointense 
area in the left caudate head (arrows)

b ca

Figure 10.8 a–c

 Hypoglycemic encephalopathy in a 53-year-old man. a, b Coronal T2-weighted and axial FLAIR images show symmetric 
hyperintense lesions in the basal ganglia, hippocampi, and temporo-occipital lobes (arrows). c DW image shows these ar-
eas as hyperintensity lesions (arrows)

a b c
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Figure 10.10 a–c

 Diabetic ketoacidosis with type 1 diabetes in a 28-year-old man (blood sugar 1,500 mg/dl). a FLAIR image show symmet-
ric hyperintense lesions in the parietal cortices bilaterally. b, c DW image shows these areas as hyperintense with mild de-
creased ADC

a b c

may cause subtle FLAIR and diff usion abnormalities 
in the cortex associated with elevations in glucose, 
myoinositol, taurine, and ketones in MR spectros-
copy (Fig. 10.10) [37]

10.1.6  Carbon Monoxide Intoxication

Th e affi  nity of carbon monoxide (CO) for hemoglobin 
is approximately 250 times that of oxygen. Th e car-
boxyhemoglobin reduces the oxygen-carrying capac-
ity of blood, causing tissue hypoxia. CO also inhibits 
the mitochondrial electron transport enzyme system 
and activates polymorphonuclear leukocytes, which 
causes brain lipid peroxydation and myelin break-
down. Th e globus pallidus is the most common site 
of this involvement. Th e putamen, caudate nucleus, 
thalamus, hippocampus, and substantia nigra are also 
occasionally involved [38]. Th e globus pallidus and 
the pars reticulata of the substantia nigra contain the 
highest iron content in the brain. CO directly binds 

heme-iron in these areas, which is the cause of the 
histotoxicity and selective vulnerability of the palli-
doreticularis [39]. DW imaging shows hyperinten-
sity with decreased ADC in these lesions in the acute 
phase (Fig. 10.11). 

Cerebral white matter involvement is common and 
usually presented as delayed anoxic encephalopathy. 
It is usually seen in the late subacute phase aft er re-
covery from the acute stage of CO poisoning (lucid 
interval usually 2-3 weeks). DW imaging shows dif-
fuse hyperintensity with decreased ADC in the peri-
ventricular white matter and centrum semiovale [40, 
41]. 

10.1.7  Delayed Postanoxic Encephalopathy

Delayed postanoxic encephalopathy is a rare condi-
tion in which patients appear to make a complete 
clinical recovery aft er an episode of anoxia or hy-
poxia and then develop progressive neuropsychiat-
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ric symptoms and/or neurological defi cits [42]. Th e 
incidence has been reported to range from 1 to 28 
per 1,000 suff ering from hypoxic or anoxic events. 
It is most commonly associated with CO poisoning 
(13 cases among 20,000 patients), but has also been 
reported aft er hypoxic events related to childbirth, 
surgery and anesthesia, drug overdose, exposure to 
toxins, anaphylaxis, seizures, cyanosis, and strangula-
tion. Th e prognosis is variable from a full recovery to 
permanent neurologic sequelae, personality changes, 
and death. Th e pathogenesis is presumably related to 
programmed cell death/apoptosis of the oligodendro-
cytes triggered by hypoxia. 

DW imaging shows diff use hyperintensity with de-
creased ADC in the periventricular white matter and 
centrum semiovale, pathologically consistent with 
cytotoxic edema in the myelin sheath (intramyelinic 
edema) (Fig. 10.12).

Figure 10.11 a–d

Carbon monoxide poisoning in a 
4-year-old boy. a CT shows sym-
metric low-density areas in the 
globi pallidi. b T2-weighted im-
aging shows symmetric exten-
sive hyperintense lesions in the 
basal ganglia, thalami, hippo-
campi, and posterior cerebral 
cortices. c, d DW image shows 
these areas as hyperintense with 
decreased ADC

a b

c d

10.1.8 Central Pontine Myelinolysis 
and Extrapontine Myelinolysis

 Central pontine myelinolysis (CPM) and  extrapon-
tine myelinolysis (EPM) represent destruction of 
myelin sheaths in characteristic places within the 
brain stem and cerebrum. Th e most common loca-
tion is the central part of the basis pontis, followed by 
a combined type with central and extrapontine areas 
of myelinolysis. Isolated EPM is rare [43]. Th e basal 
ganglia, caudate nucleus, thalamus, geniculate bodies, 
internal and external capsules, corpus callosum, cer-
ebellum, cerebellar peduncle, and gray–white matter 
junction are possible sites of EPM [44-47]. Th e syn-
onyms include osmotic myelinolysis and osmotic de-
myelination syndrome. Symptoms include acute con-
fusional state, pseudobulbar aff ect, stupor, coma, and 
occasionally locked-in syndrome, intermingled with 
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Figure 10.12 a–i

 Delayed postanoxic encephalopathy in a 
53-year-old man with progressive mental 
status changes for 3-4 days. There was a 
history of narcotic overdose 2 weeks ear-
lier. a T2-weighted image shows no ab-
normal signal intensity in the brain. b, c 
DW image shows very subtle hyperinten-
sity with mild decreased ADC in the coro-
na radiata. d Follow-up MR imaging was 
performed 14 days after the onset. FLAIR 
image shows high signal intensity in the 
deep white matter bilaterally. e DW im-
ages revealed diff use hyperintensity with 
decreased ADC. f He continued to de-
teriorate and died about 20 days later, 
46 days after the overdose. Autopsy was 
performed. g–i Pathology shows myelin 
discoloration in the periventricular white 
matter and caudate lobe. Pathology 
shows neuronal axonal spheroids (ar-
rows) in the gray matter (h) and varying 
degrees of myelin loss with some spongy 
changes in the white matter, refl ecting 
 intramyelinic edema in the deep white 
matter (i)

i
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prominent motor manifestations of fl accid evolving 
to spastic quadriparesis, dysarthria, and dysphagia 
[48-50].

Pathological fi ndings show destruction of myelin 
sheaths, though the nerve cells and axons are relative-
ly spared. Th e underlying etiology and pathogenesis 
are unknown, but the hypotheses include osmotic en-

Figure 10.13 a–c

 Central pontine myelinolysis in a 33-year-old man. a T2-weighted image shows a hyperintense lesion in the center of the 
pons (arrow). b, c DW image shows this lesion as hyperintense with decreased ADC

Figure 10.14 a–c

 Extrapontine myelinolysis in an 11-year-old boy. a T2-weighted image shows no appreciable abnormality in the external 
capsules and hippocampi. b, c DW image demonstrates bilateral symmetrical hyperintense lesions with decreased ADC 
in the external capsules and hippocampi (arrows), representing cytotoxic edema

dothelial injury, microglia-derived cytokines, exces-
sive brain dehydration, and metabolic compromise 
[51]. Organic osmolytes, including glutamate, glu-
tamine, betamine, or taurine, have been implicated 
in the pathogenesis of myelinolysis [52]. Th e most 
common osmotic insult is a rapid correction of hy-
ponatremia. However, CPM and EPM can also occur 

a b c

a b c
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Figure 10.15 a–f

Central pontine and  cerebellar peduncle myelinolysis in a 54-year-old man with slurred speech and confusion. a, b T2-
weighted image shows hyperintense lesions in the center of the pons, middle cerebellar peduncles (a), and corpus cal-
losum (b) (arrows). c-f, DW image shows the lesions in the middle cerebellar peduncles and corpus callosum as hyperin-
tense with decreased ADC, and the pontine lesion as isointense with increased ADC (arrows)

in normo- or hypernatremic states in patients with 
chronic alcoholism, post-liver transplantation, mal-
nutrition, burn, hyperemesis gravidarum, and AIDS 
[53–55].

MR imaging has a fundamental role in the diagno-
sis and discloses hyperintense lesions on T2-weighted 
images, with or without enhancement on gadolini-
um-enhanced T1-weighted images. DW imaging can 
be useful in detecting the lesions in the early phase as 
hyperintense with decreased ADC, which represents 
cytotoxic edema (Figs. 10.13-10.15) [56]. Cytotoxic 
edema in CPM and EPM occur not only in myelin 
sheaths, but also in neurons, axons and astrocytes 
[57]. Th e clinical outcome of CPM and EPM is highly 

variable, and both fatal and clinically reversible cases 
may be associated with this kind of cytotoxic edema.

10.1.9  Wernicke Encephalopathy

Th iamine (vitamin B1) defi ciency can cause Wernicke 
encephalopathy, characterized by confusion, ataxia, 
and abnormal eye movements, but is not always pres-
ent. It is frequently associated with chronic alcohol 
abuse. Nonalcoholic Wernicke encephalopathy, which 
is uncommon, includes many other conditions such 
as tumors and bypass surgery of gastrointestinal tract, 
gastroplasty, pancreatitis, psychogenic refusal of food, 
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anorexia nervosa, voluntary food starvation, parental 
therapy, hyperemesis gravidarum, prolonged infec-
tious-febrile disease, chronic uremia, dialysis, HIV in-
fection, and thyrotoxicosis [58-60]. Without thiamine, 
the Krebs and pentose phosphate cycles cannot metab-
olize glucose [61, 62]. Th e enzymatic inactivity leads 
to accumulation of intracellular glutamate. Cellular 
homeostasis will soon fail resulting in release of glu-
tamate into the extracellular space (NMDA receptor 
mediated excitotoxicity), and the midline gray matter 
degenerates. Th iamine is also essential in maintaining 
osmotic gradients across cell membranes. Pathologic 
features are edema, spongy degeneration of the neu-
rophil, swelling of capillary endothelial cells and astro-

Figure 10.16 a–c

Wernicke encephalopathy with alcohol abuse in a 75-year-old man. a FLAIR shows a symmetrical hyperintense lesion in 
the hypothalamus (arrow). b, c DW image shows isointense lesions with increased ADC in the hypothalamus, which may 
represent vasogenic edema (arrow)

cytes, necrosis, and decreased myelination. Th e lesions 
are commonly seen in the mamillary bodies (57-75%), 
thalamic and hypothalamic nuclei, periaqueductal 
gray matter, tectal plate, walls of the third and fl oor of 
the fourth ventricle, and less commonly in the caudate, 
frontal, and parietal cortex, pons, dorsal medulla, red 
nuclei, corpus callosum, cerebellum, and dentate nu-
clei [58, 63-65].

MR imaging shows symmetrical hyperintense le-
sions of these areas on FLAIR and T2-weighted im-
ages. Th ey may or may not show enhancement on T1-
weighted images following contrast agent injection, 
depending on local disruption of the blood-brain 
barrier [58, 66]. Mamillary body involvement and en-

a b c
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Figure 10.17 a–e

 Wernicke encephalopathy with thyrotoxicosis in a 36-year-old man. a T2-weighted image shows symmetric hyperintense 
lesions in the mamillary bodies, hypothalami, and periaqueductal region (arrows). b-e DW imaging shows hyperintense 
lesions in the hypothalami, midbrain tectum, periaqueductal region, medial thalami, fornices, and pre- and postcentral 
gyri (arrows), associated with partially decreased ADC (not shown)

hancement are oft en seen in Wernicke encephalopa-
thy with alcohol abuse but are less frequent in non-
alcoholic Wernicke encephalopathy [58-60]. With 
intravenous thiamine treatment, these lesions may 
dissipate. DW imaging shows these lesions as hyper-
intense with decreased or increased ADC. Lesions 
with decreased ADC are thought to represent cyto-
toxic edema of neurons or astrocytes, while lesions 
with increased ADC may represent vasogenic edema 
(Figs. 10.16, 10.17) [67–72]. Both types of lesion can 
be reversible [71, 72]. Th e important diff erential di-
agnosis of symmetric lesions in the medial thalami 
includes ischemia due to occlusion of the artery of 
Percheron and deep cerebral vein thrombosis. 

10.1.10  Marchiafava–Bignami Disease

Marchiafava–Bignami disease is a fatal disorder 
characterized by demyelination of the corpus callo-
sum, often associated with chronic alcoholism [73]. 
The genu of the corpus callosum is more frequently 
involved, but the degeneration can extend through-
out the entire corpus callosum. Occasionally, optic 
chiasm and the visual tracts, putamen, anterior com-
missure, cerebellar peduncles, cortical gray matter 
and U-fibers may be involved. Clinical signs include 
seizures, impairment of consciousness, and signs of 
interhemispheric disconnection, but they are non-
specific.
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Th e corpus callosum appears hypoattenuated on 
CT and hyperintense on T2-weighted and fl uid-at-
tenuated inversion-recovery (FLAIR) images, which 
is essential to confi rm the diagnosis. Th ese lesions can 
be partially reversible with treatment [74]. DW imag-
ing shows lesions in the early phase as hyperintense 
with decreased ADC [75] representing cytotoxic 
edema, mainly in the myelin sheaths (intramyelinic 
edema). In the subacute phase, the lesions are hyper-
intense on DW imaging with increased ADC repre-
senting demyelination or necrosis (Fig. 10.18).

10.1.11  Steroid-Responsive Encephalopathy 
Associated with Autoimmune Thyroiditis 
( Hashimoto’s Encephalopathy)

Steroid-responsive encephalopathy associated with 
autoimmune thyroiditis (SREAT), oft en termed 
Hashimoto’s encephalopathy, is characterized by 
subacute relapsing-remitting neurologic and neuro-
psychiatric symptoms and increased titers of antithy-
roid antibodies (thyroperoxidase antibody, formerly 
known as antimicrosomal antibody) in the serum 

Figure 10.18 a–d

Marchiafava–Bignami disease in 
a 58-year-old man. a T2-weight-
ed image shows hyperintensi-
ty in the anterior and posteri-
or corpus callosum (arrows) and 
in the periventricular white mat-
ter. b Gadolinium-enhanced T1-
weighted image with magnetiza-
tion transfer contrast reveals en-
hancing lesions in the anterior 
and posterior corpus callosum. 
c, d DW image shows hyperin-
tense lesions with increased ADC 
in the corpus callosum, represent-
ing demyelination and necrosis in 
the subacute phasea b

c d
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Figure 10.19 a–c

Hashimoto’s encephalopathy in a 43-year-old woman with hypothyroidism. a T2-weighted image shows brain swelling 
and diff use white matter hyperintensity. b, c DW imaging shows diff use white matter hyperintensity with increased ADC 
consistent with vasogenic edema. Follow-up MR imaging showed improved swelling and edema (Courtesy of Yang L, MD, 
The University of Iowa Hospitals and Clinics, USA)

a b c

and CSF [76]. SREAT has a variety of clinical pre-
sentations including stroke-like symptoms, seizure, 
tremor, mental status changes, delirium, hallucina-
tion, and dementia. It is oft en misdiagnosed initially 
due to non-specifi c symptoms. Th e pathogenesis is 
largely debated. Current hypotheses encompass auto-
immune encephalopathies (an immunological reac-
tion to antineuronal antibodies against brain-thyroid 
antigens), autoimmune vasculitis, direct toxic eff ect 
by excessive thyrotropin-releasing hormone, global 
hypoperfusion, edema, and primary demyelination 

[76-83]. Since the disease responds to steroids very 
well, it is important for early diagnosis in conjunction 
with MR imaging, which can minimize the adverse 
outcome.

Recently reported MR imaging fi ndings include 
diff use white matter lesions [84], nucleus accumben, 
part of the ventral striate nucleus [85], hippocampal 
and medulla lesions, as well as cerebellar atrophy 
[86, 87]. DW imaging shows diff use white matter le-
sions as isointense with the increased ADC values 
(Fig. 10.19)
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Figure 10.20 a–d

 Mitochondrial encephalopathy 
with lactic acidosis and stroke 
(MELAS) in a 27-year-old woman. 
a, b T2-weighted and FLAIR imag-
es show a hyperintense lesion in 
the right temporal lobe (arrow). 
c, d DW image shows this lesion 
as hyperintense with increased 
ADC (arrow), mainly representing 
vasogenic edema

10.2 Metabolic Disease

10.2.1 Mitochondrial Encephalopathy

Mitochondrial encephalopathies are a heterogeneous 
group of disorders aff ecting primarily the central 
nervous system and skeletal muscles. Two main hy-

potheses attempt to explain the cerebral lesions: (1) 
metabolic damage of the endothelium, which leads to 
small-vessel occlusion and secondary neuronal death 
and (2) mitochondrial dysfunction, which results in 
anaerobic metabolism and neuronal death from aci-
dosis [88].

T2-weighted images occasionally show increased 
signal intensity in the gray and white matter, which 

a b

c d
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Figure 10.21 a–d

Mitochondrial encephalopathy 
(unknown enzymic abnormali-
ty) in a 20-month-old girl. a T2-
weighted image shows multiple 
and diff use hyperintense lesions 
in both hemispheres. b, c DW im-
age shows multiple high signal 
intensity lesions associated with 
decreased ADC. d Proton MR 
spectroscopy (TE 135 ms) reveals 
low N-acetyl aspartate and large 
inverted lactate peaks (arrow)

usually does not follow vascular territories. Proton 
MR spectroscopy is useful in the diagnosis by detect-
ing elevated lactate peak. DW imaging oft en shows the 
stroke-like lesions in mitochondrial encephalomyopa-
thy, lactic acidosis and stroke–like episodes (MELAS) 
as hyperintense. Th ey have increased or normal ADC, 
which presumably represents vasogenic edema [89–
91] (Fig. 10.20). However, decreased ADC in these le-

sions representing cytotoxic edema can be observed 
[92–94] (Fig. 10.21).

a b c

d
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Figure 10.22 a–c

Phenylketonuria in a 36-year-old man. a T2-weighted image shows hyperintense lesions in the periventricular white mat-
ter (arrows). b, c DW image shows these lesions as hyperintense with decreased ADC, presumably representing intramy-
elinic edema

10.2.2  Phenylketonuria

Phenylketonuria is an autosomal recessive disorder 
caused by a defi ciency of phenylalanine hydroxylase. 
It is the most common congenital disorder of amino 
acid metabolism. Untreated patients typically devel-
op mental retardation, seizures, growth retardation, 
hyper-refl exia, eczematous dermatitis, and hyperpig-
mentation. Pathologic fi ndings include delayed or de-
fective myelination, diff use white matter vacuolation, 
demyelination, and gliosis [95].

Magnetic resonance imaging shows hyperintense 
lesions on T2-weighted images in the periventricu-
lar parietal and occipital regions, and in more severe 
cases extending to the frontal and subcortical white 
matter [96]. DW imaging shows these lesions as hy-
perintense with decreased ADC, which presumably 
represents intramyelinic edema and astrocytic swell-
ing [97] (Fig. 10.22). Th ese lesions can be completely 
reversible on follow-up MR imaging when dietary 
control has been instituted.

10.2.3 Other Metabolic Diseases 
and  Leukodystrophies

Diff usion-weighted imaging is thought to be useful 
to diff erentiate between demyelinating and dysmy-
elinating disorders [98, 99]. Decreased ADC in the 
white matter has been reported in Canavan disease 
[100] (Chap. 14), adrenoleukodystrophy [101], meta-
chromatic leukodystrophy [102], L-2 hydroxyglutaric 
aciduria [103] (Fig. 10.23), and infantile neuronal 
dystrophy [104]. Th e cause of the decrease in ADC 
in these diseases seems to be intramyelinic edema 
[105], or axonal swelling associated with impaired 
myelin sheaths or axons. On the other hand, in-
creased or normal ADC in the white matter is seen 
on Pelizaeus–Merzbacher disease [106] (Chap. 14), 
Krabbe disease, van de Knaap disease (Fig. 10.24) 
and leukoencephalopathy with vanishing white mat-
ter (Chap. 14). Diff usion tensor MR imaging can be 
useful in diff erential diagnosis of leukodystrophies 
[98, 101, 107].

a b c
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Figure 10.23 a–c

 L-2-Hydroxyglutaric aciduria in a 13-year-old boy. a T2-weighted image shows symmetrical hyperintense lesions in bilat-
eral globus pallidum (arrows) and diff usely in the white matter. b, c DW image shows these lesions as hyperintense; how-
ever, ADC is mildly decreased in the globus pallidum (arrows), and mildly increased in the white matter

Figure 10.24 a–c

 Van der Knaap disease in a 10-month-old boy with megalencephaly. a T2-weighted image shows diff use hyperintensity 
in the white matter. b, c DW image shows diff use hypointensity with increased ADC, especially prominent in symmetrical 
subcortical cysts in the temporal lobes (arrows)

a b c

a b c
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11.1 Overview of Brain Infections

Infections of the brain are caused by bacteria, virus, 
fungi or parasites. Bacterial infections are oft en re-
lated to septic emboli and extracranial infections 
spreading intracranially and intra-axially. Th is can re-
sult in cerebritis and brain abscesses. Viral infections 
are more diff use and cause encephalitis and vasculi-
tis. Toxoplasmosis, which is the most common para-
sitic infection of the brain, causes encephalitis and 
abscesses, while disseminated aspergillosis causes 
vasculitis-mediated infarctions resulting in extensive 
cerebritis and/or abscess formation. 

Th e pathophysiology and the imaging fi ndings vary 
greatly depending on the organism causing the infec-
tion. Diff usion-weighted (DW) imaging is useful for 
the diagnosis of infectious conditions of the brain by 
means of diff erentiating vasogenic edema from cyto-
toxic edema [1]. DW imaging can also separate ab-
scesses from cystic and necrotic tumors [2–6].

11.2 Bacterial  Brain Abscess and  Cerebritis

 Bacterial brain abscesses are potentially fatal, but can 
oft en be medically and surgically treated if detected 
early. Symptoms are oft en non-specifi c and vague, and 
imaging is therefore necessary for detection and char-
acterization. 

A brain  abscess begins as a focal area of microvas-
cular injury, usually at the gray–white matter junction 
or deeper in the white matter. Pathologically the initial 
stage of a brain abscess is a focal area of cerebritis or 
presuppurative encephalitis. Th is is characterized by 
early necrosis of the cerebral parenchyma, vascular 
congestion, petechial hemorrhage, neutrophil infi ltra-
tion and vasogenic edema [7–9]. DW imaging shows a 
variety of signal characteristics in the area of the cere-
britis with mildly increased or decreased ADC, pre-
sumably depending on the degree of infl ammatory cell 

Infectious Diseases

infi ltration and types of edema (cytotoxic or vasogenic, 
Figs. 11.3, 11.10).

Late cerebritis is characterized by a necrotic and 
purulent center. Th is evolves into frank abscess forma-
tion, which is characterized by central pus, infl amma-
tory granulation tissue and a fi brous capsule. Th e pus 
usually consists of both dead and viable neutrophils, 
necrosis, and bacteria. Even in the chronic phase of 
an abscess, neutrophils and necrosis can still be found 
(Fig. 11.1).

Th e early phase of the brain abscess has a homo-
geneous, bright signal on DW imaging associated 
with decreased apparent diff usion coeffi  cient (ADC) 
(Figs. 11.2 and 11.3). Th e late phase of an abscess can 
still show hyperintensity on DW images, but ADC val-
ues are partially increased (Fig. 11.1) [10]. A possible 
explanation for the high signal on DW imaging is re-
striction of water mobility due to the high viscosity of 
coagulative necrosis and the prominence of polynucle-
ated neutrophils in the pus.  DW imaging is superior to 
conventional MR imaging in evaluating the success or 
failure of abscess therapy [11].

A brain abscess cavity shows regions of increased 
fractional anisotropy (FA) values with restricted 
mean diff usivity (Fig. 11.3) [12]. Geometrical analy-
sis shows that a planar shape of the diff usion tensor is 
more frequently observed in the abscess than that in 
the normal white matter tract in which the diff usion 
tensor is predominantly of a linear shape. Th is phe-
nomenon presumably refl ects adherent infl ammatory 
cells, tangled up with each other, inside the abscess 
cavity [13].
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Figure 11.1 a–e

Streptococcal  brain abscess in a 7-year-old boy presenting with a week-long severe headache. a T2-weighted image 
shows a central hyperintense mass lesion with low signal rim (black arrows) and peripheral edema in the left frontal lobe. 
b Gadolinium-enhanced T1-weighted image with magnetization transfer contrast shows this mass with ring enhance-
ment. c DW image shows a central cystic component as hyperintense. d ADC map shows a fl uid-fl uid level and partial-
ly decreased ADC of this component, which is sometimes observed in the late phase of the abscess. e Pathology shows 
numerous neutrophils (arrows) in the center of the abscess with sourrounding granulation tissue and organizing fi brous 
capsule. In the pus and granulomatous fi brous capsules (arrowheads) in a chronic abscess

a b c

d e



Chapter 11 195Infectious Diseases

a b c

d e

Figure 11.2 a–e

Streptococcal brain abscess in a 48-year-old woman presenting with headache. a Gadolinium-enhanced coronal T1-
weighted image shows a ring-enhancing mass (arrow) and enhancement (arrowheads) in the surrounding edema, con-
sistent with abscess and cerebritis. There is an incidental fi nding of a Rathke’s cleft cyst in the pituitary gland. b, c DW im-
age shows an abscess as hyperintense (arrow) (b) and cerebritis as isointense (arrow) (c). d, e ADC map shows the ab-
scess as decreased ADC (arrow) (d) and the cerebritis as mildly increased ADC (arrow) which is lower than the surround-
ing edema (e)
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Figure 11.3 a–e

Brain abscess with mixed anaerobe bacteria in an 86-year-old woman presenting with right upper and lower extremity 
weakness and seizures. a T2-weighted image shows a central hyperintense mass with low-signal rim and peripheral ede-
ma in the left frontoparietal region (arrow). b Gadolinium-enhanced T1-weighted image shows this mass with ring en-
hancement (arrow). c DW image shows a central cystic component as hyperintense. d ADC map shows decreased ADC of 
this component (arrow). e FA map shows increased FA values in the abscess (arrow)
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Figure 11.4 a–c

 Septic emboli from staphylococcus endocarditis in a 44-year-old woman presenting with left hemiparesis of 3 days’ du-
ration. a T2-weighted image shows hyperintense lesions in the right basal ganglia and posteriorly in the middle cerebral 
artery territory (arrows). b DW image shows these lesions as hyperintense (arrows). c ADC map shows these lesions as de-
creased ADC, mainly representing infarcts (arrows)

11.3 Septic Emboli 

Th e main risk factors for brain abscesses are bacterial 
endocarditis and chronic suppurative intrathoracic 
infections [14]. If septic emboli of suffi  cient size are 
lodged in an intracerebral arterial vessel, infarction can 
occur. Infarctions are bright on DW imaging, with de-
creased ADC (Fig. 11.4). Septic infarctions usually oc-
cur in the distal cortical branch territories, while small 
septic emboli are characteristically found in the corti-
cal-white matter junction. It can take a few weeks and 
up to several months for septic emboli to develop into 
an abscess. Serial DW imaging is therefore oft en useful 
in patients at risk for septic encephalopathy. By means 
of repeated DW imaging, it is possible to identify the 
initial infarction and the subsequent cerebritis/abscess 
evolution [15]. Th is allows for early treatment.

11.4 Brain Abscess 
Caused by Unusual Bacteria 

Th e classical fi nding in a brain abscess is a cystic lesion 
with marked enhancement following contrast medium 
injection. On DW imaging, the cystic area shows a 
high signal and ADC is reduced. However, the charac-
teristics of brain abscess appear to be related to the type 

of organism and the immunity of the host. Th us, in an 
immunodefi cient patient with sepsis, multiple micro-
abscesses are oft en observed. Multiple micro-abscesses 
may involve basal ganglia bilaterally and mimic small 
infarcts (Fig. 11.5) [16].

Listeria monocytogenes is a facultative intracellu-
lar nonspore-forming gram-positive bacillus. Listeria 
infection, usually seen in immunocompromised 
hosts, is oft en associated with extensive parenchymal 
involvement, especially in the brain stem and basal 
ganglia [17]. Th e ability to cross the meninges and 
blood-brain barrier is thought to be the result of en-
dothelial cell or macrophage phagocytosis of the or-
ganisms, which use the host-cell contractile system to 
migrate to and grow within the brain.  A central small 
abscess may be seen as high signal on DW imaging 
with decreased ADC with the surrounding vasogenic 
edema (Fig. 11.6). 

Nocardia asteroides is an aerobic acid-fast branch-
ing gram-positive bacterium. Nocardia infection 
is under-reported and oft en goes unrecognized.  
Nocardia brain abscesses have mortality rates three 
times higher than usual bacterial brain abscesses. It 
may be curable with long-term trimethoprim-sulfa-
methoxazole. Immunodefi ciency makes the progno-
sis poorer than in immunocompetent patients [18, 
19]. DW imaging shows some lesions as low ADC 
and others as iso ADC (Fig. 11.7).

a b c
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Figure 11.5 a, b

Brain abscesses due to gram-neg-
ative rod bacteria in a 28-year-old 
woman with Crohn’s disease and 
long-term steroid use present-
ing with headache. Blood cul-
ture showed gram-negative rods. 
a T2-weighted image shows mul-
tiple small hyperintense lesions 
in bilateral basal ganglia (arrows) 
and white matter. b DW image 
shows these lesions as very hy-
perintense with decreased ADC 
(not shown). This fi nding mimics 
multiple small infarcts but it rep-
resents multiple small abscesses

Figure 11.6 a–d

 Listeria meningoencephalitis af-
ter bone marrow transplantation 
for chronic myeloblastic leuke-
mia in a 31-year-old man present-
ing with a 2-day history of severe 
headache. a T2-weighted image 
shows hyperintense lesions in the 
left basal ganglia, internal cap-
sule and white matter in the tem-
poral lobe, representing enceph-
alitis (arrows). b Coronal gadolin-
ium-enhanced T1-weighted im-
age shows an irregular ring-en-
hancing lesion (arrow). c DW im-
age shows a central cystic com-
ponent as hyperintense with de-
creased ADC (d) (arrow), repre-
senting an abscess

a b

a b

c d
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Figure 11.7 a–c

 Nocardia abscess in a 50-year-old man with alcohol abuse. a Gadolinium-enhanced T1-weighted image shows multiple 
small ring-enhancing lesions in the bilateral temporo-occipital lobes. b, c DW image shows these lesions as hyperintense 
with decreased ADC (c), representing small abscesses

a b c

A tuberculous abscess has been reported to be seen 
as hyperintensity with low ADC, probably due to the 
presence of intact infl ammatory cells in the pus [20, 
21]. Th e diff usion abnormality of the caseous necrosis 
may be variable depending on the degree of liquefac-
tion [22].

11.4.1 Diff erential Diagnosis 

DW imaging can discriminate brain abscesses from 
cystic or necrotic tumors, which is oft en diffi  cult with 
conventional MR imaging (Fig. 11.8) [2–6]. Cystic 
and necrotic components of the tumor are usually 
dark on DW images associated with increased ADC. 
However, there are exceptions; central necrosis of a 
primary tumor or metastasis can occasionally show 
the same characteristics with hyperintensity on DW 
imaging with iso or low ADC values (Fig. 11.9) [23–
25]. Sterile and coagulative necrosis, hemorrhage and 
viscous mucinous components are possible causes 
for this fi nding. Th e sensitivity and specifi city in dif-
ferentiating cystic/necrotic neoplasms from bacterial 
abscesses are reported as 85% and 95%, respectively, 
at the threshold of 1.39 ADC ratio (dividing the ADC 
values of the non-enhancing portion of the mass by 

those of contralateral normal-appearing white mat-
ter) [23].

Pure coagulative necrosis typically develops aft er 
radiofrequency thalamotomy [27]. Th e lesion oft en 
shows hyperintensity on DW imaging, with decreased 
ADC (Fig. 11.10). Although imaging characteristics 
are very similar to those of an abscess, the history of 
the patient and the symptomatology can usually help 
to diff erentiate post-surgical lesions from abscesses.

11.5 Bacterial Abscess in the  Extra-Axial Space 

Infections can enter the extra-axial spaces by a variety of 
mechanisms, including direct spread from an adjacent 
focus, retrograde septic thrombophlebitis, hematog-
enous seeding and sequela of purulent leptomeningitis 
[28]. Abscesses can occur in epidural (Fig. 11.11), sub-
dural (Fig. 11.12), subarachnoid (Fig. 11.13), or intraven-
tricular spaces (Fig. 11.14) [29, 30]. Wherever they occur, 
DW imaging shows pus in the abscess as hyperintense, 
with relatively low ADC values. An exception to the rule 
can be found in some cases of extra-axial pus collections 
where the ADC value varies from low to high. Regions of 
increased ADC presumably represent dilution of the pus 
with the cerebrospinal fl uid or exudate.
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Figure 11.8 a–d

Glioblastoma in a 69-year-old 
woman. a T2-weighted image 
shows a central hyperintense 
mass lesion with low signal rim 
and peripheral edema in the 
right frontal lobe. b Gadolinium-
enhanced T1-weighted image 
with magnetization transfer con-
trast shows this mass with irreg-
ular ring enhancement. c DW im-
age shows a central cystic com-
ponent as hypointense (arrow). 
d ADC map shows increased ADC 
of this cystic component (arrow)

Figure 11.10 a–c

 Coagulative necrosis 4 weeks after radiofrequency thalamotomy for essential tremor in a 70-year-old man. a T2-weighted 
image shows a hyperintense lesion with mild peripheral edema in the left thalamus (arrow). b DW image shows a central 
cystic component as hyperintense. c ADC map shows this component as decreased ADC, probably representing coagula-
tive necrosis. This lesion was decreased in size on follow-up MR imaging without antibiotic treatment

▶

a b

c d
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Figure 11.9 a–d

Brain metastasis from adenocarci-
noma of the lung in a 44-year-old 
man. a T2-weighted image shows 
multiple mass lesions and periph-
eral edema in the left parieto-oc-
cipital lobe. b Gadolinium-en-
hanced T1-weighted image with 
magnetization transfer contrast 
shows these lesions with irreg-
ular ring enhancement (arrows). 
c DW image shows central cystic 
components as hyperintense (ar-
rows). d ADC map shows relative 
low ADC values of cystic compo-
nents, presumably representing 
coagulative necrosis or mucinous 
substance (arrows)

a b

c d

a b c
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Figure 11.11 a–d

 Epidural empyema in a 21-year-old man. a T2-weighted image shows an 
epidural hyperintense mass in the right frontal region (arrows) and an area 
of mild hyperintensity noted in the underlying frontal cortex (arrowheads). 
b Gadolinium-enhanced T1-weighted image with magnetization transfer 
contrast shows a rim-enhancing mass lesion. c DW image shows hyperinten-
sity in the epidural empyema (arrows) and underlying cerebritis (arrowhead). 
d ADC map shows the empyema as slightly increased ADC with layer of de-
creased ADC (arrow), and the underlying cerebritis shown as the decreased 
ADC (arrowheads)

a b c

d

a b c
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Figure 11.12 a–c

 Subdural empyema in a 16-year-old male patient. a Gadolinium-enhanced T1-weighted image with magnetization trans-
fer contrast shows rim-enhancing lesions along the falx (arrows). Mild meningeal enhancement is also seen. b DW image 
shows these lesions as hyperintense, representing subdural abscesses (arrows). c ADC map shows these lesions as rela-
tively decreased ADC (arrows) compared with CSF. (Courtesy of Morikawa M MD, Nagasaki University, School of Medicine, 
Japan)

Figure 11.13 a–d

 Purulent leptomeningitis in a 77-
year-old man. Pneumococcus 
was proven by CSF examination. 
a Coronal fl uid-attenuated inver-
sion-recovery image shows hyper-
intense lesions in subarachnoid 
space in the right fronto- parietal 
region (arrow). b Gadolinium-en-
hanced T1-weighted image with 
magnetization transfer contrast 
shows irregular enhancement of 
these lesions (arrows). c DW im-
age shows these lesions as hy-
perintense, representing puru-
lent leptomeningitis (arrows). 
d ADC map shows these lesions 
as decreased ADC (arrows)

◀

a b

c d
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Figure 11.14 a–d

 Purulent ventriculitis after sur-
gery in a 60-year-old man.
a Gadolinium-enhanced T1-
weighted image with magnetiza-
tion transfer contrast shows lin-
ear enhancement along the ven-
tricle (arrows). There are post-
surgical changes in the left fron-
tal lobe and extracranially on the 
left. b T2-weighted image shows 
a fl uid–fl uid level in bilateral lat-
eral ventricles (arrows) and post-
operative changes in the left fron-
tal lobe (arrowhead). c DW image 
shows the fl uid (arrows) as hyper-
intense, representing purulent 
ventriculitis, and postoperative 
changes in the left frontal lobe 
(arrowhead). d ADC map shows 
these lesions as decreased ADC

Figure 11.15 a, b

Intraventricular hemorrhage due 
to arteriovenous malformation 
in a 29-year-old man. a DW im-
age shows hyperintense lesions 
(arrows) with decreased ADC (not 
shown), similar to the fi nding 
seen in purulent intraventriculitis. 
b Computed tomography shows 
the high density of intraventricu-
lar hemorrhage

a b

c d

a b
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Figure 11.16 a–d

Epidermoid in a 29-year-old man. 
a T2-weighted image shows a 
hyperintense mass (arrow) in 
the left cerebello-pontine an-
gle. b Gadolinium-enhanced T1 
weight- ed image with magne-
tization transfer contrast shows 
the lesion (arrow) as hypointense 
with no enhancement. c DW im-
age shows this lesion (arrow) as 
hyperintense. d ADC map shows 
almost similar ADC value to the 
cerebellar parenchyma

11.5.1 Diff erential Diagnosis 

Hematomas and epidermoids occasionally have im-
aging characteristics similar to those of an extra-axial 
abscess on DW imaging. Th e hematomas oft en show 
hyperintensity with decreased ADC, probably because 
of the hypercellularity or hyperviscosity (Fig. 11.15) 
[31, 32]. Epidermoids also show an extra-axial hy-
perintense lesion on DW imaging (Fig. 11.16) caused 
by high viscosity keratohyalin-containing materials, 
which are arranged in layers, as in an onion bulb. ADC 
maps usually show slightly increased ADC as com-
pared with normal brain parenchyma [33].

11.6  Bacterial Vasculitis 

Cerebral infarctions secondary to meningitis are 
well documented in the pediatric age group. Th us, 
Streptococcus B meningitis in neonates can result in in-
farction, a condition that is rare in adults. Th e blood–
brain/blood–cerebrospinal fl uid (CSF) barrier and the 
mechanical integrity of meninges are immature in young 
infants, which may explain the preponderance for these 
changes to occur in babies and young infants [34]. Both 
arteries and veins can be involved by infection via the 
perivascular space. Pial arteriolar occlusion causes in-
farction of the subpial cortex (Fig. 11.17). Although vas-
culitic changes occur early, they only become prominent 
resulting in an infarction by the second to third week af-
ter onset of the meningeal infection. DW imaging is use-
ful in early detection of the infarction, which is bright on 
DW imaging, with low ADC.

a b

c d
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Figure 11.17 a–d

 Group B Streptococcus meningitis in a 5-week-old boy. 
a T2-weighted image shows bifrontal subdural eff usion 
and hyperintense lesions in bilateral frontal superfi cial 
cortices and posterior corpus callosum (arrows). b DW 
image shows these cortical and corpus callosal lesions 
(arrows) as hyperintense. c ADC map shows the cortical 
lesions (arrows) as decreased ADC, representing acute 
infarcts and cerebritis of the subpial cortex. d Infection 
spreads via the perivascular space into the veins and 
arteries causing vasculitis, infarction, and cerebritis. 
Neutrophil infi ltrations are noted in the venous and ar-
terial walls

11.7  Toxoplasmosis 

 Toxoplasma abscesses consist of ischemic necrosis of 
the brain tissue associated with sclerosing endoarteritis 
and a variety of infl ammatory reactions. Toxoplasma 
abscesses are more commonly seen in immunocom-
promised patients, such as patients with acquired im-
munodefi ciency syndrome (AIDS). In fact, toxoplas-
ma abscesses in AIDS patients were once so common 
that they were morphologically grouped into three 
subtypes: (1) poorly circumscribed areas of necrosis 
(necrotizing abscess), (2) a central area of coagulative 
necrosis surrounded by macrophages and organism 
(organizing abscess), and (3) well-demarcated cystic 

spaces (chronic abscess) [35]. Central necrosis in toxo-
plasma abscesses does not contain as many infl amma-
tory cells as regular bacterial abscesses.

DW imaging of a toxoplasma abscess has been re-
ported to show no water restriction in the core of the 
rim-enhancing area, which is helpful in diff erentiat-
ing them from bacterial abscesses and possibly lym-
phomas (Figs. 11.18, 11.20) [36, 37]. However, there 
are exceptions; DW imaging may show a variety of 
signal characteristics (Fig. 11.19) [38]. Abscesses 
with diff erent characteristics are occasionally seen in 
the same patient. Th is probably refl ects the diff erent 
pathologic/morphologic subtypes such as coagulative 
or liquefactive necrosis (Fig. 11.19).

d

a b c
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Figure 11.18 a–d

 Toxoplasmosis in a 43-year-old man with AIDS. a T2-weighted image 
shows mass lesions with vasogenic edema in the bilateral basal ganglia.
b Gadolinium-enhanced T1-weighted image with magnetization transfer 
contrast shows a ring-enhancing mass and an enhancing nodule. c DW im-
age shows the non-enhancing central cystic area as isointense, and the en-
hancing rim and nodule as hypointense with peripheral isointense vasogen-
ic edema . d ADC map shows increased ADC of these areas

11.7.1 Diff erential Diagnosis 

Th e main diff erential diagnosis is lymphoma. In AIDS 
patients, central nervous system lymphoma is oft en 
associated with central necrosis. Th is is occasionally 
liquefactive, presumably related to hypoxia or apopto-
sis of tumor cells. Th e enhancing portion of the lesion 
usually shows hyperintensity on DW imaging, with 
relatively low ADC due to hypercellularity of lympho-

mas (Fig. 11.20). A central necrosis typically shows hy-
pointensity on DW imaging with increased ADC [38]. 
However, a non-enhancing central core may show rela-
tively lower ADC values than those in toxoplasmosis, 
refl ecting the hypercellularity of lymphoma, especially 
in AIDS patients [36].



Infectious DiseasesChapter 11208

a b c

d e

f g



Chapter 11 209Infectious Diseases

Figure 11.19 a–g

Toxoplasmosis in an 18-year-old female patient with acute myeloblastic leukemia. a T2-weighted image shows a mass le-
sion with vasogenic edema in the left fronto-temporal region (long arrows). Hyperintense lesions are also seen in the right 
occipital area (short arrow). b Gadolinium-enhanced T1-weighted image with magnetization transfer contrast shows a 
ring-enhancing mass (long arrows) and an enhancing nodule (short arrow). c DW image shows the non-enhancing cys-
tic central area as hyperintense (arrow), and the enhancing rim and peripheral vasogenic edema as hypointense (arrow-
heads). d ADC map shows decreased ADC of this cystic component (arrows). e Biopsy specimen shows coagulative necro-
sis of this cystic component (hematoxylin–eosin stain). f, g DW image shows a small cystic lesion (arrow) as hypointense 
with increased ADC (g) in the right caudate nucleus (arrow), which may indicate the diff erent phase of toxoplasma ab-
scess. Left fronto-temporal mass and multiple hyperintense nodules are also seen

Figure 11.20 a–d

AIDS-related lymphoma in a 
23-year-old man. a T2-weight-
ed image shows a necrotic mass 
in the left frontal lobe extend-
ing into the temporo-occipital 
lobe. b Gadolinium-enhanced 
T1-weighted image magneti-
zation transfer contrast shows 
these lesions (arrows) with irreg-
ular ring enhancement. c DW im-
age shows enhancing solid com-
ponents as hyperintensity (ar-
rowheads), and a necrotic com-
ponent as hypointensity (arrow). 
d ADC map shows central necro-
sis as increased ADC (arrow) and 
the solid components (arrow-
heads) as relatively low ADC com-
pared to the central necrosis

◀

a b

c d
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Figure 11.21 a–f

 Neurocysticercosis (parenchy-
mal cysticerci) in an 18-year-old 
man. a CT shows a calcifi ed cystic 
mass with the surrounding ede-
ma in the right parietal area (ar-
row). b Gadolinium-enhanced 
T1-weighted image shows ring 
enhancement (arrow). c CISS im-
age shows a low-signal spot in 
the center of the cyst represent-
ing a scolex (arrow). d DW image 
shows a cystic component as low 
signal with a small hyperinten-
sity in the center of the cyst (ar-
row). e ADC map shows the cyst 
as increased ADC and the sco-
lex as a low ADC spot (arrow). 
f Pathology specimen in anoth-
er case demonstrates a  scolex in 
the cyst
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a b c

d

Figure 11.22 a–d

Neurocysticercosis (intraventricular cysticerci) in a 29-year-old man. a Coronal 
gadolinium-enhanced T1-weighted image shows a cystic lesion in the third 
ventricle with ependymal enhancement (arrow). b CISS image shows a low 
signal spot (arrow) in the center of the cyst and the surrounding edema. 
c DW image shows a cystic component as low signals with a small hyper-
intensity in the center of the cyst (arrow). d ADC map shows the cyst as in-
creased ADC with a central low ADC spot (arrow). Pathology showed a de-
generating cysticercus

11.8  Neurocysticercosis 

 Cysticercosis is the most common parasitic infection of 
the central nervous system and it is caused by Taenia soli-
um. Pathologically, there are four forms: (1) parenchymal 
cysticerci (Fig. 11.21), (2) leptomeningitis, (3)intraven-
tricular cysticerci (Fig. 11.22), and (4) racemose cysts. 
DW imaging shows cystic lesions in neurocysticercosis 
as low signal intensity with high ADC values, which is 
useful in diff erentiating them from bacterial or tubercu-
lous abscess [21]. Th e scolex may be detectable as a hy-
perintense nodule on DW imaging (Fig. 11.21) [39].

11.9  Fungal Infection 

 Aspergillosis is the most common intracranial fungal 
infection, commonly seen in immunocompromised 
patients. In disseminated aspergillosis, Aspergillus 
infi ltrates and destroys the internal elastic lamina of 
cerebral arteries and causes vasculitis [40]. Th is leads 
initially to acute infarction or hemorrhage. Most of the 

process extends into the surrounding tissue as cereb-
ritis and may evolve into an abscess. Infection of al-
ready infarcted brain tissue is oft en aggressive with 
rapid progression. MR imaging shows round lesions 
oft en involving the basal ganglia and gray-white matter 
junction with absence or minimal peripheral enhance-
ment. Ring or parenchymal enhancement of the lesion 
can be seen in less severely immunocompromised pa-
tients. DW imaging is useful for early detection of this 
vasculopathy-mediated septic infarction and abscess 
(Fig. 11.23) [20, 41, 42]. Th e mortality rate is estimated 
between 85 and 100%. New antifungal therapies (tri-
azole) have made eff ective treatment possible. 

 Rhinocerebral mucormycosis oft en occurs in diabet-
ic patients, especially with diabetic ketoacidosis, which 
is an excellent medium for this fungus in an environ-
ment of elevated glucose and acidic pH [43].  DW imag-
ing shows the lesion as restricted water diff usion typi-
cally located in the inferior frontal lobe [44] (Fig. 11.24). 
Cryptococcus infection shows enhancing or non-en-
hancing lesions involving the basal ganglia, meninges, 
and ventricles. Th e cystic lesions are isosignal to CSF on 
T2-weighted and DW images (Fig. 11.25) [45]. 
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Figure 11.23 a–g

 Disseminated aspergillosis in a 55-year-old woman with fever and mental status change. She had hepatitis C and un-
derwent liver transplantation. a T2-weighted image shows multiple hyperintense round lesions (arrows) in bilateral 
basal ganglia, right thalamus, and cerebral white matter and cortex. Subdural hematoma is also seen in the right fron-
tal region. b DW image shows these lesions as very high signal intensity (arrows), representing infarction, hemorrhage 
and abscess. c ADC maps show decreased ADC in these lesions (arrows). d Coronal FLAIR image shows extensive hy-
perintense lesions in the frontal lobes. e Brain specimen with the same slice of the FLAIR image demonstrates exten-
sive hemorrhagic necrotic lesions. f Pathological specimen of the right thalamus shows Aspergillus hyphae (arrows)
and infi ltration of neutrophils and macrophages (arrowheads) in an abscess (hematoxylin–eosin stain). g Pathological 
specimen of left frontal area shows necrosis due to vasculitis-mediated acute septic infarction and hemorrhage (hema-
toxylin–eosin stain)

f g

a b c
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Figure 11.24 a–d

 Rhinocerebral mucormycosis in 
a 48-year-old man with diabe-
tes mellitus type 1 and ketoaci-
dosis. a FLAIR image shows post-
operative changes of invasive 
fungal infection in the right or-
bit and paranasal sinus. b DW im-
age shows hyperintense lesions 
in the bilateral frontal bases. 
c Decreased ADCs of these le-
sions are noted, consistent with 
cerebritis. d On a 1-week follow-
up MR image, the lesions extend 
into the frontal lobes and basal 
ganglia shown as hyperintense 
lesions on the FLAIR image

a b

c d

Figure 11.25 a–c

 Cryptococcus ependymitis and choroid plexitis in a 40-year-old man with AIDS. a FLAIR image shows multiloculated cys-
tic lesions in the lateral ventricles with extensive periventricular and deep white matter edema. b Gadolinium-enhanced 
T1-weighted image shows thin-wall-enhancing intraventricular cystic lesions and ependymal enhancement. c DW image 
shows the cystic lesions as hypointense with increased ADC (not shown)

a b c
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Figure 11.26 a–d

 Cerebral candidiasis in a 17-year-
old girl with pre-B-cell acute lym-
phoblastic leukemia and fungal 
sepsis. a Contrast-enhanced ab-
dominal CT shows multiple ab-
scesses in the liver and spleen. 
b Gadolinium-enhanced T1-
weighted image shows a small 
ring-enhancing lesion in the left 
cerebellum. c DW image shows 
very small hyperintensity repre-
senting a small abscess. d ADC 
map shows decreased ADC in 
the abscess

a b

c d

Figure 11.27 a–d

 Histoplasmosis in an 81-year-old man with diabetic mellitus and alcoholism. 
a Contrast-enhanced chest CT with coronal reconstruction shows a cavitary 
lesion in the right lung. b Coronal gadolinium-enhanced T1-weighted image 
shows multiple ring-enhancing lesions in the brain. c, d DW image shows the 
lesions as hyperintense with the decreased ADC

a

b

c d
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Figure 11.28 a–d

 Herpes encephalitis in a 48-year-
old man. a T2-weighted image 
shows hyperintense lesions in bi-
lateral temporal lobes (arrows). 
b DW image shows these le-
sions as hyperintense. c ADC 
map shows partially decreased 
ADC of these lesions (arrows). 
d In another patient with herpes 
encephalitis, pathological speci-
men shows cytotoxic edema, ne-
crosis and hemorrhage

Cerebral candidiasis usually appears as ring-en-
hancing or non-enhancing microabscess, measuring 
less than 3 mm (Fig. 11.26) [41]. Histoplasmosis may 
show ring-enhancing lesions on the brain MR images. 
DW imaging may show various signals depending on 
the presence of infl ammatory cells and the type of ne-
crosis, i.e., coagulative or liquefactive (Fig. 11.27) [46].

11.10 Herpes Encephalitis 

 Herpes simplex encephalitis is the most common cause 
of sporadic fatal encephalitis, accounting for 10-20% 
of encephalitic viral infections. Pathologically, herpes 
encephalitis has both cytotoxic and vasogenic edema 
associated with massive tissue necrosis and petechial 
or even confl uent hemorrhage, typically in the limbic 
system and the insular cortex. Restricted diff usion of 

herpes encephalitides is attributed to direct cytotoxicity 
that results in neuronal swelling. DW imaging is more 
sensitive than conventional MR imaging in detecting 
early changes of herpes encephalitis (Fig. 11.28) [47-
51]. Th is is important for early diagnosis, as treatment 
with acyclovir reduces mortality at 18 months from 70 
to 30%. Herpes encephalitis oft en aff ects the temporal 
lobes, which occasionally can make the detection of le-
sions in the middle cranial fossa diffi  cult on DW imag-
ing because of susceptibility artifacts.

 Human herpesvirus-6 (HHV6) is a ubiquitous 
neurotropic virus latent in most adults, also known 
to be the cause of exanthem subitum or roseola in-
fantum [52, 53]. HHV-6-associated encephalitis/en-
cephalopathy has been increasingly recognized as a 
serious complication in immunocompromised pa-
tients. MR imaging oft en shows mesial temporal lobe 
abnormalities. Abnormal high signal intensity with 

a b c

d
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Figure 11.29 a–d

 Human herpesvirus-6 encephali-
tis in a 28-year-old woman with 
acute lymphoblastic leukemia af-
ter allogeneic stem cell transplant. 
a FLAIR image shows a hyperin-
tense lesion in the left temporal 
lobe. b Gadolinium-enhanced T1-
weighted image shows mild en-
hancement in the lesion. c DW 
image shows the lesion as hyper-
intense. d ADC map shows de-
creased ADC of the lesion

a b

c d

ADC reduction is observed to be consistent with cy-
totoxic edema (Fig. 11.29). In transplantation, acyclo-
vir is routinely administered but not eff ective against 
HHV-6 because of the lack of virus-specifi c thymi-
dine kinase. Ganciclovir and foscarnet can be eff ec-
tive in therapy.

11.11  Brain Stem Encephalitis

Brain stem encephalitis, mesenrhombencephalitis, is 
a rare life-threatening infl ammatory disorder involv-
ing the brain stem and cerebellum. It was initially de-
scribed by Bickerstaff  and Cloake in 1951 [54]. Th e 
etiology is frequently undetermined but thought to 
be an immune-mediated process. It oft en follows viral 
infection (herpes simplex virus, infl uenza A, enterovi-
rus 71, adenovirus). In some cases, bacteria (Listeria, 
Mycoplasma, Legionella) and parasites or paraneo-
plastic syndromes have been implicated. MR imaging 
shows a T2- and FLAIR-hyperintense lesion in the 

brain stem, and enhancement in the lesion can be seen 
post-contrast on T1-weighted images [55]. DW imag-
ing shows hyperintensity in the lesion with decreased 
or increased ADC, depending on whether there is cy-
totoxic or vasogenic edema (Fig. 11.30) [56]. 

11.12  West Nile Encephalitis

West Nile virus (WNV) is a single-stranded RNA fl a-
vivirus, and part of the Japanese encephalitis serocom-
plex. It is transmitted by Culex species mosquitoes. 
WNV can infect birds, humans, horses, dogs, cats, bats, 
chipmunks, skunks, squirrels, and rabbits.  

Four other transmissions have been reported: (1) 
transfusion, (2) transplanted organ, (3) transplacen-
tal, and (4) breast feeding. Th e incubation period is 
around 3-14 days. One in 150 patients with WNV de-
velops meningoencephalitis. Th e clinical symptoms 
include fever, headache, altered mental status, trem-
or, and fl accid paralysis and poliomyelitis associated 



Chapter 11 217Infectious Diseases

Figure 11.30 a–c

Brain stem encephalitis in a 29-year-old woman diagnosed with a viral syndrome. a FLAIR image shows hyperintense le-
sions diff usely in the pons and bilateral middle cerebellar peduncles. b, c DW image shows the diff use pontine lesion as 
hyperintense with decreased ADC which represents cytotoxic edema, and the bilateral middle cerebellar peduncles as 
isointense with increased ADC representing vasogenic edema (arrows)

a b c

with spinal cord involvement. Th e diagnosis is based 
on detection of a WNV IgM antibody in the CSF. MR 
imaging shows mild hyperintense lesions on T2 and 
FLAIR studies in the basal ganglia, thalami, mesial 
temporal lobe, white matter, cerebellum, brain stem, 
especially the substantia nigra and medulla, and the 
spinal cord with or without enhancement (Fig. 11.31). 
Leptomeningeal enhancement and FLAIR hyperinten-
sity in the CSF can also be seen. However, 30% of cases 
have normal MR images. DW imaging shows these pa-
renchymal lesions as hyperintense with reduced ADC 
[57-61]. Pathology demonstrates lymphocytic neutro-
pholis, perivascular lymphocytic cuffi  ng, microglial 
nodules, spongiotic changes, and necrosis (Fig. 11.31). 
Treatment is conservative with IV fl uid and respiratory 
support. Interferon-α2b or ribavirin may be used.

11.13  Cerebral Malaria

Malaria has infected humans for over 50,000 years. 
Th ere are 300-500 million cases per year and 2 million 
people die of the disease (90% in Africa). It is transmit-
ted by Anopheles mosquitoes. Cerebral malaria (2% 
of cases) is responsible for most malaria deaths, and 
Plasmodium falciparum (tropical malaria) is the most 
common parasite. Th e diagnosis of malaria is based 
on a blood smear which shows ring-stage trophozo-
ites. If malaria load in the blood smear is more than 
10%, about 50% of the patients die. Moreover, 15-25% 
of patients with cerebral malaria die despite treatment. 

Two main mechanisms have been suggested in cerebral 
malaria: (1) Infected RBCs adhered to the endothelium 
cause blockage of the capillaries, and (2) cerebral toxic-
ity by cytokines [62].

CT is normal in 30-50% of cases. MR imaging 
demonstrates diff use cytotoxic or vasogenic cerebral 
edema (70%) or infarcts in the white matter, espe-
cially involving the corpus callosum, basal ganglia, 
thalami, brain stem, and cerebellum [63]. DW imag-
ing shows these areas as hyperintense with reduced 
ADC (Fig. 11.32) [64]. Diff use petechial hemorrhages 
in the cortex and subcortical white matter are well vi-
sualized on gradient T2*-weighted images. 

11.14  Human Immunodefi ciency
Virus Infection

Th e pathological hallmark of human immunodefi -
ciency virus (HIV) encephalopathy is multinucleated 
giant cells in the white matter [65]. MR imaging typi-
cally shows diff use periventricular white matter le-
sions, but brain stem and basal ganglia can also be 
involved. DW imaging usually shows mild hyperin-
tensity with increased ADC which is secondary to a 
T2 shine through eff ect (Fig. 11.33).

Cerebral infarction in HIV patients is common 
and has been seen on MR imaging in up to 18% of the 
patients [66]. Th e infarctions are caused by opportu-
nistic infections, drug use and primary HIV vasculi-
tis. AIDS-related bilateral basal ganglia lesions are re-
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Figure 11.31 a–g

 West Nile encephalitis in a 56-year-old man with fever and tremors with a history of renal transplant. a-c Gadolinium-en-
hanced T1-weighted image shows symmetric mild enhancement in the basal ganglia, thalami, and substantia nigra, and 
leptomeningeal enhancement in the posterior fossa. d, e DW image shows diff use symmetric hyperintense lesions with 
decreased ADC only in the deep white matter. f, g Pathological specimens of the brain biopsy show perivascular lympho-
cytic cuffi  ng (f) and microglial nodules (g)

a b c

d e

f g
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Figure 11.32 a–f

 Cerebral malaria in a 19-year-old 
female patient with headache, 
fever, and jaundice. a T2-weight-
ed image shows diff use hyperin-
tensity and swelling in the brain, 
especially of the gray matter and 
the splenium of the corpus callo-
sum.  b DW image shows hyperin-
tense lesions in the white matter, 
thalami, basal ganglia, and the 
splenium of the corpus callosum. 
c ADC map shows these areas as 
decreased ADC consistent with 
cytotoxic edema. d Fractional 
anisotropy is preserved in these 
areas. e Gradient T2*-weighted 
image shows petechial hemor-
rhage in the cortico-white matter 
junction post mortem (Courtesy 
of Kim J MD, The University of 
Iowa Hospitals and Clinics, USA). 
f Blood smear shows ring-stage 
trophozoites

a
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Figure 11.32 g–i

g Pathological specimen shows diff use brain edema 
and petechial hemorrhage in the cortico-white mat-
ter junction (arrows). h Luxol Fast Blue stain shows ring 
hemorrhage at the cortico-white matter junction and 
Durck’s granulomas in the white matter. i Malarial tro-
phoziotes and hematoidin pigment are noted in the red 
blood cell in the capillary (arrows)

Figure 11.33 a–c

HIV encephalopathy in a 60-year-old man. a T2-weighted image shows periventricular hyperintense lesions (arrows). 
b DW image shows these lesions as mild hyperintensity (arrows). c ADC map shows these lesions as increased ADC. Mild 
hyperintensity on DW imaging is due to T2 shine-through eff ect (arrows)

h

i

a b c

g
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ported to be numerous microinfarcts on postmortem 
neuropathological examination [67]. DW imaging 
can show numerous hyperintense lesions in bilateral 
basal ganglia, presumably representing microinfarcts 
(Fig. 11.34).
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12.1 Introduction

Head injuries are the most common cause of death 
and permanent disability in the early decades of life. 
Th ey vary widely in their etiology, pathophysiology, 
clinical presentation, and optimal treatment strate-
gies. Traumatic brain injuries are classifi ed in two 
main categories: focal and diff use brain injuries [1]. 
Focal brain injuries usually result from direct impact 
force to the head, like cerebral contusions and epidu-
ral hematomas. Diff use brain injuries are caused by 
sudden changes in movement of the head, usually 
rotational accelerations, which result in a variety of 
injuries, ranging from a brief cerebral concussion to 
extensive diff use axonal injuries (DAI).

Computed tomography (CT) is imperative in pa-
tients with focal and diff use injuries, especially when 
hemodynamically or neurologically unstable [2]. 
However, CT is oft en false negative or underestimates 
contusions shortly aft er trauma, and DAIs are oft en 
not detected. Conventional MR imaging has higher 
detection sensitivity with regard to these lesions be-
cause of its greater sensitivity for edema [3].

Once it was thought that edema following trau-
matic brain injury was vasogenic, but recent experi-
mental studies using diff usion-weighted (DW) imag-
ing have shown that edema aft er head trauma consists 

of both vasogenic and cytotoxic edema [4–9]. Since 
DW imaging is also very sensitive in detecting small 
lesions of cytotoxic edema and can diff erentiate cyto-
toxic from vasogenic edema, it has become especially 
useful in the evaluation and staging of patients with 
DAI.

12.2  Diff use Axonal Injury

Diff use axonal injury (traumatic axonal injury) re-
sults from a diff use shearing-strain deformation 
causing change in shape of brain tissue from unequal 
movement of adjacent tissues that diff er in density 
and rigidity [1]. Patients with DAI, more oft en than 
with other types of primary brain injuries show se-
vere impairment of consciousness at impact.

Pathologically, injury related to DAI is always more 
extensive microscopically than at gross examination 
[10]. Microscopically, shearing injuries initially pro-
duce multiple, characteristic axonal bulbs, or retrac-
tion balls, as well as numerous foci of perivascular 
hemorrhages.

Th e origin behind cytotoxic edema in DAI seems 
to be related to an excitotoxic mechanism, in par-
ticular glutamate [1, 11, 12]. Damage at the node of 
Ranvier will result in a traumatic defect in the axonal 
membrane (Fig. 12.1). Th is defect causes excessive 

Trauma

Figure 12.1

Leakage of glutamate in diff use axonal injury. Diff use 
axonal injury is presumably due to the leakage of glu-
tamate at the node of Ranvier. The astrocytic end-foot 
is located on the axon at the node of Ranvier and may 
protect the axons. (From [40])
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Figure 12.2 a–d

Diff use axonal injury in gray–
white matter junction in a 7-year-
old boy after a motor vehicle ac-
cident. a, b T2-weighted and cor-
onal FLAIR images show multiple 
hyperintense lesions in the gray–
white matter junction of bilater-
al frontoparietal lobes (arrows). 
c Coronal GRE image shows multi-
ple small hemorrhages as low sig-
nal in these lesions (arrows). d DW 
image demonstrates diff use axo-
nal injury as high signal intensity 
(arrow) with decreased ADC (not 
shown), representing cytotoxic 
edema

neurotransmitter release with increase in intracellu-
lar calcium ions, as in brain ischemia, which leads to 
axonal and glial cell swelling (cytotoxic or neurotoxic 
edema). Th ese changes can eventually lead to axonal 
degeneration or necrosis with microglial and astro-
cytic reactive changes. Accumulation of hemosiderin-
laden macrophages is also seen in the chronic phase.

12.2.1 Location

Common locations of DAI are at the gray–white 
matter junctions (Fig. 12.2), in the corpus callosum 
(Fig. 12.3) and at the dorsolateral aspect of the up-
per brain stem (Fig. 12.4). DAI may be confi ned to 
the white matter of the frontal and temporal lobes in 

mild head trauma [13]. With more severe rotational 
acceleration, lesions are also seen in the lobar white 
matter as well as in the posterior half of the corpus 
callosum. In cases with even greater trauma, lesions 
will also be found in the anterior corpus callosum, 
and the dorsolateral aspects of the midbrain and up-
per pons. Occasionally, DAI lesions occur in the pa-
rietal and occipital lobes, internal and external cap-
sules (Fig. 12.3), basal ganglia (Fig. 12.5), thalamus 
(Fig. 12.3), fornix (Fig. 12.6), septum pellucidum, 
and cerebellum (Fig. 12.7). Intraventricular hemor-
rhage can accompany these fi ndings. Th ey have the 
same mechanical origin and are due to disruption of 
the subependymal plexus of capillaries and veins that 
lie along the ventricular surface of the corpus callo-
sum, fornix, and septum pellucidum [14].

a b

c d
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Figure 12.3 a–d

Diff use axonal injury in the cor-
pus callosum, internal capsule and 
thalamus in a 29-year-old wom-
an after a motor vehicle accident. 
a, b T2-weighted and FLAIR imag-
es show multiple hyperintense le-
sions in the anterior and posteri-
or corpus callosum, internal cap-
sules and left thalamus (arrows). 
c, d DW image demonstrates these 
lesions as high signal intensity with 
decreased ADC (arrows)

Figure 12.4 a–c

Diff use axonal injury in the brain stem in a 28-year-old man after a motor vehicle accident. a DW image shows a hypoin-
tense lesion with a hyperintense rim in the dorsolateral aspect of the midbrain, representing a hemorrhagic lesion of dif-
fuse axonal injury (arrow). b ADC map shows decreased ADC of this lesion (arrow). This might be due to a paramagnetic 
susceptibility artifact. c Coronal GRE image clearly shows hemorrhagic lesions as hypointense in the brain stem (arrow) 
and in the right frontoparietal region

a b c

a b

c d
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Figure 12.5 a–d

Diff use axonal injury in the bas-
al ganglia in a 3-year-old boy af-
ter a motor vehicle accident. a T2-
weighted image shows hyper-
intense lesions in the right len-
tiform and caudate nucleus (ar-
rows). b, c DW imaging shows 
these lesions as hyperintense 
with decreased ADC (arrows). 
d Coronal GRE image clearly 
shows no hemorrhagic foci in 
these lesions

12.2.2 Computed Tomography 
and MR Imaging

Few DAI lesions are visible with CT. Only large le-
sions or those that are grossly hemorrhagic are seen. 
MR imaging has been proven to be more sensitive for 
detection as well as for characterization of DAI le-
sions [2]. Conventional MR imaging shows multiple, 
small, deeply situated elliptical lesions that spare the 
overlying cortex. Fluid-attenuated inversion-recovery 

(FLAIR) images are more sensitive than T2-weighted 
images to detect small hyperintense lesions adjacent 
to the cerebrospinal fl uid, such as in the fornix and 
septum pellucidum [15]. Th ese lesions are, moreover, 
oft en accompanied by small, petechial hemorrhages. 
Th ey occur in 10–30% of all DAI lesions [16] and 
are best appreciated on T2*-weighted gradient-echo 
(GRE) images because of their susceptibility eff ects 
[17]. However, even these MR imaging sequences are 
thought to underestimate the true extent of DAI.

a b

c d
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Figure 12.6 a–c

 Diff use axonal injury in the  fornix of an 11-year-old girl after a motor vehicle accident. a On T2-weighted image, it is diffi  -
cult to detect a small hyperintense lesion in the fornix (arrow). b, c DW image shows the lesion in the fornix and posterior 
corpus callosum as hyperintense with decreased ADC (arrows)

a b c

12.2.3 Diff usion-Weighted Imaging

Diff usion-weighted imaging measures a unique phys-
iologic parameter, movement of water in the tissue, 
which allows for identifi cation of DAI lesions that 
may not be visible on T2/FLAIR or T2*-weighted 
GRE images [18]. DAI lesions on DW imaging are 
hyperintense and associated with decreased appar-
ent diff usion coeffi  cient (ADC) [19–24]. Th e precise 
mechanisms underlying the diff usion changes associ-
ated with DAI are unknown. Cytotoxic edema, which 
seems to be the cause of reduced ADC in ischemic 
brain injury, can also occur in the early phase of DAI. 
However, reduced ADC is presumably due to the de-
velopment of retraction balls and concomitant cyto-
skeletal collapse along the severed axons [22].  Th e 
time course of the ADC abnormality seems to be dif-
ferent from that of ischemic brain injury. Prolonged 
decrease in ADC, over 2 weeks, has occasionally been 
observed in DAI [19], and cytotoxic edema in the cor-
pus callosum can be partially reversible on follow-up 
imaging using T2-weighted sequences [23]. Axonal 

and glial cell swelling in DAI is thought to be mainly 
due to excitotoxic mechanisms that essentially propa-
gates through the white matter tracts.  It can also be 
a slower or reversible form of cellular swelling than 
that seen in ischemic brain injuries [6]. Hemorrhagic 
components, which oft en accompany these brain in-
juries, will aff ect the signal intensity on DW images. 
Volume and number of lesions on DW images report-
edly correlate with the prognosis [25].

12.2.4  Diff usion-Tensor Imaging

Diff usion-tensor (DT) imaging measures the transla-
tion of extracellular water in the white matter tracts 
by directional evaluation of the water diff usivity (dif-
fusion anisotropy) [26].  Fractional anisotropy (FA), a 
parameter derived from DT imaging computations, 
is sensitive for detection of the extracellular edema in 
the white matter tracts. FA and fi ber tracking possibly 
access the fi ber connectivity [27, 28]. DT imaging can 
show two diff erent pattern of the early phase of DAI: 
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(1) decreased FA with decreased or isointense ADC 
which represents mixed intra- and extracellular edema 
and broken fi bers, and (2) normal FA with decreased 
ADC which represents pure cytotoxic edema and 
presumably preserved fi ber connectivity (Fig. 12.8). 

Figure 12.7 a–d

Diff use axonal injury in the cere-
bellum of an 18-year-old male pa-
tient after a motor vehicle acci-
dent. a T2-weighted image shows 
a hypo- intense lesion in the right 
middle cerebellar peduncle (ar-
row). b DW image shows a hy-
pointense lesion with a hyperin-
tense rim, representing a hemor-
rhagic lesion (arrow). c ADC map 
reveals decreased ADC in this le-
sion (arrow). This may be due to a 
paramagnetic susceptibility arti-
fact. d Coronal GRE image clear-
ly demonstrates hemorrhagic le-
sions as hypointense (arrow)

In the late phase of DAI, decreased FA and increased 
ADC are observed. DT imaging is thought to be useful 
in the early detection of DAI and a prognostic mea-
sure of subsequent brain damage [29]. 

a b

c d
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a b

d

c

e

Figure 12.8 a–e

 Diff use axonal injury in a 24-year-old man after a motor vehicle accident. a FLAIR image shows multiple asymmetric hy-
perintense lesions in the bilateral frontal white matter and the corpus callosum (arrows). b DW image shows diff use hy-
perintense lesion in the deep white matter and the corpus callosum. c ADC map reveals decreased ADC in the deep white 
matter and the corpus callosum.  The left frontal lesion seen on FLAIR image has iso- to slightly increased ADC (arrow). 
d FA is preserved in most of the diff use white matter abnormalities suggestive of a pure cytotoxic edema. Decreased FAs 
are observed in the lesions in the bilateral frontal white matter and splenium of the corpus callosum seen on the FLAIR 
image. e GRE image demonstrates hemorrhagic foci in the frontal white matter
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Figure 12.9 a–d

Brain contusion in the frontal lobe 
in a 37-year-old man after a mo-
tor vehicle accident. a On CT ob-
tained after evacuation of epidu-
ral hematoma, it is diffi  cult to de-
lineate the extent of a mass le-
sion in the right frontal lobe (ar-
rows). b T2-weighted image de-
lineates the extent of the edem-
atous brain contusion (arrows). 
c DW image shows heteroge-
neous signal intensity in these le-
sions, representing mixed vaso-
genic and cytotoxic edema with 
hemorrhagic necrotic tissues (ar-
rows). d ADC map reveals mixed 
increase and relative decrease of 
ADC (arrows) in these lesions

12.3  Brain Contusion

Brain contusions are defi ned as traumatic injuries to 
the cortical surface of the brain [1]. Th ey are caused 
by direct contact between the skull and the brain pa-
renchyma. Compared with DAI, contusions tend to 
be larger, more superfi cial, more ill defi ned and more 
likely to contain areas of hemorrhage. Cytotoxic ede-
ma in brain contusions is also related to excitotoxic 
mechanisms [30].

12.3.1 Location

Common locations of brain contusions are in the 
temporal and frontal lobes, especially along their an-

terior, lateral, and inferior surfaces (Fig. 12.9). Th e 
parietal occipital lobes, hippocampus (Fig. 12.10), 
cerebellar hemisphere, vermis and cerebellar tonsils 
(Fig. 12.11) are less frequently involved [2].

12.3.2 Computed Tomography 
and MR Imaging

Contusions are oft en diffi  cult to identify on CT ob-
tained shortly aft er trauma unless they are large or 
contain areas of hemorrhage [2]. Initial CT will oft en 
show only faint areas of low attenuation, sometimes 
mixed with a few tiny areas of petechial hemorrhage. 
MR imaging is considerably more sensitive than CT 
for early detection and evaluation of their extent.

a b

c d



Chapter 12 233Trauma

Figure 12.10 a–c

Brain contusion in the hippocampus in an 11-year-old girl after a motor vehicle accident. a FLAIR image shows a hyper-
intense lesion in the left hippocampus (arrow). b DW image shows this lesion as hyperintense. c ADC is decreased in the 
left hippocampus and left side of the brain stem (arrows), representing mainly cytotoxic edema

Figure 12.11 a–c

 Brain contusion in the cerebellar tonsil in an 11-year-old girl after a motor vehicle accident. a T2-weighted image shows 
hyperintense lesions in the cerebellar tonsils (arrows). b DW image shows this lesion as hyperintense. c ADC is partially 
decreased

a b c

a b c
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12.3.3 Diff usion-Weighted Imaging Findings

Brain contusions are sometimes associated with a 
non-hemorrhagic mass eff ect, which progresses rap-
idly aft er the trauma. Edema in brain contusions is 
heterogeneous, composed of cytotoxic and vasogenic 
edema [31], which can be demonstrated by DW im-
aging. Kawamata et al. reported a specifi c DW im-
aging fi nding of brain contusions [32, 33]. On DW 
imaging, the contusion is shown as a low intensity 
core, with increased ADC, surrounded by a rim of 
a high intensity, with decreased ADC. Th is suggests 
that intra- and extracellular components undergo 
disintegration and homogenization within the central 
area, whereas cellular swelling is predominant in the 
peripheral area.

12.4 Hemorrhage Related to Trauma

Traumatic hemorrhages result from injury to a ce-
rebral vessel (artery, vein or capillary) [2]. Subdural 
hematomas originate from disruption of the bridging 
cortical veins, which are vulnerable to rapid stretch-
ing.  Epidural hematoma can have either an arterial 
or a venous sinus origin, typically associated with a 
skull fracture. Traumatic intracerebral hematomas 
result from a shear-strain injury involving arteries, 
veins or capillaries. Traumatic subarachnoid hemor-
rhage is usually seen aft er severe head trauma and 
may as such accompany brain contusion or DAI. 
Hemorrhages can also represent a disruption of in-
tracranial arteries, especially arteries of the vertebro-
basilar system.

Figure 12.12 a–d

Epidural and  subdural hematoma 
in a 26-year-old man after a mo-
tor vehicle accident. a CT shows 
a left epidural hematoma (ar-
row) but it is diffi  cult to depict the 
isodense small subdural hemato-
ma in the right side (arrowheads). 
b T2-weighted image shows the 
left epidural hematoma (arrow) as 
a hypointense lesion and the right 
subdural hematoma as partially 
hypointense lesions (arrowheads). 
c DW image shows the epidural 
hematoma as very hypointense 
due to deoxy-hemoglobin, and 
the subdural hematoma as very 
hyperintense presumably due to 
high viscosity or hypercellularity 
of hematoma. d ADC map shows 
hypointensity due to loss of pixels 
with background masking in the 
left epidural hematoma (arrow). 
ADC map also shows decreased 
ADC in the right subdural hema-
toma (arrowheads) 

a b

c d
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Figure 12.13 a–d

 Subarachnoid hemorrhage in 
a 68-year-old man with rup-
tured aneurysm of the right mid-
dle cerebral artery bifurcation. 
a Postoperative CT shows sub-
tle high density of subarachnoid 
space in the right frontoparie-
tal area (arrows). b FLAIR image 
shows subarachnoid hemorrhage 
as hyperintensity. c DW image 
also shows subarachnoid hemor-
rhage as hyperintensity with mild-
ly increased ADC (not shown). 
d Coronal GRE shows the hemor-
rhage as low signal intensity

c d

12.4.1 Computed Tomography 
and MR Imaging

Computed tomography is the modality of choice for 
the initial evaluation of traumatic brain hemorrhages, 
as it is a fast examination technique, is widely avail-
able, has no contraindications and relatively accu-
rately depicts most hematomas that need immediate 
intervention [2].

Magnetic resonance imaging is usually not the pri-
mary imaging technique and fi ndings will then de-
pend on the stage of degradation of the hemoglobin at 
the time of examination. However, in most instances 
MR imaging is extremely helpful to detect hemato-
mas, especially along the vertex and skull base, and 
can in certain questionable cases diff erentiate between 
subdural and epidural hematomas [2]. T2*-weighted 

GRE and FLAIR images seem to be more sensitive to 
detect hemorrhage than conventional spin-echo im-
aging [34–37].

12.4.2 Diff usion-Weighted Imaging

Diff usion-weighted imaging fi ndings of subdural and 
epidural hematomas have not been well described in 
the literature. Depending on the age of the hematoma, 
DW imaging will vary in signal intensity (Fig. 12.12). 
Gradient-echo sequences are better in detecting he-
matomas, including subdural and epidural hemato-
mas, than DW imaging [38]. Although oft en diffi  cult 
to detect [38, 39], DW imaging can occasionally depict 
a subarachnoid hemorrhage as a hyperintense signal 
(Fig. 12.13). Th e benefi t of DW imaging is probably for 

a b
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the detection of underlying or associated parenchymal 
lesions. For example, subarachnoid hemorrhage will of-
ten cause vasospasm of the intracranial arteries, which 
can result in brain ischemia. Mass eff ect secondary to 
subdural or epidural hematomas, which is closely relat-
ed to morbidity and mortality, is due to a combination 
of the hematoma, underlying parenchymal edema and 
diff use cerebral swelling.

12.5 Vascular Injuries

Traumatic arterial and venous injuries (dissections, 
lacerations, occlusions, pseudoaneurysm, arterio-
venous fi stulas) are more prevalent than generally 
believed [2]. Many asymptomatic lesions probably 
escape detection, and others are recognized several 
days to months aft er the injury (Fig. 12.14). CT is use-
ful to detect skull base fractures and CT angiography 
may help to evaluate the vascular injuries. However, a 
combination of MR imaging and MR angiography is 
probably the most effi  cacious way to screen high-risk 
patients for traumatic vascular injuries, especially if 
combined with DW imaging, which is very sensitive 
to detect small and early ischemic lesions secondary 
to traumatic vascular injuries. Still, one has to ac-
knowledge that conventional angiography continues 

to be the gold standard in the evaluation of known or 
suspected traumatic arterial lesions.
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13.1 Introduction

Routine MR imaging is the most sensitive method 
of detecting tumors of the brain. It is, however, not 
specifi c enough to determine the histologic nature of 
most tumors. Diff usion-weighted (DW) imaging can 
diff erentiate between tumor and infection and can 
provide information about tumor cellularity, thereby 
helping in the characterization and grading of brain 
tumors. Th is chapter will demonstrate DW imaging 
characteristics of intracranial tumors. Th e newly re-
vised World Health Organization classifi cation (WHO 
2007) [1] of tumors has introduced a number of sub-
stantial changes compared with the previous edition. 
Th ese changes include additions and shift s of entities 
as well as alterations in diagnostic criteria for a better 
understanding of neoplastic behavior (Table 13.1). 

Brain Neoplasms

Table 13.1 The 2007 WHO classifi cation of tumors of the cen-
tral nervous system and of grade 1-4 (modifi ed from [35])

Tumors of Neurepithelial Tissue

Astrocytic Tumors

Pilocytic astrocytoma 1

Pilomyxoid astrocytoma 2

Subependymal giant cell astrocytoma 1

Pleomorphic xanthoastrocytoma 2

Diff use astrocytoma 2

Fibrillary astrocytoma

Gemistocytic astrocytoma

Protoplasmic astrocytoma

Anaplastic astrocytoma 3

Glioblastoma 4

Giant cell glioblastoma

Gliosarcoma

Gliomatosis cerebri

Oligodendroglial Tumors

Oligodendroglioma 2

Anaplastic oligodendroglioma 3

Oligoastrocytic Tumors

Oligoastrocytoma 2

Anaplastic oligoastrocytoma 3

Ependymal Tumors

Subependymoma 1

Myxopapillary ependymoma 1

Ependymoma 2
– Cellular
– Papillary
– Clear cell
– Tanycytic

Anaplastic ependymoma 3

Choroid Plexus Tumors

Choroid plexus papilloma 1

Atypical choroid plexus papilloma 2

Choroid plexus carcinoma 3

Other Neuroepithelial Tumors

Astroblastoma

Chordoid glioma of the third ventricle 2

Angiocentric glioma 1

Neuronal and Mixed Neuroglial Tumors

Dysplastic gangliocytoma of cerebellum
(Lhermitte-Duclos)

Desmoplastic infantile astrocytoma/ganglioglioma 1 

Dysembryoplastic neuroepithelial tumor 1

Gangliocytoma 1

Ganglioglioma 1

Anaplastic ganglioglioma 3

Central neurocytoma 2

Extraventricular neurocytoma 2
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Cerebellar liponeurocytoma 2

Papillary glioneuronal tumor 1

Rosette-forming glioneuronal 
tumor of the fourth ventricle 1

Paraganglioma

Tumors of the Pineal Region

Pineocytoma 1

Pineal parenchymal tumor of 
intermediate diff erentiation 2, 3

Pineoblastoma 4

Papillary tumor of the pineal Region 2, 3

Embryonal Tmors

Medulloblastoma 4
– Desmoplastic/nodular medulloblastoma
– Medulloblastoma with extensive nodularity
– Anaplastic medulloblastoma
– Large cell medulloblastoma

CNS primitive neuroectodermal tumor 4

CNS Neuroblastoma

CNS Ganglioneuroblastoma

Medulloepithelioma

Ependymoblastoma

Atypical teratoid/rhabdoid tumor 4

Tumors of Cranial and Paraspinal Nerves

Schwannoma (neurilemoma, neurinoma) 1
– Cellular
– Plexiform
– Melanotic
– Neurofi broma 1
– Plexiform

Perineurioma 1–3

Malignant perineurioma

Malignant peripheral nerve sheath tumor (MPNST) 2–4
– Epithelioid MPNST
– MPNST with mesenchymal diff erentiation
– Melanotic MPNST
– MPNST with glandular diff erentiation

Tumors of the Menings

Tumors of Meningothelial Cells

Meningioma 
– Meningothelial 1
– Fibrous (fi broblastic) 1
– Transitional (mixed) 1
– Psammomatous 1

– Angiomatous 1
– Microcystic 1
– Secretory 1
– Lymphoplasmacyte-rich 1
– Metaplastic 1
– Chordoid 2
– Clear cell 2
– Atypical 2
– Papillary 3
– Rhabdoid 3
– Anaplastic (malignant) 3

Mesenchymal Tumors

Lipoma

Angiolipoma

Hibernoma

Liposarcoma

Solitary fi brous tumor

Fibrosarcoma

Malignant fi brous histiocytoma

Leiomyoma

Leiomyosarcoma

Rhabdomyoma

Rhabdomyosarcoma

Chondroma

Chondrosarcoma

Osteoma

Osteosarcoma

Osteochondroma

Hemangioma

Epithelioid hemangioendothelioma

Hemangiopericytoma 2

Anaplastic hemangiopericytoma 3

Angiosarcoma

Kaposi sarcoma

Ewing sarcoma - PNET

Primary Melanocytic Lesions

Diff use melanocytosis

Melanocytoma

Malignant melanoma

Meningeal melanomatosis

Other Neoplasms Related to the Meninges

Hemangioblastoma 1
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Lymphomas and Hemopoietic Neoplasms

Malignant lymphomas

Plasmacytoma

Granulocytic sarcoma

Germ Cell Tumors

Germinoma

Embryonal carcinoma

Yolk sac tumor

Choriocarcinoma

Teratoma
– Mature
– Immature
– Teratoma with malignant transformation

Mixed germ cell tumor

Tumors of the Sellar Region

Craniopharyngioma 1
– Adamantinomatous
– Papillary

Granular cell tumor 1

Pituicytoma 1

Spindle cell oncocytoma of the 
adenohypophysis 1

Metastatic Tumors

13.2 Gliomas

 Gliomas are classifi ed as tumors of neuroepithelial 
tissue (Table 13.1). Th e signal intensity of gliomas on 
DW images is variable and depends mainly on their 
T2 and apparent diff usion coeffi  cient (ADC) values 
[2–23]. Th us, some gliomas are hyperintense on DW 
images with decreased ADC, which generally refl ects 
high tumor cellularity and reduced volume of the ex-
tracellular space. Other gliomas have normal or in-

creased ADC, and if the DW signal is high, it is due to 
a T2 shine-through eff ect. 

Signifi cant diff erences have been reported be-
tween the ADC values of low- and high-grade glio-
mas [9, 13]. High ADC values of low-grade gliomas 
probably refl ect relatively lower cellularity, a lower 
nuclear-to-cytoplasm ratio, and the presence of tu-
mor-cell-associated extracellular matrix that includes 
glycosaminoglycans and fi brous proteins (collagen, 
elastin, fi bronectin, laminin) [24]. Th e solid compo-
nents of  low-grade astrocytomas (Figs. 13.1-13.3), 
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Figure 13.1 a–e

 Juvenile pilocytic astrocytoma in 
a 10-year-old boy. a T2-weighted 
image shows a hyperintense cys-
tic mass in the cerebellum and 
hydrocephalus. There is a mu-
ral nodule (arrow) in the tumor. 
b Gadolinium-enhanced T1-
weighted image shows enhance-
ment in the nodule. c DW image 
shows hypointensity in the cys-
tic component and isointensity 
in the nodule. d ADC map shows 
hyperintensity in the cystic com-
ponent and hyperintensity in the 
nodule (1.41-1.67×10-3 mm2/s) 
of the mass. e A high choline/
NAA ratio and lactate peak are 
observed despite the benign his-
tology of this tumor

a b

e

c d
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Figure 13.2 a–e

Hypothalamic  pilocytic astrocytoma in a 5-year-old boy with headache. a T2-weighted image shows a hyperintense mass 
in the hypothalamus. b Gadolinium-enhanced T1-weighted image shows enhancement in the mass. c DW image shows 
isointensity. d ADC map shows hyperintensity in the mass (1.53×10-3 mm2/s). e Pathology shows intermediate cellularity 
and abundant extracellular matrix (Rosenthal fi bers and microcystic changes)

a b c

d e
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Figure 13.3 a–e

Brain stem glioma in an 8-year-old girl with headache. a T2-weighted image shows a hyperintense lesion (arrow) with 
surrounding edema in pons. b T1-weighted image shows the hypointense lesion (arrow). c Gadolinium-enhanced T1-
weighted image shows no signifi cant enhancement. d DW image shows isointensity in the lesion (arrow). e ADC map 
shows hyperintensity in the lesion (0.85–1.17×10-3 mm2/s; arrow). The isointensity on the DW image is caused by a bal-
ance between increased T2 and ADC

a b c

d e
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Figure 13.4 a–d

Low-grade  oligoastrocytoma in a 
48-year-old woman with seizures. 
a T2-weighted image shows a hy-
perintense lesion in the right tem-
poral lobe (arrow). b Gadolinium-
enhanced T1-weighted image 
shows a slightly hypointense le-
sion and no enhancement (ar-
row). c DW image shows hyperin-
tensity (arrow). d ADC map shows 
hyperintensity in the lesion (0.98–
1.19×10-3 mm2/s; arrow)

oligoastrocytomas (Fig. 13.4), oligodendrogliomas 
(Fig. 13.5), ependymomas, and  subependymomas 
(Fig. 13.6) generally show slightly low, iso-, or slightly 
high signal intensity on DW images associated with 
increased ADC. Th e ADC value in pilocytic astro-
cytomas is oft en higher than 1.5  10-3 mm2/s (Figs. 
13.1, 13.2) [25]. Th is fi nding is useful in the diff er-
ential diagnosis because MR spectroscopy shows a 

high choline/NAA and lactate peak despite the be-
nign histology of  pilocytic astrocytomas [26]. Low-
grade astrocytomas and oligodendrogliomas have a 
high concentration of glycosaminoglycans, which is 
highly hydrophilic causing the shift  of water mole-
cules in the extracellular matrix [24]. However, some 
low-grade neoplasms can show up as hyperintense on 
DW images with relatively low ADC values probably 

a b

c d
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Figure 13.5 a–g

Low-grade  oligodendroglioma in a 40-year-old wom-
an. a T2-weighted image shows a hyperintense mass le-
sion in the right frontal lobe. b Gadolinium-enhanced 
T1-weighted image with fat saturation shows a slight 
hypointense lesion and no enhancement. c DW image 
shows iso- and slight hypointensity. d ADC map shows 
hyperintensity in the lesion (0.82–1.53×10-3 mm2/s). 
e Pathology shows low cellularity and fi brillary back-
ground. f FA map shows decreased anisotropy in the 
right frontal mass but white matter structure is identi-
fi ed in the mass. g White matter fi ber tracts in the tumor 
are relatively preserved on the DT fi ber tractography 
(Courtesy of Kim J MD, The University of Iowa Hospitals 
and Clinics, USA)

a b c

d f g

e
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a b c

Figure 13.6 a–e

Low-grade  subependymoma in a 49-year-old man. a T2-weighted image shows a hyperintense mass lesion in the 4th 
ventricle. b Gadolinium-enhanced T1-weighted image with fat saturation shows heterogeneous enhancement. c DW im-
age shows slight hypointensity. d ADC map shows hyperintensity in the lesion (0.96–1.30×10-3 mm2/s). e Pathology spec-
imen shows low cellularity and abundant fi brillary background

d e

due to the hypercellularity, which includes  pleomor-
phic  xanthoastrocytoma (Fig. 13.7),  ganglioglioma, 
and neurocytoma. 

Th e periphery of low-grade gliomas contains pre-
served white matter fi ber tracts, while these fi ber 
tracts are disarranged in high-grade gliomas [27] 
(Figs. 13.5, 13.14, 13.18).
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Figure 13.7 a–f

 Pleomorphic  xanthoastrocy-
toma in a 36-year-old woman. 
a T2-weighted image shows a 
hypointense solid mass (arrow) 
with surrounding cystic compo-
nents in the left frontoparietal 
region. b Gadolinium-enhanced 
T1-weighted image with fat sat-
uration shows intense enhance-
ment in the solid component. 
c DW image shows slight hyper-
intensity in the solid mass (ar-
row) and hypointensity in the 
cystic components. d ADC map 
shows isointensity in the sol-
id component (0.70–0.94×10-3 
mm2/s). e FA is partially increased 
in the solid component (arrow). 
f Pathology shows cellular pleo-
morphism and hypercellularity

a b c

d e

f
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Figure 13.8 a–d

 Anaplastic ependymoma in a 7-
year-old boy. a T2-weighted (b0) 
image shows a hyperintense sol-
id mass in the right frontal area. 
b Gadolinium-enhanced T1-
weighted image shows heteroge-
neous enhancement. c DW image 
shows hyperintensity in the solid 
mass. d ADC map shows hypoin-
tensity (0.50-0.64×10-3 mm2/s) with 
hyperintensity (1.44×10-3 mm2/s) 
in a central necrotic area

a b

c d

13.2.1  High-Grade Gliomas and Diff erential 
Diagnosis on DW Imaging

High-grade gliomas include anaplastic glioma (  ana-
plastic astrocytoma, anaplastic oligodendroglioma, 
anaplastic oligoastrocytoma, anaplastic ependymo-
ma) and  glioblastoma (GBM) (Figs. 13.8-13.14). It 
has been reported that high-grade gliomas typically 
are hyperintense on DW images with decreased ADC 
[4, 9–11, 13, 14, 20]. High tumor cellularity is proba-
bly the major determinant of the decreased ADC val-
ues in high-grade brain tumors [4, 9, 13, 19]. Other 
studies have suggested that ADC correlates not only 
with tumor cellularity, but also with total nuclear area 
and tumor grade [9, 13, 14, 18, 20], with high-grade 
tumors having high cellular density and decreased 
ADC. Other studies have correlated areas of decreased 
ADC and found it to be associated with increased 
choline on MR spectroscopy. Choline is a marker for 
cell membrane turnover [8, 10]. Minimal ADC values 
in high-grade astrocytomas are negatively correlated 
with the Ki-67 labeling index and related to posttreat-

ment prognosis [28]. FA may be better than ADC for 
assessment and delineation of the diff erent degrees of 
pathologic changes in gliomas [29].

Although there is a general principle of high-grade 
gliomas having high DW signal with decreased ADC, 
there are still controversies regarding how well DW 
imaging can diff erentiate between high-grade prima-
ry brain tumors, lymphoma and metastasis. Krabbe 
et al. reported that both the contrast-enhancing por-
tions and the peritumoral edema of metastasis have 
higher ADC than high-grade gliomas [7]. In the in-
dividual case the distinction between metastasis and 
high-grade glioma is oft en diffi  cult to make, as some 
high-grade gliomas also have high ADC [19, 30]. For 
lymphomas, Guo et al. reported that ADC was gener-
ally lower than in high-grade gliomas. Th is could be 
useful to diff erentiate the two [17], but in the clinical 
situation there is oft en overlap between lymphoma 
and high-grade glioma. In our experience, the ADC 
of  lymphoma ranges between 0.51 and 0.71 10-3 
mm2/s, whereas that of high-grade gliomas ranges 
between 0.58 and 0.89 10-3 mm2/s. Lymphomas tend 
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Figure 13.9 a–e

Glioblastoma in a 69-year-old woman with left-side weakness. a Unenhanced CT image shows a heterogeneous iso- to 
hypodense lesion in the right temporal lobe (arrow). b Fluid-attenuated inversion-recovery image shows the heteroge-
neous hyperintense lesion in the right temporal lobe (arrow). c Gadolinium-enhanced T1-weighted image shows hetero-
geneous enhancement in the mass (arrow). d DW image shows hyperintensity in the enhancing portion of the mass (ar-
row) and hypointensity in the cystic/necrotic portion of the mass (arrowhead). e ADC map shows heterogeneous hypoin-
tensity (0.74–0.85×10-3 mm2/s; arrow) in the enhancing portion of the mass compared to the surrounding vasogenic ede-
ma. Cystic/necrotic portion of the mass (arrowhead) is hyperintense. These fi ndings may correspond to the high cellular-
ity of the enhancing tumor and increased diff usivity of the cystic/necrotic portion

to have lower ADC values because of a higher nuclear 
to cytoplasmic ratio [17]. Th e FA and ADC values of 
primary cerebral lymphoma are signifi cantly lower 
than those of GBM [31] Th ese are general principles, 
but in practical clinical work it is sometimes diffi  cult 
to distinguish between lymphomas, metastasis and 

high-grade gliomas, even with the most sophisticated 
ADC maps [5, 11–14, 19].

a b c

d e
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Figure 13.10 a–e

Glioblastoma in a 51-year-old woman with right-side weakness. a T2-weighted image shows a hyperintense mass 
in the left basal ganglia and thalamus (arrow). b T1-weighted image shows hypointensity in the lesion (arrow). 
c Gadolinium-enhanced T1-weighted image shows heterogeneous enhancement in the posterior portion of the tumor (ar-
row). d DW image shows hyperintensities (arrows). The areas of marked hyperintensity on the DW image does not show 
contrast enhancement in this patient. e ADC map shows heterogeneous hypointensity in the lesion (0.58–0.89×10-3 mm2/s; 
arrows)

13.2.2 Glioblastoma

 Glioblastoma (GBM) is the most common primary 
brain tumor in adults. Despite advances in microneu-
rosurgery, radiation therapy, chemotherapy, and ad-
vances in imaging, only 10% of patients will survive 3 
years following diagnosis [32]. Recent molecular and 
genetic approaches have provided dramatic insights 

into glioma biology, including genetic alterations in 
tumorigenesis and molecular mechanisms of angio-
genesis.

GBM develops de novo ( primary GBM) or by trans-
formation from low-grade or anaplastic tumors (sec-
ondary GBM) [33-35]. Primary and  secondary GBM 
evolves through diff erent tumorigenesis pathways. 
Primary GBM usually occurs among older patients 

a b c

d e
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Figure 13.11 a–e

Glioblastoma in an 80-year-old woman with personality changes. a T2-weighted image shows a hyperintense mass, 
which involves the genu of corpus callosum (butterfl y tumor). b T1-weighted image shows hypointensity in the lesion. 
c Gadolinium-enhanced T1-weighted image shows irregular ring-like enhancement of the tumor. d DW image shows hy-
perintensity (arrow). e ADC map shows heterogeneous intensity in the mass. Note the hypointensity in the center of the 
lesion (0.65×10-3 mm2/s; arrow). These fi ndings may correspond to the cellularity of the tumor

a b c

d e
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a b c

d

Figure 13.12 a–d

Glioblastoma in a 65-year-old man. a Gadolinium-en-
hanced T1-weighted image shows a necrotic enhanc-
ing mass in the right parietal area (arrowhead) and non-
enhancing lesion in the right frontal area (arrow). b DW 
image shows strong hyperintensity in the non-enhanc-
ing lesion (arrow). c ADC map shows strong hypointen-
sity in this lesion (0.34×10-3 mm2/s). This fi nding is rare 
but may represent cytotoxic edema associated with tu-
mor invasion in the white matter. A 3-month follow-
up MR image revealed an enhancing tumor in this area 
(not shown). d Pathology (another case) shows   cytotox-
ic edema associated with tumor cell infi ltration

(mean age 55 years). It is characterized by epidermal 
growth factor receptor (EGFR) overexpression (60%) 
/ amplifi cation (40%) in chromosome 7p, and other 
chromosome abnormalities (PTEN in chromosome 
10q, MDM2 mutations, p16 deletion in chromosome 
9p21, LOH in chromosome 10) (Fig. 13.15). GBM cells 
are oft en small and undiff erentiated. Th e prognosis of 
primary GBM is worse than that of secondary GBM.

Secondary GBM more frequently occurs among 
younger patients (mean age 40 years), and results 
from histologic progression of lower-grade diff use or 
anaplastic astrocytomas (Fig. 13.13). It contains TP53 
mutations (65%) and subsequent allelic loss of chro-
mosome 19q and 10q. Secondary GBM is transformed 
from anaplastic astrocytoma or astrocytic compo-
nents in anaplastic oligoastrocytoma/oligodendro-
glioma (LOH, p16, DCC, PTEN, EGFR) (Fig. 13.15), 
although other possibilities have been suggested in 
the literature [32, 34]. Th e latter is described as “GBM 
with oligodendroglial component” (GBMO) in which 

loss of heterozygosity (LOH) on 1p and 19q, known as 
common makers of oligodendroglial tumors, is more 
frequently observed than in the standard GBM (Fig. 
13.15) GBMO has a relatively better prognosis and re-
sponds to radiation and chemotherapy [32, 34, 36]. 

Solid components of GBM are typically hyperin-
tense on DW images with slightly decreased or slight-
ly increased ADC (Figs. 13.9-13.13). Cystic necrotic 
components of GBM are usually hypointense on DW 
images with increased ADC (Fig. 13.9). One of the 
important diff erential diagnoses is brain abscess in 
which cystic components are usually hyperintense on 
DW images with decreased ADC. Hypercellularity 
of solid tumors is the major determinant of the de-
creased ADC values. Background vasogenic edema 
and micronecrosis aff ect the DW imaging signal in-
tensity and ADC values. Decreased ADC can be ob-
served in the cystic component or non-enhancing 
portion of GBM. Th e causes of the decreased ADC 
are: (1) tumor cell infi ltration ( hypercellularity), (2) 
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Figure 13.13 a–f

Glioblastoma secondary to ana-
plastic astrocytoma in a 37-year-
old man. a T2-weighted image 
shows a hyperintense mass in the 
right frontal lobe. b Gadolinium-
enhanced T1-weighted image 
with fat saturation shows a ne-
crotic enhancing lesion (ar-
row) within a non-enhancing 
mass (arrowheads). c DW im-
age shows mild hyperintensity 
in the enhancing lesion (arrow). 
d The enhancing lesion has a low-
er ADC (0.97×10-3 mm2/s) than 
the surrounding non-enhancing 
mass (1.20×10-3 mm2/s) (arrow). 
e Pathology of the enhancing le-
sion shows hypercellularity, pleo-
morphism, endothelial prolifer-
ation, and necrosis consistent 
with glioblastoma multiforme. 
f Pathology of surrounding non-
enhancing mass shows interme-
diate cellularity and pleomor-
phism consistent with anaplastic 
astrocytoma

e f
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Figure 13.14 a, b

Glioblastoma in a 58–year-old woman. a, b Diff usion tensor fi ber tractography shows the displacement of the corti-
cospinal tract (motor; red) and the corticothalamic tract (sensory; green) (Courtesy of Yamada K MD, Kyoto Prefectural 
University of Medicine, Japan)

a

b

Figure 13.15 

Glioblastoma (GBM) develops de novo (primary) or by transformation from low-grade or anaplastic tumor (secondary). 
Primary GBM and secondary GBM or GBMO (with oligodendroglial component) evolve through diff erent tumorigenesis 
pathways
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Figure 13.16

In glioblastoma (GBM), tumor cells produce proteases and infi ltrate into the extracellular space in the white matter. Tumor 
cells produce vascular endothelial growth factor (VEGF) resulting in increased vascular permeability and in vasogenic 
edema. Tumor cells also release glutamate resulting in surrounding neurotoxicity that facilitates infi ltration of the tumor 
cells. This may cause the cytotoxic edema in peritumoral areas and rarely in the white matter tumor infi ltration

tumoral hemorrhage, (3) tumor cell edema or  coagu-
lative necrosis resulting from tumoral ischemia, and 
(4) cytotoxic edema due to excitotoxic injury (high 
concentrations of excitotoxic amines such as gluta-
mate released by GBM cells) (Figs. 13.9-13.12, 13.16, 
13.17) [37, 38]. 

Th e narrow rim of increased FA and decreased 
ADC observed at the edge of GBM is caused by com-

pressed white matter fi bers or peripheral cellular in-
fi ltration and associated cytotoxic edema (Fig. 13.18) 
[39, 40]. Tumor cells invade and change white matter 
fi ber structures by widening, displacing, and disrupt-
ing the fi ber bundles [41, 42] (Fig. 13.14). Fiber trac-
tography can be useful for preoperative planning and 
intraoperative image-guided surgery [43, 44].
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a b c

d e
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Figure 13.17 a–f

Glioblastoma secondary to glio-
matosis cerebri in a 70-year-old 
man with seizures. a, b FLAIR im-
aging shows multiple hyperin-
tense lesions in the bilateral bas-
al ganglia and right frontal lobe 
(arrows). c Gadolinium-enhanced 
T1-weighted image with fat satu-
ration shows minimal enhance-
ment in the frontal lesion (ar-
row). d, e DW images show mild 
hyperintensity and increased 
ADC (arrow). f MR spectroscopy 
shows a high lactate peak but no 
high choline peak (Courtesy of 
Kim J MD, The University of Iowa 
Hospitals and Clinics, USA)
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Figure 13.17 g–j

g One-month follow-up MR im-
age shows multiple enhancing 
masses in the right frontal area. 
h, i DW imaging shows periph-
eral and peritumoral hyperinten-
sity associated with decreased 
ADC (arrowheads). j MR spectros-
copy shows not only a high lac-
tate peak but also high choline 
and glutamate/glutamine peaks 
(arrow)

13.2.3 Gliomatosis Cerebri

Th e WHO 2007 guidelines redefi ne  gliomatosis cerebri 
as a diff use glioma growth pattern, infi ltrating at least 
two lobes, most commonly a presentation form of dif-
fuse astrocytoma, occasionally oligodendroglioma or 
mixed glioma. Previously it was an unique entity (sui 
generis) and defi ned as a malignant-grade neuroepi-
thelial neoplasm of uncertain origin [45]. Genetic ab-
normalities are oft en detected in the p53 or Rb gene. 
Pathologically, features diff erentiating gliomatosis cere-

bri from multiple gliomas are continuity of cellular infi l-
tration and lack of clear distinction from adjacent nor-
mal brain tissue. Pathologically, myelin sheaths are de-
stroyed but axons and neurons are relatively preserved. 
If GBM occurs in gliomatosis cerebri, it can present as 
multiple enhancing mass lesions (Fig. 13.17). It is oft en 
diffi  cult to diff erentiate multicentric GBMs from mul-
tifocal GBMs associated with gliomatosis cerebri based 
on MR imaging [46]. Diff usion tensor fi ber tractogra-
phy shows the fi ber tracking passing through the tumor 
in gliomatosis cerebri (Fig. 13.18) [47].
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Figure 13.18 a–c

Gliomatosis cerebri in a 73-year-old woman. a T2-weighted image shows extensive, asymmetric white matter hyperinten-
sity bilaterally. b, c Diff usion tensor fi ber tractography shows only minimal shift of the pyramidal tracts. (Courtesy of Aoki 
S MD, University of Tokyo, Japan). (From [47])

a b c

Figure 13.19 a–d

 Gliosarcoma (de novo). A 74 year-old man presenting with a focal motor sei-
zure. a T2-weighted image shows a cystic/necrotic tumor in the right fron-
tal lobe. b On gadolinium-enhanced T1-weighted image, the tumor shows 
peripheral and irregular solid enhancement. A solid part is attached to a du-
ral surface. There is another smaller enhancing nodule posterior to this mass. 
c, d On DW imaging, the solid part of the tumor shows increased signal inten-
sity with mildly elevated ADC

d
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Figure 13.19 e, f

The tumor has a biphasic histologic pattern with areas displaying astrocytic (e) and sarcomatous (f) diff erentiation. 
(Courtesy of Oka M MD, University of Rochester Medical Center, USA)

e f
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Figure 13.20 a–e

 Lhermitte-Duclos disease in a 48-year-old woman. a, b T1- and T2-wighted images show a well-circumscribed mass 
with a striated pattern. c Gadolinium-enhanced T1-weighted image shows minimal vascular enhancement in the mass.
d, e DW imaging shows a hyperintense mass associated with slightly increased ADC that may refl ect an increased num-
ber and size of ganglion cells replacing the granular and Purkinje cell layers. (Courtesy of Nakamura H MD, Kitanosono T 
MD, University of Rochester Medical Center, USA)
◀

Figure 13.21 a–d

 Dysembryoplastic neuroepithelial tumor in 32-year-old 
man with seizures. a T2-weighted image shows multi-
cystic lesions in the medial temporal lobe with no ede-
ma (arrow). b, c DW imaging shows hypointense lesions 
with high ADC values (1.87-2.34×10-3 mm2/s) (arrow). 
d Pathology shows oligodendroglial–like cells, thin ves-
sels, scattered neurons, and myxoid matrix

a b c

d

13.2.4 Gliosarcoma

 Gliosarcoma is a subtype of GBM characterized by 
neoplastic glial cells and sarcomatous components. 
It is rare (1.8-8.0 % of GBMs, M>F). Th e age distri-
bution and survival characteristics of gliosarcomas 
are similar to typical GBMs. Th e exact origin of 
the sarcoma cells in gliosarcomas remains obscure. 
Macroscopically, gliosarcomas tend to have a hard 

consistency and are usually well-delineated from the 
surrounding tissue. In contrast, the typical GBM usu-
ally infi ltrates surrounding white and gray matter. 
Gliosarcomas can either arise de novo (Fig. 13.19) or 
secondary to irradiation of GBM or anaplastic glio-
mas. Dwyer et al. reported that gliosarcomas tend to 
abut a dural surface but they may be indistinguishable 
from the typical GBM on MR imaging including DW 
imaging [48]. 
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Figure 13.22 a–e

 Central neurocytoma in 32-year-old woman. a Coronal T2-weighted image shows isointense intraventricular mass with 
cystic components involving the septum pellucidum (arrow). b Gadolinium-enhanced T1-weighted image with fat sat-
uration shows heterogeneous enhancement in the mass (arrow). c, d DW imaging shows a hyperintense mass associ-
ated with decreased ADC (0.54×10-3 mm2/s) that may refl ect the hypercellularity of the central neurocytoma (arrow). 
e Pathology shows hypercellularity composed of small well-diff erentiated neurons with uniform nuclei

a b c

d e
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Figure 13.23 a–d

 Ganglioglioma in a 12-year-old 
girl with seizures. a T2-weighted 
image shows a hyperintense le-
sion in the right occipital lobe (ar-
row). b Gadolinium-enhanced T1-
weighted image shows hetero-
geneous enhancement (arrow). 
c DW image shows heteroge-
neous mild hyperintensity in the 
lesion (arrow). d ADC map shows 
hyperintensity in the lesion (0.98–
1.35×10-3 mm2/s; arrow)

13.2.5 Peritumoral Infi ltration

Th e value of DW imaging for the delineation of peri-
tumoral invasion in primary brain tumors is contro-
versial. Some authors have suggested that ADC is 
useful to determine the extent of tumor invasion [4, 
20], but most of the recent studies have shown that 
it is not possible to determine accurately the degree 
of  peritumoral infi ltration by DW imaging and ADC 
mapping [5, 11–13, 19, 20]. Th e poor delineation is 
probably due to the conjoined eff ects of T2 and ADC 
on DW images. For tumors that are biologically dif-
ferent, such as glioblastomas and meningiomas, it has 
been reported that ADC, T1 and fractional anisot-
ropy of the enhancing tumor and its peritumoral ede-
ma are markedly diff erent [16]. In GBM, tumor cells 
produce proteases and infi ltrate into the extracellular 

space in the white matter. Tumor cells produce vascu-
lar endothelial growth factor (VEGF) resulting in in-
creased vascular permeability and vasogenic edema. 
Tumor cells also release glutamate resulting in sur-
rounding neurotoxicity that facilitates infi ltration by 
the tumor cells. Th is may cause the cytotoxic edema 
in peritumoral areas and in white matter infi ltrations 
(Figs. 13.12, 13.16, 13.17).

Diff usion-tensor (DT) imaging may distinguish 
presumed tumor-infi ltrated edema from purely va-
sogenic edema [29, 39, 49]. However, reliable diff er-
entiation between infi ltration and vasogenic edema is 
not yet possible on the basis of DT imaging [40]. FA 
values in peritumoral normal-appearing white matter 
are higher in meningiomas than in gliomas [39].

a b

c d
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Figure 13.24 a–e

 Ganglioglioma in a 31-year-old 
man with seizures. a T2-weight-
ed image shows a well-defi ned 
mildly hyperintense lesion in 
the right parietal cortex (arrow). 
b Gadolinium-enhanced T1-
weighted image with fat satura-
tion shows heterogeneous en-
hancement (arrow). c DW image 
shows hyperintensity in the lesion. 
d ADC map shows isointensity in 
the lesion (0.76–0.88×10-3mm2/s; 
arrow). e Pathology shows inter-
mediate cellularity composed of 
ganglion cells and neoplastic as-
trocytes

a b
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Figure 13.25 a–d

 Pinealoblastoma in a 4-year-
old boy. a T2-weighted image 
shows a mildly hyperintense le-
sion in the pineal region (arrow). 
b Gadolinium-enhanced sagit-
tal T1-weighted image shows 
a heterogeneously enhancing 
mass with cystic components 
in the pineal region (arrow). 
c DW image shows isointensi-
ty or mild hyperintensity in the 
solid portion of the lesion (ar-
row). d ADC map shows isoin-
tensity or slight hyperintensity 
in the solid portion of the lesion 
(0.74–1.05×10-3 mm2/s; arrow)

13.2.6 Treatment Response

DW imaging has been attempted to follow response 
to treatment and disease progress. For example, ani-
mal studies have shown a tendency to an increase in 
ADC during treatment, followed by a return to the 
pretreatment level during recurrent tumor growth 
[21–23]. Th ere are no published human studies, but 
the preliminary reports have confi rmed the observa-
tions in animals. 

13.2.7 Choroid Plexus Tumors
 (see Chap. 14, Figs. 14.13–14.15)

 Choroid plexus papilloma (WHO grade 1) is a benign 
intraventricular papillary neoplasm derived from the 
choroid plexus epithelium and can be cured by sur-
gery.  Choroid plexus carcinoma (WHO grade 3) is a 
malignant neoplasm showing brisk mitotic activity, 
increased cellularity, blurring of the papillary pattern, 

necrosis, and frequent invasion of brain parenchyma. 
Choroid plexus carcinoma is more heterogeneously 
enhanced on MR images. DW imaging shows hyper-
intense with decreased ADC due to the hypercellu-
larity. Th e WHO has introduced an additional entity 
with intermediate features, designated ‘ atypical cho-
roid plexus papilloma’ (WHO grade 2), which is pri-
marily distinguished from choroid plexus papilloma 
by increased mitotic activity. Curative surgery is still 
possible but the probability of recurrence appears to 
be signifi cantly higher. 

13.3 Neuronal and Mixed
Neuronal-Glial Tumors

 Lhermitte-Duclos disease or dysplastic gangliocyto-
ma of the cerebellum is a rare condition of uncertain 
pathogenesis with features of both benign neoplasm 
and malformation (distortion of normal cerebel-
lar laminar cytoarchitecture). Th e histopathological 
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Figure 13.26 a–e

 Papillary tumor of the pineal region in an 18-year-old male patient. a T2-weighted image shows a well-defi ned mildly 
hyperintense lesion with a cystic component and fl uid-fl uid level (arrow). b Gadolinium-enhanced sagittal T1-weight-
ed image shows heterogeneously enhancing lesions in the pineal and suprasellar regions and leptomeningeal enhance-
ment along the cerebellum and spinal cord due to tumor dissemination (arrows). c DW image shows a hyperintense le-
sion (arrow). d ADC map shows isointensity in the lesion (0.70–0.85×10-3 mm2/s; arrow). e Micropathology specimen 
shows hypercellularity with a papillary growth pattern of plump epithelial-like cells and hemorrhage. Nuclei were uni-
form. (Courtesy of Sato TS, University of Iowa Carver College of Medicine, USA). (From [58])
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Figure 13.27 a–d

 Primitive neuroectodermal tumor 
in a 20-month-old girl with leth-
argy and nausea. a T2-weighted 
image shows a well-demarcat-
ed and heterogeneous intense 
mass in the right frontal lobe. 
b T1-weighted image shows het-
erogeneous hypointensity in the 
lesion. c DW image shows hyper-
intensity. d ADC map shows het-
erogeneous hypointensity (0.54–
0.74×10-3 mm2/s) in the lesion, 
which may represent hypercellu-
larity

characteristics include widening of molecular layers 
occupied by abnormal ganglion cells, absence of the 
Purkinje cell layer, and hypertrophy of the granu-
lar cell, with atrophy of the cerebellar white matter. 
It is associated with  Cowden disease. MR imaging 
typically shows a well-circumscribed non-enhancing 
mass with a unique striated pattern (Fig. 13.20) [50, 
51]. DW imaging shows a hyperintense lesion associ-
ated with slightly increased or decreased ADC, which 
refl ects the hypercellularity; it also shows increased 
number and size of ganglion cells replacing the gran-
ular and Purkinje cell layers. 

 Dysembryoplastic neuroepithelial tumor (DNT) is 
classifi ed as a mixed neuronal-glial tumor. DNT oft en 
has adjacent cortical involvement that is responsible 
for the epileptogenic activity. Oligodendroglial-like 
cells, thin vasculature, hanging neurons, and myxoid 
matrix are required features. In addition there may be 

oligodendroglial-like nodules, ganglioglioma, astro-
cytoma and cortical dysplasia. DNT is typically hy-
pointense on T1-weighted images and hyperintense 
on T2-weighted images with no edema and absence 
of nodular enhancement [52]. DW imaging shows 
DNT as a hypointense lesion with signifi cantly higher 
ADC values (>2×10-3 mm2/s) compared with those of 
low-grade glial tumors (0.96×10-3 mm2/s to 1.92×10-3 
mm2/s) (Fig. 13.21) [20, 53].

 Central neurocytoma occurs predominantly in 
young adults and involves the lateral and third ven-
tricles closely related to the septum pellucidum. 
Cystic components and calcifi cations are common. 
Microscopy shows a honeycomb architecture with 
small, uniform, round cells with central nuclei. MR 
imaging shows a well-defi ned heterogeneous T1 hy-
pointense and T2 hyperintense mass with heteroge-
neous enhancement. DW imaging shows a hyperin-
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Figure 13.28 a–e

 Medulloblastoma in a 10-year-old 
boy. a Precontrast CT shows a hy-
perdense mass. b T2-weighted im-
age shows a mildly hyperintense 
mass. c Gadolinium-enhanced T1-
weighted image with fat satura-
tion shows a solid mass with en-
hancement in the cerebellar ver-
mis. d DW image shows this solid 
mass as hyperintense. e ADC map 
shows decreased ADC of this mass. 
This is due to high cellular density 
causing restricted diff usion

a cb

d e
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Figure 13.29 a–c

Bilateral  vestibular schwannomas with neurofi bromatosis type 2 in an 18-year-old male patient. a Gadolinium-enhanced 
T1-weighted image with fat saturation shows homogeneously enhancing masses in bilateral cerebellopontine angles. 
b, c DW image shows isointensity with increased ADCs (0.96–1.22×10-3 mm2/s; arrows)
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Figure 13.30 a–c

 Vestibular schwannoma in a 39-year-old man. 
a Gadolinium-enhanced T1-weighted image shows a 
homogeneously enhancing mass in the right cerebel-
lopontine angle and internal auditory canal. b CISS im-
age cannot separate a hypointense tumor and the fa-
cial nerve. c DTI fi ber tractography clearly shows the fa-
cial nerve located anterior to the vestibular schwanno-
ma, which provides important preoperative informa-
tion. (Courtesy of Taoka T MD, Nara Medical University, 
Japan)

a c

b

tense lesion with lower ADC values (0.65-0.95×10-3 
mm2/s) compared with those of astrocytomas and 
nonastrocytic gliomas (Fig. 13.22) [53, 54]. Th e de-
creased ADC values probably refl ect hypercellularity 
of the central neurocytoma.

 Ganglioglioma is the most common tumor involv-
ing the temporal lobe. Histologically, it is a mixed 
tumor composed of relatively mature glial cells and 
ganglionic cells in varying proportions [55]. MR im-
aging shows a T1 hypointense and T2 hyperintense 
mass with or without cystic components. DW imag-
ing shows a hyperintense mass with slightly decreased 
or increased ADC values, probably depending on the 
cellular components (Figs. 13.23, 13.24). 

13.4 Tumors of Pineal Region

Th ree types of pineal region tumors are classifi ed: 
 pineocytomas,  pineoblastoma, and  papillary tumor of 

the pineal region. Increased ICP, hydrocephalus, pap-
illedema, and Parinaud syndrome are common clinical 
symptoms. Pineoblastoma can be associated with con-
genital retinoblastoma, so-called trilateral retinoblasto-
ma. Pineoblastomas tend to have a lobular pattern and 
occupy the quadrigeminal cistern [56]. T1-weighted 
imaging shows pinealoblastoma as hypointense with 
homogeneous or heterogeneous enhancement. DW 
imaging usually shows it as hyperintense associated 
with iso- or slightly decreased ADC, probably refl ect-
ing the cellularity (Fig. 13.25). Papillary tumors of the 
pineal region are well-circumscribed masses of the pi-
neal region, commonly with a cystic component (Fig. 
13.26). Th e proposed cell of origin is the ependymocyte 
located in the subcommissural organ. Th e prognosis of 
papillary tumors of the pineal region is usually worse 
and less sensitive to treatment than pineoblastoma. 
T1-hyperintensity in the tumor has been reported due 
to protein, glycoprotein, or other T1-shortening sub-
stances produced by tumor cells [57, 58].



Brain NeoplasmsChapter 13270

Figure 13.31 a–d

Benign  meningioma ( menin-
gothelial meningioma) in a 72-
year-old woman with a visual dis-
turbance. a T2-weighted image 
shows a slightly hyperintense 
mass near the frontal aspect of the 
falx. b Gadolinium-enhanced T1-
weighted image shows homoge-
neous enhancement. c DW image 
shows hyperintensity in the lesion. 
d ADC map shows mild hypointen-
sity (0.73–0.78×10-3 mm2/s)

13.5 Embryonal Tumors – Meduloblastoma
and Primitive Neuroectodermal Tumors

 Primitive neuroectodermal tumors (Fig. 13.27) are a 
group of histologically similar tumors that occur most-
ly in children. Th ey include embryonal, largely un-
diff erentiated tumors, such as  medulloblastoma (Fig. 
13.28), neuroblastoma, pineoblastoma (Fig. 13.25), 
ependymoblastoma, medulloepithelioma, and atypical 
teratoid-rhabdoid tumor (Chap. 14, Fig. 14.20). Th ese 
tumors have a high cellular density and are typically 
hyperintense on DW images, with decreased ADC [53, 
58–61]. Th e hyperintensity on DW images and de-
creased ADC is caused by their dense cellularity and 
high nuclear to cytoplasmic ratio. Atypical teratoid-

rhabdoid tumor is another hypercellular CNS tumor in 
children and has more malignant biological behavior 
and is less sensitive to therapy [61]. Cerebellopontine 
angle involvement and intratumoral hemorrhage are 
more common than in medulloblastoma. Atypical ter-
atoid-rhabdoid tumor is hyperintense on DW images 
with decreased ADC values, similar to medulloblas-
toma (0.47-0.83 10-3 mm2/s) [53, 61].

13.6 Tumors of Cranial Nerves

Th ere are three types of nerve sheath tumors: 
 schwannoma, neurofi broma, and malignant nerve 
sheath tumor. Schwannoma comprises approximately 
8% of all intracranial tumors. Cystic degeneration 
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Figure 13.32 a–d

Meningioma (psammomatous  me-
ningioma) in a 56-year-old woman. 
a T2-weighted image shows a hy-
pointense mass in the left medi-
al occipital region with vasogenic 
edema. b Gadolinium-enhanced 
T1-weighted image shows a hy-
pointense mass with peripheral 
enhancement. c DW image shows 
hypointensity in the lesion. d ADC 
map is not calculated accurately 
due to susceptibility artifacts from 
the dense calcifi cation

a b

c d

is common (5.7-24%), and may be accompanied by 
hemorrhage (5%). Histologically, schwannoma is 
composed of two types of tissues: Antoni type A is 
more cellular with palisading nuclei creating mem-
brane-like structures, while Antoni type B is less cel-
lular associated with degenerative changes and her-
morrhage. 

Vestibular schwannoma is the most common in-
tracranial Schwann cell tumor. Bilateral vestibular 
schwannomas are one of the diagnostic criteria for 
neurofi bromatosis type 2. DW imaging can be useful 
for the diff erential diagnosis of cerebellopontine angle 
tumors [62]. Th e ADC values of schwannoma are sig-
nifi cantly higher than those of meningioma [53]. Th e 
higher ADC values in schwannoma probably refl ect 
the lower cellularity (Fig. 13.29). Identifying the com-
pressed facial nerve in cases of vestibular schwanno-

ma is important so as to avoid complications during 
surgical removal. Diff usion tensor fi ber tractography 
is useful for identifying the facial nerve displacement 
preoperatively (Fig. 13.30) [63].

13.7 Tumors of the Meningothelial Cells – 
Meningiomas

 Meningioma is the most common extraaxial brain 
tumor, comprising 15% of all intracranial tumors. 
Histologically, 10% are atypical or malignant. Tumor 
recurrence is 30%–40% in atypical/malignant meningi-
oma, while it is 7%–20% in typical meningioma. Th ere 
are 15 histologic subtypes identifi ed in the WHO clas-
sifi cation: nine are considered grade 1 (meningothelial, 
fi brous, transitional, psammomatous, angiomatous, 



Brain NeoplasmsChapter 13272

a b c

d e f

g h

Figure 13.33 a–h

Meningioma ( microcystic meningioma) in a 68-year-old woman. a T2-weighted image shows a hyperintense mass in the 
left occipital region with no vasogenic edema. b T1-weighted image shows a hypointense mass in the left occipital region. 
c Gadolinium-enhanced T1-weighted image with fat saturation shows a central heterogeneously enhancing mass (arrow) 
and peripheral microcystic components (arrowheads). d DW image shows a hypointense mass (arrow) with peripheral hy-
pointensity (arrowheads). e ADC map shows iso- or slight hypointensity centrally (arrow) with peripheral hyperintensity in 
the microcystic components (arrowheads). f FA map shows increased anisotropy in the central solid portion (arrow) and 
decreased anisotropy in the peripheral microcystic areas (arrowheads). g Pathology of the central portion shows spindle-
shaped tumor cells. h Pathology of the peripheral portion shows microcystic components
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Figure 13.34 a–d

Atypical meningioma in a 45-
year-old female patient with 
headache. a T2-weighted image 
shows a heterogeneous intense 
mass in the temporal lobe (ar-
rows). b Gadolinium-enhanced 
T1-weighted image shows het-
erogeneous enhancement (ar-
rows). c DW image shows hetero-
geneous hyperintensity (arrows). 
d ADC map shows hypointensity, 
especially in the right side of the 
mass (0.51×10-3 mm2/s; arrows)

microcystic, secretory, lymphoplasmacyte-rich, meta-
plastic), three as grade 2 (chordoid, clear cell, atypical), 
and three as grade 3 (papillary, rhabdoid, anaplastic). 
Cysts associated with meningioma are seen in 4%-10% 
of all meningiomas [64]. Peritumoral edema is seen 
in 40%-60% of cases, presumably related to vasogenic 
edema substances such as vascular endothelial growth 
factor or vascular permeability factor with intratumor-
al congestion [65, 66]. 

Typical MR imaging fi ndings, including extraaxial 
T1 and T2 isointense solid mass with homogeneous 
enhancement and dural tail sign, are seen in 85% of 
cases. Th e signal characteristics of meningiomas on 
DW images are variable [12, 13, 19, 67, 68]. Most be-
nign meningiomas are isointense on DW images and 
ADC maps, but some are slightly hyperintense on 
both DW images and ADC maps (Fig. 13.31). In me-
ningioma, mixed histological subtypes are oft en ob-

served in the same tumor. Fibroblastic, transitional, 
and calcifi ed psammomatous meningioma can be hy-
pointense on both T2-weighted [69] and DW images 
(Fig. 13.32). FA values in  fi broblastic-type meningio-
ma or fi brous components in meningiomas are higher 
than other histological subtypes presumably due to 
the fascicular arrangement of long spindle-shaped tu-
mor cells (Fig. 13.33) [70].  Microcystic meningiomas 
or components can be hypodense on CT images, hy-
pointense on T1-weighted images, and hyperintense 
on T2-weighted images [71]. Microcystic meningio-
mas can have high ADC values (Fig. 13.33). 

Malignant or  atypical meningioma usually has in-
creased signal intensity on DW images and lower in-
tratumoral ADC values than typical meningioma due 
to the higher tumor cellularity [13, 19, 53, 67, 72]. 
However, other factors, such as multifocal areas of 
necrosis, numerous abnormal mitoses and cytologic 
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Figure 13.35 a–e

 Lipoma in a 43-year-old woman. a T2-weighted image shows a hyperintense mass in the corpus callosum. b Sagittal T1-
weighted image shows a well-demarcated very hyperintense mass along the corpus callosum. c Gadolinium-enhanced 
T1-weighted image with fat saturation shows a suppression of T1 hyperintensity of fat signals with no enhancement. 
d DW image shows the lipoma as hypointense due to the inherent fat saturation. e Accurate calculation of ADC values is 
diffi  cult because of the fat saturation on both the DW and b0 images
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pleomorphism may also cause the high DW signal 
in atypical and malignant meningiomas (Fig. 13.34). 
Th e ADC values are similar in most of the histological 
subtypes [13, 53]. 

13.8 Mesenchymal Tumors

 Lipoma is a congenital abnormality associated with 
persistence of the meninx primitiva. Locations of li-
poma include the corpus callosum, pericallosal inter-
hemispheric fi ssure, quadrigeminal plate, suprasellar 

cistern, cerebellopontine cistern, sylvian fi ssure, cer-
ebellar vermis, and lamina terminalis. Lipoma is hy-
perintense on T1-weighted images, and is suppressed 
on fat-saturation images. DW imaging uses the same 
chemical fat-saturation technique as fat-saturated T1-
weighted images (Fig. 13.35).

 Hemangiopericytoma, previously considered as 
“angioblastic” meningioma, is now a distinct clini-
copathologic entity and a rare aggressive neoplasm 
derived from vascular pericytes. Th e peak incidence 
is at 30–50 years. Calcifi cations and hyperostosis are 
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Figure 13.36 a–e

 Hemangiopericytoma in a 50-year-old man. a T2-weighted image shows an extraaxial hyperintense mass involving the 
left parietal skull and scalp. b Gadolinium-enhanced T1-weighted image with fat saturation shows homogeneous en-
hancement with the dural tail. No adjacent hyperostosis or sclerotic changes are noted. c DW image shows mild hyperin-
tensity. d ADC map shows decreased ADC of this mass. e Micropathology specimen shows hypercellularity, dense inter-
stitium, and dilated thin-walled vessels

not common. MR and DW signal characteristics are 
similar to meningioma (Fig. 13.36).

 Hemangioblastoma is the most common infraten-
torial neoplasm in adults. It is associated with von-
Hippel-Lindau disease in 20% of cases. Histologically 
it is characterized by a network of capillary-like chan-
nels, separated by trabeculae or islands of stromal 

cells. Intratumoral hemorrhage and cyst formation 
are common. Vascular fl ow voids in and around the 
tumor can be a clue to the diagnosis. DW imaging 
usually shows the solid portion of hemangioblastoma 
as low signal with increased ADC, presumably due to 
rich vascular spaces (Fig. 13.37) [73]. Metastatic renal 
cell carcinoma is an important diff rential diagnosis 
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Figure 13.37 a–d

 Hemangioblastoma in a 41-
year-old woman. a T2-weight-
ed image shows a hyperintense 
mass in the cerebellar vermis (ar-
row). b Gadolinium-enhanced 
T1-weighted image with fat sat-
uration shows intense homo-
geneous enhancement (arrow). 
c DW image shows hyperintensity 
of the lesion (arrow). d ADC map 
shows increased ADC of the lesion 
presumably due to rich vascular 
spaces (arrow)

which is usually hyperintense on DW images with 
lower ADC values.

13.9 Lymphoma and Hematopoietic Neoplasm

Primary  lymphomas of the central nervous system are 
rare malignant tumors, accounting for less than 1% of 
all brain tumors. However, the incidence has been in-
creasing subsequent to the spread of the acquired im-

munodefi ciency syndrome [19, 74–77]. A majority of 
lymphomas are iso- or hypointense on T2-weighted 
images [19]. Most lymphomas show homogeneous 
enhancement in immunocompetent patients, but in 
immunosuppressed patients a rim enhancement is 
a more common fi nding [19, 74–76]. Th e enhanc-
ing components of lymphomas are generally hyper-
intense on DW images (Figs. 13.38, 13.39). [17, 19, 
77]. Th e ADC of lymphomas is oft en lower than that 
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Figure 13.38 a–e

 Lymphoma (diff use large B cell 
type) in a 64-year-old male patient 
with seizure. a T2-weighted image 
shows a slightly hyperintense mass 
(arrow) with surrounding edema in 
the left frontal lobe. b T1-weight-
ed image shows the hypointense 
mass (arrow) in the left frontal 
lobe. c Gadolinium-enhanced T1-
weighted image shows the heter-
ogeneously enhancing mass (ar-
row) in the left frontal lobe. d DW 
image shows hyperintensity in the 
lesion (arrow). e ADC map shows 
hypointensity in the lesion (0.51–
0.71×10-3 mm2/s; arrow)

a b c

d e
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Figure 13.39 a–e

 AIDS-related lymphoma in a 23-year-old man. a T2-weighted image shows iso- or mildly hyperintense masses in the left 
periventricular region with vasogenic edema. b Gadolinium-enhanced T1-weighted image shows ring or heterogeneous 
enhancement. c DW image shows hyperintensity in the solid portion of the lesions. d ADC map shows partially decreased 
ADC of the solid portion of the mass. e Pathology shows a diff use infi ltrate of fairly uniform, large cells with little cyto-
plasm

in high-grade gliomas [17]. As mentioned above, this 
corresponds to the hypercellularity and might help in 
diff erentiating between lymphomas and high-grade 
gliomas [17].

Central nervous system  post-transplant lymphop-
roliferative disorder (CNS-PTLD) is seen in the brain 
of 2%-7% of post-transplant patients in autopsy se-
ries [78]. CNS-PTLD is a spectrum of disease ranging 

from Epstein-Barr virus-driven polyclonal prolifera-
tion to malignant lymphoma. Histologically, trans-
mural invasion of blood vessel walls by tumor cells 
and necrosis are common features. Multiple necrotic 
ring enhancing lesions are the most common fi ndings 
on CT and MR imaging. DW imaging shows hyper-
intensity in the ring enhancing solid portion and hy-
pointensity in the central necrosis (Fig. 13.40).
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Figure 13.40 a–e

 Post-transplant lymphoproliferative disease in a 54-year-old man after renal transplantation. a T2-weighted image shows 
iso- or mildly hyperintense masses in the left periventricular region with vasogenic edema. b Gadolinium-enhanced T1-
weighted image shows ring or heterogeneous enhancement. c DW image shows hyperintense in the ring enhancing sol-
id portion and hypointense in the central necrosis. d ADC map shows partially decreased ADC of the solid portion of the 
mass. e Pathology shows a hypercellular mixed lymphoid infi ltrate with mitosis and nuclear pleomorphism. (Courtesy of 
Sergei S MD, PhD, Department of Pathology, The University of Iowa Hospitals and Clinics, USA)

a b c

eed

 Granulocytic sarcoma ( chloroma) is a focal solid 
mass consisting of immature granulocytes. It oft en 
occurs in myelogenous leukemia, but may arise in 
acute lymphoblastic leukemia and other myelopro-
liferative and myelodysplastic disorders [79, 80]. Th e 
term “chloroma” is derived from the green color of the 
tumor on gross examination due to the high level of 
myeloperoxidase, which is not always seen in granulo-
cytic sarcomas. In intracranial granulocytic sarcoma, 

leukemic cells from the bone marrow invade the peri-
osteum via haversian canals, infi ltrate the dural and 
subarachnoid spaces through the arachnoidal vein, 
and infi ltrate the brain parenchyma with destruction 
of the pial-glial barrier. Typically, the lesion is iso- or 
slightly hypointense on T1- and hyperintense on T2-
weighted images with homogeneous enhancement. 
DW imaging shows hyperintensity associated with 
decreased ADC (Fig. 13.41) [81].
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Figure 13.41 a–c

 Granulocytic sarcoma in a 42-year-old man with acute myelogenous leukemia. a FLAIR image shows a mildly hyperin-
tense mass in the left frontal region. b T1-weighted image shows a hypointense mass. c DW image shows a markedly hy-
perintense mass with decreased ADC (not shown)

a b c

13.10 Germ Cell Tumors

 Germ cell tumors account for 0.5%–3% of primary 
intracranial tumors and 12% of primary intracranial 
tumors in children [82]. Th e fi ve histological types are 
 germinoma, embryonal carcinoma, yolk-sac tumor, 
choriocarcinoma, teratoma, and a number of tumors 
contain a mixture of histological types. Pineal and 
neurohypophyseal regions are common (76%–90%) 
and synchronous occurrence has been reported. A 
signifi cant number arises in the basal ganglia and 

thalami (4%–14%). MR imaging usually shows an iso- 
or hyperintense mass on T1- and T2-weighted images 
with homogeneous or heterogeneous enhancement. 
Associated cysts are common. Ipsilateral cerebral, 
brain stem, and basal ganglia atrophy has been re-
ported in patients with basal ganglia germinoma, 
probably due to tumor involvement of fi ber tracts and 
secondary Wallerian, retrograde, and transsynaptic 
degenerations [83–85]. DW imaging shows the solid 
potion as hyperintense with decreased ADC probably 
due to the hypercellularity (Fig. 13.42).
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Figure 13.42 a–f

 Germinoma in a 32-year-old man. a Gadolinium-enhanced coronal T1-weighted image shows enhancing lesions in the 
left basal ganglia, septum pellucidum, and corpus callosum (arrows). b, c DW image shows hyperintensity in the lesions 
with decreased ADC (arrows). d The left basal ganglia appears atrophic (arrow) compared to the other side, presum-
ably due to the tumor involvement of fi ber tracts and  secondary degeneration. e FA map shows decreased anisotropy in 
the anterior limb and genu of internal capsules (arrows). Corticostriatal fi bers (external capsule, subcallosal fasciculus of 
Muratoff ) may also be involved (arrows). f Fractional anisotropy in the left cerebral peduncle is decreased, which repre-
sents  Wallerian degeneration (arrow)

13.11 Epidermoid Cysts and Arachnoid Cysts

 Epidermoid cysts are benign neoplasms of ectoder-
mal origin with stratifi ed squamous epithelium and 
keratinaceous debris [14, 86–93]. On T1- and T2-
weighted images, intracranial epidermoids oft en 
have similar signal intensity to the cerebrospinal fl uid 
(CSF). On FLAIR images, they are inhomogeneously 
hyperintense relative to the CSF [94]. DW imaging 
is highly sensitive in detecting intracranial epider-

moids, which are shown as hyperintense. Th e ADC 
of epidermoid tumors has been reported to be much 
lower than that of the CSF and equal to or higher than 
that of brain parenchyma (Figs. 13.43, 13.44) [86–88, 
90–93, 95]. Th erefore, the hyperintensity of epider-
moid tumors on DW images is mainly caused by a 
T2 shine-through eff ect. DT imaging may show in-
creased anisotropy on FA maps. DW imaging is use-
ful in detecting postoperative residual tumors and 
delineating their borders.
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Figure 13.43 a–g

 Epidermoid tumor in a 43-year-
old woman. a T2-weighted image 
shows hyperintensity in the cere-
bellopontine angles and the pre-
pontine cistern. b FLAIR image 
shows these areas as inhomoge-
neously hyperintense relative to 
the cerebrospinal fl uid (arrows). 
c DW image shows hyperintensi-
ty in the lesions. d ADC map shows 
mild hyperintensity but it is much 
lower than that of the CSF (ar-
rows). e FA map shows increased 
anisotropy in the lesions (arrows). 
f, g Pathology specimen shows 
keratinaceous materials (f) and 
stratifi ed squamous epithelium (g)

a b c

d e

f g
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Figure 13.44 a–d

Epidermoid tumor in a 9-year-
old girl without symptoms. a T2-
weighted image shows a hyper-
intense mass near the falx. b T1-
weighted image shows the hy-
pointense lesion. c DW image 
shows hyperintensity in the le-
sion, which is caused by both in-
creased T2 and restricted diff usiv-
ity. d ADC map shows heteroge-
neous iso- or hypointensity in the 
lesion, consistent with restrict-
ed diff usion similar to that of the 
brain parenchyma

Arachnoid cysts have a similar appearance on rou-
tine MR imaging as epidermoid tumors, but it is well 
known that DW imaging can distinguish the two [86–
93]. Arachnoid cysts are hypointense on DW images 
as a result of free diff usion and in general their DW 
signal characteristics are similar to those of cerebro-
spinal fl uid (Fig. 13.45).

13.12 Tumors of the Sella Region – 
Craniopharyngiomas, Rathke’s Cleft Cysts, 
Pituitary Adenoma

Craniopharyngioma is a benign tumor compris-
ing 3% of all intracranial tumors, originating from 
the neuroepithelium in the craniopharyngeal duct 
(Rathke’s cleft /pouch). It typically shows a combi-

nation of contrast enhancement, cyst formation and 
calcifi cations. MR imaging shows the cystic compo-
nents of craniopharyngioma as T1 hyper- or hypoin-
tense and T2 hyperintense, probably depending on 
the protein concentrations (4,000-12,000 mg/dl) [96]. 
DW imaging usually shows a hypointense mass lesion 
with increased ADC (Fig. 13.46). Sener et al. reported 
hyperintensity on DW images, with increased ADC, 
corresponding to an increased diff usivity in the tu-
mor and a T2 shine-through eff ect [97]. 

 Rathke’s cleft  cysts are benign epithelium-lined 
intrasellar cysts arising from the remnant of Rathke’s 
pouch. MR imaging shows various signals in Rathke’s 
cleft  cysts depending on the protein concentration 
[96]. T1 hypo- and T2 hyperintense cysts contain 
CSF-like fl uids. T1 hyper- and T2 hypointense cysts 
contain creamy yellow or white gelatinous fl uid. 

a b

c d
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Figure 13.45 a–d

 Arachnoid cyst in a 9-year-old girl 
with developmental delay. a T2-
weighted image shows a large 
hyperintense lesion in the right 
cerebellopontine angle (arrow). 
b T1-weighted image shows hy-
pointensity in the lesion (arrow). 
c DW image shows hypointensi-
ty (arrow). d ADC map shows hy-
perintensity in the lesion due to 
increased diff usivity (3.07–3.12× 
10-3 mm2/s; arrow)

Figure 13.46 a–c

 Craniopharyngioma in an 8-year-old boy with panhypopituitarism. a T2-weighted image shows a hyperintense mass (ar-
row) in the suprasellar region. b DW image shows hypointensity in the mass (arrow). c ADC map shows hyperintensity 
(2.25–2.38×10-3 mm2/s; arrow)

a b

c d

a b c
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Figure 13.47 a–c

 Rathke’s cleft cyst in a 35-year-old woman. a Coronal T2-weighted image with fat saturation shows a hypointense lesion 
in the pituitary gland (arrow). b Postcontrast sagittal T1-weighted image shows a non-enhancing hyperintense lesion in 
the pituitary fossa (arrow). c DW image shows hypointensity in the lesion (arrow)

a b c

Figure 13.48 a–c

 Pituitary adenoma in a 62-year-old female patient. a Gadolinium-enhanced coronal T1-weighted image shows a homo-
geneously enhancing mass in the pituitary fossa involving the bilateral cavernous sinuses (arrows). b, c DW image shows 
hypointensity in the lesion and decreased ADC (0.46–0.77×10-3 mm2/s)

a b c

A protein concentration of more than 8,000 mg/dl 
causes the T1 hyperintensity, while a concentration of 
more than 15,000 mg/dl causes the T2 hypointensity. 
DW imaging usually shows a hypointense lesion (Fig. 
13.47) [98].

 Pituitary adenomas account for 10%-15% of all 
intracranial tumors, being fi ve times more common 
than craniopharyngioma and Rathke’s cleft  cysts. 
MR imaging typically shows hypointensity on T1-
weighted images, with heterogeneous hyperintensity 

on T2-weighted images and enhancement. DW im-
aging shows a hyperintense mass with ADC values 
(0.84 0.3 10-3 mm2/s) (Fig. 13.48) [99]. Th ere is a 
signifi cant correlation between ADC values and tu-
mor consistency of pituitary adenomas.  Pituitary ap-
oplexy results from hemorrhage and/or infarction of 
the pituitary gland. Th e DW signals and ADC values 
probably depend on the phase of hemorrhage and/or 
infarction in the pituitary gland or the pituitary ad-
enoma (Fig. 13.49) [98, 100].
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Figure 13.49 a–e

 Pituitary apoplexy (pathologically proven) in a 29-year-old woman. a Coronal T2-weighted image shows a large hetero-
geneous mass in the pituitary fossa. Hypointense areas represent hemorrhagic components (arrows). b Precontrast coro-
nal T1-weighted image shows a hypointense mass in the pituitary fossa and cavernous sinuses with T1 hyperintense hem-
orrhagic components (arrows). c Gadolinium-enhanced coronal T1-weighted image shows a necrotic hypointense mass 
with partial enhancement (arrows). d, e DW image shows hypointensity with increased ADC in the necrosis and hyperin-
tensity with decreased ADC in the hemorrhagic component (arrow)

a b c

d ee
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Figure 13.50 a–d

Metastasis ( small cell lung carcino-
ma) in a 65-year-old male patient. 
a T2-weighted image shows mul-
tiple hyperintense mass lesions 
and edema in the bilateral hemi-
spheres. b Gadolinium-enhanced 
T1-weighted image shows multi-
ple inhomogeneously enhancing 
mass lesions. c DW image shows 
hyperintensity in the solid en-
hancing portion of the mass le-
sions (arrows). d ADC map shows 
marked decreased ADC (0.32–
0.59×10-3 mm2/s) in the solid por-
tion of the lesions (arrows)

a b

c d

13.13 Metastatic Tumors 

 Brain metastasis accounts for about one-third of all 
intracranial tumors. While most metastases are mul-
tiple, up to 30% are solitary. MR imaging shows hy-
pointensity on T1-weighted images, variable signal 
intensity on T2-weighted images, and enhancement. 
T2 hypointensity in brain metastatic lesions is oft en 
seen in well-diff erentiated adenocarcinoma [101]. 

Th e signal intensity of non-necrotic components 
of metastases on DW images is variable and depends 
on their T2 and ADC [3, 7, 12, 13, 19, 20, 30, 92, 101–
109]. DW imaging fi ndings of solid components of 
metastasis are similar to those of gliomas, probably 

refl ecting the cellularity of the primary tumor. Th e cel-
lularity is a major determinant of their DW signal in-
tensity [7, 12, 19, 92]. Brain metastasis from small cell 
carcinoma oft en shows hyperintensity on DW images 
and decreased ADC probably due to the hypercellu-
larity (Fig. 13.50). Th e common signal intensity of ne-
crotic/cystic components of cerebral metastases may 
relate to an increase in free water, showing hypoin-
tensity on DW images and increased ADC. However, 
in the presence of extracellular met-hemoglobin and/
or increased viscosity due to coagulative necrosis or 
mucin, DW images can show hyperintensity with de-
creased ADC (Figs. 13.51, 13.52) [19, 102–109]. Th is 
situation is rare, but it should be considered as one 
diff erential diagnosis of pyogenic abscesses.
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Figure 13.51 a–d

Metastasis (squamous cell lung 
carcinoma) in a 59-year-old fe-
male patient with adenocarci-
noma of the lung. a T2-weight-
ed image shows heterogeneous 
intensity of a mass (arrow) with 
surrounding edema in the right 
temporal lobe. b Gadolinium-
enhanced T1-weighted image 
shows heterogeneous ring-like 
enhancement (arrow). c DW im-
age shows hyperintensity in the 
solid portion (arrowhead) and hy-
pointensity in the cystic/necrot-
ic portion (arrow). d ADC map 
shows hypointensity in the solid 
portion (0.97–1.00×10-3 mm2/s; 
arrowhead) and hyperintensity in 
the cystic portion (2.21–2.35×10-

3 mm2/s; arrow). Increased ADC is 
also seen in the surrounding va-
sogenic edema

a b

c d
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Figure 13.52 a–e

Metastasis ( melanoma) in a 56-year-old man. a Postcontrast computed tomography shows a heterogeneous density 
mass, which shows hypodensity (arrow) in the anterior portions and hyperdensity (arrowhead) in the posterior portions. 
b T2-weighted image shows the heterogeneous intense mass, which contains anterior hyperintense portion (arrow) and 
posterior hypointense portion (arrowhead) with surrounding edema in the left temporal lobe. c b0 image also shows an-
terior hyperintense portion (arrow) and posterior hypointense portion (arrowhead). d DW image again shows anterior hy-
perintense portion (arrow) and posterior hypointense portion (arrowhead). e ADC map shows iso- to hypointensity in the 
lesion. The accurate calculation of ADC in the hemorrhage is diffi  cult

a b c

d e
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Figure 13.53 a–e

 Radiation necrosis after the resec-
tion of olfactory neuroblastoma 
in a 65-year-old man. a T2-weight-
ed image shows a mildly hyperin-
tense necrotic area with surround-
ing edema in the left frontal deep 
white matter (arrow). Postoperative 
changes are seen in the frontal 
skull. b Gadolinium-enhanced T1-
weighted image shows a necrot-
ic enhancing mass lesion in the 
left frontal deep white matter (ar-
row). c DW image shows a central 
hyperintensity in the necrotic por-
tion of the lesion (arrow). d ADC 
map shows iso- or hypointensity 
(0.51–0.82×10-3 mm2/s) in the ne-
crotic portion of the lesion (arrow). 
e MR spectroscopy (TE 135) shows 
a large lipid peak. A Cho/NAA ra-
tio is less than 2.0. (Courtesy of 
Capizzano A MD, The University of 
Iowa Hospitals and Clinics, USA)

a b

c d
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13.14 Radiation Necrosis

 Radiation necrosis may occur several weeks to years 
aft er radiation, most commonly seen aft er 6-24 
months. Th e early detection of recurrent tumors and 
the identifi cation of radiation necrosis are important 
for adequate treatment. With conventional CT and 
MR imaging it is oft en diffi  cult to diff erentiate be-
tween residual/recurrent tumors and radiation necro-
sis. 18Fluorodeoxyglucose-PET (sensitivity 62%-86%, 
specifi city 50%-94%) or 11C methionine-PET (sensi-
tivity 100%, specifi city 60%), 201Tl SPECT (sensitivity 
92%), CT perfusion (sensitivity 94%, specifi city 87%), 
MR perfusion, and MR spectroscopy are valuable in 
distinguishing between tumor recurrence and radia-
tion necrosis [110-115]. Th e Cho/NAA and Cho/Cr 
ratios are higher in tumor recurrence than in radia-
tion necrosis [116, 117]. DW imaging of radiation ne-
crosis has been reported. ADC values are signifi cantly 
higher in radiation necrosis than in tumor recurrence 
or normal brain tissue [110, 118, 119]. Th e maximum 
ADC is signifi cantly higher in radiation necrosis than 
in tumor recurrence [120]. However, in some cases, 
radiation necrosis has shown restricted diff usion on 
ADC maps, which is not surprising given the poten-
tial role of ischemia in the occurrence of radiation 
necrosis (Fig. 13.53) [121].

13.15 Conclusion

Diff usion-weighted imaging can provide valuable in-
formation about tumor cellularity and the extracellu-
lar matrix, and help in the characterization and grad-
ing of tumors of the brain. Diff usion-tensor imaging 
adds some information about the tumor characteris-
tics and peritumoral infi ltration. In most situations, 
it is diffi  cult to diff erentiate between specifi c tumors 
and to determine tumor infi ltration. Fiber tractogra-
phy can be useful for preoperative planning and in-
traoperative image-guided surgery.
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14.1 Water Content of the  Pediatric Brain

Th e water content of the pediatric brain is consider-
ably higher than that of the adult brain. Th is makes 
it more diffi  cult to diagnose ischemic and other le-
sions in pediatric patients using computed tomogra-
phy (CT) and MR imaging. Diff usion-weighted (DW) 
imaging is sensitive to alteration in diff usion of wa-
ter molecules, and this technique can help overcome 
some of these diffi  culties [1]. DW imaging is primar-
ily useful for detecting and characterizing ischemic 
lesions, but also for evaluation of myelinization by 
demonstrating anisotropy of the white matter earlier 
than conventional MR imaging [2, 3].

14.2 Normal Structures

Diff usion-weighted imaging characteristics of a nor-
mal brain in young infants are diff erent from those 
in adults [4]. Apparent diff usion coeffi  cient (ADC) 
values in both gray and white matter of newborns are 
considerably higher than in adults. Th is refl ects the 
high water content of the pediatric brain [5]. For the 
same reason, the deep white matter in the newborn 
normally shows hypointensity on DW imaging asso-
ciated with increased ADC (Fig. 14.1). With increas-
ing age, there is a relative decrease in water content of 
a pediatric brain (Fig. 14.2). Th is is more evident in 
the white matter than in the gray matter. Th e decrease 
in water content is caused by myelinization replacing 
water during normal  white matter development [2].

Pediatrics

Figure 14.1 a–c

Normal pediatric DW imaging in a 2-day-old boy. a Low signal intensity and b increased ADC in the deep white matter are 
normal in this age group (arrows). c Fractional anisotropy map demonstrates anisotropy along the anterior and posterior 
limbs of the internal capsules (arrows), the corpus callosum (long arrow), and the temporo-parieto-occipital white matter 
earlier than regular T1- and T2-weighted images

a b c
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14.3  Diff usion Tensor Imaging and Anisotropy

Normally anisotropy is much less evident in the im-
mature brain than in the adult. One exception is 
corpus callosum, where anisotropy is already visible 
by diff usion imaging as early as the 28th gestational 
week. Th is occurs although the corpus callosum is 
composed of non-myelinated fi bers. Th e phenomenon 
has been called  premyelination anisotropy [3]. Th e 
anisotropic eff ect in the immature brain is thought to 
be related to structural changes of the axonal mem-
brane. Anisotropy in the white matter of newborns 
and infants is lower than in adults (Figs. 14.1, 14.2). 
Th e anisotropic pattern can vary depending on the ir-
regularity of axonal orientation as well as the degree 
of myelination. Structural and functional alterations 
of the axons and oligodendrocytes that may aff ect dif-
fusion anisotropy include an increase of the axonal 
diameter, increase in the concentration of the micro-

tubule-associated proteins and microperoxysome, ac-
tivity of Na+/K+-ATPase, and ion fl uxes secondary to 
action potentials [6]. 

 Diff usion tensor (DT) imaging is useful for evalu-
ating the myelination and premyelination states of the 
infant brain. Data of fractional anisotropy (FA) and 
ADC values have been reported in utero, in newborns 
(preterm, term), infants, and early childhood [7-17]. 
FA and ADC values dramatically change during the 
in utero period (32 weeks) in the pyramidal tract and 
the corpus callosum [7] and in the fi rst 3 months of 
life. In the fi rst 3 months, the early rate of ADC de-
crease is twice as great for peripheral white matter 
than deep white matter, while the rate of FA increase 
is half as great for peripheral white matter than deep 
white matter [12]. DT imaging allows earlier detec-
tion of specifi c anatomic microstructural abnormali-
ties in infants at risk for neurological abnormalities 
and disability [9].

a b c

d e
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14.4 Infarction and Ischemia

Ischemic  infarctions in children are uncommon when 
compared with adults and they have diff erent etiolo-
gies. Th ey can be caused by thrombosis, embolism, 
arterial dissection, vasculitis, Moyamoya disease, 
sickle cell disease, child abuse, etc. (Figs. 14.3–14.6) 

[18, 19]. Hyperacute and acute infarctions are charac-
terized by cytotoxic edema. Vasogenic edema occurs 
later and is typically seen in the subacute phase. DW 
imaging is useful for early detection of infarction in 
children, but also to diff erentiate between acute/sub-
acute infarctions and chronic infarctions or ischemic 
gliosis.

Figure 14.2 a–e

Normal MR image in a 2-month-old girl. a, b The low signal intensity on DW imaging and increased ADC in the deep white 
matter are no longer visualized in this age group. The ADC values in the gray matter and corpus callosum appear slightly 
lower than in the other white matter. c Fractional anisotropy map demonstrates anisotropy noted not only in the corpus 
callosum and internal capsules but also the entire white matter including U-fi bers. d, e T1- and T2-weighted images show 
myelination mainly in the posterior limb of the internal capsules (arrows)
◀

Figure 14.3 a–c

Cerebral infarction due to embolism in a 3-month-old boy. He had Down syndrome and ventricular septal defect. a T2-
weighted image shows mild high signal lesions in the left putamen and thalamus (arrows). b DW image shows these 
lesions as high signal intensity (arrows). c ADC is decreased (arrows), consistent with acute infarcts

a b c
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14.4.1  Moyamoya Disease

Moyamoya disease is a chronic cerebrovascular occlu-
sive disease of unknown origin that occurs predomi-
nantly in East Asia. In children it is characterized by 
progressive arterial stenosis with cerebral infarctions. 
Th e stenosis involves primarily the circle of Willis 
and the supraclinoid portion of the internal carotid 
arteries. Typically the internal carotid arteries are oc-
cluded bilaterally. In so-called “probable” Moyamoya 
disease, there is unilateral occlusion of one of the ca-
rotid arteries in its supraclinoid portion. DW imaging 
is useful for early detection of cerebral ischemia in 
this disease (Fig. 14.5) [18].

Figure 14.4 a–c

 Dissection of the vertebrobasilar arteries and infarction in a 4-year-old girl. a T2-weighted image shows high signal le-
sion in the right medial side of the pons (arrow). b DW image shows this lesion as hyperintense with decreased ADC (not 
shown), representing an acute infarct (arrow). c On MR angiography the vertebrobasilar arteries are absent due to dissec-
tion of the vertebrobasilar arteries (arrow). The posterior cerebral arteries are supplied from the anterior circulation

14.4.2  Sickle Cell Disease

About 5%–8% of patients with sickle cell disease de-
velop symptomatic cerebrovascular disease [19]. Th e 
risk of stroke is greatest during thrombotic crises and 
during the fi rst 15 years of life. Stenosis or occlusion 
of both large and small vessels can cause cerebral in-
farction. Sickle cell disease results in vasculopathy, 
which in many respects is similar to Moyamoya dis-
ease. Cortical and white matter watershed ischemia 
is common; however, patients with sickle cell disease 
oft en also demonstrate multiple ischemic white mat-
ter lesions. Th ese lesions can occur in spite of normal 
MR angiography and conventional angiography (Fig. 
14.6) [20]. Th ey are thought to be due to small vessel 
ischemia similar to what is seen in small vessel dis-
ease of older patients. 

Figure 14.6 a–c

Sickle cell disease in a 4-year-old boy presenting with severe headache. a T2-weighted image shows multiple high signal 
spots in the white matter (arrows). b DW image shows some of these spots as very high signal intensity, representing 
small acute infarcts (arrows). c ADC map shows decreased ADC of these lesions consistent with small ischemic lesions 
(arrows). (From [45])

▶

a b c



Chapter 14 301Pediatrics

Figure 14.5 a–c

“Probable” Moyamoya disease in 
a 7-year-old girl. a T2-weighted 
image shows mild high signal le-
sions in the right basal ganglia. 
b DW image shows ischemic le-
sions not only in the basal ganglia 
but also in the parieto-occipital 
region as high signal, represent-
ing acute infarcts (arrows). c MR 
angiography shows occlusion of 
the right middle cerebral artery 
and stenosis of the right internal 
carotid artery (arrows) and bilat-
eral posterior cerebral arteries (ar-
rowheads)

a b

c
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14.4.3  Cerebral Venous Sinus Thrombosis 

Cerebral venous sinus thrombosis and venous in-
farction/hemorrhage are common in children. Risk 
factors include infections, perinatal complications, 
hematologic disorders, nephritic syndrome, malig-
nancy, and collagen vascular disease among others. 
Parasagittal infarction/hemorrhage is seen in supe-
rior sagittal sinus thrombosis, temporal lobe involve-
ment is associated with transverse sinus and vein of 
Labbe thrombosis, and thalamic or basal ganglia in-
volvement is associated with deep vein thrombosis 
(Fig. 14.7). Reduced venous outfl ow due to venous 

sinus occlusion causes leakage of fl uid (vasogenic 
edema) and hemorrhage into the extracellular space. 
If adequate venous collaterals are not established, 
subsequent venous infarction will occur. Gradient-
echo T2*-weighted imaging is very useful in the de-
tection of acute- to subacute-phase thrombi as very 
low signals, especially before T1-weighted imaging 
shows high signals in the subacute-phase thrombi. 
DW imaging shows subacute-phase thrombi as high 
signals with decreased ADC. Accelerated myelination 
has been reported in association with cerebral venous 
thrombosis in neonates [21].

Figure 14.7 a–e

Cerebral venous sinus thrombosis in a 5-day-old boy with bacterial meningitis. a, b Hemorrhage in the choroid plexi is 
hyperintense on T1- and hypointense on T2-weighted image. Precontrast T1-weighted image shows thrombi in the bilat-
eral internal cerebral veins and branches as hyperintense (arrows). Small T1 hyperintense petechial hemorrhage is seen in 
the bilateral frontal white matter related to venous ischemia (arrowheads). c Coronal gradient-echo image demonstrates 
the thrombi as hypointense (arrows). d, e DW imaging shows vasogenic edema in the bilateral frontal white matter as 
hypointense with increased ADC, and the venous thrombi and hemorrhage in the choroid plexi as hyperintense with 
decreased ADC (arrows)

a b c

d e
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14.4.4  Vein of Galen Malformations

Vein of Galen malformation is thought to result from 
the development of an arteriovenous connection be-
tween the primitive choroidal vessels and median 
prosencephalic vein of Markowski. Th ere are two 
main types: (1) the choroidal type (90%) character-
ized by numerous feeders occurring in neonates, (2) 
the mural type characterized by fewer feeders occur-

ring in infants. Progressive stenosis of the jugular 
bulbs complicates the course in many cases. Ischemia 
can occur as arterial or venous type, associated with 
steal phenomena of the arteriovenous shunt and the 
treatment. Pre- and posttreatment evaluations of the 
extent of ischemic brain injury are important for pro-
viding information on likely neurological and devel-
opmental sequelae (Fig. 14.8) [22].

Figure 14.8 a–d

Vein of Galen malformation in a 
10-day-old boy. a Postcontrast 
CT shows a dilated venous struc-
ture with multiple feeders. b T2-
weighted image shows the vein of 
Galen malformation and dilated 
feeding arteries. Hyperintensity 
in the right frontal white matter 
suggests the presence of isch-
emia. c, d DW imaging shows cy-
totoxic edema in the entire right 
hemisphere and the left occipital 
lobe associated with decreased 
ADC

a b

c d
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14.4.5  Hypoxic Ischemic Encephalopathy

Hypoxic ischemic encephalopathy is the result of 
decreased global perfusion or oxygenation. It is gen-
erally due to neonatal anoxia, hypoglycemia, suff o-
cation, cardiac arrest, or child abuse. Whether pro-
duced by ischemia, anoxia, or hypoglycemia, it is re-
markably similar to infarcted brain in its appearance 
histologically. Th e distribution of hypoxic ischemic 
encephalopathy varies according to the duration, de-
gree, and abruptness of the hypoxic and/or ischemic 
insults, basal blood fl ow, and metabolic activity in 
the areas of ischemia, temperature, and serum glu-
cose levels.

Diff usion-weighted imaging oft en depicts acute or 
subacute ischemic lesions when MR imaging and CT 
scans are normal or show only subtle abnormalities 

(Figs. 14.9, 14.10) [23–28]. Th e distribution of the 
lesions in the putamen, thalamus, and perirolandic 
cerebral cortex is related to intrinsic vulnerability of 
these areas to energy failure. One potentially impor-
tant link among these areas is their interconnection 
by excitatory circuits. Th us, overactivity in these ex-
citatory pathways could propagate to other locations 
through synaptic connections. Th e corticospinal tract, 
corpus callosum, and deep gray matter can be second-
arily involved through these pathways, also known as 
secondary Wallerian and transsynaptic degenerations 
[29]. Diff use hyperintensity on DW imaging with de-
creased ADC in the corpus callosum, and along the 
pyramidal tract in the internal capsules and the brain 
stem is occasionally seen. Th is is presumably due to 
cytotoxic edema of the glial cells, axons and myelin 
sheaths [30].

Figure 14.9 a–d

Hypoxic ischemic encephalopa-
thy secondary to intrauterine 
cerebrovascular accident in a 2-
day-old term girl. a T2-weighted 
image appears normal. b Fluid 
attenuated inversion-recovery 
(FLAIR) image shows slightly high 
signal in the white matter (arrows). 
c DW image shows bilateral hy-
perintense lesions in the tempo-
ro-occipital cortices, white mat-
ter and corpus callosum (arrows), 
representing ischemic lesion and 
cytotoxic edema. d ADC map 
shows corresponding decreased 
ADC valuesa b

c d
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Th e prognosis of hypoxic ischemic encephalopa-
thy depends on the extension of the cytotoxic edema, 
which is seen as hyperintensity on DW imaging. 
Hypoxic ischemic injury with cytotoxic edema is usu-
ally irreversible. DW imaging is helpful in establish-
ing both the diagnosis and the prognosis, but also in 
the management of hypoxic ischemic encephalopathy. 
Abnormal ADC and FA values may help in early and 
more accurate assessment of microstructural damage 
in hypoxic ischemic encephalopathy that may have 
predictive value for long-term neurofunctional out-
come in neonates [31].

14.5 Trauma

14.5.1 Nonaccidental Head Injury

Nonaccidental head injury (NAHI),  shaking baby 
(impact) syndrome, is most commonly seen among 
children under 3 years of age with the majority of cas-
es occurring during the fi rst year. In the USA, there 
are an estimated 3,000 deaths per year from NAHI. 
Because of anatomic and developmental diff erences 
in the brain and skull of young children, the mecha-
nisms and types of brain injury are distinctly dif-
ferent from those seen in older children and adults. 
Young infants have a relatively large head, weak neck 

muscles, and thin calvarial bones separated by soft  
membranous sutures and fontanelles, making them 
extremely vulnerable to traumatic injuries (deforma-
tion-mediated impact, shearing stress). Unmyelinated 
white matter is also vulnerable to such traumatic inju-
ries and hypoxia [32]. 

In experimental studies of acute subdural hemato-
mas in the infant rat, the glutamate concentration in 
the extracellular fl uid of cortex was increased more 
than seven times over the basal level [33]. Th e post-
natal period of brain development is particularly vul-
nerable to  excitotoxic injury. Excitatory amino acid 
receptors are abundant in the cortex during the fi rst 
2 years of life. Th e high rate of generation of synapses 
(synaptogenesis) results in an overexpression of the 
receptor. NMDA receptors dominate in the imma-
ture brain when synaptic transmission is weak and 
extremely plastic. Experimental studies show that 
too many or too few  NMDA receptors can be threat-
ening to developing neurons. During maturation, 
non-NMDA receptors, alpha-amino-3-hydroxy-5-
methyl-5-isoxazolepropionate (AMPA) receptors and 
kainic receptors, predominate. Th is suggests that the 
primary increased release of glutamate from the pre-
synaptic terminal following traumatic stimuli and the 
primary decreased re-uptake of glutamate from the 
synapse following hypoxic or ischemic events are re-
lated to brain parenchymal injuries [29].

a b c

Figure 14.10 a–c

Hypoxic ischemic encephalopathy in a 10-day-old boy. a DW image shows extensive hyperintense lesions involving the 
fronto-temporo-parietal white matter, internal capsules and basal ganglia bilaterally. b, c DW image shows hyperintense 
lesions with decreased ADC in the bilateral cerebral peduncles probably including both corticospinal tracts (arrows). 
These fi ndings represent the early phase of  wallerian degenerations
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Th e clinical presentation of NAHI is nonspecifi c. 
NAHI is suspected when retinal hemorrhage is pres-
ent (75%-90%), or when the magnitude of the injuries 
demonstrated clinically or on neuroimaging is discrep-
ant with the history provided. Histologic similarities 
have been observed in child abuse victims and infants 
with hypoxic ischemic encephalopathy. However, a 
history of apnea suggesting hypoxic–ischemic injury 
was only found in 57% (16/28) of the child abuse cas-
es [34]. In a neuropathology study it was noted that 
diff use axonal injuries were rare among child abuse 
victims, only seen in three out of 53 cases [35].

Subdural hematomas are the most common asso-
ciated intracranial pathology in NAHI. Th e distribu-
tion of parenchymal injuries is usually not related to 
the vascular territories. Some parenchymal lesions 
are located subjacent to subdural hematomas but 
other parenchymal lesions are not related to the loca-
tion and size of subdural hematomas on CT and MR 
imaging (Figs. 14.11, 14.12). It can be diffi  cult to de-
tect brain parenchyma injuries on CT as well as on 
routine MR imaging.

Diff usion-weighted imaging has a signifi cant role 
in recognizing the extent of brain parenchymal inju-
ry. Th e parenchymal lesions can be unexpectedly ex-
tensive and caution is needed to window DW imaging 
optimally (Fig. 14.13). Quantifying the ADC value is 
especially useful to detect extensive parenchyma ab-
normalities. Th e severity of abnormality in DW im-
aging correlates with the patient’s outcome [36]. MR 
spectroscopy can also evaluate the severity of trauma, 
as this will show decreased N-acetyl aspartate (NAA) 
(decreased neuronal activity), increased lactate (met-
abolic acidosis) and increased glutamate/glutamine 
(Gx) (increased extracellular glutamate); the degree 
of these changes seems to be related to the severity of 
brain damage (Figs. 14.11, 14.12) [37]. Gx levels peak 
early aft er injury and then fall rapidly. Th is grading 
may become important in the future since neuropro-
tective eff ects have been reported with several kinds 
of selective glutamate receptor antagonists in animal 
studies [38–40].
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Figure 14.11 a–f

Nonaccidental head injury in a 9-month-old boy. a–c CT and T1- and T2-weighted images show an acute subdural he-
matoma in the right parieto-occipital region. CT and conventional MR images show no apparent parenchymal lesions. 
d, e DW image shows a hyperintense lesion in the right parieto-occipital region subjacent to the subdural hematoma. 
f Multivoxel MR spectroscopy (TE 30 ms) shows increased glutamate/glutamine and lipid/lactate peaks

fe

d
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Figure 14.12 a–f

Nonaccidental head injury in a 6-month-old boy. a CT shows high density area representing acute subdural hematoma 
in the left occipital region (long arrow), and bilateral subdural fl uid collections in the frontal region (short arrows). b T2-
weighted image also shows bilateral subdural fl uid collection and no apparent abnormalities in the brain parenchyma. 
c Sagittal T1-weighted image shows acute subdural hematoma as small linear hyperintensity in the occipital area (arrow). 
d, e DW image shows the extent of parenchymal abnormality as hyperintense lesions with decreased ADC in bilateral 
fronto-parieto-occipital white matter (arrows). The distribution of the parenchymal lesion is not related to that of the 
subdural hematomas and is rather similar to that of hypoxic–ischemic encephalopathy. f MR spectroscopy (TE 30 ms) 
shows an increased glutamate/glutamine peak (arrow) that may represent increased glutamate release or decreased 
glutamate re-uptake

cba
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Figure 14.13 a–d

Nonaccidental head injury in a 
2-month-old boy. a T2-weighted 
image shows intracranial hem-
orrhages with shearing injury 
(arrows) and bilateral chronic 
subdural hematomas in the bilat-
eral occipital regions. b DW image 
shows diff usely increased signal 
in both hemispheres (arrows) with 
sparing of only the right frontal 
area. c DW image fi lmed with in-
correct window and level setting, 
suggesting wrongly that the low 
signal in the right frontal area is 
abnormal (arrows), when indeed 
this is the only normal portion of 
the brain. Correct window and 
levels are critical, as is comparison 
with fi ndings on other sequenc-
es. d ADC values are decreased 
(0.31×10-3/mm2/s) in the diff use 
parenchymal abnormalities (ar-
rows)

ba
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Figure 14.14 a–c

Diff use axonal injury in an 11-year-old boy injured in a motor vehicle accident. a T2-weighted image shows a mildly hyper-
intense lesion in the corpus callosum (arrow). b DW image demonstrates this lesion as hyperintense (arrow). c ADC map 
shows decreased ADC of this lesion (arrow), probably representing cytotoxic edema associated with diff use axonal injury

14.5.2  Diff use Axonal Injury
and  Brain Contusion

It was once considered that edema following brain 
contusion or diff use axonal injury (DAI) was vaso-
genic. Experimental studies using DW imaging have 
shown that edematous regions following injury con-
sist of both vasogenic and cytotoxic edema [41, 42]. 
DAI usually occurs in older children. DAI is related 
to excitotoxic mechanisms, particularly glutamate 
and NMDA receptors. Axonal damage oft en occur 

at the node of Ranvier (a short interval between pro-
cesses of oligodendrocytes), resulting in a traumatic 
defect in the axonal membrane. DW imaging shows 
diff use axonal injury as hyperintense, presumably due 
to cytotoxic edema (Fig. 14.14). It should be noted, 
however, that hemorrhagic components oft en accom-
pany these brain injuries, which will aff ect the signal 
intensity on DW imaging. Brain contusions near the 
skull base are also oft en overlooked on DW imaging 
due to susceptibility artifacts.

cba
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14.6 Infections

14.6.1 Encephalitis

Diff usion-weighted imaging can detect early enceph-
alitic changes [43] and is generally more sensitive 
than conventional MR imaging. Herpes encephalitis 
demonstrates pathologically severe edema including 
both cytotoxic and vasogenic edema and massive tis-
sue necrosis with petechial or confl uent hemorrhage. 

Figure 14.15 a–c

 Herpes simplex type 1 encephalitis in an 11-year-old boy. a T2-weighted image shows hyperintense lesions in bilateral 
temporal lobes (arrows). b DW image clearly shows these lesions as hyperintense (arrows). c ADC map shows decreased 
ADC of these lesions (arrows)

Herpes simplex type 1 encephalitis in older children 
and adults usually involves the medial temporal lobe, 
inferior frontal lobes and insula (Fig. 14.15). Neonatal 
herpes simplex type 2 encephalitis involves the cortex 
and white matter extensively (Fig. 14.16). Widespread 
brain lesions in neonatal herpes encephalopathy are 
presumably related to the vulnerability to excitatory 
amines in the neonatal brain. Th e early detection by 
DW imaging is valuable for early institution of treat-
ment.

cba
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Figure 14.16 a–d

 Herpes simplex type 2 encepha-
litis in a 2-week-old girl. a T2-
weighted images show asym-
metric hyperintense lesions in the 
thalami and right basal ganglia 
and cerebral cortices (arrows). The 
precise extent of the lesions is dif-
fi cult to determine. b FLAIR image 
appears normal. c, d DW image 
shows asymmetric but extensive 
hyperintense lesions (arrows) 
with decreased ADC in the thala-
mus and gray and white matter of 
both hemispheres

14.6.2  Brain Abscess

Abscesses in the brain are potentially fatal, but may 
be successfully treated by early medical or surgical 
intervention. DW imaging can discriminate a brain 
abscess from a cystic or necrotic tumor, which is of-
ten diffi  cult with conventional MR imaging [44]. Th e 
brain abscess shows very high signal on DW imag-
ing associated with decreased ADC (Fig. 14.17). Pus 
usually consists of both dead and still viable neutro-
phils, along with necrotic tissue and bacteria, as well 
as exuded plasma. A possible explanation for the high 

signal on DW imaging is limited water mobility, pre-
sumably due to the high viscosity of continuous coag-
ulative necrosis and hypercellularity of neutrophils in 
the  pus. Systemic candidal infection occurs in 3%-5% 
of very low-birth-weight neonates and infants and is 
oft en associated with morbidity and mortality. Central 
nervous system  candidiasis is a serious complication 
but it is oft en not identifi ed until postmortem exami-
nation. Ultrasound and MR imaging are useful for the 
diagnosis [45]. DW imaging can show multiple can-
didal microabscesses as hyperintense with decreased 
ADC (Fig. 14.18).

dc
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Figure 14.17 a–c

Brain abscess and subdural abscess in a 16-year-old boy with high fever and headache. a Gadolinium-enhanced T1-
weighted image shows thin-walled ring or rim-enhancing lesions with pachymeningeal enhancement in the right frontal 
lobe and right medial occipital region (arrows). b DW image shows cystic components of the right frontal and occipital 
lesion as very hyperintense (arrows). c ADC map shows decreased ADC in these cystic components (arrows). (Courtesy of 
Morikawa M. MD, Nagasaki University, School of Medicine, Japan)

Figure 14.18 a, b

 Central nervous system candidiasis in a 4-day-old very-low-birth-weight neonate. a Precontrast sagittal T1-weighted im-
age shows multiple small nodular or ring-shaped lesions in the white matter and basal ganglia (arrows). b DW imaging 
shows multiple small hyperintense lesions consistent with  candidal microabscesses

a b
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14.7 Brain Tumor

Th e signal intensity on DW imaging and the ADC val-
ues of brain tumors are variable and related to the ar-
chitecture of the tumor. Medulloblastoma (Fig. 14.19), 
cerebral neuroblastone primitive neuroectodermal tu-
mor (Chap. 13, Fig. 13.28), atypical teratoid-rhabdoid 
tumor (Fig. 14.20), desmoplastic infantile ganglioglio-
ma (Fig. 14.21), choroid plexus carcinoma (Fig. 14.26), 
lymphoma, germ cell tumor, granulocytic sarcoma, and 
some of other primary and metastatic tumors can show 
high signal intensity on DW imaging associated with 
decreased ADC [46–52] (see Chap. 13). Th e decreased 

ADC values, in either benign or malignant tumors, are 
caused by increased intracellular water, hypercellular-
ity and/or decreased extracellular water in tumor inter-
stitium. Other brain tumors such as pilocytic astrocy-
toma (Fig. 14.22; Chap. 13, Figs. 13.1, 13.2) and other-
low grade gliomas (Fig. 14.23) show hyperintensity on 
DW imaging associated with increased ADC, indicat-
ing a T2 shine-through eff ect. Th e characteristics on 
DW imaging and ADC maps have been reported to 
be correlated with the histological grade in pediatric 
brain tumors [53]. ADC values are useful in diff erenti-
ating posterior fossa tumors in pediatric patients (pilo-
cytic astrocytoma >1.4×10-3 mm2/s, medulloblastoma 
<0.9×10-3 mm2/s, specifi city 100 %) [54].

Figure 14.19 a–c

 Medulloblastoma in a 10-year-old boy. a Gadolinium-enhanced T1-weighted image shows a solid mass with enhance-
ment in the cerebellar vermis. b DW image shows this solid mass as hyperintense. c ADC map shows decreased ADC 
of this mass. This is due to high cellular density causing restricted diff usion. (Courtesy of Morikawa M., MD, Nagasaki 
University, School of Medicine, Japan)

cba
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Figure 14.20 a–d

 Atypical teratoid-rhabdoid tu-
mor in a 14-month-old boy. 
a T2-weighted image shows 
a heterogeneous mass lesion 
with surrounding edema in 
the right frontal white matter. 
b Gadolinium-enhanced T1-
weighted image shows a hetero-
geneously enhancing mass. c DW 
image shows an iso- or slightly 
hyperintense mass. d ADC map 
shows partially decreased ADC in 
this mass (arrow)

a b

c d
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Figure 14.21 a–d

 Desmoplastic infantile ganglioglio-
ma in a 5-year-old girl. a T2-weight-
ed image shows an isointense 
solid mass (arrow) with a large cys-
tic component. b Gadolinium-en-
hanced T1-weighted image shows 
a homogeneous enhancement 
in the solid portion of the mass. 
c, d DW imaging shows hyperin-
tensity with partially decreased 
ADC in the solid portion of the 
mass

a b

c d
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Figure 14.22 a–c

 Pilocytic astrocytoma in a 4-year-old girl. a T2-weighted images show a hyperintense mass lesion in the right thalamus 
(arrow). b DW image shows this solid mass as hyperintense (arrow). c ADC map shows slightly increased ADC of this mass. 
Hyperintensity on DW imaging is due to T2 signal eff ect, which is called T2 shine-through eff ect
◀

a b c

Figure 14.23 a–c

 Ependymoma in a 3-year-old boy. a Gadolinium-enhanced T1-weighted image shows a heterogeneously enhancing 
mass in the fourth ventricle extending into the cisterns through the foramen of Magendie and Luschka (plastic ependy-
moma). b, c DW imaging shows isointensity with heterogeneously increased ADC in the mass

 Atypical teratoid-rhabdoid tumor is a hypercellular 
CNS tumor in children; it has a more malignant bio-
logical behavior and is less sensitive to therapy than 
meduloblastoma [52, 55]. Cerebellopontine angle 
involvement and intratumoral hemorrhage are more 
common than in medulloblastoma. Atypical teratoid-
rhabdoid tumor has been reported to be hyperintense 
on DW images with decreased ADC similar to me-
dulloblastoma (Fig. 14.20) [52]. 

 Choroid plexus papilloma (WHO grade 1) is a 
benign intraventricular papillary neoplasm derived 
from the choroid plexus epithelium and can be cured 
by surgery. Th e typical MR fi ndings are of a homo-
geneous lobulated mass with papillary-appearance 
and with uniform intense enhancement. Th e WHO 
has introduced an additional entity with intermediate 

features, designated ‘atypical choroid plexus papillo-
ma’ (WHO grade 2), which is primarily distinguished 
from the choroid plexus papilloma by increased mi-
totic activity. Curative surgery is still possible but the 
probability of recurrence appears to be signifi cantly 
higher.  Choroid plexus carcinoma (WHO grade 3) is 
a malignant neoplasm with mitotic activity, increased 
cellularity, blurring of the papillary pattern, necrosis, 
and frequent invasion of brain parenchyma. Five-year 
survival rates have been reported to range between 
26% and 43%. Th e typical MR fi ndings are a more 
heterogeneous signal mass with irregular enhancing 
margins and edema in the adjacent brain [56]. DW 
imaging shows choroid plexus tumors as iso- or hyper-
intense with the slightly increased or decreased ADC 
depending on the cellularity (Figs. 14.24–14.26).
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Figure 14.24 a–d

 Choroid plexus papilloma in a 
1-year-old boy. a T2-weighted 
image shows a lobulated hy-
perintense mass in the lateral 
ventricles with hydrocephalus. 
b Gadolinium-enhanced T1-
weighted image shows a homo-
geneously enhancing mass with 
papillary appearance. c DW im-
age shows an isointense mass 
with mildly increased ADC (not 
shown). d Pathology shows a 
papillary tumor which closely re-
sembles normal choroid plexus

a b c

d

Figure 14.25 a–c

 Atypical choroid plexus papilloma in a 6-year-old girl. a T2-weighted image shows a hyperintense mass in the occipi-
tal horn with surrounding edema suggesting brain parenchymal invasion. b Gadolinium-enhanced T1-weighted image 
shows heterogeneous enhancement of the mass. c, d DW image shows hyperintensity with slightly increased ADC in the 
mass. e Two-year follow-up MR image shows dissemination and a recurrent tumor

a b c
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Figure 14.25 d, e

d e

c

d e

Figure 14.26 a–e

 Choroid plexus carcinoma in a 2-year-old girl. a T2-weighted image shows an isointense solid mass with necrosis. 
b Gadolinium-enhanced T1-weighted image shows a heterogeneous enhancement in the mass. c, d DW image shows 
isointense with partially decreased ADC in the mass. e Pathology shows increased pleomorphic cellularity, mitosis, and 
blurring of the papillary pattern

ba
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Figure 14.28 a, b

 Acute necrotizing encephalopa-
thy in a 1-year-old boy with sei-
zure. a T2-weighted image shows 
multiple hyperintense lesions in 
bilateral thalami and right tem-
poro-occipital region (arrows). 
b DW image also shows these le-
sions (arrows) as hyperintense as-
sociated with decreased ADC (not 
shown). (Courtesy of Ida M, MD, 
Ebara Municipal Hospital, Japan)

Figure 14.27 a–c

 Hypertensive encephalopathy in a 5-year-old girl with acute lymphoblastic leukemia during chemotherapy presenting 
with seizure. a T2-weighted image shows hyperintense lesions in bilateral parieto-occipital cortex (arrows). This high 
signal seems to be due to subtle vasogenic edema rather than frank ischemia. b, c DW image and ADC map show no ap-
parent abnormal signal intensities

14.8 Encephalopathies

14.8.1 Hypertensive Encephalopathy 

Hypertensive encephalopathy occurs most oft en sec-
ondary to renal diseases in children. It also occurs in 
children treated for myeloproliferative disorders [57]. 
In children, convulsions are oft en accompanied by 
severe headache and restlessness. Th e most common 

abnormality on MR imaging is bilateral high signal 
intensity in parieto-occipital subcortical white mat-
ter. Th ese lesions can also occur in the frontal lobes 
and gray matter, including basal ganglia, thalamus, 
cerebellum and brain stem. Th e mechanism of the 
disease is thought to be vasogenic edema from failure 
of autoregulation and/or a cytotoxic edema triggered 
by severe vasospasm. DW imaging can distinguish 
irreversible ischemic changes from reversible condi-
tions with vasogenic edema (Fig. 14.27) [58].

a b c

a b
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14.8.2 Acute Necrotizing Encephalopathy

 Acute necrotizing encephalopathy is acute encepha-
lopathy with bilateral thalamotegmental involvement 
that occurs in infants and children. It is a clinicopath-
ological entity recently separated from acute enceph-
alopathy of unknown etiology. It may be associated 
with a cytokine storm aft er viral infections. It fre-
quently occurs in East Asia but has also been identi-
fi ed in other parts of the world. Th e hallmark of acute 
necrotizing encephalopathy is multiple, bilateral sym-
metric brain lesions showing necrosis, petechial hem-
orrhage, and cytotoxic edema without infl ammatory 
cell infi ltration [59]. Th e prognosis is generally poor. 
DW imaging shows multiple symmetric hyperintense 
lesions with decreased ADC mainly seen in the bilat-
eral thalami, the bilateral brain stem tegmenta, and 
the cerebral white matter (Fig. 14.28) [60]. 

14.8.3  Focal Lesion in the Splenium of the 
Corpus Callosum with Meningoencephalitis/
Encephalopathy

Symmetric cytotoxic edema in the corpus callosum 
with or without white matter involvement can be seen 

in meningoencephalitis/encephalopathy associated 
with viral (rota, Epstein-Barr, infl uenza) and bacte-
rial (staphylococcus, streptococcus, legionnaire, he-
molytic uremic syndrome) infections [61-64]. Similar 
corpus callosum lesions are seen in patients with sei-
zures, antiepileptic medication, other medications 
(5-FU, metronidazole, IVIg), alcoholism and malnu-
trition, hypoglycemia, osmotic myelinolysis, trauma, 
systemic lupus erythematosus, and leptomeningeal 
malignancy [61, 65-70]. Th e pathogenesis remains 
unknown. Infl ux of infl ammatory materials, intramy-
elinic edema, infl ammatory cytokine (interleukin-6) 
released from virus-stimulated glial cells, cellular fl u-
id mechanism in the arginine-vasopressin fl uid bal-
ance systems, and toxin-mediated immune activation 
causing endothelial injury have been suggested. DW 
imaging shows a symmetric round or oval hyperin-
tense lesion with decreased ADC in the splenium of 
the corpus callosum, which may extend along the cal-
losal fi ber laterally and sometimes may extend into 
the entire corpus callosum and white matter (Fig. 
14.29). 

Figure 14.29 a–c

Corpus callosum lesions associated with  Rota virus encephalopathy in a 3-year-old boy. a T2-weighted image shows a 
symmetric hyperintense lesion in the splenium of the corpus callosum that extends along the callosal fi bers bilaterally 
(arrows). b, c DW imaging shows symmetric hyperintense lesions with decreased ADC in the posterior and anterior corpus 
callosum (arrows)

ba c



PediatricsChapter 14322

14.9 Demyelinating Disease and Toxic Disease

14.9.1  Acute Disseminated Encephalomyelitis 
and  Multiple Sclerosis 

Acute disseminated encephalomyelitis (ADEM) is 
more frequent than multiple sclerosis in children. 
ADEM is usually monophasic but relapses in patients 
initially diagnosed with ADEM, and conversion to 
multiple sclerosis has been reported [71, 72]. If these 
relapses represent part of the same acute monopha-
sic immune process, the term “multiphasic ADEM” is 
used. If, however, relapses occur, disseminating with 
respect to site and time, this supports the diagnosis of 
multiple sclerosis. 

On MR images, ADEM lesions tend to be in the sub-
cortical white matter, while multiple sclerosis lesions 
tend to be situated both in the subcortical and periven-

tricular white matter. Cortical and deep gray matter le-
sions are more frequent in ADEM. ADEM lesions tend 
to be poorly marginated, whereas multiple sclerosis 
lesions have more clearly defi ned margins. ADEM le-
sions are characterized in the acute stage by restricted 
diff usion (ADC values: 0.56 0.16 10-3 mm2/s) and 
subacute stage by increased diff usion (1.24 0.13 10-3 
mm2/s) (Fig. 14.30) [73].

Multiple sclerosis in pediatric patients is relatively 
rare but may have been underreported. It is estimated 
that 0.3%-2% of all patients with multiple sclerosis 
present during childhood [74]. Th e incidence of tu-
mefactive plaques and posterior fossa plaques may be 
higher. Hyperintense plaques on DW imaging with 
decreased ADC have been reported to be rare even in 
the active enhancing multiple sclerosis plaques [75]. 
When present, a possible explanation for the hyperin-
tense, cytotoxic multiple sclerosis plaques is intramy-
elinic edema (Fig. 14.31).

Figure 14.30 a–e

Acute disseminated encepha-
lomyelitis in an 11-year-old boy 
with altered mental status. a T2-
weighted image shows multiple 
ill-defi ned hyperintense lesions 
in the white matter, corpus cal-
losum. b, c DW image shows 
multiple hyperintense lesions 
with mainly decreased ADC con-
sistent with cytotoxic edema in 
the acute phase demyelination. 
d, e A 5-day follow-up DW im-
age shows multiple mildly hy-
perintense lesions with mainly 
increased ADC consistent with 
vasogenic edema and the sub-
acute-phase of demyelination

ba c
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Figure 14.31 a–c

Acute multiple sclerosis in a 13-year-old girl. a T2-weighted image shows multiple hyperintense lesions in the periven-
tricular and subcortical white matter (arrows). b, c DW image shows a hyperintense plaque with decreased ADC (arrows) 
in the left corona radiata. This is a cytotoxic plaque, presumably mainly composed of intramyelinic edema

14.9.2  Osmotic Myelinolysis

Osmotic myelinolysis also occurs in pediatric pa-
tients. Central pontine myelinolysis (CPM) and ex-
trapontine myelinolysis (EPM) represent destruction 
of myelin sheaths in characteristic places within the 
brain stem and cerebrum. Organic osmolytes, includ-
ing glutamate, glutamine, betamine, or taurine, have 

been implicated in the pathogenesis of myelinolysis 
induced by rapid correction of severe hyponatremia 
[76]. Pathological fi ndings include destruction of my-
elin sheaths, although the nerve cells and axons are 
relatively spared. DW imaging can detect the lesions 
in the early phase as hyperintense with decreased 
ADC, which represents cytotoxic edema (Fig. 14.32; 
Chap. 10, Fig. 10.14). 

Figure 14.32 a–c

Osmotic myelinolysis ( extrapontine myelinolysis) in an 11-year-old boy. a T2-weighted image shows symmetrical mul-
tiple slightly hyperintense lesions in the external capsules, hippocampi and medial thalami (arrows). b, c DW image shows 
these lesions (arrows) as hyperintense with decreased ADC, representing cytotoxic edema

ba c
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14.10 Congenital Dysmyelination and 
Demyelination (Leukodystrophies) 

Leukodystrophies comprise a wide spectrum of in-
herited neurodegenerative disorders aff ecting white 
matter, while the term leukoencephalopathy is ap-
plied to all white matter disease. Myelin is formed 
from the processes of oligodendrocytes and is com-
posed of multiple layers of proteins (myelin basic pro-
tein and proteolipid protein) and lipids (cholesterol, 
phospholipids, and glycolipids: galactocerebroside 
and sulfatide). 

Pathology shows delayed myelination (hypomy-
elination, amyelination), dysmyelination, demyelin-
ation, or a combination of these. The loss of myelin 
in leukodystrophies results in increased water and 
hyperintensity on T2-weighted images. DW imaging 
can discriminate intramyelinic edema (restricted 
diffusion) from vasogenic edema, gliosis, and spon-
giosis/vacuolation. DT imaging is useful in evaluat-
ing myelination and premyelination states. DW im-
aging and DT imaging are useful in differentiating 
between white matter diseases in pediatric patients.

14.10.1 Lysosomal Disorders

Th e lysosome is an organelle containing acid hydro-
lases responsible for digestion of degraded cellular 
constituents.

 Metachromatic leukodystrophy is an autosomal 
recessive disorder caused by a defi ciency of lysosomal 
enzyme arylsulfatase A (chromosome 22), resulting in 
the accumulation of sulfatides that are important con-
stituents of the myelin sheath. A tigroid white matter 
pattern on MR imaging is due to the relative sparing 
of myelin around the medullary veins. Subcortical U-
fi bers are spared until late in the disease. DW imaging 
shows periventricular hyperintensity with decreased 
ADC in the active stage of the disease (Fig. 14.33) 
[77-79]. 

 Krabbe disease (globoid cell leukodystrophy) is an 
autosomal recessive disorder caused by a defi ciency of 
galactosylceramidase (14q21 to q31). Th e accumula-
tion of galactocerebroside and galactosylsphingosine 
is toxic to oligodendrocytes. DW imaging may show 
hyperintensity in the subcortical white matter, cau-
date head, and internal capsule with decreased ADC 
in the early stage of the disease. As the disease pro-
gresses, the lesions show iso- or hypointensity [79]. 

ba c
Figure 14.33 a–c

Metachromatic leukodystrophy in a 10-month-old boy with developmental delay. a T2-weighted image shows diff use 
deep white matter hyperintensity. b, c DW imaging shows periventricular hyperintensity with decreased ADC in the ac-
tive stage of the disease. Subcortical U-fi bers are relatively spared. (Courtesy of Sener R N., MD, Department of Radiology, 
Ege University Hospital, Turkey). (From [78])

a b c
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DT images are more sensitive than T2-weighted im-
ages for detecting white matter abnormalities [80].

Mucopolysaccharidoses are a genetically heteroge-
neous group of inborn errors of lysosomal glycosami-
noglycan (dermatan, heparan, keratan, or chondroi-
tin sulfate) metabolism. Th e major neuronal storage 
materials are a secondary accumulation of ganglio-
sides. Multiple cystic areas in the white matter and 
basal ganglia correspond to enlarged perivascular 
spaces with loosely packed fi brous tissues that are the 
sequelae of glycosaminoglycan extraction [81]. DW 

ba
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Figure 14.34 a–d

Mucopolysaccharidosis (Hurler-
Sheie 1H/S) in an 18-year-old 
man. a T2-weighted image shows 
multiple cystic areas in the white 
matter, thalami, and basal gan-
glia corresponding to enlarged 
perivascular spaces. b, c DW im-
aging shows hypointensity with 
increased ADC in these lesions. 
d Sagittal T1-weighted image 
shows thickening of the dura 
causing a canal stenosis at the cra-
niovertebral junction (arrow)

imaging shows the lesions as iso- or hypointense with 
increased ADC (Fig. 14.34). 

In GM1 (beta-galactosidase, 3p21) and GM2 (Tay-
Sachs hexosamidase A, 15q23-24, and Sandhoff  dis-
eases, hexosamidase A and B, 5q13) gangliosidoses, 
the accumulation of gangliosides in the cytoplasm of 
neurons results in extensive neuronal loss and white 
matter degeneration. Diff use white matter T2 hy-
perintensity is seen. Th alamic T2 hypointensity with 
relatively reduced diff usion can be seen in Tay-Sachs 
disease [82].
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14.10.2 Peroxisome Disorders

Th e peroxisome is an organelle that is largely located 
in oligodendrocytes and is involved in oxidation of 
very long-chain and branched-chain fatty acids. It is 
indispensable in myelin maintenance. 

Zellweger syndrome (cerebrohepatorenal syn-
drome) is an autosomal recessive severe peroxisome 
biogenesis disorder caused by multiple enzyme de-
fects. MR imaging shows diff use white matter hy-
perintensity with abnormal severe gyration in peri-
sylvian and perirolandic regions. DW imaging shows 
extensive mild hypointensity with increased ADC 
corresponding to hypomyelination [79].

X-linked adrenoleukodystrophy (Xq28) is caused 
by a defi ciency of acyl-CoA synthetase. MR imaging 
shows the white matter involvement with posterior 
predominance in 80% and frontal predominance in 
15% of cases. Th e peripheral zone of the lesion is en-
hanced corresponding to the leading edge of infl am-
mation. DW imaging can depicts two or three dif-
ferent zones: (1) A central burn-out zone (gliosis) is 
hypointense; (2) An immune-mediated infl ammatory 
zone may have relatively restricted diff usion; (3) Th e 
most peripheral demyelinating zone is minimally hy-
perintense with increased ADC (Fig. 14.35) [79, 83].

14.10.3  Mitochondrial Disorders

Mitochondria not only produce energy with the syn-
thesis of adenosine triphosphate (ATP) through the 
electron transport chain (respiratory chain) but are 
also involved in oxidation of fatty acids, pyruvate, ke-
tone, and amino acids. Th ese associated diverse en-
zymes are encoded by the mitochondrial DNA (mtD-
NA) and/or the nuclear DNA (nDNA). Th e spectrum 
of mitochondrial diseases encompasses various mito-
chondrial syndromes and isolated enzymic defi cien-
cies: (1) mtDNA mutations ( mitochondrial encepha-
lomyopathy, my lactic acidosis and stroke-like epi-
sodes: MELAS;  myoclonic epilepsy with ragged-red 
fi bers: MERRF;  Leigh syndrome; Leber hereditary 
optic neuropathy: LHON; neuropathy, ataxia, retini-
tis pigmentosa: NARP; chronic progressive external 
ophthalmoplegia: CPEO;  Kearns-Sayre syndrome, 
etc.), (2) nDNA mutations producing deletion or 
depletion of mtDNA (Leigh syndrome, Alpers dis-
ease, myo-neuro-gastrointestinal encephalopathy: 
MNGIE, glutaric aciduria, pyruvate dehydrogenase 
or carboxylase defi ciency, etc.) [84].

Figure 14.35 a, b

Adrenoleukodystrophy in an 
8-year-old boy. a FLAIR image 
shows the posterior predominant 
white matter involvement (ar-
rows). b Gadolinium-enhanced 
T1-weighted image shows mini-
mal peripheral enhancement (ar-
row). 

a b
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Mitochondrial encephalopathies can show vari-
ous patterns of central nervous system involvement. 
Th ese include multiple infarcts in the cortex, white 
matter, and basal ganglia, which do not usually follow 
vascular territories. Other features of mitochondrial 
encephalopathy are spongiform leukoencephalopa-
thy due to splitting of the myelin lamellae, demyelin-
ation with intramyelinic edema, and atrophy [85, 86]. 
Either energy depletion or oxidative damage involves 

oligodendrocytes. DW imaging oft en shows the 
stroke-like lesions in MELAS as hyperintense. Th ey 
have increased or normal ADC, which presumably 
represents vasogenic edema (Chap. 10, Fig. 10.20; 
Fig. 14.36) [87-90]. However, decreased ADC in the 
lesions representing cytotoxic edema can be observed 
in MELAS and other mitochondrial encephalopathies 
(Figs. 14.37, 14.38) [91-93].

Figure 14.36 a–c

 Myo-neuro-gastrointestinal encephalopathy (MNGIE) in an 11-year-old boy. a Gadolinium-enhanced T1-weighted image 
shows minimal enhancement in the basal ganglia and periventricular white matter (arrows). b, c DW imaging shows dif-
fuse white matter isointensity with increased ADC

ba c

Figure 14.35 c, d

c, d DW imaging shows a central 
hypointensity with increased ADC 
(arrows) and peripheral mild hy-
perintensity with mildly increased 
ADC (arrowheads). (Courtesy of 
Lee A MD The University of Iowa 
Hospitals and Clinics, USA)

c d
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14.10.4 Other Metabolic Encephalopathies 
and Leukoencephalopathies

Many kinds of metabolic encephalopathies/leukoen-
cephalopathies can show hyperintense lesions associ-
ated with decreased ADC on DW imaging, which in-
clude phenylketonuria (Fig. 14.39), maple syrup urine 
disease, L-2 hydroxyglutaric aciduria (Chap. 10, Fig. 
10.23), HMG-coenzyme A lyase defi ciency, Canavan’s 
disease (Fig. 14.40), non-ketotic hyperglycinemia, 
hyperhomocysteinemia, tyrosinemia, citrullinemia, 
hyperammonemic encephalopathy secondary to urea 

cycle disorders (Fig. 14.41), propionic aciduria, and 
infantile neuronal dystrophy [94-104]. 

One possible explanation for the hyperintense le-
sion is  intramyelinic edema, which is one form of cy-
totoxic edema selectively occurring in myelin sheaths. 
Some organic acid disorders are characterized by an 
accumulation of organic acids that share structural 
similarities with the excitotoxic amino acid glutamate 
(D-2.l-2,3 hydroxyglutarate, glutarate) [29]. In urea 
cycle disorders, high levels of ammonia result in the 
conversion of large amounts of glutamate to gluta-

Figure 14.38 a–c

 Kearns-Sayre syndrome in an 18-year-old woman. a T2-weighted image shows diff use high signal intensity in bilater-
al basal ganglia, thalami, and the white matter. b, c DW image shows hyperintensity associated with decreased ADC. 
(Courtesy of Sacher M, MD, Department of Radiology, Mount Sinai Medical Center, USA). (From [93])

ba c

Figure 14.37 a, b

 Mitochondrial enaphalopathy (un-
known enzyme abnormality) in a 
20-month-old girl with seizures. 
a T2-weighted image shows mul-
tiple high signal lesions in bilateral 
basal ganglia and fronto-parieto-
occipital cortex not correspond-
ing to a vascular territory (arrows). 
b DW image shows multiple high 
signal intensity lesions associated 
with decreased ADC (not shown)

a b
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Figure 14.39 a–c

Phenylketonuria in a 36-year-old man. a T2-weighted image shows hyperintense lesions in the periventricular white mat-
ter (arrows). b DW image shows these lesions as hyperintense (arrows). c These hyperintense lesions have decreased ADC 
representing cytotoxic edema, especially intramyelinic edema (arrows)

Figure 14.40 a, b

 Canavan disease. A 15-month-old 
boy presented with delayed psy-
chomotor development, seizures, 
and spasticity. a T2-weighted im-
age reveals high signal in periph-
eral white matter, globi pallidi and 
thalami. Note diff use atrophy and 
thinning of the cortex. b DW image 
shows high signal changes in the 
peripheral white matter and globi 
pallidi with mildly decreased ADC 
partially (not shown). (Courtesy 
of Sener RN, MD, Department of 
Radiology, Ege University Hospital, 
Turkey). (From [97])

mine by glutamine synthetase, which may cause as-
trocyte swelling and brain edema [103]. 

 Phenylketonuria is an autosomal recessive disorder 
caused by a defi ciency of phenylalanine hydroxylase. 
l-phenylalanine impairs glutamate receptor function 
and thus contributes to brain dysfunction in phe-
nylketonuria. Pathologic fi ndings include delayed or 
defective myelination, intramyelinic edema, diff use 
white matter vacuolation, demyelination, and glio-
sis. DW imaging shows these lesions as hyperintense 
with decreased ADC, probably the result of intramy-
elinic edema and/or astrocytic swelling, presumably 

due to acute excitotoxic injury [29] (Fig. 14.39). With 
appropriate dietary control, these MR abnormalities 
can completely resolve. 

Canavan disease is an autosomal recessive disor-
der caused by mutations in the gene of aspartoac-
ylase, which leads to an abnormal accumulation of 
N-acetyl-aspartate (NAA) in the brain, especially 
in oligodendrocytes, associated with macrocephaly. 
Pathology shows astroglial swelling, intramyelinic 
edema and swollen mitochondria. DW imaging re-
veals restricted diff usion in the white matter without 
any focal predominance (Fig. 14.40) [96-98].

ba c
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14.10.5 Miscellaneous Leukoencephalopathy

Alexander disease (Fibrinoid leukodystrophy) is a 
sporadic leukodystrophy associated with macro-
cephaly. Th e cause appears to be mutations in the 
glial fi brillary acidic protein (GFAP) gene (chromo-
some 17q21). Rosenthal fi bers are intracytoplasmic 
proteinaceous inclusions from aggregation of GFAP 
proteins. Pathologically, there is widespread myelin 
defi ciency, cystic degeneration, and cavitation. MR 

ba c

Figure 14.41 a–c

 Hyperammonemic encephalopathy secondary to urea cycle disorders in a 9-day-old male infant. a FLAIR image reveals 
mild hyperintensity in the basal ganglia and internal capsules. b, c DW imaging shows symmetric hyperintense lesions in 
the basal ganglia, internal capsules, and cerebral peduncles with decreased ADC (not shown)

Figure 14.42 a, b

 Pelizaeus–Merzbacher disease in 
a 7-month-old boy with devel-
opmental delay. a T2-weighted 
image shows diff use white mat-
ter hyperintensity extending into 
the U-fi bers due to hypo- or amy-
elination (arrows). b DW image (z 
axis) demonstrates isointensity in 
the white matter and essentially 
normal anisotropy in the corpus 
callosum. ADC values are diff usely 
slightly increased in the white 
matter (not shown). (From [119])

imaging shows frontal predominant white matter 
changes with gadolinium enhancement in the deep 
white matter and basal ganglia. DW imaging shows 
diff use hypointensity in the white matter and in-
creased ADC [105].

 Van der Knaap disease, also known as megalen-
cephalic leukodystrophy with subcortical cysts or 
leukoencephalopathy with macrocephaly and mild 
clinical course, is an autosomal recessive disorder 
caused by chromosome 22 mutations that encode a 

ba
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14.11 Congenital Anomaly

14.11.1  Sturge-Weber Syndrome

Sturge-Weber syndrome (encephalotrigeminal angio-
matosis) is a congenital, sporadic disorder of unknown 
cause. Impaired venous drainage, due to leptomenin-
geal angiomatosis, results in impaired arterial blood 
fl ow to the subjacent brain. Th e subjacent brain tissue 
is atrophic and displays neuronal loss, astrogliosis, 
dysgenetic cortex, and calcifi cation in the cortical and 
subcortical layers. MR imaging is the most sensitive 
imaging study demonstrating the precise extent and 
distribution of the leptomeningeal angiomatosis that 
is the hallmark of the diagnosis. Bilateral involvement 
occurs in 10%-20% of cases. Decreased T2 signal in-
tensity in the subcortical white matter underlying the 
area of leptomeningeal angiomatosis refl ects areas of 
calcifi cation, cerebral blood oxygenation eff ect, and 
abnormal hypermyelination or accelerated myelina-
tion. Th e axon controls the formation and thickness 
of myelin. If ischemia occurs in the cortex, it could 
interfere with normal neuronal function and lead to 
premature axonal release of a myelinogenic trophic 
factor [107]. Increased FA and decreased ADC values 
in the white matter subjacent to the leptomeningeal 
angiomatosis in neonatal Sturge-Weber syndrome 
probably refl ect such abnormal hypermyelination 
(Fig. 14.44) [108]. 

14.11.2  Hemimegalencephaly

Abnormally accelerated myelination has been re-
ported in hemimegalencephaly [109]. Pathologically, 
neuronal maturation and increase in size of the axons 
occur earlier than in normal brain, which may lead to 
advanced myelination. Restricted diff usion has been 
reported in hemimegalencephaly on prenatal DW 
imaging [110]. Th is fi nding probably results from a 
combination of abnormally advanced myelination 
and increased cellularity (immature-appearing neu-
rons) related to excessive prenatal neurogenesis and 
heterotopia (Fig. 14.45) [111]. Increased FA values 
are also observed in the areas of the abnormal ad-
vanced myelination. Aberrant midsagittal fi ber tracts 
are observed in 57% of cases (15/26 patients) with 
hemimegalencephaly on MR and DT imaging [112]. 
DT imaging shows the fi bers passing anteroposteri-
orly between the two anterior horns of the lateral ven-
tricles (Fig. 14.45). 

membrane protein. Megalencephaly occurs during 
the second year of life associated with slowly progres-
sive dysarthria, ataxia, and seizures. Pathology re-
veals a vacuolating myelinopathy in which the outer 
layer of myelin sheaths is aff ected. Subcortical cysts 
are seen in the frontal and temporal lobes. DW imag-
ing shows diff use hypointensity in the white matter 
and in the subcortical cysts associated with increased 
ADC (Chap. 10, Fig. 10.24) [79]. 

Pelizaeus–Merzbacher disease is an X-linked leu-
kodystrophy due to a defect of proteolipid protein 
(PLP gene Xq22). It pathologically shows hypo- or 
amyelination and spares the axon. MR imaging shows 
total absence of myelination (connatal type) or ar-
rested myelination (classical form). Despite hypo- or 
amyelination in Pelizaeus–Merzbacher disease, DW 
imaging shows normal diff usional anisotropy in the 
white matter (Fig. 14.42) [106]. Th is fi nding sug-
gests that anisotropy is primarily related to structural 
changes of the axonal membrane in the immature 
brain.

 Leukoencephalopathy with vanishing white mat-
ter (childhood ataxia with diff use CNS hypomyelin-
ation) is an autosomal recessive disorder with chronic 
progression and additional episodes of rapid deterio-
ration, provoked by fever and minor head trauma. 
Th is leukoencephalopathy is a primary axonopathy, 
with myelin being secondarily aff ected. Mutations 
are identifi ed in the eukaryotic translation initiation 
factor (eIF2B), which is essential for the initiation of 
translation of RNA into protein and is involved un-
der circumstances of stress. Increased cerebrospinal 
glycine may be secondary to excitotoxic brain dam-
age. Pathology shows axonal loss, hypomyelination, 
demyelination, and gliosis, primarily in subcortical 
white matter. In the late stage, there are extensive 
cystic degenerations of the white matter associated 
with reactive changes. Typical MR imaging fi ndings 
are diff use white matter signal hyperintensity on T2-
weighted images similar to CSF intensity with addi-
tional lesions in the central tegmental tracts and basis 
pontis. MR spectroscopy shows mildly increased lac-
tate and glucose peaks with decreased NAA, choline, 
and creatine peaks. DW imaging shows low signal in-
tensity, presumably representing cystic degeneration 
(Fig. 14.43) [79]. 
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Figure 14.43 a–e

 Vanishing white matter disease in an 8-year-old boy with progressive leukoencephalopathy. a T2-weighted image shows 
diff use white matter hyperintensity extending into the U-fi bers (arrows). b DW image demonstrates diff use low signal in-
tensity in the white matter. c ADC map shows diff usely increased ADC in the white matter due to cystic changes (arrows). 
d, e Pathology specimens show cystic degeneration and reactive astrogliosis involving in the subcortical white matter

ed

14.11.3 Polymicrogyria, Focal Cortical 
Dysplasia, and Tuberous Sclerosis 

 Polymicrogyria is characterized by the abnormal ar-
rangement of cortical layers and excessive folding of 
the cortical ribbon. Decreased FA and normal ADC 
are observed in the subcortical white matter the un-
derlying polymicrogyric cortex [113]. 

 Focal cortical dysplasia was fi rst described by 
Taylor and is characterized by the presence of cyto-
megalic neurons, grotesque and balloon cells, and 
hypomyelination. DT imaging might show decreased 

FA and increased ADC within the region of dysplastic 
brain (Fig. 14.46) [114, 115]. Decreased fi ber connec-
tion between the deep white matter and the dysplastic 
cortex and the aberrant white matter tract can be de-
tected with fi ber tractography. 

In  tuberous sclerosis, epileptogenic tubers may 
have a signifi cant increase in ADC [116]. DT imag-
ing demonstrates a decrease in anisotropy in normal-
appearing white matter that may be associated with 
changes in myelin packing of axonal fi bers disrupted 
by astrogliosis and myelination defects [117].

ba c
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Figure 14.44 a–f

Sturge-Weber syndrome in a 7-day-old female infant. a Port wine stains are 
noted covering her entire head and extending onto her back and shoulders. 
b T2-weighted image shows hypointensity in the white matter of the right 
entire hemisphere and left fronto-temporo-parietal areas, compared to the 
left parieto-occipital white matter. c Postcontrast T1-weighted image shows 
extensive leptomeningeal enhancement in the right hemisphere and left 
fronto-temporo-parietal areas consistent with leptomeningeal angiomatosis. 
d Fractional anisotropy demonstrates homogeneously increased anisotropy 
in the entire right cerebral hemisphere and left fronto-temporo-parietal areas, 
compared to the left parieto-occipital white matter. e The ADC map shows 
decreased ADC in the white matter in the entire right hemisphere and left 
fronto-temporo-parietal areas, compared to the left parieto-occipital white 
matter. f A 6-month follow-up noncontrast CT shows diff use cortical and sub-
cortical calcifi cations and atrophy in the right hemisphere and left frontal lobe 
with sparing of the left temporo-occipital and parietal regions. (From [108])

a b
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14.11.4 Corpus Callosum Agenesis/Dysgenesis 

 Corpus callosum agenesis/dysgenesis occurs as a re-
sult of the failure of association fi bers to decussate to 
the contralateral hemisphere via the callosal precur-

sor due to a lack of induction by the massa commi-
suralis. Diff usion tensor fi ber tractography demon-
strates the arrangement of fi ber tracts forming Probst 
bundles(Fig. 14.47), the rudimentary cingulum, and 
the dysplastic fornices [115, 118]. If the development 
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Figure 14.45 a–d

 Hemimegalencephaly in a 4-
month-old boy with infantile 
spasm. a T2-weighted image 
shows hypointense areas in the 
right frontal cortex and white mat-
ter which probably represents 
abnormally advanced myelination 
associated with hemimegalen-
cephaly. b, c DT imaging shows in-
creased FA and slightly decreased 
ADC suggesting accentuated my-
elination in the right hemisphere. 
d DT imaging color map shows 
aberrant midsagittal fi ber tracts 
passing anteroposteriorly through 
between the two anterior horns 
of the lateral ventricles (arrows). 
(Courtesy of Salamon N, MD, 
The University of California, Los 
Angeles, USA)

a b

Figure 14.46 a, b

Cortical dysplasia in a 5-year-
old boy with right frontal spikes. 
a FLAIR image shows cortical 
thickening and white matter hy-
perintensity in the right frontal 
lobe. b DT imaging color map 
shows decreased anisotropy in 
the right frontal abnormal area 
which may represent decreased 
fi ber connection between deep 
white matter and dysplastic cor-
tex. (Courtesy of Salamon N, MD, 
The University of California, Los 
Angeles, USA)

of the association fi bers is impaired by some insult 
such as cortical dysplasia, formation of the Probst 
bundle is impaired (Fig. 14.48). On DT imaging fi -

ber tractography, the fi bers from the prefrontal area 
run on the inner side of the Probst bundle and form 
the genu of the corpus callosum, while fi bers from the 
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Figure 14.47 a–c

Corpus callosum agenesis in a 10-year old boy. a Sagittal T1-weighted image shows agenesis of the corpus callosum. 
b, c DT imaging fi ber tractography demonstrates the arrangement of fi ber tracts forming Probst bundles (orange). 
(Courtesy of Mori H, MD, and Aoki S, MD, The University of Tokyo, Japan)

a b c

a b

Figure 14.48 a, b

 Complete callosal agenesis and cortical dysplasia in the left frontal lobe in a 34-year-old man. a DT imaging fi ber trac-
tography (Two-ROI method) shows that while the Probst bundle in the right hemisphere is well-developed, that in the 
left hemisphere is poorly developed. Cortical dysplasia is shown in the left frontal lobe (arrow). The fi bers from the right 
prefrontal area run along the innermost side of the Probst bundle (blue lines). b The fi bers from the right orbital gyrus 
run along the outermost side in  Probst bundle (green lines). (Courtesy of Utsunomiya H, MD, Fukuoka University, Japan). 
(From [118])

caudal region of the frontal lobe run along the more 
lateral side and form the body of the corpus callosum. 
Th e fi bers from the orbital gyri that form the rostrum 
of the corpus callosum run along the outermost side 
of the Probst bundle [118]. Th ese fi ndings support 
that the growth of the corpus callosum is primarily 

anteroposterior, with the genu forming fi rst, followed 
by the body, splenium, and rostrum.
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14.11.5 Other Anomalies

DT imaging fi ber tractography fi ndings have been re-
ported in holoprosencephaly, lissencephaly, Joubert 
syndrome, and posterior fossa malformations [114, 
115].

14.12 Conclusion

Diff usion-weighted imaging plays an important role 
in the diagnosis of various pathological conditions 
in the pediatric brain, which has a high water con-
tent . DW imaging can also depict acute or subacute 
ischemic changes in children when conventional MR 
imaging or CT is normal or shows only subtle ab-
normalities. DW imaging is useful in diff erentiating 
white matter diseases and in diff erentiating between 
tumor and abscess. Th e calculation of ADC maps 
or fractional anisotropic images is quantitative and 
demonstrates the water content or anisotropy more 
precisely than DW imaging. Th e recognition of im-
aging pitfalls is important for optimal interpretation 
of DW imaging. Diff usion tensor imaging (fractional 
anisotropy map, fi ber tractography) is a useful tool 
for the evaluation of myelination and microstructural 
changes of the white matter, and for the demonstra-
tion of the white matter tract anatomy in various dis-
eases in pediatric patients.
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15.1 Introduction

Diff usion-weighted (DW) imaging has recently been 
included as a standard magnetic resonance (MR) se-
quence of the brain. Th e use of DW imaging in the 
evaluation of brain pathology has been extensively 
studied. Th e imaging fi ndings of scalp and skull le-
sions are oft en nonspecifi c and include various benign 
and malignant pathological conditions. DW imaging 
demonstrates characteristics unique to certain etiolo-
gies, such as cholesteatomas, epidermoids, abscesses, 
hypercellular tumors, and diff use leukemic bone 
marrow infi ltration, which assists in developing the 
diff erential diagnosis. DW imaging in the evaluation 
of scalp and skull lesions has lagged behind somewhat 
because of the technical limitations involved in imag-
ing bone, air, and soft  tissue interfaces. However, the 
DW imaging with its inherent fat saturation enhances 
the conspicuity of the scalp and skull lesions with 
nulling of the scalp fat. 

15.2 Benign Processes and Tumors

15.2.1 Cholesteatomas

 Cholesteatomas are classifi ed as congenital (2%–5%) 
or acquired (95%–98%), and represent a sac lined 
with stratifi ed squamous epithelium with keratin de-
bris [1–11]. Th e acquired forms of cholesteatoma arise 
at the pars fl accida or the pars tensa of the tympanic 
membrane. Th e pars fl accida cholesteatoma extends 
into Prussak’s space (bounded by the pars fl accida lat-
erally, the lateral mallear ligament superiorly, the short 
process of the malleus inferiorly, and the neck of the 
malleus medially) with erosions primarily involving 
the scutum, ossicles, or lateral epitympanic wall [1–3, 
12, 13]. Th e pars tensa cholesteatoma erodes into the 
posterior tympanic cavity and can involve the sinus 
tympani, facial recess, ossicles, aditus ad antrum, or 
mastoid [3]. Histopathologically, cholesteatoma is 
identical to an epidermoid cyst [3].

Scalp and Skull Lesions

In suspected cases of cholesteatoma, noncontrast 
high-resolution computed tomography (CT) is the 
initial test of choice to evaluate for a middle ear mass 
with associated erosions. MR imaging can be used in 
selected cases for further characterization [14]. On 
standard MR sequences, cholesteatomas are usually 
hypointense on T1-weighted images and hyperin-
tense on T2-weighted images [3]. Some cholesteato-
mas may be of intermediate or high intensity on T1-
weighted images [15]. Postcontrast gadolinium imag-
ing demonstrates lack of enhancement except for a 
thin peripheral rim [3, 16, 17].

One of the major treatments for cholesteatoma is 
canal wall up tympanoplasty. However, a second-look 
surgery is oft en required 6–18 months aft er the origi-
nal surgery to evaluate for residual cholesteatoma 
[17–19]. Nonenhancing residual cholesteatoma on 
postcontrast images can be confused with relatively 
poorly vascularized scar tissue. Improved specifi city 
on postcontrast images can be obtained with delayed 
(30–45 min) imaging [17]. 

Studied have shown the utility of DW imaging in 
the diagnosis of cholesteatoma [14, 16, 20–25] (Fig. 
15.1). In a study by Fitzek et al., 13 of 15 patients with 
cholesteatomas demonstrated bright signal on single-
shot spin echo echoplanar DW imaging [16]. Of the 
two false-negative fi ndings in this study, one was an 
epitympanic retraction pocket (an early stage of the 
disease without production of signifi cant cholestea-
toma mass) and one in which the cholesteatoma mass 
spontaneously extruded into the external auditory ca-
nal. In a study by Vercruysse et al., 100 patients were 
evaluated with DW imaging to detect the presence 
of primary acquired cholesteatoma or residual cho-
lesteatoma [14]. Increased signal on DW images was 
found in 89% of the cases of primary cholesteatoma, 
but only one of seven cases of residual cholesteatoma. 
Th e false-negatives seen with primary cholesteatomas 
demonstrated atelectatic retraction cholesteatoma or 
partially evacuated cholesteatoma with limited kera-
tin accumulation. No false-positive results were found 
in the group of primary acquired cholesteatomas. In 
the second group of patients in which DW imaging 
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Figure 15.1 a–d

Recurrent cholesteatoma in a 45-
year-old man. a CT shows right 
mastoidectomy and soft tis-
sue density in the Prussak space 
with bony erosions (arrow). 
b Postcontrast T1-weighted im-
age with fat saturation shows a 
recurrent cholesteatoma as hy-
pointense with a characteris-
tic rim enhancement (arrow). 
c, d DW image shows a hyperin-
tense lesion with isointense ADC 
(0.82×10–3mm2/s) in the right 
mastoid representing a recurrent 
cholesteatoma (arrow)

d

was used to evaluate for residual cholesteatoma prior 
to second-look surgery, DW imaging was not found 
to be useful. However, all false-negative fi ndings in 
this group of residual cholesteatomas were less than 
4 mm in diameter. Th ey concluded that the limitation 
in the detection of cholesteatoma on DW imaging 
was the size of lesion (4–5 mm) combined with low 
spatial resolution, thick slices, and air–bone artifacts. 
Other groups have also found size limitations in the 
4–5 mm range [22, 25].

Th e calculated apparent diff usion coeffi  cients 
(ADCs) for cholesteatomas in this study demonstrat-
ed no diff usion restriction. For 20 patients, the aver-
age ADC value was 0.844 (10-3 mm2/s) and gray mat-
ter 0.837 (10-3 mm2/s). Th e authors concluded that 
this supported the hypothesis that the hyperintensity 
on DW images is primarily due to T2 shine-through 
eff ect. Other groups have also supported this hypoth-
esis [16, 21, 24].

15.2.2 Subcutaneous and Intracranial 
Epidermoid Cysts

Subcutaneous  epidermoid cysts are asymptomatic, 
slowly enlarging, dome-shaped lesions that are fre-
quently seen in the neck and face and oft en arise from 
a ruptured pilosebaceous follicle [26].  Subcutaneous 
epidermoid cysts are also known as  epidermal cysts, 
 keratin cysts,  epithelial cysts, or  sebaceous cysts. 
Pathologically, subcutaneous epidermoid cysts and 
intracranial epidermoid cysts are thought to be iden-
tical.  Intracranial epidermoid cysts are also known as 
primary cholesteatomas [27].

In a study of 24 patients by Hong et al., the signal 
intensities of ruptured and unruptured subcutaneous 
epidermal cysts were described as well as enhance-
ment patterns [28]. Unruptured cysts demonstrated 
thin, smooth rim cyst wall enhancement. Ruptured 
cysts had thick, irregular rim cyst wall enhancement, 
fuzzy enhancement in the surrounding subcutaneous 
tissue, and thin, smooth cyst wall enhancement.
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Figure 15.2 a–d

Epidermoid cyst in a 20-year-old 
woman. a Postcontrast coronal 
T1-weighted image shows a hy-
pointense mass with rim enhance-
ment in the right sphenoid bone 
and cavernous sinus (arrows). 
b T2-weighted image shows the 
mass as hyperintense (arrow). 
c, d DW images clearly show an 
epidermoid as hyperintense with 
decreased ADC (0.57–0.62×10-

3mm2/s) (arrow). (Courtesy of 
Jain V MD, The University of Iowa, 
Hospitals and Clinics, USA)
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In an MR imaging study of fi ve cases of epidermoid 
cysts in the extremities by Shibata et al., the cysts had 
slightly high signal intensity on T1-weighted imaging 
in three of fi ve cases and isosignal intensity in two 
cases [29]. On T2-weighted images, all were of high 
signal intensity. Irregular areas of low signal intensity 
was seen on both T1- and T2-weighted images. Th ere 
was no enhancement in the cysts.

In a study by Suzuki et al., using line scan DW 
imaging, unruptured subcutaneous epidermal cysts 
in the head were compared with intracranial epider-
moid cysts [30] (Figs. 15.2–15.4). Signal intensity of 
subcutaneous epidermal cysts was low to mildly high 
on T1-weighted images (relative to muscle) and vari-

able on T2-weighted images (nine high signal inten-
sity, three low signal intensity, and two mixed signal 
intensity). Th is diff ered from intracranial epidermoid 
cysts, which were low on T1-weighted images and 
high on T2-weighted images. Th e subcutaneous epi-
dermal cysts demonstrated no enhancement or thin 
and smooth rim enhancement.

Th e measured ADC of intracranial epidermoid 
cysts was signifi cantly higher than subcutaneous 
epidermal cysts (1.06×10-3 mm2/s versus 0.81×10-
3 mm2/ s). Th e authors hypothesize that the higher 
ADC for intracranial epidermoid cysts may be due 
to CSF interstices extending into the cysts. Th e au-
thors also note the diffi  culty in measuring the ADC of 
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Figure 15.3 a–d

Epidermoid cyst in a 55-year-
old man. a T2-weighted image 
shows an oval hyperintense le-
sion in the occipital scalp (arrow). 
b Postcontrast sagittal T1-weight-
ed image shows an non enhanc-
ing hypointense mass(arrow). c, d 
DW imaging clearly shows an epi-
dermoid as a hyperintense lesion 
associated with isointense ADC 
(0.97–1.10 10-3mm2/s) (arrow), 
which may correspond to strat-
ifi ed keratinaceous debris and 
squamous epithelium

head and neck legions using echoplanar DW imaging 
because of the susceptibility artifacts. Th ey propose 
that line-scan DW imaging, or other DW imaging 

techniques with decreased sensitivity to susceptibility 
artifacts, should be used to evaluate head and neck 
lesions.
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Figure 15.4 a–d

Epidermoid cyst in a 48-year-old 
woman a Precontrast sagittal T1-
weighted image shows an oval 
iso- or slightly hyperintense le-
sion in the frontoparietal scalp (ar-
row). b T2-weighted image shows 
this lesion as hypointense (arrow). 
c, d DW images show the lesion 
as hyperintense associated with 
slightly low or isointense ADC 
(0.67–0.93×10-3mm2/s) (arrow), 
which may correspond to strat-
ifi ed keratinaceous debris and 
squamous epithelium with less 
water contents

15.2.3 Cholesterol Granuloma

 Cholesterol granulomas have a characteristically high 
signal on T1-weighted images due to a blood product 
(extracellular methohemoglobin) and have a central 
high signal on T2-weighted images with peripheral 
decreased signal from hemosiderin deposition [3]. A 

case of cholesterol granuloma with increased signal 
on DW images has been reported [31]. DW signals 
are usually mildly hyperintense with a high ADC val-
ue. However, ADC maps can show a heterogeneous 
lesion, which presumably depends on the viscosity of 
blood products in a cholesterol granuloma (Figs. 15.5, 
15.6). 
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Figure 15.5 a–d

Cholesterol granuloma in a 35-
year-old man. a CT shows a soft 
tissue density mass in the left pe-
trous apex (arrow). b Postcontrast 
coronal T1-weighted image with 
fat saturation shows a nonen-
hancing mass as homogeneous-
ly hyperintense consistent with 
a cholesterol granuloma (arrow). 
c, d DW imaging shows a choles-
terol granuloma as a mildly hy-
perintense lesion with increased 
ADC (2.32×10-3mm2/s) (arrow)

ba
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Figure 15.6 a–c

Cholesterol granuloma in a 55-year-old woman. a T1-weighted image shows the mass as partially hyperintense consis-
tent with a cholesterol granuloma (arrow). b, c DW imaging shows a cholesterol granuloma as a mildly hyperintense le-
sion with variable ADC values (0.82–2.45×10-3mm2/s ) (arrow)
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Figure 15.7 a–d

Mucocele in a 31-year-old man.
a CT shows an opacifi ed ex-
panded sphenoid sinus (arrow). 
b Postcontrast sagittal T1-weight-
ed image with fat saturation shows 
a nonenhancing mass as homo-
geneously hyperintense consis-
tent with a mucocele (arrow). 
c, d DW images show the muco-
cele as a mildly hyperintense le-
sion with increased ADC values 
(2.37×10-3mm2/s ) which probably 
represents the high water content 
and low viscosity in a protein-con-
taining mucocele (arrow)

a b

c d

15.2.4 Mucocele 

A  mucocele is an opacifi ed expanded sinus that is the 
result of chronic ostial obstruction [3]. MR signal 
characteristics depend on the concentration of mu-
cus and protein. A high water content results in low 
T1 signal and high T2 signal, whereas high protein 

content results in high T1 signal and low signal on T2 
with inspissated mucus. White et al. reported a case 
of an ethmoid sinus mucocele with slightly low signal 
on DW imaging with increased ADC [32]. DW sig-
nals and the ADC values in a mucocele are variable 
depending on the viscosity of the fl uid in a mucocele 
(Figs. 15.7, 15.8). 
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Figure 15.8 a–e

Mucocele in a 45-year-old woman. a CT shows an exponsile slightly hypen- and insointense mass with calcifi cations of 
the wall originating from the frontal sinus (arrows). b Precontrast sagittal T1-weighted image shows the mass as hyper-
intense (arrow). c Coronal T2-weighted image shows the mass as isointense consistent with a mucocele (arrow). d, e DW 
image shows most of the lesion as hyperintense with decreased ADC values (0,30–0,51x10-3 mm2/s), which probably rep-
resents the high viscosity in a highly protein-containing mucocele (arrow). (Courtesy of Policeni B MD The University of 
Iowa Hospitals and Clinics)

ba c
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15.2.5 Fibrous Dysplasia and Paget’s Disease 

 Fibrous dysplasia is a disorder of unknown etiology 
characterized by abnormal development of fi broblasts 
and replacement of normal bone by dysplastic fi bro-
osseous tissues. Th e radiologic fi ndings are divided 
into three types: pagetoid, sclerotic, and cyst-like. 
CT demonstrates fi brous dysplasia best. CT fi ndings 
include an increase bone thickness, homogeneous 
radiodensity, and loss of trabecular pattern (ground-
glass appearance). MR imaging shows a low-to-in-

termediate signal intensity with moderate to marked 
enhancement. Hayashida et al. used quantitative spin 
echo DW imaging to study 20 bone lesions (eight soli-
tary bone cysts, fi ve fi brous dysplasia, and seven chon-
drosarcomas) [33]. DW imaging shows mild hyperin-
tensity in fi brous dysplasia associated with increased 
ADC (Fig. 15.9). Th ey found that the mean ADC val-
ues of benign tumors and chondrosarcomas were not 
signifi cantly diff erent, whereas the mean ADC value 
of simple bone cysts was signifi cantly higher than ei-
ther fi brous dysplasia or chondrosarcoma. 
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Figure 15.9 a–d

Fibrous dysplasia in a 39-year-old 
woman. a Postcontrast sagittal 
T1-weighted image shows an in-
homogeneously enhancing mass 
in the skull base (arrow). b, c DW 
imaging reveals minimally hyper-
intense mass in the skull base with 
increased ADC (1.32–1.97×10-
3mm2/s) (arrow). d CT shows en-
larged medullary space and typi-
cal ground-glass appearance of a 
fi brous dysplasia (arrow)

Figure 15.10 a, b

 Paget’s disease in a 45-year-old 
man. a CT shows diff use bone 
thickening with a heterogeneous 
lytic and sclerotic bone densi-
ty (cotton-wool appearance). 
b Postcontrast T1-weighted im-
age with fat saturation shows a 
heterogeneous enhancement in 
the frontal skull

ba
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Figure 15.11 a–d

Sickle cell disease in a 
22-year-old man. a, b 
Axial T2 and sagittal T1-
weighted images show 
diff use bone thickening 
of the skull. c, d DW im-
aging shows diff use ho-
mogeneous hyperinten-
sity (arrows) associated 
with mildly decreased 
ADC in the skull which 
corresponds to bone 
marrow hyperplasia

c d

Figure 15.10 c, d

 c, d DW imaging shows dif-
fuse minimal hyperintensity in 
the skull associated with mild-
ly increased ADC (0.94–1.45×10-

3mm2/s) in the frontal thickened 
skull
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 Paget’s disease is a process of unknown cause in 
which osteoclastic activity is abnormal. Th e histopa-
thology is divided into four phases: osteolytic, mixed, 
osteoblastic, and remodeled. Th e mixture of phases 
results in a heterogeneous lytic and sclerotic bone 
density (cotton-wool appearance) on CT. MR fi ndings 
are variable. Contrast enhancement refl ects the hy-
pervascular nature of the process. DW imaging shows 
diff use minimal hyperintensity in the skull associated 
with mildly increased ADC, which may refl ect inter-
mediate cellularity in the bone marrow spaces (Fig. 
15.10). Diff use bone marrow disease is characterized 
by diff use fat replacement in the bone marrow on MR 
imaging [34, 35]. Bone marrow hyperplasia is seen in 
hematologic disorders such as sickle cell disease, thal-
assemia, and aplastic anemia (Fig. 15.11).

15.2.6 Artifacts, Other Benign Lesions,
and Diff erential Diagnoses

DW imaging uses a  fat suppression technique ( chem-
ical fat saturation) that is used in conventional MR 
imaging (fat sat T1- and T2-weighted images). 
Inadequate fat suppression due to a susceptibility ar-
tifact causes a hyperintensity on DW imaging which 
is sometimes similar to a scalp lesion (Fig. 15.12). A 
 scalp lipoma is seen as a very hypointense lesion be-
cause of suppressed fat signals on DW imaging (Fig. 
15.13). Benign lymphadenopathy and lymphoid tis-
sues in tonsils (adenoids) can show hyperintensity 
on DW imaging associated with relatively low ADC 
values [36–38].  Intraosseous meningioma can show 
hyperintensity with decreased ADC (Fig. 15.14). 

Figure 15.12 a–c

 Artifacts similar to scalp mass lesion on DW imaging. a DW imaging shows high signal in the left periorbital and retro-or-
bital areas similar to lesions (arrows). b Postcontrast T1-weighted image with fat saturation shows an inadequate suppres-
sion of fat signals in exactly the same areas (arrows), which is due to susceptibility eff ects from metal of the tooth. c T2-
weighted image shows no lesion in the areas

a b c
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Figure 15.14 a–c

Intraosseous meningioma in a 57-year-old woman. a Postcontrast T1-weighted image with fat saturation demonstrates 
homogeneously enhancing masses with dural enhancement in the right temporo-occipital region (arrows). b, c DW im-
aging shows multiple hyperintense mass lesions with the isointense ADC (0.77–0.89×10-3mm2/s), related to cellularity of 
meningioma (arrows)

a b c

Figure 15.13 a–c

Lipoma in a 22-year-old man. a, b T1- and T2-weighted images show a hyperintense lesion in the right frontal scalp con-
sistent with a lipoma (arrow). c DW imaging shows suppressed fat signal in the lipoma (arrow). This patient also has sickle 
cell disease. The thickened skull with increased DW imaging signal refl ects red bone marrow hyperplasia

a b c
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Scalp or subgaleal hematomas can have various DW 
signals and ADC values depending on the phase of 
the hematomas (Fig. 15.15). Caution is needed when 
diff erentiating them from pus collection, abscess, or 
tumors. Mild hyperintense lesions on DW imaging 
associated with increased ADC include scalp or in-

traosseous  hemangiomas and  Langerhans’ cell his-
tiocytosis (Figs. 15.16, 15.17) and neurogenic tumors 
( schwannoma,  neurofi broma) (Figs. 15.18, 15.19). 

In a study by Sener using echo-planar DW imag-
ing, six vestibular schwannomas were found to be 
isointense to brain parenchyma on b=1,000 s/mm2 

a b

c d

Figure 15.15 a–d

Subgaleal hematoma in a 35-year-
old man. a CT shows an occipito-
parietal subgaleal hematoma and 
a left parafalcine subdural hema-
toma (arrows). b T2-weighted im-
age shows iso- and low signal ar-
eas in the subgaleal and subdu-
ral hematomas (arrows). c, d DW 
imaging shows a slightly hyperin-
tense hematoma with a low signal 
in the center area of the subgale-
al hematoma associated with de-
creased ADC values (arrows). DW 
signals of hematomas are vari-
able depending on the phase
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Figure 15.16 a–d

Intraosseous hemangioma in a 26-year-old man. a CT scanogram shows a calvarial lesion with sclerotic margins consis-
tent with an intraosseous hemangioma (arrow). b Postcontrast T1-weighted image with fat saturation shows homoge-
neous enhancement (arrow). c, d DW imaging shows a slightly hyperintense lesion associated with slightly increased ADC 
(1.37–1.48 ×10-3mm2/s) in the right parietal skull (arrow)

a b

c d

images, but with ADC values signifi cantly higher 
than parenchyma (schwannoma range 1.14–1.72×10-3 
mm2/s with mean value 1.42±0.17×10-3 mm2/s; pa-
renchyma range 0.64–0.98×10-3 mm2/s with average 
value 0.80±0.11×10-3 mm2/s) [39]. Th e lesions stud-
ied were predominantly solid with minimal cystic 
degeneration. Srinivasan et al., using 3-T single-shot 
spin-echo echo-planar DW imaging, found a range 
of ADC values for six schwannomas (range 0.739–
2.080×10-3 mm2/s; four vestibular schwannomas, one 

jugular foramen schwannoma, and one mandibular 
nerve schwannoma) [40]. Th ey hypothesized diff er-
ences could be due to diff erences in the internal ar-
chitecture of the lesions. Maeda et al., using line-scan 
DW imaging, found that myxoid containing soft  tis-
sue tumors had signifi cantly higher ADC values than 
non-myxoid soft  tissue tumors [41]. Relatively low 
ADC values (0.45–0.60×10-3 mm2/s) with increased 
signal on DW images were reported in a case of ma-
lignant oculomotor schwannoma [42]. 
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Figure 15.17 a–e

Langerhans’ cell histiocytosis in a 3-year-old boy. a Skull 
X-ray shows a lytic bony defect without sclerotic mar-
gins (arrow). b CT shows a lytic lesion and soft tissue 
mass (arrow). c Postcontrast coronal T1-weighted im-
age demonstrates an enhancing mass (arrow) and bev-
eled edge bony erosions. d, e DW imaging shows a het-
erogeneous hyperintense mass with increased ADC 
(1.11–1.72×10-3mm2/s) involving the left frontoparietal 
skull and scalp (arrow)

a b

c d

e
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Figure 15.18 a–d

Neurofi bromatosis type 1 in a 20-
year-old man. a, b Postcontrast 
coronal T1- and axial T2-weight-
ed images show multiple dif-
fuse plexiform neurofi broma-
tosis, a meningoencephalocele, 
and bony defect in the right oc-
cipital bone (arrows). c, d DW im-
aging shows multiple plexiform 
neurofi bromas as slightly hyper-
intense with increased ADC (1.63–
2.11×10-3mm2/s) (arrows)

15.3 Infection (Abscess and Pus Collection), 
Mastoiditis, Malignant Otitis Externa

Acute otomastoiditis and acute coalescent otomas-
toiditis are defi ned as acute infections of the mid-
dle ear and mastoid air cells without destruction of 
mastoid septations in acute otomastoiditis and with 
destruction of septations in acute coalescent otomas-
toiditis with development of intramastoid empyema. 
MR imaging demonstrates isointense debris on T1-
weighted images, hyperintense debris on T2-weight-
ed images, and diff use enhancement on postcontrast 
images. Postcontrast imaging also allows for charac-
terization of focal abscess. An associated cholesteato-

ma will demonstrate relative decreased signal on T2-
weighted images.

 Bezold’s abscess, fi rst described in 1908, is consid-
ered as a neck abscess spreading from the tip of the 
mastoid, extending deep to the sternocleidomastoid 
muscle, and may extend into the posterior cervical 
and perivertebral spaces. Unlike coalescent mastoid-
itis, Bezold’s abscess lies inferior to the tip of the mas-
toid process and does not extend superiorly to the 
lateral aspect of the mastoid process [43].  Coalescent 
mastoiditis with subperiosteal abscess is caused by an 
extension of infection via an eroded lateral mastoid 
cortex [43]. Distinguishing these entities is important 
because the surgical treatment is diff erent (Bezold’s 
abscess requires mastoidectomy and abscess drain-
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Figure 15.19 a–d

 Neurofi bromatosis type 2 and 
schwannoma in a 32-year-old
woman. a Postcontrast T1-weight-
ed image shows homogeneously 
enhancing vestibular schwanno-
mas bilaterally. b T2-weighted im-
age shows a round hyperintense 
lesion in the left parietal scalp (ar-
row). c, d DW imaging shows a 
subtle hyperintense lesion asso-
ciated with increased ADC (1.82–
2.02×10-3mm2/s) which may 
represent a mucoid degeneration 
of a schwannoma

a b

c d

age). DW imaging clearly shows the extent of the ab-
scess (Fig. 15.20).

 Malignant external otitis or necrotizing external 
otitis is an infection of the bony/cartilaginous exter-
nal auditory canal with bone erosion and associated 
cellulitis/abscess formation. Th e adjacent soft  tissue 
is also involved. On T2-weighted images, diff use 
increased signal is seen with cellulitis and focal in-
creased signal with abscess. Postcontrast T1-weighted 
images demonstrate diff use enhancement with cellu-
litis and typical rim enhancement with abscess [44]. 
DW imaging shows the abscess or pus collection as 
hyperintense (Fig. 15.21).

 Pott’s puff y tumor is a subperiosteal abscess with 
progressive frontal bone osteomyelitis. It is a poten-
tially life-threatening complication of frontal sinusitis 
[45–51]. It was originally described by Sir Percival 
Pott around 1760. Rare etiologies include trauma, 
dental sepsis, fi brous dysplasia, and malignancy. Th e 
subperiosteal abscess erodes the outer table of the 
frontal bone with associated soft  tissue swelling, i.e., 
the puff y tumor. DW imaging shows the abscess as hy-
perintense with decreased ADC (Fig. 15.22). Surgical 
intervention (abscess drainage and debridement of 
the osteomyelitic bone) and antibiotic therapy pre-
vent further suppurative complications.
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Figure 15.20 a–d

Coalescent mastoiditis with perimastoid abscess and brain abscess in a 50-year-old man. a T2-weighted image shows 
right mastoid, perimastoid, and brain abscesses as hyperintense lesions (arrows). b Postcontrast sagittal T1-weighted im-
age shows these abscesses as hypointense with rim enhancement (arrows). There is a communication between the mas-
toid abscess and perimastoid abscess with an erosion of lateral wall of the mastoid and soft tissue swelling. c, d DW im-
age shows the abscesses as very hyperintense with decreased ADC (0.35-0.46×10-3mm2/s) (arrows)
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Figure 15.21 a–e

 Malignant otitis externa in a 65-year-old man with type 
2 diabetes mellitus. a Postcontrast axial T1-weighted 
image with fat saturation shows a rim enhancing fl uid 
collection in the right external auditory canal (arrow). 
b, c DW image shows hyperintensity in the right exter-
nal auditory canal with mildly decreased ADC represent-
ing pus collections (arrow). d Postcontrast coronal T1-
weighted image with fat saturation shows extensive en-
hancement in the soft tissue and bone marrow consis-
tent with cellulitis and osteomyelitis (arrows) e Coronal 
CT shows osseous destructions of the inferior aspect of 
the right petrous bone and clivus (arrows)

a b

c

d

e
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Figure 15.22 a–d

 Pott’s puff y tumor (subperiosteal abscess) in a 71-year-old man. a CT shows a left periorbital mass and soft tissue swelling 
(arrow). b Precontrast sagittal T1-weighted image demonstrates a heterogeneously hypointense mass located in the sub-
periosteal space (arrow). c, d DW image shows the subperiosteal abscess as very hyperintense associated with very de-
creased ADC (0.26–0.48×10-3mm2/s), which is a characteristic of pus collections and abscess formations (arrow)

a b

c dd
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d e f

Figure 15.23 a–f

 Bone metastasis from breast carcinoma in a 38-year-old woman. a CT shows permeative lytic lesions in the left calvarium 
(arrows). b Precontrast sagittal T1-weighted image shows the lesions as isointense (arrows). c T2-weighted image shows 
the lesions as slightly hyperintense (arrows). d, e DW image clearly shows the lesions as hyperintense and associated with 
increased ADC in the skull (intermediate cellularity and necrosis) (arrows). f Postcontrast with fat saturation T1-weighted 
image demonstrates necrotic enhancing bone metastases (arrows)

15.4 Malignant Tumor

15.4.1 Metastases and  Leukemic Infi ltration

Potentially, DW imaging may provide information to 
allow better discrimination of soft  tissue or osseous 
metastatic lesions. DW imaging characteristics of be-
nign and malignant lesions can overlap.

Moon et al., using DW imaging with sensitivity en-
coding (SENSE), a parallel imaging technique that re-
duces susceptibility artifacts in the skull base, studied 

13 patients with 20 cranial bone marrow metastases, 
and found that DW images of metastases demonstrat-
ed better lesion conspicuousness than T1-weighted 
images and b0 images on a qualitative basis [52]. On a 
quantitative basis, lesion contrast was best shown on 
b0 images. All metastatic lesions in the study demon-
strated increased signal on DW images and b0 images 
compared to normal bone marrow. 

In a study by Nemeth et al., the authors found DW 
imaging improved the detection of skull metastatic 
disease over conventional MR imaging [53]. Detection 
of focal breast cancer and lung cancer metastatic dis-



Scalp and Skull LesionsChapter 15362

ease was improved by 20% and 36.3%, respectively. 
However, the fat saturation technique was not used 
for conventional T2- and postcontrast T1-weighted 
images. Postcontrast T1-weighted images with fat sat-
uration and DW imaging probably demonstrate bet-
ter lesion conspicuousness than other conventional 
MR sequences (Figs. 15.23–15.29). DW imaging also 
shows diff use scalp, bone, and extraaxial metastasis as 
hyperintense (Figs. 15.27, 15.28). When the primary 
lesion is prostate cancer or when the skull metastatic 
disease is diff use, DW imaging may off er no advan-
tages over conventional MR imaging [53]. 

Th e signal intensity on DW images and the ADC 
values in the bone metastasis mainly depend on the 
tumor cellularity, extracellular matrix, and necrosis. 
Metastasis from hypercellular tumors such as Ewing 
sarcoma, neuroblastoma, and small cell carcinoma 
can show signifi cant hyperintensity on DW images 
associated with decreased ADC (Figs. 15.26–15.28). 
Intermediate cellular metastasis shows hyperinten-
sity on DW imaging with mildly increased ADC (T2 
shine-through) (Figs. 15.23, 15.24, 15.29). Th e area of 
necrosis usually shows hypointensity on DW imaging 
with increased ADC (Figs. 15.23, 15.28). Th e area of 

a b

c d

Figure 15.24 a–d

 Bone metastasis from  renal cell 
carcinoma in a 64 year-old man. 
a CT shows a lytic bone metas-
tasis from renal cell carcinoma in 
the skull (arrow). b Postcontrast 
T1-weighted image with fat sat-
uration demonstrates a well-de-
fi ned intensely enhancing lesion 
(arrow). c, d DW imaging shows 
the lesion as hyperintense associ-
ated with slightly increased ADC 
values (arrow)
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Figure 15.25 a–d

 Bone metastasis from breast car-
cinoma in a 45-year-old woman.
a CT shows a large soft tissue den-
sity mass involving the right fron-
tal skull and scalp with underlying 
sclerotic bony changes (arrow). 
b Postcontrast T1-weighted im-
age with fat saturation shows a 
heterogeneously enhancing ne-
crotic mass and dural enhance-
ment (arrows). c DW imaging 
shows a large mass with central 
low and peripheral iso- or high 
signal intensity associated with 
central high and peripheral low 
ADC values (arrow). d The area of 
sclerotic bone metastasis may be 
diffi  cult to detect on DW imaging 
because of the lack of mobile pro-
tons in the sclerotic bone chang-
es surrounding tumor cells

a b

c d

sclerotic bone metastasis may be diffi  cult to detect on 
DW imaging because of the lack of mobile protons 
and diamagnetic susceptibility artifact from sclerotic 
osseous tissue mixed with the tumor cells (Figs. 15.25, 
15.28). Some authors have advised caution when in-
terpreting ADC values in the bone marrow because 
of the high lipid marrow component and its possible 
eff ect on DW signals and ADC values [54, 55]. 

DW imaging can be useful for evaluating the ther-
apeutic response of leukemic infi ltration (Fig. 15.29) 
[56, 57]. Moon et al displayed the DW images in an 
inverted gray–white scale in the evaluation of bone 
metastasis or bone marrow infi ltration, similar to that 
used in bone scans, for their qualitative analysis [52]. 
Th ey felt this allowed easier comparison with bone 
scans and PET images.
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Figure 15.26 a–d

 Bone metastasis from  Ewing sarcoma in a 14-year-old boy. a Postcontrast 
T1-weighted image with fat saturation shows a heterogeneously enhanc-
ing mass and dural enhancement involving the right frontoparietal skull and 
scalp (arrows). b T2-weighted image shows a large isointense mass (arrows). 
c, d DW imaging reveals a homogeneously very hyperintense mass lesion as-
sociated with greatly decreased ADC (0.48–0.79×10-3mm2/s), which repre-
sents hypercellularity of the Ewing tumor. The DW imaging characteristics 
help diff erentiate such hypercellular small round cell tumors from other types 
of metastatic disease
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Figure 15.27 a–d

 Bone metastasis from  neuroblas-
toma in a 15-year-old boy. a T2-
weighted image shows multi-
ple hyperintense mass lesions 
along the right fronto-parieto-
occipital skull and dura (arrows). 
b Postcontrast T1-weighted im-
age with fat saturation shows 
heterogeneously enhancement 
and dural enhancement (right 
more than left) (arrows). c, d DW 
imaging reveals irregular dural-
based hyperintense mass in the 
right frontoparietal region with 
decreased ADC (0.52–0.89×10-

3mm2/s) corresponding to the hy-
percellularity of neuroblastoma 
(arrows) 
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Figure 15.28 a–c

Diff use bone, dural, and scalp metastasis from  prostate carcinoma in an 89-year-old man. a Postcontrast T1-weighted im-
age with fat saturation shows diff use marked enhancement in the dura and scalp (arrows). Diff use sclerotic bony chang-
es are noted in the skull. b, c DW imaging shows diff use hyperintense lesions in the dura and scalp associated with de-
creased ADC (arrows). Diff use sclerotic bone metastases are seen as low signal intensity on DW images. It is diffi  cult to cal-
culate the ADC value of the bone marrow infi ltration accurately

a b

c d

Figure 15.29 a–d

Leukemia in a 23-year-old wom-
an. a, b Pre- and postcontrast 
T1-weighted images show dif-
fuse heterogeneous signals in the 
bone marrow of the skull (arrows). 
c DW image shows diff use hyper-
intense lesions in the skull which 
probably represents leukemic in-
fi ltrations (arrow). d After the 
course of chemotherapy, the DW 
imaging abnormalities have dis-
appeared (arrow)

a b c
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Figure 15.30 a–d

Mastoid bone metastasis from 
breast carcinoma in a 58-year-old 
woman. a CT shows a lytic bone 
destruction in the right petrous 
bone (arrows). b Postcontrast T1-
weighted image with fat satu-
ration shows intense homoge-
neous enhancement in the mass 
(arrows). c, d DW imaging shows 
a hyperintense mass with mild-
ly increased ADC (0.96–1.66×
10-3mm2/s) in the right mastoid 
(arrows), which probably corre-
sponds to the intermediate cellu-
larity of the tumor

15.4.2  Squamous Cell Carcinoma
and  Lymphoma in Head and Neck Area

In a study using echo-planar DW imaging by 
Wang et al., the mean ADC of malignant lympho-
mas was lower than that of carcinomas [58] (lym-
phoma 0.66±0.17×10-3 mm2/s versus carcinomas 
1.13±0.43×10-3 mm2/s) (Figs. 15.30–15.32). Th ey also 
found the ADC of lymphoma and carcinoma to be 
signifi cantly lower than that of benign solid tumors 
or benign cystic lesions [58] (benign solid tumors 
1.56±0.51×10-3 mm2/s; mean ADC of benign cystic 
lesions 2.05±0.62×10-3 mm2/s).

In order to reduce susceptibility artifacts com-
monly seen with echo-planar DW imaging in the 
evaluation of head and neck lesions, Maeda et al. used 
line-scan DW imaging to study squamous cell carci-
nomas and malignant lymphomas [59]. Th ey found 
ADC values to be signifi cantly lower in lympho-
mas than in squamous cell carcinomas (lymphoma 
0.65±0.09×10-3 mm2/s versus squamous cell carci-
noma 0.96±0.11×10-3 mm2/s).

King et al. also found a threshold value that helped 
diff erentiate squamous cell carcinoma from lympho-

ma [60]. Th ey found that an ADC value greater than 
0.824×10-3 mm2/s could identify squamous cell carci-
noma, and an ADC value less than 0.767×10-3 mm2/s 
could identify lymphoma with a specifi city of 100%. 
Sensitivity for squamous cell carcinoma was 94% and 
for lymphoma 88%. However, when evaluated in con-
junction with nasopharyngeal carcinoma, the determi-
nation of a threshold value with high sensitivity and 
specifi city was problematic because of overlapping 
ADC values. Using 3-T DW imaging, Srinivasan et al. 
found malignant head and neck lesions to have sig-
nifi cantly lower ADC values than benign lesions [61]. 
White et al., despite moderately overlapping values, 
also found the mean ADC values for malignant lesions 
to be signifi cantly lower than for benign lesions [32].

Sumi et al. found that metastatic lymph nodes with 
moderately diff erentiated carcinomas had signifi cantly 
higher ADC values than those of poorly diff erentiated 
carcinoma and approximated those of malignant lym-
phoma [62]. Abdel Razek et al. found the mean ADC 
of metastatic and lymphomatous nodes to be signifi -
cantly lower than benign nodes [36]. Additionally, they 
found two patients with benign nodes (sarcoid and cat 
scratch disease) with relatively low ADC values.
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Figure 15.31 a–d

 Primary squamous cell carcinoma 
in the middle ear in a 64-year-old 
man. a CT shows a soft tissue den-
sity mass with bone destruction 
in the left mastoid and middle 
ear cavity (arrow). b Postcontrast 
T1-weighted image with fat sat-
uration shows heterogeneous-
ly enhancing necrotic mass (ar-
row). c, d DW imaging shows hy-
perintensity in the left mastoid 
and middle ear cavity with mild-
ly increased ADC (1.03–1.46×10-

3mm2/s) (arrow), which probably 
corresponds to the intermediate 
cellularity and necrosis in squa-
mous cell carcinoma

a b c

Figure 15.32 a–c

Malignant lymphoma in a 74-year-old woman. a Postcontrast sagittal T1-weighted image shows an inhomogeneously 
enhancing mass in the skull base (arrow). b, c DW imaging reveals a homogeneously very hyperintense mass in the skull 
base with decreased ADC (0.46–0.62×10-3mm2/s) (arrow), which corresponds to hypercellularity of the lymphoma
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15.5 Conclusion

DW imaging demonstrates benign and malignant 
scalp and skull lesions well, even if the lesion is very 
small or diff use, because of the signifi cant contrast in 
the surrounding scalp and skull structures with fat 
saturation techniques. DW imaging with ADC maps 
demonstrates characteristics unique to certain etiolo-
gies, particularly abscesses, hypercellular tumors, and 
epidermoids.
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In collaboration with A. Hiwatashi

Most textbooks related to imaging are organized into 
chapters based on the disease or the conditions that 
are described. Th is traditional way of organizing an 
imaging book, namely, from the disease to the im-
ages, provides a fi rm structure and allows the author 
or editor to present all the imaging characteristics of 
a specifi c disease condition with its typical, atypical, 
and specifi c features in one place. Th is book is no dif-
ferent and is also organized in this traditional way.

For the clinician using the book as an aid to solve 
a clinical case, this traditional approach is not practi-
cal. To match the imaging characteristics of your spe-
cifi c clinical case you essentially have to go through 
the entire book to fi nd all the images that match the 
imaging features of your specifi c patient. To over-
come this problem of a disease-oriented imaging 
book, we developed this chapter: here we turned the 
organization around, proceeding from the images to 
the disease/diagnosis. In this chapter we have pre-
pared the material based on the imaging character-
istics and grouped all conditions with similar imag-
ing features together in seven tables. We used DW 
imaging, ADC, and T2 characteristics to create seven 
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tables with conditions that appeared similar on MR 
imaging.

Th e clinician can go directly to this chapter, de-
termine if the lesion in question has a high, interme-
diate, or low DW imaging signal intensity and then 
determine the same with regard to the ADC and T2 
characteristics. He or she can then go to the table in 
Chaper 16 that lists conditions with these imaging 
features. Each table is essentially a list of diff erential 
diagnoses for conditions with similar imaging char-
acteristics. When combined with the knowledge of 
patient symptomatology and demographic criteria, 
the radiologist will be able to narrow the diff erential 
diagnosis to a few conditions.

Th ese tables take into account that the same con-
dition may have variable imaging characteristics; for 
this reason, several conditions are listed in more than 
one table. Moreover, within the tables there are varia-
tions as to the degree of a specifi c imaging feature, 
which allows the clinician to match his/her clinical 
case to the best table and condition. Chapter 16 makes 
direct reference to other chapters of the book, where a 
full description is then provided.
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Table 16.1

Diff erential diagnoses for lesions with a high diff usion signal associated with low ADC and isointense T2 signal

Diagnoses Reference images

DWI high ADC low T2WI iso

Infarction/hypoxia/trauma

Nonaccidental head injury
Fig. 14.12 d Fig. 14.12 e Fig. 14.12 b

Hyperacute infarction 
Fig. 5.1 b Fig. 5.1 c Fig. 5.1 a

Hypoxic ischemic encephalopathy
Fig. 14.9 c Fig. 14.9 d Fig. 14.9 a

Toxic/metabolic

Methotrexate leukoephalopathy
Fig. 10.2 b Fig. 10.2 c Fig. 10.2 a
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Table 16.2

Diff erential diagnoses for lesions with a high diff usion signal associated with iso-high ADC and a high intense T2 signal

Diagnoses Reference images

DWI high ADC iso-high T2 high

Degeneration

Amyotrophic lateral sclerosis (ALS) 
Fig. 9.20 b Fig. 9.20 c Fig. 9.20 a

Acute disseminated 
encephalomyelitis (ADEM)

Fig. 9.8 c Fig. 9.8 d Fig. 9.8 a

Multiple sclerosis (MS) 
Fig. 9.2 c Fig. 9.2 d Fig. 9.2 a

Demyelination

Progressive multiple 
leukoencephalopathy (PML)

Fig. 9.11 b Fig. 9.11 c Fig. 9.11 a
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Table 16.2

Diff erential diagnoses for lesions with a high diff usion signal associated with iso-high ADC and a high intense T2 signal

Diagnoses Reference images

DWI high ADC iso-high T2 high

Epilepsy

Postictal encephalopathy
Fig. 8.5 d Fig. 8.5 e Fig. 8.5 a

Venous infarction
Fig. 5.7 c Fig. 5.7 d Fig. 5.7 b

Human immunodefi ciency virus (HIV) 
encephalopathy

Fig. 11.33 b Fig. 11.33 c Fig. 11.33 a

Infarction

Marchiafava-Bignami disease
Fig. 10.18 c Fig. 10.18 d Fig. 10.18 a

Infection

Toxic/metabolic
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Table 16.2

Diff erential diagnoses for lesions with a high diff usion signal associated with iso-high ADC and a high intense T2 signal

Diagnoses Reference images

DWI high ADC iso-high T2 high

Mitochondrial encephalopathy,  lactic aci-
dosis and stroke-like episodes (MELAS)

Fig. 10.20 c Fig. 10.20 d Fig. 10.20 a

Epidermoid
Fig. 11.16 c Fig. 11.16 d Fig. 11.16 a

Brain stem glioma
Fig. 13.3 d Fig. 13.3 e Fig. 13.3 a

Tumor

Anaplastic astrocytoma
Fig. 3.2 c Fig. 3.2 d Fig. 3.2 a
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Table 16.2

Diff erential diagnoses for lesions with a high diff usion signal associated with iso-high ADC and a high intense T2 signal

Diagnoses Reference images

DWI high ADC iso-high T2 high

Low-grade oligoastrocytoma
Fig. 13.4 c Fig. 13.4 d Fig. 13.4 a

Ganglioglioma
 Fig. 13.23 c Fig. 13.23 d Fig. 13.23 a

Pilocytic astrocytoma 
Fig. 14.22 b Fig. 14.22 c Fig. 14.22 a

Primary angiitis of central nervous 
system (PACNS) 

Fig. 7.2 c Fig. 7.2 d Fig. 7.2 a

Vasculitis/vasculopathy
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Table 16.2

Diff erential diagnoses for lesions with a high diff usion signal associated with iso-high ADC and a high intense T2 signal

Diagnoses Reference images

DWI high ADC iso-high T2 high

Neuro-Behçet’s disease
Fig. 7.9 c Fig. 7.9 d Fig. 7.9 a

Tacrolimus neurotoxicity (PRES)
Fig. 7.19 b Fig. 7.19 c Fig. 7.19 a



How to Use This BookChapter 16378

Table 16.3

Diff erential diagnoses for lesions with a high diff usion signal associated with a low ADC and  high intense T2 signal

Diagnoses Reference images

DWI high ADC low T2 high

Degeneration

Wallerian degeneration
Fig. 9.14 c Fig. 9.14 d Fig. 9.14 b

Multiple sclerosis
(cytotoxic plague)

Fig. 9.5 b Fig. 9.5 c Fig. 9.5 a

Status epileptics
Fig. 4.9 b Fig. 4.9 c Fig. 4.9 a

Demyelination

Postictal  encephalopathy
Fig. 8.6 c Fig. 8.6 d Fig. 8.6 a

Epilepsy
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Table 16.3

Diff erential diagnoses for lesions with a high diff usion signal associated with a low ADC and  high intense T2 signal

Diagnoses Reference images

DWI high ADC iso-high T2 high

Late subacute hematoma 
(Extracellular methemoglobin) 

Fig. 6.4 c Fig. 6.4 e Fig. 6.4 a

Subdural hematoma (SDH)
Fig. 6.7 c Fig. 6.7 e Fig. 6.7 d

Hyperacute reversible ischemia (2 h) 
Fig. 5.5 b Fig. 5.5 c Fig. 5.5 a

Hematoma

Acute infarction (24 h) 
Fig. 3.3 d Fig. 3.3 e Fig. 3.3 c

Infarction/Ischemia
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Table 16.3

Diff erential diagnoses for lesions with a high diff usion signal associated with a low ADC and  high intense T2 signal

Diagnoses Reference images

DWI high ADC low T2 high

Subacute infarction (10 day)
 Fig. 5.3 c Fig. 5.3 d Fig. 5.3 a

Abscess 
Fig. 11.1 c Fig. 11.1 d Fig. 11.1 a

Septic emboli 
Fig. 11.4 b Fig. 11.4 c Fig. 11.4 a

Infection

Ventriculitis
Fig. 11.14 c Fig. 11.14 d Fig. 11.14 b
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Table 16.3

Diff erential diagnoses for lesions with a high diff usion signal associated with a low ADC and  high intense T2 signal

Diagnoses Reference images

DWI high ADC iso-high T2 high

Acquired immunodefi ciency
syndrome (AIDS)

Fig. 11.34 b Fig. 11.34 c Fig. 11.34 a

Aspergillosis (disseminated)
Fig. 11.23 b Fig. 11.23 c Fig. 11.23 a

Creutzfeldt-Jakob disease (CJD) 
Fig. 9.18 b Fig. 9.18 c Fig. 9.18 a

Group B Streptococcus meningitis
Fig. 11.17 b Fig. 11.17 c Fig. 11.17 a
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Table 16.3

Diff erential diagnoses for lesions with a high diff usion signal associated with a low ADC and  high intense T2 signal

Diagnoses Reference images

DWI high ADC low T2 high

Herpes simplex virus  encephalitis
Fig. 14.15 b Fig. 14.15 c Fig. 14.15 a

Toxoplasmosis (exceptional case)
Fig. 4.20 d Fig. 4.20 c Fig. 4.20 a

Carmofur leukoencephalopathy
Fig. 10.3 b Fig. 10.3 c Fig. 10.3 a

Toxic/metabolic

Heroin-induced leukoencephalopathy
Fig. 10.4 b Fig. 10.4 c Fig. 10.4 a
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Table 16.3

Diff erential diagnoses for lesions with a high diff usion signal associated with a low ADC and  high intense T2 signal

Diagnoses Reference images

DWI high ADC iso-high T2 high

Central pontine myelinolysis (CPM) 
Fig. 10.13 b Fig. 10.13 c Fig. 10.13 a

Extrapontine myelinolysis (EPM)
Fig. 10.14 b Fig. 10.14 c Fig. 10.14 a

L-2-hydroxyglutaric aciduria
 Fig. 10.23 b Fig. 10.23 c Fig. 10.23 a

Mitochondrial encephalopathy
(unknown metabolic abnormality)

 Fig. 10.21 b Fig. 10.21 c Fig. 10.21 a
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Table 16.3

Diff erential diagnoses for lesions with a high diff usion signal associated with a low ADC and  high intense T2 signal

Diagnoses Reference images

DWI high ADC low T2 high

Phenylketonuria (PKU)
Fig. 14.39 b Fig. 14.39 c Fig. 14.39 a

Non accidental head injury
Fig. 14.13 b Fig. 14.13 d Fig. 14.13 a

Contusion 
Fig. 12.11 b Fig. 12.11 c Fig. 12.11 a

Diff use axonal injury (DAI)
Fig. 12.3 c Fig. 12.3 d Fig. 12.3 a

Trauma
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Table 16.3

Diff erential diagnoses for lesions with a high diff usion signal associated with a low ADC and  high intense T2 signal

Diagnoses Reference images

DWI high ADC iso-high T2 high

Glioblastoma (solid)
Fig. 13.10 d Fig. 13.10 e Fig. 13.10 a

Lymphoma
Fig. 13.38 d Fig. 13.38 e Fig. 13.38 a

Meningioma (syncytial)
Fig. 13.31 c Fig. 13.31 d Fig. 13.31 a

Meningioma (atypical)
Fig. 13.34 c Fig. 13.34 d Fig. 13.34 a

Tumor
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Table 16.3

Diff erential diagnoses for lesions with a high diff usion signal associated with a low ADC and  high intense T2 signal

Diagnoses Reference images

DWI high ADC low T2 high

Metastasis (lung)
Fig. 11.9 c Fig. 11.9 d Fig. 11.9 a

Primitive neuroectodermal tumor (PNET)
 Fig. 13.27 c Fig. 13.27 d Fig. 13.27 a

Radiofrequency thalomotomy
(coagulative necrosis)

Fig. 11.10 b Fig. 11.10 c Fig. 11.10 a

Primary angiitis of central nervous
system (PACNS)

Fig. 7.4 e Fig. 7.4 f Fig. 7.4 b

Vasculitis/vasculopathy
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Table 16.3

Diff erential diagnoses for lesions with a high diff usion signal associated with a low ADC and  high intense T2 signal

Diagnoses Reference images

DWI high ADC iso-high T2 high

Pneumococcal meningitis
and vasculitis

Fig. 7.10 b Fig. 7.10 c Fig. 7.10 a

Sickle cell disease
 Fig. 14.6 b Fig. 14.6 c Fig. 14.6 a

Hemolytic uremic syndrome (HUS)
Fig. 7.21 b Fig. 7.21 c Fig. 7.21 a
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Table 16.4

Diff erential diagnoses for lesions with an iso diff usion signal associated with a high ADC and high intense T2 signal

Diagnoses Reference images

DWI iso ADC high T2 high

Vasculitis/Vasculopathy

Posterior reversible encephalopathy
syndrome (PRES)

Fig. 3.4 c Fig. 3.4 d Fig. 3.4 b

Vasogenic edema (metastasis)
Fig. 3.5 e Fig. 3.5 d Fig. 3.5 a

Tacrolimus neurotoxicity 
Fig. 7.19 b Fig. 7.19 c Fig. 7.19 a

Postictal encephalopathy
Fig. 8.3 d Fig. 8.3 e Fig. 8.3 a
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Table 16.4

Diff erential diagnoses for lesions with an iso diff usion signal associated with a high ADC and high intense T2 signal

Diagnoses Reference images

DWI iso ADC high T2 high

Wernicke encephalopathy
Fig. 10.16 b Fig. 10.16 c Fig. 10.16 a

Metabolic disease
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Table 16.5

Diff erential diagnoses for lesions with a low diff usion signal associated with a high ADC and high intense T2 signal

Diagnoses Reference images

DWI low ADC high T2 high

Chronic infarction  (10 months)
Fig. 5.4 c Fig. 5.4 d Fig. 5.4 b

Infarction

Glioblastoma (necrosis)
Fig. 11.8 c Fig. 11.8 d Fig. 11.8 a

Turmor

Craniopharyngioma
Fig. 13.46 c Fig. 13.46 b Fig. 13.46 a

Metastasis (lung)
Fig. 13.51 c Fig. 13.51 d Fig. 13.51 a
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Fig. 13.45 c Fig. 13.45 d Fig. 13.45 a

Fig. 14.43 b Fig. 14.43 c Fig. 14.43 a

Fig. 10.24 b Fig. 10.24 c Fig. 10.24 a

Fig. 4.20 b Fig. 4.20 c Fig. 4.20 a

Table 16.5

Diff erential diagnoses for lesions with a low diff usion signal associated with a high ADC and high intense T2 signal

Diagnoses Reference images

DWI low ADC high T2 high

Arachnoid cyst

Vanishing white matter disease

Van der Knaap disease

Vasogenic edema (toxoplasmosis)
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Neonate
Fig. 2.4 a Fig. 2.4 b Fig. 2.4 c

Table 16.6

Diff erential diagnoses for lesions with a low diff usion signal associated with a high ADC and isointense T2 signal

Diagnoses Reference images

DWI low ADC high T2 iso

Normal
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Physiological iron deposition
Fig. 2.1 a Fig. 2.1 b Fig. 2.1 c

Table 16.7

Diff erential diagnoses for lesions with artifacts

Diagnoses Reference images

DWI ADC T2

Susceptibility artifacts

Oxy/deoxy hemoglobin 
Fig. 6.2 d Fig. 6.2 f Fig. 6.2 b

Deoxy/intracellular met-hemoglobin
Fig. 6.3 c Fig. 6.3 e Fig. 6.3 a

Epidural hematoma (EDH)
Fig. 12.12 c Fig. 12.12 d Fig. 12.12 b
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Hemosiderin/ferritin
Fig. 6.2 k Fig. 6.2 m Fig. 6.2 i

Fig. 5.14 b Fig. 5.14 c Fig. 5.14 a

Fig. 7.11 c Fig. 7.11 d Fig. 7.11 a

Fig. 13.52 d Fig. 13.52 e Fig. 13.52 b

Table 16.7

Diff erential diagnoses for lesions with artifacts

Diagnoses Reference images

DWI ADC T2

Hemorrhagic infarction

Disseminated aspergillosis

Metastasis (melanoma)
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Fig. 12.9 c Fig. 12.9 d Fig. 12.9 b

Fig. 3.7 a Fig. 3.7 b Fig. 3.7 c

Fig. 3.10 a Fig. 3.10 b Fig. 3.10 c

Fig. 3.12 a Fig. 3.12 b Fig. 3.12 c

Table 16.7

Diff erential diagnoses for lesions with artifacts

Diagnoses Reference images

DWI ADC T2

Contusion

Eddy current artifacts

N/2 ghosting artifacts

Motion artifacts
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A

abscess 193–199, 312
– bacterial 193
– caused by unusual bacteria 197
– differential diagnosis 199
– epidural empyema 202
– extra-axial space 199
– listeria 198
– nocardia 199 
– subdural empyema 203
– toxoplasma 206–207
acute-phase thrombosis  64
acute disseminated encephalomyelitis 

(ADEM) 147, 149, 322
acute excitotoxic brain injury 39–40, 

122, 225, 256, 305
acute hematoma 79
acute hemorrhagic leukoencephalitis 

(AHL) 149, 151
acute infarction 58
acute necrotizing encephalopathy 

(ANE) 320–321
adrenoleukodystrophy 326
AIDS-related (see also HIV) 220–221 
– bilateral basal ganglia lesions 221
– lymphoma 209, 278
Alzheimer’s disease 160
Alzheimer type II cells 39
amyloid angiopathy 96, 115–116
amyotrophic lateral sclerosis 160–161
anaplastic astrocytoma 249
anaplastic ependymoma 249
anaplastic oligodendroglioma 249
angiography
– digital subtraction angiography 

(DSA) 93
– MR angiography (MRA) 93
angitis
– microscopic polyangititis 100
– primary CNS angitis 94–98
anisotropic/anisotropic
– anisotropic diffusion 4–5, 12
– premyelination anisotropy 298
anterior commissure 11
aortitis syndrome (Takayasu’s arteri-

tis) 98–99

apoptosis 28
apparent diffusion coefficient 

(ADC) 1–4, 7, 23, 56
– ADC map 7, 23
– relative ADC 58
arachnoid cyst 284
arcuate fasciculus 11
arteritis
– giant cell 95–96
– polyarteritis nodosa 99
– Takayasu’s arteritis 98–99
arthritis, rheumatoid arthritis 102
artifacts 27–34, 351
– chemical shift artifact 30
– Eddy current artifact 28
– motion artifact 33
– N/2 ghosting artifact 30, 32
– susceptibility artifact 30
aspergillosis 104, 211–212
association fibers 12
astrocyte swelling 39
astrocytoma
– anaplastic 25, 254
– oligoastrocytoma 245
– pilocytic 242–243
– pleomorphic xanthoastrocytoma 248
atypical choroid plexus papilloma 265, 

318
atypical meningioma 273
atypical teratoid-rhabdoid tumor 315, 

317
axonal swelling 37, 226
axons 37, 226

B

b-value, b-factor, b0 1–4, 23,70
bacterial
– brain abscess (see also abscess) 193–

196, 312 
– vasculitis 205
Baló’s concentric sclerosis 146
band type heterotopia 132
basal ganglia 7, 221
battered child syndrome 305
Behçet’s disease 102

Bezold’s abscess 356
bleeding
– hemorrhage/hematoma

(see there) 75–81
– microangiopathy-related micro-

bleeds 96, 115–116
body of corpus callosum 11
bone metastasis 361–365
brain abscess (see also abscess) 193–

196, 312
brain contusion 232–233, 310
brain death 172–173
brain edema (see also edema) 37–51
brain metastasis 287–289
– small cell carcinoma 287
– squamous cell carcinoma 288
– melanoma 289
brain stem encephalitis 216
Brownian motion 1

C

Canavan disease 329
candidal microabscess 312–313
candidiasis 312–313
capsule, internal/external 8, 10–12
carbon monoxide intoxication 175
carmofur leukoencephalopathy 167, 169
carmustine (BCNU) 167
cavernous malformation 88
central neurocytoma 262, 267
central pontine myelinolysis 176, 178
cerebellar peduncle myelinolysis 179
cerebral infarction (see infarction) 55
cerebral 
– amyloid angiopathy 113
– candidiasis 214
– malaria 217, 219
– toxoplasmosis 206–207
cerebral venous sinus thrombosis 

(CVST) 63–65, 302
cerebritis 193
channelopathies 121
chemical fat saturation 351
chemical shift 30
chemical shift artifact 27

Subject Index



398

chemotherapy-induced leukoencepha-
lopathy 167

chloroma 279
cholesteatomas 341
cholesterol granulomas 345
choroid plexus 7
– atypical choroid plexus papilloma 

265, 318
– carcinoma 265, 317, 319
– papilloma 265, 317–318
chronic hematoma 81
chronic infarction 60
Churg–Strauss disease 99, 101
cingulum 11, 14
coagulative necrosis 41, 200, 256
coalescent mastoiditis

with subperiosteal abscess 356
cocaine-induced vasculopathy 105
collagen vascular diseases 102
color FA/DTI map 5, 10–12, 18, 20, 334
commissural fibers 14
complete callosal agenesis 335
corona radiata 11
corpus callosum 11, 17
– agenesis/hypogenesis 333
– focal lesion of the splenium of 134, 

321
corticobasal degeneration 160
corticospinal tract 11
corticostriatal fibers 12
Cowden disease 267
craniopharyngioma 284
Creutzfeldt–Jakob disease 45,156
cryptococcus ependymitis 213
cyclophosphamide 167
cyclosporine 109
cystic changes in the choroid plexus 9
cysticercosis 211
cytokines/cytokinopathy 39, 134 
cytotoxic edema 37–39, 41, 128–130, 253
– in status epilepticus 128–130

D

Dawson’s finger 141
decussation of the superior cerebellar 

peduncle 9
degeneration/degenerative disease 41, 

154, 160–162
– other 160–162
– primary 154
– retrograde 154
– secondary 154
– transneuronal 154
– Wallerian 154
delayed postanoxic encephalopa-

thy 175,177

demyelination/demyelinating dis-
ease 141–153

– ADEM 147
– idiopathic inflammatory demyelinat-

ing disease 141
– multiple sclerosis 141
– primary 141
– secondary 141
desmoplastic infantile ganglioglioma 

(DIG) 316
diabetic ketoacidosis 175
diffuse axonal injury 45, 225–231,310
diffusion
– apparent diffusion coefficient 

(ADC) 1–4, 7, 23, 56
– anisotropic 4–5, 12
– isotropic 3, 7–8
diffusion-tensor imaging (DTI) 4–5, 

12–20, 51, 69, 229, 298
dissection 236, 300
– of the vertebrobasilar arteries 300
disseminated aspergillosis 104, 212
disseminated necrotizing leukoenceph-

alopathy (DNL) 167–168
drug-induced vasculitis/vasculopa-

thy 103
dysembryoplastic neuroepithelial tumor 

(DNT) 261, 267

E

early subacute hematoma 79
eclampsia 111
Eddy current artifacts 27–28
edema 37–51, 128–130, 253
– cytotoxic edema 37–39, 41, 128–130, 

253
– intramyelinic edema 37, 47, 141, 169, 

177, 328
– vasogenic or interstitial edema 50–51
eigenvalues 5
encephalitis 311
– herpes encephalitis 215, 311–312 
– human herpesvirus-6 215 
– West Nile encephalitis 216, 218
encephalopathy
– delayed postanoxic encephalopa-

thy 175,177
– Hashimoto’s encephalopathy 182
– HIV encephalopathy 220 
– hypertensive encephalopathy 109–

110, 320
– hypoglycemic encephalopathy 174
– hypoxic ischemic encephalopathy 43, 

171, 304 
– limbic encephalitis 131
– posterior reversible encephalopathy 

syndrome (PRES) 51, 109

– steroid-responsive encephalopa-
thy 182

ependymoma 317
epidermal cysts 342
epidermoid/epidermoid cysts 281–282, 

342
epidural empyema 202
epidural hematoma 85, 234
epilepsia partialis continua 131
epilepsy 121
epileptic seizures 121
epileptic syndrome 121
epithelial cysts 342
essential cryoglobulinemia 100
Ewing sarcoma 364
excitotoxic brain injury/excitotoxic 

mechanisms  39–40, 122, 225, 256, 
305

exponential image 23
external capsule 11
extra-axial space 199
extrapontine myelinolysis 176, 178, 323
extreme capsule 11

F

fasciculus 12 
– arcuate fasciculus 11
– fronto-occipital fasciculus 11
– inferior fronto-occipital fasciculus 14
– inferior longitudinal fasciculus 11 
– subcallosal fasciculus of Muratoff 11
– superior fronto-occipital fascicu-

lus 11
– superior longitudinal fasciculus 11, 

13
– uncinate fasciculus 11, 14
fat suppression 351
fiber tractography 12–17, 20, 133, 246, 

255, 259, 269, 281, 335
fibers
– association fibers 12
– commissural fibers 14 
– corticostriatal fibers 12
– projection fibers 12
– subcortical U-fibers 12
fibroblastic-type meningioma 273
fibrous dysplasia 348
focal cortical dysplasia 332
focal lesion in the splenium of the

corpus callosum 134
– with meningoencephalitis/

encephalopathy 321
fornix 11, 229
fractional anisotropy (FA) map 5, 12, 

136, 146, 196, 229, 246, 297–298, 333
fronto-occipital fasciculus 11
fungal infection 211

Subject index
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– aspergillosis 104, 211–212
– candidiasis 312 
– cryptococcus 213
– rhinocerebral mucormycosis 211, 213

G

ganglioglioma 247, 263–264, 269
genu of corpus callosum 11
germ cell tumors 280
germinoma 280–281
giant cell arteritis 95, 99
glial cells 37
glioblastoma (GBM) 249, 251–258
– cytotoxic edema 253, 256
– primary (de novo) 251
– secondary 251
gliomas 241
gliomatosis cerebri 258
gliosarcoma 259, 261
glutamate 39–40, 122, 225, 256, 305
granulocytic sarcoma 279–280
gray and white matter 7, 58
group B streptococcus meningitis 206

H

Hashimoto’s encephalopathy 182
hemangioblastoma 275–276
hemangiomas 353
hemangiopericytoma 274–275
hemichorea-hemiballismus associated 

with hyperglycemia 174
hemiconvulsion–hemiplegia epilepsy 

(HHE) syndrome 129, 130
hemimegalencephaly 331, 334
hemolytic uremic syndrome 112–113
hemorrhage/hematoma 
– acute hematoma 79
– chronic hematoma 81
– early subacute hematoma 79 
– epidural hematoma 85, 234
– hyperacute hemorrhage/hema-

toma 76 
– intraparenchymal hemorrhage 75
– intratumoral hemorrhage 87
– intraventricular hemorrhage 86
– late subacute hematomas 81
– subarachnoid hemorrhage 83, 235 
– subdural hematoma 85, 234 
– time course of intraparenchymal 

hematomas 75
hemorrhagic infarction 68
hemorrhagic transformation 67
hemorrhagic tumor 87 
Henoch–Schönlein purpura 100 

heroin-induced leukoencephalopa-
thy 167-170

herpes encephalitis 215, 311–312
–  simplex type 1 encephalitis 215, 311
–  simplex type 2 encephalitis 312
high-b-value 70
histoplasmosis 214
HIV encephalopathy 220
human herpesvirus-6 encephalitis 216
human immunodeficiency virus (HIV) 

infection 217
hyperacute cerebral infarction 42, 56
hyperacute hemorrhage/hematoma 76
hyperammonemic encephalopathy sec-

ondary to urea cycle disorders 330
hypercellularity 253
hypereosinophilic syndrome 117–118
hyperglycemia 173
hyperperfusion syndrome 53
hypertensive encephalopathy 109–110, 320
hypoglycemia 173
hypoglycemic encephalopathy 174
hypoxic ischemic encephalopathy 43, 

171, 304

I

ictal stage 125
idiopathic inflammatory–demyelinat-

ing diseases 141
illicit drugs 103
immunosuppressive drug-induced 

vasculopathy 109
infarction
– acute 57
– chronic 58
– hyperacute 57
– in children 299
– subacute 57
– time course of 56
– treatment 59
– watershed 60
infectious vasculitis 102
inferior cerebellar peduncle 18
inferior fronto-occipital fasciculus 14
inferior longitudinal fasciculus 11
inferior olivary nuclei 18
interferon-α 109
internal capsule 11
interstitial edema 50
intracranial epidermoid cysts 342
intramyelinic edema 37, 47, 141, 169, 

177, 328
intraosseous meningioma 351
intraparenchymal hemorrhage 75
intratumoral hemorrhage 87
intraventricular hemorrhage 86

J

Juvenile pilocytic astrocytoma 242

K

Kearns-Sayre syndrome 326, 328
keratin cysts 342
Krabbe disease 324

L

L-2-hydroxyglutaric aciduria 187
Langerhans’ cell histiocytosis 353
late subacute hematomas 81
Leigh syndrome 326
leptomeningeal enhancement 94
leukemic infiltration 361
leukodystrophy 186, 324
– metachromatic leukodystrophy 324–

328
leukoencephalopathy 167–170, 324–330
– carmofur leukoencephalopathy 167, 

169
– heroin-induced leukoencephalopa-

thy 167–170
– leukoencephalopathy with vanishing 

white matter 331 
– metabolic leukoencephalopathy 324
– methotrexate-related leukoencepha-

lopathy 167
– miscellaneous 330
leukothrombosis 105
Lhermitte-Duclos disease 261, 265
limbic encephalitis 131
lipoma 274
listeria meningoencephalitis 198
lysosomal disorder 324
low-grade astrocytoma 241
lymphoma 249, 276–277, 367

M

malignant lymphoma 249, 276–277, 367
malignant meningioma 271
malignant otitis externa 357–359
Marchiafava–Bignami disease 181
mean diffusivity 5
medial leminiscus 18
medial pulvinar of the thalamus 124
medulloblastoma 268, 270, 314
melanoma 289
meningioma 270–271
meningothelial meningioma 270
mesial temporal sclerosis 123
metachromatic leukodystrophy 324
methotrexate 167
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methotrexate-related leukoencepha-
lopathy 167

Meyer’s loop 16
microcystic meningiomas 272–273
microscopic polyangitis 100, 
middle cerebellar peduncle 11, 18
migraine 44
mitochondrial disorders 326
mitochondrial encephalopathy 328
mitochondrial encephalomyopathy, 

lactic acidosis and stroke-like epi-
sodes (MELAS) 184, 326

motion artifacts 27, 33
moyamoya disease 107, 300
MS plaques 141
mucocele 347
mucopolysaccharidosis 325 
mucormycosis 211, 213
multiple sclerosis (MS) 47, 141, 322
multiple system atrophy 160, 162
myelinoclastic diffuse sclerosis 147
myelinolysis 176, 178, 323
– central pontine myelinolysis 176, 178
– extrapontine myelinolysis 176, 178, 323
– osmotic myelinolysis 176, 178, 323
myelin sheath 37
myo-neuro-gastrointestinal encepha-

lopathy (MNGIE) 327
myoclonic epilepsy with ragged-red 

fibers (MERRF) 326

N

N-methyl-D-aspartate (NMDA) recep-
tor 39, 122, 305

N/2 ghosting artifact (Nyquist 
ghost) 27, 30

neuro-Behçet’s disease 102
neuroblastoma 365
neurocysticercosis 210–211
neurodegeneration 154
neurofibroma 353
neurofibromatosis 
– type 1 353
– type 2 357
neurons 37
nocardia 199
non-NMDA receptors 39
nonaccidental head injury 305

O

oligoastrocytoma 245
oligodendroglioma 246
optic radiation  11, 16
optic tract 11
osmotic myelinolysis 323

P

Paget’s disease 349, 351
papillary tumor of the pineal re-

gion 266, 269
Parkinson’s disease 160
pediatric brain 7, 297
Pelizaeus–Merzbacher 330
perfusion-weighted (PW) imaging 62
perihematomal edema and injury 81
periictal stage 125
peritumoral infiltration 263
peroxisome disorders 326
phenylketonuria 48, 186, 329
Pick’s disease 160
pilocytic astrocytoma 243, 245, 317
pinealoblastoma 265, 269
pituitary adenoma 285
pituitary apoplexy 285–286
plastic astrocytoma 249
pleomorphic xanthoastrocytoma 247–248
pneumococcal meningitis 103
polyarteritis nodosa 99
polymicrogyria 332
post-transplant lymphoproliferative 

disease 279–280
posterior reversible encephalopathy

syndrome (PRES) 51, 109
postictal encephalopathy 126
Pott’s puffy tumor (subperiosteal

abscess) 357, 360
preeclampsia/eclampsia 109
premyelination 298
primary angitis of the central nervous

system 94, 96
primary demyelination 141, 154
primary GBM 251
primary squamous cell carcinoma

in the middle ear 368
primitive neuroectodermal

tumor 267–270
Probst bundle 335
progressive multifocal leukoencepha-

lopathy 150, 152
progressive supranuclear palsy 160, 163
projection fibers 12
prostate carcinoma 366
pseudoaneurysm 236
pulvinar sign 158
purulent leptomeningitis 203
purulent ventriculitis 204
pus 312
pyramidal tracts 18

R

radiation necrosis 290–291
radiation therapy 167

Rasmussen encephalitis 131
Rathke’s cleft cyst 283, 285
reactive astrocytosis 39
renal cell carcinoma 362
retrograde degeneration 154, 157
reversibility 41
reversible ischemia 61
rhinocerebral mucormycosis 211, 213
Rota virus encephalopathy 321

S

sagittal strata 11
scalp lipoma 351
Schilder’s Disease 147
schwannoma 270, 353
scolex 210
sebaceous cysts 342
secondary degeneration 141, 154, 281
secondary GBM 251
septic emboli 197
shaking baby (impact) syndrome 305
Shwartzman phenomenon 105
sickle cell disease 108, 300
small cell lung carcinoma 287
small vessel vasculitis 100
splenium of corpus callosum 11
squamous cell carcinoma 367
status epilepticus 44, 126
steroid-responsive encephalopathy 182
stria terminalis 11
stroke 55
Sturge-Weber syndrome 331
subacute infarction 59
subacute to chronic-phase

thrombosis 65
subarachnoid hemorrhage 83, 235
subcallosal fasciculus of Muratoff 11
subcortical U-fibers 12
subcutaneous epidermoid cysts 342
subdural empyema 203
subdural hematoma 85, 234
subependymoma 245, 247
superior cerebellar peduncle 11, 19
superior fronto-occipital fasciculus 11
superior longitudinal fasciculus 11, 13
Susac syndrome 115, 117
susceptibility artifacts 27, 30
systemic lupus erythematosus 105–106

T

T2 blackout 23, 27–28
T2 shine-through 23
T2 washout 23, 26–27
tacrolimus neurotoxicity 109–111
Takayasu’s arteritis (aortitis syndrome) 98
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tapetum 11, 17
tensor (see diffusion tensor imaging) 

thalamic radiations 17
thalamotomy, radiofrequency 201
the circuit of Papetz 123
thrombotic thrombocytopenic purpura 

(TTP) 113–114
time course of infarction 56
time course of intraparenchymal hema-

tomas 75
tonic-clonic seizure 121
toxoplasmosis/ toxoplasma abscess 206, 

207
transneuronal/trans-synaptic degenera-

tion 154
transverse pontine fibers 18
trauma 225
– brain contusion 232–234
– diffuse (traumatic) axonal inju-

ry 225–231, 310
– hemorrhage related to trauma 234
– nonaccidental head injury 305
tuberous sclerosis 332
tumor 
– pediatric brain tumor 314–319
– WHO classification of tumors of 

CNS 239–240

U

U-fibers 12
uncinate fasciculus 11, 14
uremic encephalopathy 112

V

Van der Knaap disease 187, 330
vanishing white matter disease 332
vasculitis of the CNS 93–104
– bacterial vasculitis 102, 205
– drug-induced vasculitis 103
– HIV vasculitis 221 
– infectious vasculitis 102 
– small vessel vasculitis 100
– treatment 93
vasculopathy of the CNS 105–117
– cocain-induced 105
– hypertensive 109
– immunosuppresive drug-in-

duced 109
– moyamoya disease 107, 300 
– sickle cell disease 108, 300
– systemic lupus erythematosus 105
vasogenic edema 50
vein of Galen malformations 303

venous 
– infarction 41, 63
– ischemia 63–65
venous sinus thrombosis 63–65, 302
vestibular schwannoma 268–269

W

Wallerian degeneration 46, 154–156, 
281, 305

watershed infarction 60–61
Wegener’s granulomatosis 101
Wernicke encephalopathy 179
– with thyrotoxicosis 181
West Nile encephalitis 216, 218
white matter 
– anatomy 12
– development 297
– ischemia 58
– myelination 7
– subcortical U-fibers 12
WHO classification of tumors of 

CNS 239–240

X

xanthoastrocytoma 247–248
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