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When magnetic resonance imaging (MRI) started to be used clinically in the early 1980s it 
rapidly became clear how little information had been provided hitherto by computed tomog-
raphy (CT) on the various diseases that involve the cerebral (and spinal) white matter. For 
the fi rst time many white matter abnormalities with too little effect on tissue electron density 
to render them visible on CT could be shown in vivo. Also, as there was no ionizing radia-
tion involved, these abnormalities could be studied over time (“monitored”) with essentially 
no risk to the patient. Along with the evolution of the new imaging modality, such as the 
steady improvement of MRI hard- and software and the increasing usage of paramagnetic 
agents to enhance tissue contrast, radiologists and their clinical colleagues gained insight 
into both the natural history and the course under therapy of many white matter diseases. 
It was soon recognized, though, that some white matter diseases had a fairly characteristic 
or even diagnostic pattern on MRI, while others did not; morphologically there was much 
overlap between diseases differing in etiology and pathogenesis. Despite this limitation of 
standard structural (conventional) imaging techniques, MRI eventually gained a decisive 
role in clinical diagnosis and research of the most important white matter disease, multiple 
sclerosis (MS).

As the quest for advanced MRI methods to obtain more fundamental information on 
the various disease processes and to improve differential diagnosis continued, any promis-
ing new imaging or measuring technique was tested for its usefulness to study normal and 
abnormal white matter. Some of the presently available techniques allow us to study crucial 
aspects of neurometabolism in a quantitative way (magnetization transfer MRI, diffusion-
weighted MRI, proton MR spectroscopy), while others provide insight into neurovascular 
physiology and brain and spinal cord function (perfusion-weighted MRI, functional MRI). 
The ultimate aim, however, is to develop methods suitable to study white matter structure, 
metabolism, physiology and function at the cellular and even molecular level, an endeavor 
likely to be successful only at fi eld strengths above 1.5 T.

In this book, conceived and edited by M. Filippi, N. De Stefano, V. Dousset and J. C. McGowan, 
an impressive number of world-renowned experts have set new standards of compact infor-
mation regarding white matter disease. The book deals fi rst with the principles of pertinent 
modern MRI techniques and then covers in depth the disorders of myelination, including 
normal brain development, demyelinating diseases, immune-mediated disorders of white 
matter including vasculitides, white matter disorders related to aging, and white matter dis-
orders secondary to other pathologic conditions.

In this state-of-the-art compendium, I am quite sure, interested (neuro)radiologists, neu-
roclinicians, and neuroresearchers can fi nd practically everything worthwhile knowing on 
the in vivo imaging of white matter diseases of the brain and spinal cord. Convinced that the 
book will be a success, I wish to laud the editors and authors for their joint effort and timely 
work.

Heidelberg K. Sartor

Foreword
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Preface

The application of magnetic resonance imaging (MRI) to the study of the central nervous 
system (CNS) has greatly improved our ability to diagnose numerous pathological condi-
tions affecting the brain and the spinal cord, as well as to monitor their evolution. This is 
particularly true for multiple sclerosis (MS), where the sensitivity of T2-weighted MRI in 
the detection of white matter lesions, together with the ability of post-contrast T1-weighted 
images to refl ect the presence of acute infl ammatory activity, may allow us to demonstrate 
the dissemination of MS pathology in space and time earlier than the clinical assessment, 
thus leading to an earlier and more confi dent diagnosis. However, the whole spectrum of 
white matter diseases, ranging from inherited and acquired disorders of myelination to 
neurodegenerative conditions related to aging, has been the focus of many MRI studies 
since the earliest clinical application of this technology.

In the past few years, in parallel with the advancement of MRI technology, the many limi-
tations of conventional MRI have become evident, both in the diagnostic work-up and in 
the research setting. Conventional MRI patterns of white matter pathology may, on the one 
hand, overlap among different CNS diseases, while, on the other, they provide only limited 
pieces of information on the underlying pathological changes in terms of both accuracy and 
specifi city. As regards this latter issue, conventional MRI has three major limitations. First, 
T2-weighted signal abnormalities just refl ect the presence of increased water content, which 
may range from transient edema to irreversible demyelination and axonal loss. Secondly, 
the presence of contrast enhancement indicates that blood-brain barrier permeability is 
increased and associated with ongoing infl ammation, but it does not provide any informa-
tion about the nature and extent of associated tissue damage. Thirdly, conventional MRI is 
unable to detect and quantify the presence of damage occurring in the normal-appearing 
CNS tissues, which have been shown to be diffusely and sometimes severely damaged in 
many white matter disorders. 

Structural and metabolic quantitative MRI techniques, such as magnetization transfer 
(MT) MRI, diffusion-weighted (DW) MRI and proton MR spectroscopy (1H-MRS), are 
increasingly being applied to the study of white matter diseases. Other non-conventional 
MRI techniques, such as functional MRI (fMRI), cell-specifi c MRI, perfusion MRI, molecular 
MRI and microscopic imaging with ultra-high-fi eld MRI, are emerging as additional prom-
ising tools for improving our understanding of many of these conditions. These MRI tech-
niques represent an extraordinary set of powerful instruments to gain in vivo fundamental 
insights into the pathogenesis and evolution of white matter damage. MT MRI and DW MRI 
enable us to quantify the extent of structural changes occurring in T2-visible lesions and in 
the white matter that appears normal on conventional MR images. 1H-MRS can add informa-
tion on the biochemical nature of white matter changes, with the potential to improve sig-
nifi cantly our ability to monitor infl ammatory demyelination and axonal injury. Structural 
and metabolic MR-based quantitative techniques are also contributing to the understanding 
of the reparative mechanisms occurring after injury to the CNS. This latter aspect is likely 
to have a central role in determining the fi nal clinical outcome of all neurological condi-
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tions. In this context, fMRI holds substantial promise to elucidate the mechanisms of cortical 
adaptive reorganization following brain injury, and eventually to achieve a more accurate 
picture of the balance between tissue damage and repair in various CNS conditions. Cellular 
MRI, molecular MRI and perfusion MRI have the potential to provide additional pieces of 
information on the heterogeneous aspects of white matter damage, which might be central 
for the understanding of the pathogenesis of new lesion formation and evolution. High-fi eld 
MRI will affect dramatically anatomical visualization, proton and nonproton MRS, fMRI and 
nonproton imaging and, as a consequence, our ability to image the critical components of 
white matter diseases. This aspect of MRI technology is progressing rapidly, and the time for 
a more extensive clinical application of high-fi eld MRI will probably come soon.

The present book aims at providing a complete and updated review of the “state of the 
art” of the application of conventional, quantitative and functional MRI techniques to the 
study of white matter disorders of the brain and spinal cord. In the fi rst, extensive section, 
each chapter examines in details the basic principles, advantages and disadvantages of all the 
aforementioned MRI techniques. The subsequent sections are clinically driven and focused 
on the various disorders that can affect the human CNS white matter. The role of MRI in the 
diagnosis and in monitoring the effi cacy of experimental treatment is reviewed extensively, 
as well as the novel insights provided by quantitative MR techniques into the pathophysiol-
ogy of all these conditions. We hope that this book will represent a valuable tool for clinicians 
and researchers who wish to gain a deeper understanding of the complex issues related to 
diagnosis, work-up and treatment of patients with diseased white matter, as well as a reser-
voir for new ideas and a stimulus for further investigations.

Milan Massimo Filippi
Siena Nicola De Stefano
Bordeaux Vincent Dousset
Annapolis Joseph C. McGowan
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1 Basis of MRI Contrast

 Mark A. Horsfield

M. A. Horsfi eld, PhD
Department of Cardiovascular Sciences, University of Leicester, 
Leicester, LE1 5WW, UK

The hydrogen atom is most commonly used when 
performing MRI scanning, since the hydrogen nu-
cleus gives the strongest signal, and there is plenty 
of hydrogen around in the human body in molecules 
of water, fat and proteins. Potentially, other nuclei 
could be used, but the poor sensitivity would make 
for very poor quality images, and excessively long 
scan times.

CONTENTS

1.1 The Magnetic Resonance Signal 3
1.1.1 Nuclear Magnetism 3
1.1.2 Precession 4
1.1.3 Polarization and Coherence 4
1.1.3.1 Radio Frequency Pulses 4
1.1.3.2 90° Pulse – Excitation and FID 5
1.1.3.3 180° Pulse – Refocusing 6
1.2 Relaxation and Image Contrast 7
1.2.1 Overview 7
1.2.2 The Bloch Equations 7
1.2.2.1 Longitudinal Bloch Equation 8
1.2.2.2 Transverse Bloch Equation 8
1.2.3 T2-Weighted Imaging 9
1.2.4 T2*-Weighted Imaging 10
1.2.5 T1-Weighted Imaging 10
1.2.6 Summary of Simple MRI Contrast 12
 

1.1 
The Magnetic Resonance Signal

1.1.1 
Nuclear Magnetism

In the materials that we traditionally think of as be-
ing magnetic (such as iron and steel), the magnetism 
arises from two properties of electrons: charge (all 
electrons are negatively charged) and motion (elec-
trons rotate or spin about their axis). A moving charge 
will always generate a magnetic fi eld, and in this way 
an electrical current fl owing through a wire gener-
ates a magnetic fi eld around the wire. While a single 
rotating electron generates a magnetic fi eld, electrons 
tend to form themselves into pairs, with one electron 
rotating in one direction and the other electron rotat-
ing in the opposite direction. The magnetic fi eld of 
one electron cancels out the fi eld from the second, 
and the net magnetism of the pair is zero. In materi-
als with unpaired electron spin, the magnetic fi eld 
from individual electrons may be randomly aligned, 

so that under these circumstances the net fi eld from 
the material will be zero. However, if such a material 
is brought into a magnetic fi eld (the applied magnetic 
fi eld), this causes a partial alignment of the electrons’ 
magnetic fi elds and the material becomes slightly, 
and temporarily magnetized. These types of material 
are called paramagnetic. 

We do not usually think of people as being mag-
netic, and indeed some of the principal constituents 
of the human body (e.g., water, lipids, proteins) do not 
show any magnetic effects from their electronic struc-
ture. However, another, weaker form of magnetism 
(nuclear paramagnetism) arises from the charge and 
spin of nuclear particles in just a few types of nuclei, 
where the spin of individual protons and neutrons is 
not canceled out within a nucleus. Table 1.1 shows a list 
of some of the most interesting nuclei (from a biologi-
cal point of view) that exhibit nuclear magnetism.

Table 1.1. Biologically interesting nuclei that give an MRI signal

Nucleus Atomic 
number

Gyromagnetic 
ratio (MHz/Tesla)

Relative 
sensitivitya

Hydrogen  1 42.58 1.0
Carbon 13 10.71 0.016
Nitrogen 15  4.31 0.001
Oxygen 17  5.77 0.003
Fluorine 19 40.05 0.83
Sodium 23 11.26 0.093
Phosphorus 31 17.23 0.066

a Relative sensitivity indicates the amount of signal (compared 
to hydrogen) and is for equal numbers of atoms per unit 
volume of tissue. The relative sensitivity takes into account 
both the Larmor frequency and the natural abundance of the 
given isotope.
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1.1.3 
Polarization and Coherence

Since nuclear magnetism is a form of paramagnet-
ism, the individual nuclear spins do not have any 
preferred alignment until they are placed in the ap-
plied fi eld (the B0 fi eld). A large component of any 
MRI scanner is the magnet in which the patient lies, 
which causes the nuclear spins to become aligned, or 
polarized, such that some spins point in the general 
direction of the applied fi eld, and some point in a 
direction opposed to the applied fi eld.

There are slightly more spins aligned with the applied 
magnetic fi eld than there are opposed to it, although the 
difference in the numbers is very small. This difference 
is the excess population of spins. Now, when the magne-
tism of the individual spins is added together, the net 
result is a small amount of magnetization in the same 
direction as the applied fi eld that arises within the pa-
tient. The amount of this net magnetization is propor-

1.1.2 
Precession

The hydrogen nucleus spins about its axis, generat-
ing the nuclear magnetism, but when the nucleus is 
placed in a magnetic fi eld, it undergoes another form 
of rotary motion called precession. This type of mo-
tion can also be seen with a child’s spinning top if it 
is tilted at an angle to the gravitational fi eld. 

The frequency of this precessional motion is called 
the Larmor frequency, and is proportional to the ap-
plied magnetic fi eld strength:

f = γB0.    (1)

In the Larmor equation, above, γ is the gyromag-
netic ratio and is constant for all nuclei of the same 
type, but varies between different types, as shown in 
Table 1.1. 

tional to the strength of the applied fi eld, hence the need 
for a powerful magnet at the heart of the MRI scanner. 
However, because the net magnetization points in the 
same direction as the applied fi eld and is much, much 
smaller than it, it is very diffi cult to measure directly. We 
need to tilt the patient’s magnetization away from the 
applied fi eld in order to make it measurable.

1.1.3.1 
Radio Frequency Pulses

The patient’s net magnetization is made measurable 
by applying a burst (pulse) of electromagnetic en-
ergy. The transfer of energy from the electromag-
netic wave to the nuclear magnetization is a reso-
nance phenomenon, meaning that the frequency of 
the pulse must be close the spins’ natural frequency 
(the Larmor frequency) in order to have the desired 
effect. Since the Larmor frequency is in the radio 
frequency range (MHz), then the pulse is called a 
radio frequency (RF) pulse.

Before the RF pulse is applied, the patient’s net 
magnetization is usually shown schematically as in 
Fig. 1.3. Note that: (a) only the excess population of 
spins is shown, and (b) although no individual spin 
is aligned with the B0 fi eld, the net result of adding 
all these spins together is a net magnetization that 
points in the direction of that fi eld. Since the patient’s 
magnetization has a direction as well as a magnitude, 
it is a vector quantity called the net magnetization 
vector, and given the symbol M. The magnitude of 
M when the patient has become fully magnetized is 
given the symbol M0, and depends on the strength 
of the B0 fi eld and the number of hydrogen atoms 
per unit volume of tissue that contribute to the mag-
netization vector. An RF pulse tilts this vector out of 
alignment with the B0 fi eld, and the angle of tilt (or 

Fig. 1.1. The angular momentum of a spinning top (left) inter-
acts with the gravitational fi eld to produce a rotary “preces-
sional” motion. In a similar way, the magnetism of the nucleus 
(right) interacts with the applied B0 fi eld to cause precession 
about the fi eld

Fig. 1.2. When no magnetic fi eld is applied (left), nuclear spins 
have no preferred alignment so that the net magnetization 
within the patient is zero. When a magnetic fi eld is applied 
(right), polarization occurs with some spins being aligned 
with the fi eld, and some opposed to it. There are slightly more 
spins aligned with the fi eld than opposed, giving rise to mag-
netism within the patient – the “net magnetization”

g B0

Precessional motion

N

S
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the fl ip angle) depends on the strength and duration 
of the RF pulse. When one or more RF pulses is ap-
plied, and the MRI signal is measured (see below), 
then this is called a pulse sequence.

1.1.3.2 
90° Pulse – Excitation and FID

A 90° pulse will tilt the net magnetization vector 
by 90°. If M starts off aligned with the B0 fi eld (by 
defi nition, the z direction), then a 90° pulse fl ips the 
magnetization into the x-y plane (see Fig. 1.4).

M then precesses in the x-y plane so that, in effect, 
we now have the patient’s magnetization rotating in a 
plane perpendicular to the applied fi eld. The method 
of detecting M is analogous to a motor car’s alterna-
tor which generates electricity to power the ignition, 
lights etc. An alternator consists of a magnet inside 
some coils of wire, with the magnet being driven by 
the motor to that it rotates inside the coils. This gener-

ates an electromotive force (voltage) within the coils. 
Similarly, we wrap a coil of wire around the patient 
(the receiver coil) and can measure an oscillating 
voltage across the coil, with the frequency of oscil-
lation being equal to the Larmor frequency, and the 
size of the voltage being dependent on the number of 
hydrogen nuclei that are within the coil.

While the magnetization remains in the x-y plane, 
and the individual nuclear spins are oriented in the 
same direction as shown in Fig. 1.4 (i.e., they are 
coherent), a voltage will be measured in the coil. 
However, there are slight, natural variations in the 
Larmor frequency due to the interactions between 
magnetic particles (such as the nuclei) within the pa-
tient, and these variations in frequency cause the sig-
nal to die away (the magnetization loses coherence) 
normally within the course of a few hundred milli-
seconds or so. The initial voltage and its subsequent 
decay are known as the free induction decay (FID), 
since the voltage is produced by electromagnetic in-
duction, and once M is in the x-y plane it can rotate 
freely without further infl uence from RF pulses.

After application of the 90° RF pulse, the voltage 
measured in the receiver coil that is wrapped around 
the patient takes the form of a sinusoidal oscillation 
with decaying amplitude. The “envelope” that  encloses 
the FID, shown as a dotted line in Fig. 1.6, indicates 
the rate at which the sinusoid decays, and the time 
constant that characterizes the decay is called T2* 
(“T2 star”). T2* depends on both the physico-chemi-
cal properties of the tissue and on the uniformity, or 
homogeneity, of the applied magnetic fi eld. Tissues 
that have a high free water content tend to have lon-
ger T2* values than tissues with a dense matrix of cell 
membranes and cellular structures. Thus, T2* can be 
used as the basis for imaging many pathological tis-
sues such as MS lesions, since the density of these cell 
membranes and structures is reduced by processes 
such as demyelination and axonal loss, leading to in-

Fig. 1.3a–c. Three different ways of representing the patient’s 
magnetization. a The excess population of spins that (by defi -
nition) tend to be aligned with the applied fi eld. b A schematic 
representation of these spins, indicating that the component 
of magnetization perpendicular to B0 is random, such that 
any transverse components of magnetization cancel to zero. c 
The resultant magnetization vector after adding the individual 
nuclear magnets together. This net magnetization vector also 
points in the same direction as the applied fi eld, and is there-
fore diffi cult to detect directly

Fig. 1.4a,b. Individual spins (left) and the net magnetization 
vector (right) (a) before (a) and just after (b) a 90° RF pulse. 
The vector has been tilted out of alignment with the B0 fi eld 
and into the x-y plane

Fig. 1.5. A voltage will be induced across the ends of a coil of 
wire placed around a rotating magnet. In an MRI scanner, this 
rotating magnetism originates in the patient after a 90° pulse 
has been applied. An oscilloscope connected to the coil would 
show a sinusoidally oscillating voltage, with the frequency of 
oscillation equal to the Larmor frequency, and the peak-to-
peak voltage being proportional to the number of spins within 
the sensitive region of the coil
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Larmor frequency. A 180° pulse will rotate the mag-
netization about the y-axis, which has the effect of re-
versing the phase that accumulated before this pulse. 
After the 180° pulse, a continues to rotate clockwise 
and b anticlockwise and eventually at a time called the 
echo time, or TE, the individual magnetization vectors 
come back into phase generating again a high voltage 
in the receiver coil. This spin-echo is what is commonly 
measured during an MRI scanning sequence.

Notice that the voltage in the receiver coil is some-
what reduced in amplitude compared to the initial 
amplitude after the 90° pulse. That is because the 
loss of signal due to T2* relaxation has two causes, 

creased T2*. The process of generating image contrast 
will be described more fully later in this chapter.

As mentioned above, T2* decay contains contribu-
tions from both the physico-chemical properties of 
the tissue, and magnetic fi eld inhomogeneities within 
the patient. These inhomogeneities may result either 
from imperfections in the design and manufacture of 
the magnet, or from the magnetic properties of the pa-
tient. Any variations in the tissue’s magnetic properties 
within the patient will result in small but important 
perturbations in the magnetic fi eld uniformity; these 
sorts of variation occur, for example, around the inter-
face between the brain tissue and frontal sinuses. It can 
be seen from the Larmor equation that any variation 
in B0 fi eld strength will lead to different precessional 
frequencies throughout the patient, so that the initial 
magnetization vector, being composed of magnetiza-
tion from different parts of the patient, will begin to 
spread out (or ‘dephase’) in the x-y plane. This is mech-
anism by which the FID signal decays after it is initially 
generated by the 90° pulse (Fig. 1.7).

1.1.3.3 
180° Pulse – Refocusing

The initial 90° pulse rotates the magnetization which 
is initially along the z-axis (longitudinal magneti-
zation) down into the x-y plane and generates the 
measurable or transverse magnetization. Similarly, a 
180° pulse rotates the magnetization vectors by 180°, 
and one use of these pulses is to reverse the dephasing 
that occurs after a 90° pulse because of the variations 
in the B0 fi eld.

Shown in Fig. 1.8 are two packets of magnetization, 
labeled a and b, with a rotating clockwise (relative to 
the average) because it experiences a higher B0 fi eld 
than average (and hence has a higher precession fre-
quency), and b rotating anticlockwise because it ex-
periences a lower B0 fi eld than average. Deviations 
from the average motion are shown, so that superim-
posed on this dephasing is a precession at the average 

Fig. 1.7. After the 90° pulse creates magnetization in the x-y 
plane, variations in the Larmor frequency within the patient 
will cause a spreading out, since some magnetization precesses 
slower, and some faster than the average. This spreading out 
in the x-y plane results in a reduction in the size of the net 
magnetization vector and is the cause of the decay in the volt-
age measured in the receiver coil. Deviations from the average 
motion are shown, so that superimposed on this spreading out 
is a precession at the average Larmor frequency

Fig. 1.8. After the initial 90° pulse, dephasing of transverse 
magnetization occurs, with the magnetization from two loca-
tions within the patient, labeled a and b, being shown. A 180° 
pulse is applied and rotates the magnetization about the y-axis 
so that the magnetization is fl ipped over, reversing the phase 
of a and b. The magnetization continues to precess and comes 
back into phase at a time TE called the echo time. Deviations 
from the average motion are shown, so that superimposed on 
this is a precession at the average Larmor frequency

Fig. 1.6. A 90° pulse of RF energy tilts the magnetization vec-
tor into the x-y plane where it generates an oscillating voltage 
in the receiver coil. The amplitude of this voltage decays with 
a time constant T2*
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After the echo is formed, the magnetization again 
begins to decay because of the magnetic fi eld inho-
mogeneities. Multiple echoes can be created by ap-
plying a series of 180º pulses. The echoes form be-
tween the pulses, and these multiple echoes are called 
the echo train. In this way, the MRI signal can be 
measured more than once, since each echo gives us 
a measurement. The envelope that encloses the peaks 
of the echoes in the train is also an exponential decay 
with time constant T2 (Fig. 1.10).

and only one of these (the magnetic fi eld inhomoge-
neities) can be reversed by the 180° pulse. A second 
cause of signal dephasing is the interactions that oc-
cur on a microscopic scale between magnetic entities 
such as unpaired electrons and other nuclear magne-
tism within the patient.

Notice also that the echo forms at a time exactly 
twice that between the 90° pulse and the 180° pulse. 
If the time between the 90° and 180° pulses is varied, 
then TE will also vary and the amplitude of the echo 
will change, as shown in Fig. 1.9. Because the effects of 
magnetic fi eld inhomogeneity are removed in the pro-
cess of forming the echo, then the decrease in echo am-
plitude as TE increases is due only to the microscopic 
interactions between magnetic particles within the 
tissue. These interactions are fundamentally related 
to the physico-chemical properties of the tissue, and 
not to the vagaries of the uniformity of the magnetic 
fi eld. The decay of the echo amplitude shown in Fig. 1.9 
is exponential with TE and has a time constant called 
T2, the transverse relaxation time. T2 is also called the 
spin--spin relaxation time, since the loss of transverse 
magnetization in this way results largely from interac-
tions between the magnetism of individual spins.

1.2 
Relaxation and Image Contrast

1.2.1 
Overview

The above has provided the background needed to 
understand the nature of the MRI signal, how that 
signal is generated and how it decays due to trans-
verse relaxation (T2*). The following will give more 
detail about how these processes can be used to 
create MR images with contrast that helps in the di-
agnosis and characterization of disease. The bright-
ness of any tissue in an MR image is fundamentally 
related to the number of hydrogen atoms (or nuclear 
spins) per unit volume of that tissue since this de-
termines the voltage that is generated in the re-
ceiver coil by magnetic induction. However, we can 
exploit the relaxation characteristics to modulate 
that brightness according to the physico-chemical 
properties of the tissue; these properties are differ-
ent for different tissue types, and for tissue affected 
by disease.

1.2.2 
The Bloch Equations

The nuclear spins exist in equilibrium with their 
surroundings. At equilibrium, the magnetization 
within the patient is aligned with B0 fi eld (defi ned 
as the longitudinal direction, or z direction) as il-
lustrated in Fig. 1.3. An RF pulse disturbs the spins 
from this equilibrium, for example by tilting the 
net magnetization vector into the x-y, or transverse, 
plane as shown in Fig. 1.4. The Bloch equations, for-
mulated by Felix Bloch in 1946, describe the return 
of magnetization to equilibrium after such a dis-
turbance.

Fig. 1.9. Increasing the time between the 90º and 180º pulses 
causes the spin-echo to form later. While the effects of mag-
netic fi eld inhomogeneity are reversed by the 180º pulse, some 
reduction in the echo amplitude with increasing echo time 
remains; the time constant for echo amplitude decay is T2, the 
transverse relaxation time

Fig. 1.10. Multiple spin-echoes are formed by applying 180º 
pulses in succession. The echoes form in the spaces between 
the pulses, and the amplitude of echoes in the “train” decreases 
exponentially with a time constant T2
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1.2.2.1 
Longitudinal Bloch Equation

This is a differential equation that describes the re-
turn of the longitudinal component of magnetization 
(Mz) to equilibrium:

dM
dt

M M

T
z z= −

−( )0

1

.   (2)

The solution to this equation depends on the nature 
of the disturbance from equilibrium. For example, if 
a 90° pulse is applied at time t=0, then this tilts the 
longitudinal magnetization completely into the x-y 
plane so that Mz = 0. Then the solution, illustrated 
in Fig. 1.11a, is:

M M ez

t
T= −

⎛

⎝
⎜

⎞

⎠
⎟

−

0 1 1 .
   

(3)

If, instead, a 180° pulse is applied at time t=0, the 
longitudinal magnetization is inverted (tilted upside 
down), so that Mz = –M0. Then the solution, as shown 
in Fig. 1.11b, is:

M M ez

t
T= −

⎛

⎝
⎜

⎞

⎠
⎟

−

0 1 2 1 .
   (4)

Each of these particular forms is of interest in MRI, 
since both 90° and 180° pulses are commonly ap-
plied, and contrast is affected via the longitudinal 
magnetization.

1.2.2.2 Transverse Bloch Equation

This is a differential equation that describes the re-
turn of the transverse component of magnetization 
(Mxy) to equilibrium:

dM

dt

M

T
xy xy= −

2

   (5)

Of course, at equilibrium, the transverse compo-
nent of magnetization is zero (see Fig. 1.4a), so 
this differential equation simply describes how the 
transverse magnetization returns to zero after it 
has been disturbed. Again, the solution depends 
on the nature of the disturbance but if a 90° pulse 
is applied at time t=0, then this tilts the longitu-
dinal magnetization completely into the x-y plane 
so that Mxy = M0. Then the solution, illustrated in 
Fig. 1.12, is:

M M exy

t
T=

−

0
2 .   (6)

We have seen in Sect. 1.1.3 that in the real world 
the magnetic fi eld inhomogeneities cause more rapid 
decay of transverse magnetization, so that the decay 
constant should really be T2* in Eq. (6). However, if 
we measure the transverse magnetization in a spin-
echo, as shown in Fig. 1.9, then the decay constant T2 
applies.

Fig. 1.11a,b. Two particular solutions to the longitudinal Bloch 
equation. Before an RF pulse is applied, Mz is at its equilibrium 
value M0. a A 90º pulse tilts the z magnetization into the x-y plane 
so that Mz=0 at t=0 before it recovers exponentially back to equi-
librium. (b) A 180º pulse inverts the z magnetization so that Mz=–
M0 at t=0 before again it recovers exponentially to equilibrium

Fig. 1.12. The solution to the transverse Bloch equation when 
a 90º pulse is applied, converting all z magnetization to trans-
verse magnetization so that Mxy=M0 at t=0. Mxy decays expo-
nentially to its equilibrium value of zero

a

b

Mz

Mz

t

t

M0

M0

-M0
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1.2.3 T2-Weighted Imaging

T2-weighted imaging creates image contrast (differ-
ences in tissue brightness) that depends on variations 
in T2. T2-weighted imaging is simpler to understand 
than T1-weighting, and is therefore discussed fi rst.

After a 90° pulse, the magnetization lies in the x-
y plane and generates the maximum voltage in the 
receiver coil. This voltage fi rst dies away and then, if 
a 180° pulse is applied, reforms as an echo at a time 
TE (Fig. 1.8). The amplitude of the echo depends 
only on the T2 of the tissue, which in turn refl ects the 
physico-chemical properties of that tissue.

Figure 1.13 shows transverse relaxation curves for 
two tissues with different T2 values: tissue ‘a’ has the 
longer T2 and could represent an MS lesion, while tis-
sue ‘b’ could represent normal tissue. An echo time 

can be chosen so that the difference in signal gener-
ated by the two tissues, and therefore the difference in 
brightness, is maximized. When TE is chosen in this 
way to give contrast, this is known as T2-weighted 
imaging.

Figure 1.14 shows an axial section of a normal 
brain, cutting through the lateral ventricles. The 
same section is shown with three different echo 
times: 15 ms, 50 ms and 100 ms. Notice that in the 
top row of images, where the display brightness set-
tings have been kept fi xed, the brightness of all tis-
sues decreases with increasing TE, as expected from 
Fig. 1.12. In the bottom row of images, adjustments 
have been made to the display brightness setting, as 
would normally be done, giving the illusion that the 
signal from some tissues increases with increasing 
TE.

Fig. 1.14. Axial section of a normal brain 
with increasing echo time (TE) from left 
to right. In the top row of images, the dis-
play brightness settings have been kept 
fi xed, showing that all tissues decline in 
brightness, with some declining more 
quickly than others. CSF has the lon-
gest T2 and declines most slowly, while 
gray matter has a slightly longer T2 than 
white matter and appears brighter in all 
images largely because of increased pro-
ton density. In the bottom row, the image 
display brightness has been adjusted as 
would be done for fi lming

Fig. 1.13. Transverse relaxation curves for two tissues ‘a’ and ‘b’, with 
the difference between ‘a’ and ‘b’ shown as the lower dotted curve. This 
difference is the contrast between the two tissues, and is maximized by 
judicious choice of TE in T2-weighted imaging

TE

langi
S

Tissue ‘a’

Tissue ‘b’

Optimal TE

Contrast = ‘a’-‘b’

TE=15ms TE=50ms TE=100ms
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Figure 1.15 shows a typical application of T2-
weighted imaging in multiple sclerosis. The echo 
time has been chosen to give good contrast between 
normal white matter and the MS lesions, which have 
an elevated T2 and therefore appear hyperintense on 
this image.

1.2.4 
T2*-Weighted Imaging

T2*-weighted imaging employs the same concept as 
T2 weighting in that there is a delay between the 
generation of transverse magnetization and its mea-
surement. The difference is that in a T2*-weighted 
sequence, no 180° refocusing pulse is used, so that 
the signal decays partly because of magnetic fi eld 
inhomogeneities with a time constant T2*. This type 
of scan is sometimes known as a gradient-echo se-
quence, or sometimes as a FLASH sequence (an ac-
ronym for fast low-angle shot).

1.2.5 
T1-Weighted Imaging

Longitudinal magnetization is not directly measured 
by MRI: to generate a voltage in the receiver coil, this 
longitudinal magnetization must fi rst be tilted into 
the x-y plane. However, if multiple RF pulses are to 
be applied, then longitudinal relaxation affects the 

amount of longitudinal magnetization that is avail-
able for tilting when the next pulse is applied.

Consider a sequence of 90° pulses applied in suc-
cession, with a time between pulses of TR (the repeti-
tion time) as shown in Fig. 1.16. Each pulse tilts the 
z-magnetization down into the x-y plane, generating 
a measurable signal. Between the pulses, Mz recov-
ers according to the curve described by Eq. (3), so at 
a given TR, different degrees of recovery of the lon-
gitudinal magnetization in different tissues produce 
contrast according to the T1 of these tissues, as illus-
trated in Fig. 1.17. Remember that the next 90° pulse 
converts this recovered longitudinal magnetization 
into measurable signal, so the T1 indirectly affects 
the amplitude of the signal and therefore the bright-
ness of that tissue in the MR image. Notice that this 
is only true for signal generated by the second and 
subsequent pulses, since the amplitude of the signal 
after the fi rst pulse is independent of the T1; this fi rst 
signal is usually discarded.

Fig. 1.16. To collect data for an MR image, a series of 90° RF 
pulses must be applied, with a separation between each pulse 
of TR. The amount of longitudinal magnetization before each 
pulse determines how much signal that pulse will generate. 
Hence, T1 infl uences the signal intensity in the image as TR 
is shortened

Fig. 1.17. Longitudinal relaxation curves for two tissues ‘a’ 
and ‘b’, with the difference between ‘a’ and ‘b’ shown as the 
lower dotted curve. This difference is the contrast between the 
two tissues, and is maximized by judicious choice of TR in 
T1-weighted imaging

Fig. 1.15. Axial T2-weighted spin-echo image (TE=90 ms) 
of a patient with multiple sclerosis. Multiple lesions can be 
seen, particularly around the lateral ventricles, and they are 
hyperintense because of both their longer T2 and increased 
proton density
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90° pulse 90° pulse 90° pulse
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Fig. 1.18. Axial section of a normal brain with increasing repetition time (TR) from left to right. In the top row of images, the 
display brightness settings have been kept fi xed, showing that all tissues increase in brightness as TR is increased, with some 
increasing more quickly than others. CSF has the longest T1 and increases most slowly, while white matter has a slightly shorter 
T1 than gray and recovers more quickly. In the bottom row, the image display brightness has been adjusted as would be done 
for fi lming

A repetition time can be chosen so that the dif-
ference in signal generated by the two tissues, and 
therefore the difference in brightness, is maximized 
(see Fig. 1.17). When TR is chosen in this way to give 
contrast, this is known as T1-weighted imaging.

Figure 1.18 shows a normal brain, with three dif-
ferent repetition times: 600 ms, 1500 ms and 4000 ms. 
In the top row of images, where the display brightness 
settings have been kept fi xed, the brightness of all tis-
sues decreases as TR is reduced, in line with Fig. 1.11. 
In the bottom row of images, where adjustments have 
been made to the display brightness settings, there 
is the illusion that the signal from some tissues in-
creases with decreasing TR.

T1-weighted imaging is typically used in the head 
to delineate parenchyma from CSF, and is most fre-
quently used to show tissue hypoplasia or atrophy. 
Figure 1.19 shows a routine T1-weighted scan typical 
of those used to answer many clinical questions. The 
TR on this type of scan is chosen to give high contrast 
between gray matter and CSF, giving good defi nition 
of the outline of the brain structures.

Fig. 1.19. A T1-weighted coronal section through the temporal 
lobes and lateral ventricles of a female (age 79 years) present-
ing to memory clinic, showing general atrophy of the brain

TR=600ms TE=1500ms TE=4000ms
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1.2.6 
Summary of Simple MRI Contrast

The basic factor determining the brightness of a tis-
sue is the number of hydrogen atoms, or protons, per 
unit volume of tissue, since the signal intensity after 
an RF pulse is proportional to the proton density 
in a scan with a long TR and a short TE. Weighting 
by the relaxation times can be introduced either by 
shorter repetition time (TR) to give T1 weighting, or 
by longer echo time (TE) to give T2 weighting. This 
is summarized and illustrated in Fig. 1.20.

Using a combination of short TR and long TE is 
not generally useful, since the short TR serves to 
darken tissues with long relaxation times, while long 
TE darkens tissues with short relaxation times. Thus, 
the brightness of all tissues is generally depressed 
and the resulting image has low intensity and poor 
contrast (Fig. 1.20).

In biological tissues, it is a general rule that T1 and 
T2 vary in concert: if T1 is long for a particular tissue, 
then T2 will also be long, and vice versa. However, 
there is no strict relationship between them, and the 
only approximate rule is that the more solid a tissue, 
or the higher the content of large molecules such as 

proteins, and lipids in cell membranes then the lower 
will be both T1 and T2.

An MRI examination will normally comprise more 
than one imaging pulse sequence. In the CNS, T1-
weighted sequences are typically used to show gross 
anatomy, since the nervous system tissue is shown 
in relief against a background of dark CSF. Because 
of this, T1-weighted imaging is sometimes referred 
to as “anatomical scanning.” T2-weighted sequences 
are normally used to show changes in tissue that are 
brought about by disease, since the relaxation times 
are invariably lengthened in damaged tissue and this 
shows as a bright region. T2-weighted scanning is 
sometimes referred to as “imaging pathology.”

This chapter has aimed to provide a basic under-
standing of MRI. As with many complex subjects, it 
is necessary in an introduction to gloss over some 
important issues and leave questions unanswered. 
For example, the MR image has been mentioned in 
very abstract terms, with no detail about how we 
convert the voltage measured in the receiver coil into 
an image that is shown on the radiographic fi lm or 
computer display. More in-depth treatment of spe-
cifi c techniques and pulse sequences is given in later 
chapters.

Fig. 1.20. Summary of relaxation time 
weighting of MR images. The funda-
mental brightness is determined by 
the number of hydrogen atoms per 
unit volume of tissue (proton den-
sity). Decreasing the TR introduces T1 
weighting, and increasing the TE intro-
duces T2 weighting. A combination of 
short TR and long TE causes a decrease 
in intensity for all tissues, giving low 
signal intensity and little contrast

Long TRShort TR

Long TE

Short TE

T1- weighted Proton Density

N/A T2- weighted
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2.1 
Introduction

While modern magnetic resonance imaging (MRI) 
instruments vary considerably in design and speci-
fi cations, all MRI scanners include several essential 
components. First, in order to create net nuclear spin 
magnetization in the subject to be scanned, a polar-
izing magnetic fi eld is required. This main magnetic 
fi eld is generally constant in time and space and 
may be provided by a variety of magnets. Once net 
nuclear spin magnetization is present, this magneti-
zation may be manipulated by applying a variety of 
secondary magnetic fi elds with specifi c time and/or 
spatial dependence. These may generally be classifi ed 
into gradients, which introduce defi ned spatial varia-
tions in the polarizing magnetic fi eld, B0, and radio 
frequency (RF) irradiation, which provides the B1 
magnetic fi eld needed to generate observable, trans-
verse nuclear spin magnetization. B0 gradients are 
generally created by applying an electric current sup-
plied by gradient amplifi ers to a set of electromag-
netic coil windings within the main magnetic fi eld. 
Similarly, RF irradiation is applied to the subject by 
one or more antennas or transmitter coils connected 
to a set of synthesizers, attenuators and amplifi ers 
known collectively as a transmitter. Under the infl u-
ence of the main magnetic fi eld, the fi eld gradients 
and RF irradiation, the nuclear spins within the sub-
ject induce a weak RF signal in one or more receiver 
coils which is then amplifi ed, fi ltered and digitized by 
the receiver. Finally, the digitized signal is displayed 
and processed by the scanner’s host computer. In 
this chapter, we will discuss the various technolo-
gies currently in use for these components with an 
emphasis on critical specifi cations and the impact 
that these have on the instrument’s performance in 
specifi c MRI experiments. While the focus of the 
current work is imaging, the hardware components 
described below are also applicable to magnetic reso-
nance spectroscopy (MRS) and this text will include 
specifi c information related to spectroscopy where 
appropriate.
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2.2 
Magnets

The function of a MRI scanner’s magnet is to gen-
erate a strong, stable, spatially uniform polarizing 
magnetic fi eld within a defi ned working volume. 
Accordingly, the most important specifi cations for a 
MRI magnet are fi eld strength, fi eld stability, spatial 
homogeneity and the dimensions and orientation of 
the working volume. In addition to these, specifi ca-
tions such as weight, stray fi eld dimensions, overall 
bore length and startup and operating costs play 
an important role in selecting and installing a MRI 
magnet. Magnet types used in MRI may be classifi ed 
into three categories: permanent, resistive and su-
perconducting. As we shall see, the available magnet 
technologies generally offer a compromise between 
various specifi cations so that the optimum choice of 
magnet design will depend upon the demands of the 
clinical applications anticipated and the MRI experi-
ments to be performed.

2.2.1 
Permanent Magnets

Permanent magnets for MRI are composed of one 
or more pieces of iron or magnetizable alloy care-
fully formed into a shape designed to establish a 
homogeneous magnetic fi eld over the region to be 

scanned. These magnets may provide open access to 
the patient or may be constructed in the traditional, 
“closed” cylindrical geometry. With care, permanent 
magnets can be constructed with good spatial homo-
geneity, but they are susceptible to temporal changes 
in fi eld strength and homogeneity caused by changes 
in magnet temperature. The maximum fi eld strength 
possible for a permanent magnet depends upon the 
ferromagnetic alloy used to build it, but is generally 
limited to approximately 0.3 T. The weight of a per-
manent MRI magnet also depends upon the choice 
of magnetic material but is generally very high. As 
an example, a 0.2-T whole-body magnet constructed 
from iron might weigh 25 tons while the weight of a 
similar magnet built from a neodymium alloy could 
be 5 tons. While the fi eld strength of permanent mag-
nets is limited and their weight is high, they consume 
no electric power, dissipate no heat, and are very 
stable. Consequently, once installed, permanent mag-
nets are inexpensive to maintain.

2.2.2 
Resistive Electromagnets

Other than permanent magnets, all MRI magnets 
are electromagnets, generating their fi eld by the 
conduction of electricity through loops of wire. 
Electromagnets, in turn, are classifi ed as resistive or 
superconducting depending upon whether the wire 
loops have fi nite or zero electrical resistance. Unlike 
permanent magnets, resistive electromagnets are not 
limited in fi eld strength by any fundamental prop-
erty of a magnetic material. Indeed, an electromag-
net can produce an arbitrarily strong magnetic fi eld 
provided that suffi cient current can fl ow through the 
wire loops without excessive heating or power con-
sumption. Specifi cally, for a simple cylindrical coil 
known as a solenoid, the magnetic fi eld generated 
is directly proportional to the coil current. However, 
the power requirements and heat generation of the 
electromagnet increase as the square of the current. 
Because the stability of the fi eld of a resistive magnet 
depends both upon coil temperature and the stability 
of the current source used to energize the magnet 
coil, these magnets require a power source that si-
multaneously provides very high current (typically 
hundreds of amperes) and excellent current stabil-
ity (less than one part per million per hour). These 
requirements are technically diffi cult to achieve and 
further restrict the performance of resistive magnets. 
While resistive magnets have been built which gen-
erate very high fi elds over a small volume in the re-

Fig. 2.1. A superconducting clinical magnet system. (Courtesy 
of Siemens)
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search setting, resistive magnets suitable for human 
MRI are limited to about 0.2 T. Resistive magnets are 
generally lighter in weight than permanent magnets 
of comparable strength, although the power supply 
and cooling equipment required for their operation 
add weight and fl oor space requirements.

2.2.3 
Superconducting Electromagnets

Superconducting magnets achieve high fi elds without 
prohibitive power consumption and cooling require-
ments, and are the most common clinical design. In 
the superconducting state, no external power is re-
quired to maintain current fl ow and fi eld strength 
and no heat is dissipated from the wire. The abil-
ity of the wire to conduct current without resistance 
depends upon its composition, the temperature of 
the wire, and the magnitude of the current and local 
magnetic fi eld. Below a certain critical temperature 
(TC) and critical fi eld strength, current less than or 
equal to the critical current is conducted with no 
resistance and thus no heat dissipation. As the wire 
is cooled below TC, it remains superconducting but 
the critical current and fi eld generally increase, per-
mitting the generation of a stronger magnetic fi eld. 
While so-called high-TC superconductors such as yt-
trium barium copper oxide can be superconductive 
when cooled by a bath of liquid nitrogen (77 K or 
–196°C at 1 bar pressure), limitations to their critical 
current and fi eld make them thus far impractical for 
use in main magnet coil construction. 

Superconducting MRI magnets are currently 
manufactured using wire composed of NbTi or NbSn 
alloys, which must be cooled to below 10 K (–263°C) 
to be superconducting at the desired fi eld. Therefore, 
the coil of a superconducting MRI magnet must be 
constantly cooled by a bath of liquid helium in or-
der to maintain its current and thus its fi eld. As long 
as the critical temperature, fi eld and current are not 
exceeded, current will fl ow through the magnet sole-
noid indefi nitely, yielding an extremely stable mag-
netic fi eld. However, if the magnet wire exceeds the 
critical temperature associated with the existing cur-
rent, the wire will suddenly become resistive. The en-
ergy stored in the magnetic fi eld will then dissipate, 
causing rapid heating and possibly damage to the 
magnet coil, accompanied by rapid vaporization of 
any remaining liquid helium in the cooling bath. This 
undesirable phenomenon is known as a quench. 

Because of the need to maintain suffi cient liquid 
helium within the magnet to cool the superconduct-

ing wire, the liquid helium is maintained within a 
vacuum-insulated cryostat or Dewar vessel. In addi-
tion, the liquid helium vessel is usually surrounded 
by several concentric metal radiation shields cooled 
by cold gas boiling off the liquid helium bath, a sepa-
rate liquid nitrogen bath or by a cold head attached 
to an external closed-cycle refrigerator. These shields 
protect the liquid helium bath from radiative heat-
ing and thus reduce liquid helium boil-off losses, thus 
reducing refi ll frequency and cost. Magnets incorpo-
rating liquid nitrogen cooling require regular liquid 
nitrogen refi lls, but liquid nitrogen is less costly than 
liquid helium and provides cooling with no electrical 
consumption. Conversely, refrigerator-cooled (refrig-
erated) magnets need no liquid nitrogen refi lls but 
require periodic mechanical service and a very reli-
able electrical supply. Regardless of design, the cryo-
genic effi ciency of a superconducting magnet is sum-
marized by specifying the magnet’s hold time, which 
is the maximum interval between liquid helium re-
fi lls. Modern refrigerated magnets typically require 
liquid helium refi lling and maintenance at most once 
a year while smaller-bore magnets may have a hold 
time of 2 years or longer. Clearly, the operating costs 
of a superconducting magnet are inversely related to 
the magnet’s hold time.

Superconducting magnets require periodic cryo-
gen refi lling for continued safe operation but little 
maintenance otherwise. Due to their ability to achieve 
stable, high magnetic fi elds with little or no electrical 
power consumption, superconducting magnets now 
greatly outnumber other magnet types among both 
research and clinical MRI facilities. Accordingly, the 
following discussion of magnet specifi cations and 
performance will concentrate on superconducting 
electromagnet technology.

2.2.4 
Magnetic Field Strength

Magnets for MRI are frequently specifi ed by two 
numbers: fi eld strength in Tesla and bore size in cen-
timeters. The magnetic fi eld strength is the nominal 
fi eld strength measured at the center of the working 
volume, where the fi eld is strongest. The nominal 
Larmor frequency for a given nucleus is directly pro-
portional to the magnetic fi eld strength and thus the 
strength of a magnet can also be specifi ed in terms 
of the nominal proton NMR frequency. For example, 
a MRI scanner equipped with a 4.7-T magnet may 
also be referred to as a 200-MHz system. There are 
many advantages and a few disadvantages to per-
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forming MRI at the highest magnetic fi eld strength 
available. Most importantly, with all other conditions 
held constant, the signal-to-noise ratio (SNR) in an 
NMR spectrum or a MRI image is directly depen-
dent on the strength of the main magnetic fi eld, B0. 
The exact relation between SNR and B0 depends 
upon B0 itself as well as several other factors, but 
when biological samples are imaged at the typical 
fi eld strengths used in modern MRI, SNR is ap-
proximately linearly dependent upon fi eld strength. 
Thus, for a voxel of fi xed size containing a certain 
number of water molecules, doubling the magnetic 
fi eld strength will yield approximately a twofold im-
provement in SNR. Equivalently, operating at higher 
magnetic fi eld strength allows one to obtain images 
with acceptable SNR but greater in-plane resolution 
and/or thinner slices (Fig. 2.2). While acceptable SNR 
can be achieved at lower magnetic fi eld strength by 
signal averaging, SNR increases only as the square 
root of the number of scans averaged. Consequently, 
to double SNR at constant B0 fi eld strength, it is 
necessary to average four times as many scans, qua-
drupling the total scanning time. This becomes pro-
hibitive in many studies, given the fi nite stability of 
biological samples and constraints on magnet time. 
It can become a particular problem in a variety of 
applications where high time resolution is essential, 
including functional MRI. 

2.2.4.1 
Field Strength and Chemical Shift Eff ects

In addition to considerations involving imaging 
resolution, SNR and scan time, the strength of the 

main magnetic fi eld has important implications for 
spectral resolution, that is, the spacing in frequency 
units between resonance lines of different chemical 
shifts (Fig. 2.3). In addition, in imaging studies the 
frequency difference between protons in fat and wa-
ter must be taken into consideration. In these studies, 
the effect of chemical shift differences on resonance 
frequency is assumed to be negligible compared with 
resonance frequency changes due to application of 
the imaging gradients. If this is a valid assumption, 
then spatial localization of spins will be independent 
of chemical shift, as desired. However, at suffi ciently 
high magnetic fi eld strength, the difference in reso-
nance frequency between fat and water protons will 
become non-negligible due to differing chemical 

Fig. 2.2. High resolution magnetic resonance image using gra-
dient echo acquisition at 8 T (Ohio State University)

Fig. 2.3a,b. Magnetic resonance phosphorus spectroscopy at 
1.9 (a) and 9.4 T (b). The high fi eld spectrum demonstrates 
improved resolution
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shifts. This will be observed as an anomalous shift 
in position of the fat signal along the read direction 
in the MRI image, the chemical shift artifact. An ex-
ample of this effect is shown in Fig. 2.4. The appar-
ent shift in position of the fat signal increases with 
fi eld strength and similar chemical shift artifacts can 
be observed for any species with a chemical shift 
substantially different from water. Chemical shift 
artifacts can, however, often be attenuated by off-
resonance presaturation of the nonaqueous species. 
In fact, on higher-fi eld instruments, these species can 
often be saturated with less concomitant saturation 
of water as a consequence of improved spectral reso-
lution. Other techniques for fat suppression, based 
on, for example, T1 relaxation time difference, are 
also available.

2.2.4.2 
Magnetic Field Strength and Susceptibility Eff ects

Magnetic susceptibility, χ, refers to the relative dif-
ference between the strength of the magnetic fi eld 
measured inside and outside an object composed 
of a specifi c material. In the most common case, 
 electron shielding results in a reduction of the mag-
netic fi eld within a substance so that χ is nega-
tive. These substances can be thought of as slightly 
repelling or excluding the external fi eld, and are 

called diamagnetic. Diamagnetism is a weak effect, 
resulting in a reduction of the magnetic fi eld within 
a diamagnetic object of at most a few parts per 
million (ppm). If the sample to be scanned does 
not have constant susceptibility, there will be varia-
tions in the actual fi eld strength inside the sample. 
In general, signifi cant B0 inhomogeneity arising 
from susceptibility differences will be encountered 
wherever there is a sudden transition in tissue com-
position or voids in the tissue. For example, a large 
difference in χ is encountered between brain tis-
sue and pockets of air in the nasal sinuses. In this 
region of the brain, large distortions in B0 fi eld 
strength and resulting MRI artifacts are frequently 
observed at air-tissue interfaces. The presence of 
metal prostheses or fragments in the body also re-
sults in large susceptibility differences. Even if these 
metal objects are not ferromagnetic, they possess 
a magnetic susceptibility very different from that 
of tissue or water and thus may cause pronounced 
artifacts in their immediate vicinity. An example of 
a typical artifact caused by variations in suscepti-
bility is shown in Fig. 2.5. Clearly, these variations 
will change whenever a new sample is inserted into 
the magnet. Some experimental protocols, particu-
larly in spectroscopy, require corrections for these 
distortions each time a new sample is inserted for 
scanning.

Fig. 2.4a,b. Chemical shift artifact due to orbital fat on a 1.5 T 
clinical scanner. A signal void (detail) is present where fat is 
shifted away from adjacent water (a). The direction of shift is in 
the frequency encode direction. Some motion artifact is present 
in the phase encode direction resulting in bright areas outside 
the skull in the lower left and right sides of the  image (b)

a

b
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Just as the effects of chemical shift differences 
are magnifi ed at higher magnetic fi eld strength, the 
effects of differences in susceptibility are similarly 
amplifi ed. As with chemical shift, susceptibility ef-
fects on resonance frequency scale linearly with 
main magnetic fi eld strength and can result in ap-
parent shifts in position along the read direction in 
MRI images. More importantly, however, differences 
in susceptibility within a sample cause inhomoge-
neities in B0 fi eld strength which result in decreased 
T2*, broader linewidths and poorer resolution in 
spectroscopic experiments, and often pronounced 
imaging artifacts due to signal loss. In practice, par-
ticularly large susceptibility differences are found in 
regions of the body where pockets of air are pres-
ent, since air has a very different susceptibility than 
typical tissue. Where susceptibility is exploited for 
image contrast, for example in some fMRI studies 
as well as in studies employing exogenous contrast 
agents, the increase in this effect at higher fi eld may 
be advantageous.

2.2.4.3 
Cost and Siting Considerations

For a given bore size, the higher the magnetic fi eld 
strength, the greater the size, weight and cost of 
the magnet become. For superconducting magnets, 
this is largely the result of the increased number of 
turns of superconducting wire needed to produce a 

stronger fi eld in a given working volume. Both the 
wire itself and the fabrication of the magnet coils 
are expensive and this cost scales at least linearly 
with the length of wire required to build the magnet. 
Moreover, a larger magnet coil demands a larger, 
heavier cryostat to maintain the coil below its criti-
cal temperature. Lastly, as magnetic fi eld strength 
increases, the internal forces felt by the coil wind-
ings increase, necessitating heavier supports and 
reinforcement within the magnet. The greater size 
and weight of high fi eld magnets impose demands 
upon the design of the buildings where they are 
located. Not only must additional fl oor space be 
allocated for the magnet itself, but consideration 
must also be given to the increased volume of the 
fringe fi eld (also called stray fi eld) surrounding the 
magnet in all directions. The fringe fi eld is that por-
tion of the magnetic fi eld that extends outside the 
bore of the magnet. It is desirable to minimize the 
dimensions of this fi eld in order to minimize both 
the effects that the magnet has on objects in its 
surroundings (e.g., pacemakers, steel tools, mag-
netic cards) and also the disturbance of the main 
magnetic fi eld by objects outside the magnet (e.g., 
passing motor vehicles, rail lines, elevators). While 
the extent of the fringe fi eld can be reduced by vari-
ous shielding techniques, the large fringe fi eld of 
high-fi eld magnets contributes to a need for more 
space when compared to lower fi eld scanners of 
comparable bore size.

Fig. 2.5a,b. Susceptibility artifact on a 1.5-T clinical scanner. Image (a) was obtained when the patient was wearing a hearing 
aid. Image (b) followed removal of the hearing aid

a b
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2.2.5 
Magnet Bore Size, Orientation, and Length

In addition to fi eld strength, a traditional, closed, cy-
lindrical MRI magnet is characterized by its bore size. 
Analogously, magnets for open MRI are described 
by their gap size, i.e., the distance between their pole 
pieces. We will refer to either of these dimensions as 
the magnet’s bore size. It is important to note that the 
magnet bore size does not represent the diameter of 
the largest object that can be imaged in that magnet. 
This is due to the fact that the shim coil, gradient coil 
and radio-frequency probe take up space within the 
magnet bore, reducing the space available for the sub-
ject to be imaged. However, the magnet bore size does 
place constraints on the maximum inner diameters 
of each of these components and thus is the primary 
factor determining the usable diameter available for 
the patient. For example, a magnet bore diameter 
of 100 cm is common for whole-body clinical appli-
cations, while an 80 cm bore magnet typically only 
allows insertion of the patient’s head once the shim, 
gradient and radio-frequency coils are installed.

In open MRI magnets, the magnetic fi eld direc-
tion is usually vertical and thus perpendicular to 
the head–foot axis of the patient. An open magnet 
is depicted in Fig. 2.6. This is to be contrasted with 
traditional MRI magnets, in which the magnetic fi eld 
direction is oriented along the long axis of the sub-
ject. This difference has consequences for the design 
of shim, gradient and radio-frequency coils in open 
MRI. Note that in any magnet, the direction parallel 
to the B0 magnetic fi eld is always referred to as the 
Z axis or axial direction while the radial direction is 
always perpendicular to B0.

In the design of horizontal bore magnets for clini-
cal use, there is an emphasis on minimizing the dis-
tance from the front of the magnet cryostat to the 
center of the magnetic fi eld. Shortening this distance 
facilitates insertion of the patient and minimizes pa-
tient discomfort. However, shortening the magnet 
coil length may lead to decreased B0 homogeneity, 
while shortening the magnet cryostat may compro-
mise the insulation of the liquid helium bath and lead 
to decreased hold time.

2.2.6 
Field Stability

The term fi eld stability refers to temporal variation 
of the magnetic fi eld. Instability in the B0 fi eld from 
any source directly results in instability in resonance 

frequency and may thus cause image or spectral arti-
facts and poor spectral resolution. When these varia-
tions are due to intrinsic changes within the mag-
net (and, for resistive electromagnets, the magnet’s 
power supply), the change in magnetic fi eld strength 
with time is called drift. A typical specifi cation for the 
maximum drift rate of a modern superconducting 
magnet is 0.01–0.1 ppm per hour. Superconducting 
magnets can also experience fi eld instability associ-
ated with changes in the temperature of the liquid 
helium bath that cools the magnet coils.

Conversely, temporal changes in the magnetic 
fi eld due to external disturbances, such as moving 
elevators or trains nearby, are called magnetic inter-
ference effects. Magnetic interference can also result 
from the presence of magnetic fi elds external to the 
MRI magnet, such as from large transformers, power 
lines and motors. External forces may also indirectly 
affect the magnetic fi eld by causing vibration of the 
magnet coil and cryostat. For this reason as well as 
to support the weight of the magnet and magnetic 
shielding, it is common practice to locate MRI mag-
nets on the lowest fl oor possible and far away from 
vibration-generating equipment. Clearly, elimina-
tion of external effects on the magnetic fi eld requires 
careful site planning prior to system installation. 

2.2.7 
Magnetic Field Homogeneity

While the stability of an MRI magnet refers to the 
relative variation in the main magnetic fi eld with 

Fig. 2.6. An open clinical magnet system. (Courtesy of 
Siemens)
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time, typically independent of spatial position, B0 ho-
mogeneity refers to the variation in B0 over position 
within the magnet’s working volume. Magnetic fi eld 
homogeneity is usually expressed in units of ppm 
over the surface of a specifi c diameter spherical vol-
ume (DSV). The process of measuring the variation 
in magnetic fi eld over a specifi ed region inside the 
magnet is called fi eld mapping. Spatial inhomogene-
ities in the B0 magnetic fi eld can arise from a variety 
of sources including imperfections in the construc-
tion of the magnet itself. As noted, B0 inhomogeneity 
also results from variations in the magnetic suscepti-
bility of materials within the magnet coil.

Because homogeneity of the main magnetic fi eld 
over the imaging or spectroscopic volume is essen-
tial, dedicated electromagnetic coils (shim coils) are  
provided to optimize the B0 fi eld homogeneity within 
the design of the main magnet. In a superconducting 
electromagnet, superconducting shims are additional 
coils of superconducting wire wound coaxially with 
the main coil in such a way as to generate specifi c fi eld 
gradients. For each principal direction, there is typi-
cally a dedicated shim coil with an independent elec-
trical circuit. During magnet installation, current may 
be independently adjusted in the main coil and each 
of the superconducting shim coils in order to optimize 
B0 homogeneity within the magnet’s working volume. 
Since, like the main magnet coil, these shim coils are 
superconducting, large currents may fl ow through 
them with no resistance and no external power sup-
ply once energized. Thus, superconducting shim coils 
can generate strong fi eld gradients with high temporal 
stability. Readjusting the current in these coils is an 
infrequent operation requiring special apparatus and 
addition of liquid helium to the magnet.

Unlike superconducting shims, passive shims do 
not rely upon the fl ow of electrical current through 
a coil to generate a fi eld gradient. Instead, they are 
pieces of ferromagnetic metal of a size and shape 
designed to improve B0 homogeneity when they are 
inserted into the magnet.

Magnets are also provided with room tempera-
ture shims that can be adjusted on a regular basis as 
needed. These can be adjusted manually or automati-
cally to compensate for differeces in susceptibility 
between different patients or patient positions. Since 
these are resistive electromagnets, they require a sta-
ble power supply and their magnitude is limited.

Specifi cations for magnetic fi eld homogeneity gen-
erally distinguish between values achieved by the un-
shimmed magnet and those obtained after adjusting 
current in the room-temperature shims. Moreover, 
homogeneity will be specifi ed over smaller DSVs 

for smaller bore magnets, as is appropriate for the 
smaller working volume of the magnet. Usually, ho-
mogeneity will be specifi ed for two or more specifi c 
DSVs since there is no simple, reliable equation relat-
ing fi eld homogeneity to spherical diameter about the 
fi eld center. A typical fi eld homogeneity specifi cation 
for a whole-body MRI magnet with optimized room-
temperature shims might be 0.06 ppm over a 20-cm 
DSV and 2 ppm over a 50-cm DSV, while a small-bore 
research magnet might achieve 2.5 ppm over a 10-cm 
DSV. In evaluating these specifi cations, it is important 
to consider the size of the typical sample to be im-
aged and the fi eld of view that will be employed. 

2.2.8 
Magnetic Field Shielding

Because high-fi eld, large bore MRI magnets gen-
erate an extensive fringe fi eld, they are capable of 
both adversely affecting nearby objects as well as 
experiencing interference from these objects. Since 
5 G (0.5 mT) is generally regarded as the maximum 
safe fi eld for public exposure, the extent of the fringe 
fi eld is typically described by the dimensions of the 
5-G isosurface centered about the magnet. In an un-
shielded cylindrical magnet, this isosurface is roughly 
ellipsoidal with a longer dimension along the B0 axis 
and a shorter radial dimension. The fringe fi eld can 
be characterized by the radial and axial dimensions 
of the “5-G line” surrounding the magnet. In order to 
reduce the magnitude and extent of the fringe fi eld 
and thus minimize interaction between the magnet 
and its environment, both passive and active shield-
ing techniques are commonly used. Passive shield-
ing consists of ferromagnetic material placed outside 
the magnet. Passive shields are generally constructed 
from thick plates of soft iron, an inexpensive mate-
rial with relatively high magnetic permeability. In 
order to shield a magnet with ferromagnetic plates, 
the substantial attractive force between the magnet 
and the shielding material must be considered in the 
design of the magnet. Active shielding consists of one 
or more electromagnetic coils wound on the out-
side of the main magnet coil but with opposite fi eld 
orientation. Typically, in a superconducting magnet, 
the shield coils are superconducting as well and are 
energized simultaneously with the main coil during 
installation. The fi eld generated by the shield coils 
partially cancels the fringe fi eld of the main coil, 
thereby reducing the fringe fi eld dimensions. As a 
rule, both active and passive shielding can reduce the 
dimensions of the 5-G fringe fi eld by roughly a factor 
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of two in each direction. This often makes it possible 
to site a magnet in a space too small or too close to 
a magnetically-sensitive object to accommodate an 
unshielded magnet of similar size and fi eld strength. 
New MRI magnets are increasingly designed with 
built-in active shielding. 

2.3 
Pulsed Field Gradients

The function of the pulsed fi eld gradient system in 
an MRI instrument is to generate linear, stable, re-
producible B0 fi eld gradients along specifi c direc-
tions with the shortest possible rise and fall times. 
While the primary use of pulsed fi eld gradients in 
MRI is to establish a correspondence between spatial 
position and resonance frequency, gradients are also 
used for other purposes, such as to irreversibly de-
phase transverse magnetization. Gradient fi elds are 
produced by passing current through a set of wire 
coils located inside the magnet bore. The need for 
rapid switching of gradients during pulse sequences 
makes the design and construction of pulsed fi eld 
gradient systems quite technologically demanding. 
The performance of a pulsed fi eld gradient system is 
specifi ed by parameters including gradient strength, 
linearity, stability and switching times. In addition, 
gradient systems are characterized by their bore size, 
shielding and cooling design.

2.3.1 
Uses of Pulsed Field Gradients

Gradient sets are designed to introduce fi eld varia-
tion in the X, Y, and Z directions within the magnet. 
Thus, an X gradient is designed to produce a change 
in B0 directly proportional to distance along the X 
direction: ∆B0=Gxx, where x is the distance from the 
isocenter of the X gradient coil, and similarly for 
Y and Z. The isocenters for X, Y and Z coils should 
coincide exactly. Also, the gradient coil set is gener-
ally placed so that its isocenter coincides with the B0 
fi eld center. The value Gx is the X gradient strength 
and is typically stated in mT/m or in G/cm (1 G/
cm=10 mT/m). By causing the B0 fi eld strength to 
vary linearly with X position, applying a pulsed fi eld 
gradient causes the resonance frequency of each nu-
clear spin to depend linearly upon its X position. If we 
defi ne the resonance frequency offset ∆ν to be zero 
for a nuclear spin at the isocenter, ∆ν=ν–νx=0 then 

we have ∆ν=-γGxx/2π whenever the X gradient is 
switched on. For a particular nucleus, if Gx is known 
accurately, we can then determine the x position of 
that nucleus simply by measuring its frequency offset 
∆ν. Similarly, by applying a frequency-selective exci-
tation pulse in conjunction with an X gradient, we 
can excite nuclear spins located in a specifi c region 
along the X axis. This correspondence between  B0, 
frequency and spatial position under the infl uence 
of fi eld gradients forms the basis for all magnetic 
resonance imaging experiments and is illustrated in 
Fig. 2.7.

Fig. 2.7. Diagram of a solenoidal gradient coil and the effect 
on net magnetic fi eld

2.3.1.1 
Slice and Volume Selection Gradients

In MRI experiments, slice selection refers to the 
selective excitation of nuclear spins within a slab 
with a specifi c orientation, thickness, and position. 
This is accomplished by simultaneously applying a 
pulsed fi eld gradient, called the slice gradient, and 
a frequency-selective radio-frequency pulse. While 
the slice gradient is on, the resonance frequency of 
each nucleus within the gradient coil depends upon 
its position along the slice gradient direction. The 
frequency offset and excitation bandwidth of the RF 
pulse are then set to excite nuclei with a specifi c range 
of resonance frequencies, which has the effect of ex-
citing all nuclei located between specifi c positions 
along the slice axis. For example, the simultaneous 
application of a Z slice gradient and a frequency-se-
lective RF pulse will excite all nuclei within a slab per-
pendicular to the Z axis. To a fi rst approximation, all 
nuclei in the slab will be excited uniformly, regardless 
of their positions along the X and Y directions. The 
thickness of the slab excited by this gradient-RF pulse 
combination depends upon both the strength of the 
slice gradient and the excitation bandwidth of the RF 
pulse. The actual fl ip angle delivered to a group of 
spins with a particular resonance frequency depends 
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upon the shape (amplitude and phase modulation), 
duration, and frequency offset of the RF pulse. If all 
these parameters are fi xed, then the excitation band-
width is fi xed and the slice thickness depends only 
on the inverse of slice gradient strength: 

Slice thickness = 2π (Excitation Bandwidth) / γGslice 

Thus, thinner slices can be imaged by increasing 
the slice gradient strength at a constant excitation 
bandwidth. While thinner slices can also be achieved 
by modifying the RF pulse length and shape in order 
to decrease the excitation bandwidth, this has several 
practical disadvantages, including longer minimum 
echo time (TE). Thus, for optimum resolution in the 
slice direction, it is desirable to have high slice gra-
dient strength. Finally, note that it is possible in an 
MRI experiment to selectively excite a slice oriented 
in any direction in three-dimensional space. Slices 
parallel to the XY, YZ or XZ planes are termed axial 
(or transverse), sagittal or coronal depending upon 
the placement of the subject in the scanner. Slices not 
parallel to any of these planes are called oblique slices. 
Regardless of slice orientation, the slice gradient is al-
ways applied perpendicular to the desired slice plane. 
Gradients to select oblique slices are created by si-
multaneously passing current through two or three 
of the electromagnetic gradient coils X, Y and Z.

Applying three slice-selective gradient and RF 
pulse pairs in sequence selectively excites nuclei 
within a defi ned volume. Once these nuclei have been 
excited, sampling the resulting NMR signal yields a 
spectrum refl ecting the chemical composition of 
the selected volume. Just as increased slice gradient 
strength permits the selection of thinner slices at 
fi xed RF bandwidth, volume-selective NMR spec-
troscopy experiments gain better spatial resolution 
with stronger slice gradients. Alternatively, smaller 
volumes can be selectively excited by decreasing the 
bandwidth of the RF pulses, but this results in longer 
minimum echo time TE, and carries other disadvan-
tages.

2.3.1.2 
Read Gradients

As we have seen, when a B0 fi eld gradient is ap-
plied along a specifi c axis, the resonance frequency of 
each nuclear spin becomes dependent on its position 
along that axis. Picturing each nuclear spin as giving 
rise to a single, sharp NMR spectral peak at a posi-
tion-dependent frequency, a large ensemble of spins 
spread over a range of positions along the gradient 

axis will give rise to a broad NMR spectrum called a 
profi le. If the peaks from each nucleus are identical 
except for their center frequency, then the profi le rep-
resents a histogram displaying the number of nuclei 
resonating at each frequency and thus located at each 
position along the gradient axis. Just as in a purely 
spectroscopic NMR experiment, during the applica-
tion of the read gradient in a MRI scan, we must 
digitize the time-domain signal at a suffi ciently fast 
rate to accurately measure the highest frequencies in 
the spectrum. Mathematically, the minimum digiti-
zation rate required to accurately sample the NMR 
signal for a given spectrum is given by the Nyquist 
condition: BW=1/DW ≥2νmax where νmax is the high-
est frequency in the spectrum, DW is the dwell time 
or time increment between successive sample points 
and BW is the sampling, or acquisition, bandwidth. As 
long as the read gradient is on, the relative resonance 
frequency ∆ν of any spin is given by ∆ν=-γGreadx/2π, 
where x is the distance from the read gradient iso-
center and Gread is the strength of the read gradient. 
Combining these two relations we fi nd that in order 
to accurately measure a nuclear spin’s position along 
the read direction, that spin must have a distance 
to isocenter no greater than π•BW/(γGread). In other 
words, digitizing the time-domain NMR data with a 
sweep width of BW, we can only measure positions 
lying in a region of width FOVread=2π•BW/(γGread) 
centered at the read gradient isocenter, where FOVread 
is the fi eld of view in the read gradient direction.

In digitizing the time-domain NMR signal, we 
select not only DW, but also the number of samples 
to collect in the time domain, which is equal to the 
number of data points in the frequency domain after 
Fourier transformation, and thus equal to the number 
of pixels in the MRI image along the read gradient di-
rection. This number of pixels, MTXread, is called the 
matrix size in the read dimension of the image. The 
total time over which the NMR signal is digitized is 
called the acquisition time: AQ = DW • MTXread. The 
spatial resolution, ∆xread, of the MRI image along the 
read direction is simply given by FOVread/MTXread. 
Recalling that FOVread is given by 2π•BW/(γGread), we 
observe that spatial resolution in the read direction 
can be minimized, for constant MTXread, by either 
minimizing BW or maximizing Gread. Minimizing BW 
has the additional benefi t of improving SNR, as we 
shall discuss in Sect. 2.6, but this also implies longer 
DW=1/BW, and hence longer AQ and a larger mini-
mum echo time. This may not be acceptable in fast 
imaging experiments or in the imaging of short T2 or 
short T2* samples. In contrast, optimizing spatial res-
olution along the read direction by maximizing Gread 
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with fi xed bandwidth has no penalties, but is limited 
by gradient performance. Thus, in the specifi cation of 
an MRI scanner, it is relatively advantageous to have a 
larger maximum Gread and a larger maximum BW.

2.3.1.3 
Phase Encoding Gradients

A phase encoding gradient in the pulse sequence 
permits spatial localization in the direction per-
pendicular to the read gradient direction within 
the slice plane. This requires multiple acquisitions 
with a phase encoding gradient inserted between 
the slice selection and read gradients. During the 
constant duration phase-encoding period, the nu-
clear spins undergo a net phase change that depends 
upon their position along the direction of the phase 
encoding gradient. This phase change is refl ected 
in a change in the overall intensity of the NMR sig-
nal acquired during the read period. With the read 
and slice gradients operating as discussed above, 
one can construct a two-dimensional slice-selected 
MRI image from a sequence of acquisitions per-
formed with incremented phase encoding gradient 
strength. Likewise, a three-dimensional image can 
be obtained by simultaneously incrementing phase 
encoding gradients on two different axes, both per-
pendicular to the read axis. 

2.3.2 
Gradient Linearity

As we have mentioned, both shim and pulsed fi eld 
gradients are typically created by passing electrical 
current through wire windings. The geometry of the 
gradient desired determines the shape of the coil 
windings. 

In order to be useful for spatial encoding, either in 
the read, phase or slice directions, a pulsed fi eld gra-
dient must at a minimum produce a monotonic vari-
ation of B0 with X, Y or Z position over the volume of 
the sample being imaged; this is needed to ensure a 
one-to-one mapping of B0 fi eld strength to position. 
In addition, it is highly desirable that the variation of 
B0 with position be perfectly linear over the sample 
volume. If this is satisfi ed, then position and B0 fi eld 
strength (or resonance frequency) are related by a 
simple linear transformation, making gradient cali-
bration a simple matter. The term gradient linearity 
refers to the degree to which a gradient coil generates 
a perfectly linear variation of B0 with position over a 
certain range of distances from its isocenter. 

2.3.3 
Gradient Switching and Eddy Currents

While shim gradients are typically applied continu-
ously and at constant strength, pulsed fi eld gradients 
must be switched on and off rapidly and frequently 
during a MRI pulse sequence. This requirement, 
along with the need for excellent linearity and much 
higher gradient strength makes pulsed fi eld gradient 
systems much more challenging to design and build 
than shim systems. Ideally, we would like to expose 
the nuclear spins to gradient pulses which turn on 
and off instantly. In practice, this is not possible due 
to both inductive and eddy current effects. The fi nite 
inductance of the gradient coil affects the dynamics 
of current and thus gradient amplitude, ∂B0/∂x, on a 
time scale of hundreds of microseconds. In contrast, 
eddy current effects infl uence the B0 fi eld distribu-
tion directly on a time scale from milliseconds to sec-
onds. Eddy currents are electrical currents induced 
in any conductive materials, such as the magnet bore 
tube, located in close proximity to the gradient coil. 
These induced currents are proportional to the gradi-
ent slew rate, that is, ∂B0/∂t=dG/dt and thus can be 
large when the gradient current rises or falls rapidly. 
Eddy currents fl owing through these conductive ma-
terials generate a magnetic fi eld oriented opposite in 
direction to ∂B0/∂t. The nuclear spins experience the 
sum of the magnetic fi elds generated by the gradient 
coil and eddy currents. The net effect is to lengthen 
both the time required to achieve a stable, usable 
fi eld gradient as well as the time needed to stabilize 
the B0 fi eld after the pulse ends. Depending upon 
the gradient slew rate and the confi guration of con-
ductive material inside and outside the gradient coil, 
eddy current-induced fi elds may cause the actual B0 
distribution felt by the spins to be quite different 
from the intended distribution. These effects mani-
fest themselves in both broadening and frequency 
shifts in NMR spectra acquired immediately after a 
gradient pulse, and contribute to imaging artifacts. 
One longstanding method of reducing eddy currents 
is to use gradient preemphasis, in which the input to 
the gradient amplifi ers is calculated to produce the 
desired gradient in the sample, accounting for coil in-
ductance and eddy current effects. In addition, mod-
ern gradient coils are actively shielded. Just as in the 
design of actively-shielded magnets, these gradient 
coils are equipped with shield windings which largely 
cancel the stray fi eld outside the bore of the gradient 
set. Using a combination of the above techniques, it 
is possible to achieve a stable B0 fi eld within a few 
hundred microseconds of the rising or falling edge 
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of a gradient pulse. The actual gradient switching 
performance of a MRI scanner is often specifi ed by 
the time required after the beginning of a pulse to 
reach 90% or 99% of the desired gradient strength. 
Small microimaging gradient coils can achieve rise 
and fall times of 100 µs or less while gradient coils 
for clinical imaging typically require 200–300 µs to 
achieve 99% stability after gradient switching. Faster 
gradient switching permits shorter echo times and 
more rapid acquisitions, and reduces image distor-
tions resulting from undesired time-varying contri-
butions to the spatial distribution of B0. While these 
effects are noticeable in many MRI experiments, 
they are particularly pronounced in fast imaging se-
quences such as echo planar imaging (EPI). In EPI, 
the read and phase encoding gradients are switched 
on and off rapidly many times in each scan in order 
to sample a large number of phase-encoded steps 
using a train of gradient echoes. Ideally, this gradient 
switching can be achieved very quickly, permitting an 
entire two-dimensional image to be acquired in tens 
of milliseconds. For this to be possible, inductive and 
eddy current effects must be minimized so that the 
B0 fi eld achieves the desired magnitude and spatial 
distribution quickly after each switch. When this is 
not the case, distortions in the B0 fi eld result in signal 
loss and distortions in the images. In general, any 
experiment which requires frequent, rapid gradient 
switching will produce undistorted images only if 
considerable care is exercised to minimize gradient 
stabilization times. Thus, the gradient rise and fall 
times are critical specifi cations in the evaluation of 
any MRI scanner.

2.3.4 
Gradient Strength

From the discussion in Sect. 2.3.1, it is clear that strong 
gradients permit improved in-plane spatial resolu-
tion and thinner slices. The gradient strength which 
is achievable in an actual MRI scanner depends upon 
several factors. First, just as an electromagnet can be 
made stronger by increasing the number of turns in 
the magnet coil, gradient strength can be increased 
by adding turns to a gradient coil. Unfortunately, this 
also increases the electrical resistance of the coil and 
thus the heat dissipated by the coil, I2R, for a given 
current, I. This heat must be dissipated by air or water 
cooling. A larger number of turns also increases the 
inductance of the coil, which impedes rapid gradi-
ent switching. In order to accurately set the fi eld of 
view and slice thickness and to faithfully depict the 

sizes and positions of features within a sample, it is 
necessary that the actual strength of each gradient 
coil be carefully calibrated. This is typically achieved 
by imaging an object with known dimensions. With 
a particular choice of fi eld of view and slice thick-
ness, the pulse amplitude applied to each gradient 
amplifi er is calibrated to give the correct dimensions 
of the object in MRI slices taken in three orthogonal 
directions. It is then assumed that the required gradi-
ent current will scale linearly with the fi eld of view 
or slice thickness desired in all other experiments. In 
other words, we assume that the gradient strength is a 
linear function of the gradient amplifi er input voltage 
over the operating range of the gradient system. Since 
all modern gradient amplifi ers are linear amplifi ers, 
this is generally an excellent assumption.

2.3.5 
Gradient Stability and Duty Cycle

In any imaging experiment, it is important that the 
amplitude of a gradient pulse be stable following the 
initial ramp-up period and be reproducible from 
scan to scan. Failure to meet these conditions results 
in image distortions for poor gradient stability and 
ghosting artifacts when gradient reproducibility is 
inadequate.

The duty cycle of any pulse-generating device is de-
fi ned as the fraction of time during which the device is 
active, i.e., producing an output signal, and is expressed 
as a percentage. A particularly high gradient duty cycle 
occurs in experiments requiring long echo trains, such 
as EPI, and when the repetition time TR is very short. 
In some situations, a burst of strong gradient pulses 
with a high short-term duty cycle is tolerable to the 
amplifi ers provided that TR is long, so that the long-
term duty cycle is low. Both the maximum duty cycle 
and the tendency of long gradient pulses to droop in 
amplitude are functions of the capacity of the gradient 
amplifi er power supply to sustain large loads, and the 
gradient coil’s ability to dissipate heat.

2.4 
Radio-Frequency Coils

In MRI scanners, radio-frequency transmit coils are 
used to transmit electromagnetic waves into a sample, 
creating the oscillating B1 magnetic fi eld needed to 
excite the nuclear spins. In contrast, receive coils detect 
the weak signal emitted by the spins as they precess 
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in the B0 fi eld. For typical values of the magnetic fi eld 
strength B0 encountered in NMR and MRI instru-
ments, these signals lie in the radio-frequency region 
of the electromagnetic spectrum. Thus, RF coils can 
be thought of as radio antennas. The same coil may 
be used for both exciting the spins and receiving the 
resulting NMR signal, or transmission and reception 
may be performed by separate coils which are care-
fully constructed to minimize inductive coupling be-
tween them. RF coils are characterized by the volume 
over which they can generate a uniform B1 fi eld or, 
equivalently, receive a NMR signal with uniform gain. 
The most important property of a RF coil, however, is 
the effi ciency with which it converts electromagnetic 
waves at the specifi ed frequency into electric current, 
and vice versa. There is a reciprocity relation between 
the performance of the coil as a transmitter of exci-
tation pulses and as a receiver of faint NMR signals, 
meaning that both can be optimized simultaneously. A 
variety of RF coil designs have been developed which 
attempt to optimize one or both of these specifi cations 
over a given volume.

2.4.1 
Common RF Coil Designs

2.4.1.1 
Solenoidal RF Coils

The solenoidal confi guration used for magnet and 
shim coils is also useful for RF antennas. Driving a 
solenoidal coil with an alternating current generates 
a spatially homogeneous time varying B1 magnetic 
fi eld with the same frequency as the driving cur-
rent. This produces a torque on nuclear spins which 
are within the coil and which have a component 
of their orientation perpendicular to the coil axis. 
Thus, it is necessary that the coil produce a B1 fi eld 
which is not parallel to the B0 fi eld. Similarly, a 
receive coil must be able to detect a time-varying 
magnetic fi eld perpendicular to B0 in order to de-
tect a NMR signal. Since the B1 fi eld generated by 
a solenoidal coil is parallel to the bore axis of the 
solenoid, the coil should be oriented with this axis 
perpendicular to B0. Consequently, solenoidal coils 
are primarily used for imaging in vitro samples. 
Solenoidal RF coils generate very homogeneous 
fi elds, especially over samples which are small in 
diameter and length compared to the dimensions of 
the solenoid. This enables them to excite and detect 
a NMR signal from any nuclear spins within the 
bore of the solenoid. Solenoids are highly effi cient 

as both transmitter and receiver coils and are very 
simple to construct.

2.4.1.2 
Surface Coils and Phased Arrays

A surface coil is a loop of wire which generates or 
detects B1 fi elds along a direction perpendicular to 
the plane of the loop. Like solenoidal coils, surface 
coils are highly effi cient and are easy to build. Since 
they have a B1 axis perpendicular to the loop plane, 
surface coils offer convenient access for application to 
a wide variety of anatomical sites while maintaining 
B1 perpendicular to B0. However, the RF fi eld gener-
ated by a surface coil is very inhomogeneous, with 
maximum B1 magnitude in the plane of the coil and 
a rapid falloff in B1 with distance from this plane. 
Likewise, when used for detecting an NMR signal, a 
surface coil can only detect nuclei within a short dis-
tance from the coil plane. Specifi cally, when a surface 
coil is placed against the surface of a sample, nuclei 
may be excited and detected to a depth approximately 
equal to the diameter of the coil and over an area ap-
proximately equal to the dimensions of the coil. The 
small, well-defi ned volume over which a surface coil 
transmits or receives a signal makes these coils ideal 
for spatial localization in certain circumstances with-
out requiring the use of fi eld gradients. Surface coils 
have long been used to obtain in vivo NMR spectra 
of peripheral muscle, brain, heart, liver and other 
relatively superfi cial tissues with simple purely spec-
troscopic pulse sequences. In MRI scanners, where 
spatial localization can be achieved by gradients, 
surface coils are less often used for excitation and 
are instead primarily employed as high-sensitivity 
receive-only coils in conjunction with a large, homo-
geneous transmit-only resonator. The limited area 
over which a single surface coil can detect a NMR 
signal can be overcome by combining two or more 
surface coils to form a phased array coil. These coils 
must be coupled with electronic components which 
combine the signals from each coil into a single sig-
nal or to multiple, independent receivers. The phased 
array covers the surface area which a much larger 
surface coil would observe, but exhibits the higher 
sensitivity of the small coils which make up the ar-
ray. Phased array coils are commonly used in clini-
cal imaging of the spine, where an extensive fi eld of 
view is required but the tissue of interest is relatively 
superfi cial. Both individual surface coils and phased 
arrays can be constructed with curvature to ensure 
close placement to a given anatomical site, thereby 
optimizing both sensitivity and depth of view.
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2.4.1.3 
RF Volume Resonators

When a NMR signal must be excited and detected 
from deep tissue or where homogeneous excitation 
is required and a solenoidal coil does not provide 
convenient patient access, a variety of RF volume 
resonators is available. These may be defi ned as cy-
lindrical, multi-loop coils which generate a B1 fi eld 
perpendicular to the bore axis. A birdcage resona-
tor is very commonly used as a head or body coil 
in both clinical and animal MRI scanners (see coil 
in Fig. 2.1). Birdcage resonators can be used in both 
transmit-receive and transmit-only confi gurations. 
In the latter arrangement, a birdcage coil is used to 
achieve homogeneous excitation over a subject while 
a surface coil is used for high-sensitivity detection 
of the signal from a superfi cial region of the sub-
ject. Unlike simpler resonator designs, the birdcage 
resonator can be operated in quadrature mode in 
order to achieve an increase in B1 fi eld strength (or, 
equivalently, detection sensitivity) of a factor of √2. 
In transmission mode, the driving current is split 
into two separate signals which are simultaneously 
applied to the birdcage resonator in order to create 
circularly polarized fi elds of equal magnitude but 
90° out of phase. The vector sum of these fi elds is 
a B1 fi eld oriented perpendicular to the resonator’s 
bore axis with a magnitude √2 times as great as each 
component. In reception mode, a quadrature bird-
cage coil simultaneously detects components of B1 
along two orthogonal directions, yielding two sepa-
rate electrical signals which can be combined with an 
appropriate electronic circuit external to the resona-
tor. The transverse electromagnetic resonator (TEM), 
a design relatively new to MRI, has become popular 
due to its excellent effi ciency at very high frequencies, 
where other resonator designs offer poorer perfor-
mance. TEM resonators are especially useful for brain 
imaging on high-fi eld research MRI scanners.

2.4.2 
Coil Characteristics and Optimization

For a coil to transmit or receive RF signals at the nu-
clear magnetic resonance frequency, the coil must be 
a component of a transmitter or receiver circuit tuned 
to this frequency. In addition, for effi cient transfer of 
RF power to and from the coil, the electrical imped-
ance of the coil must be matched to the impedance 
of the transmitter or receiver electronics. Tuning and 
matching may be achieved by manual or automatic 
adjustment of variable components located prefer-

ably within the coil housing itself or alternatively in 
a remote enclosure. 

The quality factor (Q) measures the effi ciency with 
which the coil converts an electrical signal into ra-
dio-frequency radiation or vice versa. Consequently, 
a coil with high Q is effi cient at detecting weak radio 
frequency NMR signals, creating an electrical signal 
that may be amplifi ed and digitized by the spectrom-
eter’s receiver electronics. A transmitter coil having a 
high Q indicates that it creates a relatively strong B1 
fi eld from an alternating current of a certain ampli-
tude. Because the pulse length τ90 needed to achieve a 
90º fl ip angle is simply related to the magnitude of B1 
by the equation γB1τ90=π/2, the coil effi ciency is often 
specifi ed by stating the 90º pulse length achievable 
for a specifi c amount of transmitter power applied 
to the coil containing a specifi c sample. Equivalently, 
coil effi ciency can be stated in terms of the trans-
mitter power needed to achieve a 90° fl ip angle in a 
given sample with an RF pulse of given duration and 
shape.

The term fi lling factor indicates the fraction of a 
coil’s sensitive volume that is occupied by sample. For 
fi xed coil dimensions, quality factor Q and incident 
transmitter power, the fi lling factor has minimal ef-
fect on the 90º pulse length and the coil’s effi ciency 
for exciting the nuclear spins. However, fi lling factor 
has a strong effect on sensitivity when detecting a 
NMR signal, with higher fi lling factor corresponding 
to higher sensitivity. For a sample of fi xed dimen-
sions, it is advantageous to use the smallest coil that 
will accommodate the region of the sample to be im-
aged while providing acceptable RF homogeneity 
over that region. Using the smallest possible receive 
coil size also minimizes the amount of sample noise 
which will be detected along with the NMR signal 
and thus maximizes signal-to-noise ratio. Because, in 
practice, it is not possible to achieve both high fi lling 
factor and high RF homogeneity with a single trans-
mit/receive coil, it is not uncommon to use a large 
resonator for homogeneous excitation of the nuclei 
and a much smaller surface or phased array coil to 
detect the NMR signal with optimum fi lling factor, 
minimum noise pickup and thus maximum SNR. 
As we described earlier, this crossed coil confi gura-
tion requires careful adjustment of geometry and 
synchronization of tuning and detuning to prevent 
crosstalk between the transmit-only resonator and 
the receive-only surface coil or coils.

In principle, it is possible to make τ90 as short as 
desired by simply increasing the transmitter power 
delivered to the coil, even if the transmit coil has low 
Q.  MRI instruments are typically equipped with radio 
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frequency amplifi ers delivering kilowatts of power at 
the NMR frequency and it is very desirable for trans-
mitter coils to be able to operate safely at high power. 
The ability of a coil to withstand high power pulses 
depends both on the amplitude of these pulses and 
their duty cycle. When a coil is exposed to high in-
cident transmitter power, even for a relatively short 
duration, very large voltages may be created across 
components such as capacitors and closely-spaced 
conductors, leading to dielectric breakdown and 
arcing. Conversely, exposure to long pulses at high 
power may lead to excessive resistive heating and 
subsequent failure of inductors and resistive conduc-
tors. Just as dissipation of heat within the transmitter 
coil and associated components imposes a limit on 
RF power levels and duty cycle in a MRI experiment, 
care must be taken not to produce excessive heating 
of the sample, typically an animal or human subject. 
When exposed to RF radiation, tissue undergoes heat-
ing depending upon its dielectric constant. This heat 
is dissipated largely by blood circulation, which car-
ries heat from deep within the body to the skin and 
extremities for radiative cooling. When the RF power 
level and duty cycle are suffi ciently low, this cooling 
mechanism prevents tissue temperatures from rising 
excessively. Common safety practice is based upon 
limiting any temperature rise in tissue to one degree 
Celsius during a MRI examination. In order to satisfy 
regulatory guidance, MRI experiments performed 
on living subjects must not exceed certain limits on 
specifi c absorption rate (SAR). Power deposition is in 
general a greater problem at higher fi eld strengths.

2.5 
Transmitters

The term transmitter refers to the assembly of elec-
tronic components in an MRI scanner which pro-
vides an electrical signal to the transmitter coil to 
excite the nuclear spins. The transmitter system can 
be divided into low-power components, which cre-
ate pulsed alternating current signals with defi ned 
timing, phase and amplitude modulation, and high-
power components, which faithfully amplify this 
low-level signal and couple it to the transmitter coil. 
In modern instruments, the low-level RF electronics 
consist mostly or entirely of digital components while 
the high-power section of the transmitter is largely 
analog in design due to the power limitations of avail-
able digital components. Accordingly, specifi cations 
for the low-power section of an MRI transmitter are 

based on clock rates and digital resolution of digi-
tal-to-analog converters (DACs). In contrast, high-
power transmitter subsystems are characterized by 
the standard amplifi cation specifi cations of gain, lin-
earity and stability as well as by their power and duty 
cycle limits. Additional considerations essential for 
MRI include slew rate, a measure of the speed with 
which the output of the amplifi er can change, and 
blanking performance, the ability of the amplifi er to 
provide zero output during signal acquisition.

The frequency range of the transmitter must be 
broad. In proton MRI, for example, the ability to ac-
cess a wide frequency range about the nominal proton 
NMR frequency is desirable for several reasons. As we 
have discussed, it is often desirable to minimize slice 
thickness by maximizing slice gradient strength rather 
than by decreasing RF excitation bandwidth, since the 
latter results in increased echo time and signal losses 
due to relaxation. Greater slice gradient strength im-
plies a larger dispersion of NMR frequencies along 
the slice direction. In addition, in order to excite slices 
anywhere along this direction, the transmitter must be 
able to generate a wide range of radio frequencies to 
correspond to different slabs along the slice gradient. 
For both proton NMR and heteronuclear (i.e., non-
proton) experiments, it is desirable to have the capa-
bility to study nuclei across their entire chemical shift 
range. In addition, it is important to be able to excite 
a variety of nuclei with different gyromagnetic ratios, 
and hence widely different frequencies.

In addition to setting the frequency, duration and 
amplitude of an RF pulse, the low-power transmit-
ter system of an MRI scanner must be capable of ad-
justing the phase of the pulse. By altering the phase 
relationship between the RF excitation pulse and the 
receiver reference signal, it is possible to reduce cer-
tain artifacts associated with imperfect fl ip angles, 
unwanted spin echoes, receiver imbalances and other 
effects. This technique, called phase cycling, causes 
the desired signal components to add with each scan 
while undesired components are subtracted from the 
accumulated signal.

Once the transmitter’s low-power electronics have 
synthesized a pulsed, amplitude modulated RF signal 
with the appropriate frequencies and phases, this sig-
nal must be amplifi ed to provide suffi cient power for 
spin excitation. High power pulses are needed in NMR 
and MRI in order to achieve desired fl ip angles with 
short pulse durations. In clinical MRI scanners, ampli-
fi ers up to 15–25 kW are commonly used. In each case, 
the RF power required to achieve the desired fl ip an-
gles with adequately short pulse lengths depends upon 
the effi ciency of the coil at the NMR frequency. 
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The linearity of the high-power RF amplifi er refers 
to its ability to amplify a signal by a constant factor, 
that is, with constant gain, over a wide range of input 
amplitudes. This permits the low-power waveform 
which is input into the transmitter amplifi er system 
to be faithfully reproduced as a high-power RF exci-
tation pulse. Therefore, it is desirable to have a high-
power RF amplifi er with minimum variation in gain 
over the widest possible input amplitude range.

2.6 
Radio-Frequency Receiver

After nuclear spins in a sample have been excited by 
RF pulses, they precess in the main magnetic fi eld 
as they relax back to equilibrium. This precession 
induces very small voltages in the receiver coil; this 
signal can be on the order of microvolts. It is the 
function of the MRI scanner’s receiver train to greatly 
amplify this signal, fi lter out unwanted frequency 
components, separate real and imaginary compo-
nents and digitize these components for storage and 
processing by the host computer. The initial amplifi -
cation occurs at the natural precession frequency of 
the nuclei using one or more preamplifi er stages. In 
order to help protect these very sensitive preampli-
fi ers from overload and damage by the high-power 
transmitter pulses as well as to isolate the weak NMR 
signal from the transmitter pulse ringdown signal, 
MRI scanners contain a transmit-receive switch. 
When a single transmit-receive coil is used, the 
transmit-receive switch alternately connects the coil 
circuit to the transmitter for spin excitation and to 
the receiver train for signal detection, amplifi cation, 
and digitization.

Together, the real and imaginary parts of the NMR 
signal can be thought of as a complex function with 
a magnitude and phase at each instant of time. Upon 
Fourier transformation, this phase-sensitive data 
yields a spectrum with both positive and negative 
frequencies centered about the reference frequency. 
This technique of obtaining a complex, phase-sensi-
tive audio frequency signal by splitting and mixing 
with phase-shifted reference signals is known as 
quadrature detection.

Once quadrature detection has been performed, the 
real and imaginary signals are further amplifi ed and 
passed through low-pass fi lters. These fi lters are set 
to remove any components with frequencies greater 

than the spectral width to be digitally sampled. This 
step is necessary to eliminate any signal components 
at frequencies too high to be properly digitized with 
the selected digitization rate, thus preventing high-
frequency noise or unwanted resonances from being 
folded into the digitized signal. Ideally, the low-pass 
fi lters should present no attenuation to signal compo-
nents below the cutoff frequency while totally elimi-
nating any component above this frequency. For any 
real analog fi lter, there will always be some attenua-
tion and phase shift as one approaches the cutoff fre-
quency. Thus, the fi lters are set to a frequency some-
what higher than the full spectral width. This ensures 
that any resonance occurring within the selected 
spectral width will receive no signifi cant attenuation 
from the fi lters.

Once the NMR signal has been amplifi ed, mixed 
down to audio frequency and separated into real and 
imaginary components, it is digitized for computer 
processing. The ability to digitize rapidly allows one to 
achieve short echo times in fast imaging and studies of 
samples with rapid T2 relaxation. Consequently, maxi-
mum sampling rate is an important specifi cation for 
any analog-to-digital converter (ADC), or “digitizer”. 
Just as important is the digital resolution of the ADC. 
This is the number of bits with which the digitizer rep-
resents the amplitude of the signal. It is desirable to 
amplify the analog signal to be digitized so that it fi lls 
as much as possible of the dynamic range, or maxi-
mum input amplitude, of the digitizer without exceed-
ing this range. There is a tradeoff in digitizer design 
between speed and digital resolution. For example, a 
common 16-bit digitizer can sample the NMR signal 
at a rate of up to 2 MHz, or 0.5 µs per point, while a 
10 MHz digitizer may have a digital resolution of only 
12 bits. High digital resolution is advantageous in de-
tecting small spectroscopic peaks in the presence of a 
much larger peak, as in NMR spectroscopy of metabo-
lites in dilute aqueous solution. A typical MRI scanner 
is equipped with a 16-bit digitizer with a maximum 
sampling rate of at least 1 MHz.

Once the NMR signal has been digitized, it may 
be subjected to a variety of digital signal condition-
ing procedures. Digital signal processing (DSP) is 
generally performed by a dedicated microprocessor 
rather than by the scanner’s host computer and the 
processed signal is accumulated in a dedicated buffer 
memory. This greatly increases the rate at which data 
may be accumulated and prevents data loss due to 
interruptions in data transmission or host computer 
CPU availability.
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3.1 
Introduction

In Chap. 1 the fundamental behaviors of a single 
spin, or of a group of spins, were discussed. In brief 
summary, after the spins are aligned in a polariz-
ing magnetic fi eld, it is possible to add energy and 
to cause them to acquire transverse magnetization 
while giving up longitudinal magnetization. The re-
covery of longitudinal magnetization and the decay 
of transverse magnetization are characterized by 
relaxation times. Signal arises from the transverse 
component of magnetization and the interaction of 
that transverse magnetization with the conductors of 
the radiofrequency (RF) coil, due to Faraday induc-
tion. Certain types of signal loss (dephasing) can be 

reversed by a refocusing pulse to form a spin echo, 
which is advantageous in that its signal is relatively 
strong. In this chapter we begin with the MR signal 
and the spin echo, and develop the construction of 
images using combinations of RF pulses and applica-
tion of gradients.

3.2 
The Spin-Echo Pulse Sequence

3.2.1 
Image Encoding

3.2.1.1 
Slice Selection

In order to examine only a specifi c slice in the body 
rather than exciting the entire body with an RF pulse, 
a gradient magnetic fi eld is superimposed on the ex-
ternal fi eld, B0, during the application of the RF pulse. 
This external and additional magnetic fi eld is ap-
plied with variable intensity as a function of location. 
Specifi cally, the gradient fi eld, as well as the total fi eld 
that is the sum of the B0 and the gradient, increases 
from the center of the magnet outward in the positive 
direction, and decreases in the opposite direction. 
This establishes a characteristic fi eld strength, and 
thus, resonance frequency, for each position along 
the gradient axis.

The thickness of the slice can be selected in two 
ways. One method is by changing the range of RF 
pulse frequencies or bandwidth. A smaller range of 
RF frequencies, such as 64–64.5 mHz, will resonate 
protons in a thinner slice than a larger range of fre-
quencies, such as 64–65 mHz.

Another method of changing the slice thickness is 
by modifying the slope or the gradient fi eld. A steeper 
gradient, i.e., one that has a larger variation in fi eld 
strength, will cause frequency precession to vary to a 
larger degree and enable a thinner slice selection.
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3.2.1.2 
Frequency Encoding

By applying a gradient during the RF pulse, one can 
select a slice or position in the body as well as the 
thickness of this slice. If we apply another gradient 
fi eld during the acquisition of the signal, each posi-
tion along the gradient direction will be associated by 
the Larmor relationship with a unique resonance fre-
quency, and the spins at that position will precess ac-
cording to that frequency. For example, if the gradient 
pulse is applied along x and increases from the left to 
right side of the body, then the precession frequency 
will also increase from left to right (Fig. 3.1). Thus, a 
one-to-one correspondence between frequency and 
spatial position is created by using an externally ap-
plied magnetic fi eld gradient. Because this gradient 
creates a relationship between spatial location and 
frequency, it is called the frequency encoding gradi-
ent. A one-dimensional (1D) Fourier transform (FT) 
of the recorded signal will yield signal amplitudes at 
different frequencies which correspond to the spatial 
location in 1D. Note that frequency encoding is not 
suffi cient to uniquely determine the two-dimensional 
(2D) location within the slice since all protons in one 
column will have the same frequency. The frequency 
encoding gradient is often referred to as the read 
or readout gradient since it is applied during data 
acquisition or read-out.

3.2.1.3 
Phase encoding

In order to discriminate between points within the 
same column after frequency encoding, we apply 

another gradient at 90º (or orthogonal) to the fre-
quency encoding gradient. This gradient is called 
the phase encoding gradient. The phase encoding 
gradient is applied for a brief period of time, typi-
cally prior to the frequency encoding gradient, and 
causes a change in the frequency of precession for a 
brief period of time. During the gradient operation, 
proton spins precess in accordance with the altered 
magnetic fi eld, and acquire phase angles that are spe-
cifi cally attributable to that fi eld. When the gradient 
is turned off, the frequency of precession returns to 
the equilibrium value, but the phase of rotation of 
the protons is locked in. Thus, when the gradient is 
turned off, each column (from the previous example) 
will have a different phase. This is known as phase 
encoding. Clearly, the magnitude of the phase change 
is proportional to the magnitude of the phase en-
coding gradient. By using both frequency and phase 
encoding gradients, the protons are labeled with both 
a frequency and phase so that 2D spatial localization 
can be performed.

Typically, one spin echo is acquired for each gra-
dient magnitude of phase encoding. This simple but 
powerful form of MR imaging is called the spin-warp 
pulse sequence and is diagrammed in Fig. 3.2.

3.2.2 
Single Spin-Echo

The spin-echo pulse sequence is widely used in clini-
cal practice due to the ease of implementation and 
the ease of varying parameters that will alter MR 
contrast based on differences in tissue T1, T2, or pro-
ton density. The spin-echo pulse sequence (Fig. 3.3) 
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encoding 
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Fig. 3.1. Initially the net magnetization at 
each pixel is aligned with the magnetic 
fi eld gradient, B0, as shown for nine 
representative pixels. Application of the 
frequency encoding gradient, a linearly 
varying magnetic fi eld gradient, causes 
an increased or decreased frequency at 
each pixel in proportion to the increased 
or decreased applied fi eld. One dimen-
sional localization can be performed. 
However, no distinction between pixels 
in the same column can be made because 
they are at the same frequency
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in its simplest form consists of a series of alternating 
90º and 180º RF pulses. The 90º RF pulse tips the 
magnetization such that all the individual spins are 
in phase (Fig. 3.4). However, because of inhomoge-
neities in the magnetic fi eld (T2* effects) dephasing 
of the spins will occur in addition to the dephasing 
caused by spin–spin interactions (true T2). The ap-
plication of a 180º rephasing pulse at some time delay 
after application of the initial 90º RF pulse nutates 

the spins such that spins that were precessing more 
rapidly are now rotating behind the spins that were 
precessing more slowly (Fig. 3.4). Thus, after an iden-
tical time delay, the slower spins have caught up with 
the faster spins such that the spins are rephased and 
the spin echo is created (Fig. 3.4). This time between 
the initial 90º RF pulse and the moment of rephasing 
when read-out is performed is called the echo time 
(TE). The time between the application of the 90º 
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ºαºα ºα
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Fig. 3.2. Schematic diagram of the spin 
warp pulse sequence. A slice selection 
gradient (Slice) is applied during the 
radiofrequency pulse (RF) to excite pro-
tons in the slice. Next, a phase encoding 
gradient (Phase) is applied followed by a 
frequency encoding gradient (Readout) 
during data acquisition for 2D localiza-
tion. Each line of k-space is obtained with 
a different magnitude of phase encoding 
gradient. In this example, three different 
phase encoding steps are shown

Fig. 3.3. Spin-echo pulse sequence timing 
diagram where a pair of 90º and 180º ra-
diofrequency (RF) pulses are used to cre-
ate spin echo at echo time (TE)
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pulse and the 180º pulse is TE/2 (Fig. 3.4). The entire 
sequence is repeated at a repetition time (TR) that is 
chosen much longer than TE.

To achieve T1 weighting in a spin-echo pulse se-
quence, a short repetition time is chosen. Similarly, 
T2 weighting is achieved by choosing a short TE and 
a longer TR. Proton density images are obtained with 
a TR longer than used for T1-weighted imaging and 
a TE shorter than used for T2-weighted imaging. 
Typical T1 and T2 values at 1.5 T (and 37ºC) are given 
in Table 3.1.

3.2.3 
Multi-Echo Spin-Echo

Multi-echo spin-echo sequences are based on the 
single-echo spin-echo pulse sequence, but use ad-
ditional 180º refocusing pulse(s) to create additional 
spin echo(s) (Fig. 3.5). Each spin echo occurs at a 
different TE and echoes from the same TEs are com-
bined or reconstructed to form a single image. Thus, 
many images with different degrees of T2-weighting 
or T2-weighted and proton density images can eas-
ily be simultaneously created without extending the 
imaging time.

3.3 
Gradient-Echo Imaging

The main difference between gradient-echo imaging 
and spin-echo imaging is that in spin-echo imaging 
the dephasing of spins due to magnet inhomogene-
ity is refocused. This results in a profound advantage 
of sensitivity, as the signal is much stronger, all else 
equal. The cost of this quality advantage is time. The 
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X Y
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X Y
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90 degree RF pulse 
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Table 3.1. Typical T1 and T2 values at 1.5 T and 37ºC

Tissue T1 (ms) T2 (ms)

White matter 600–790 90

Gray matter 920–950 100

Cerebrospinal fl uid 4500 2000

Fat 250 60

Blood 1200 100–200a

a Variation in T2 times in blood are due to differences between 
oxygenated arterial blood and deoxygenated venous blood.

Fig. 3.4. The 90º RF pulse of the spin-echo pulse 
sequence tips the bulk magnetization to the x-axis 
with all the spins initially in phase. Due to inho-
mogeneities in the magnetic fi eld and spin–spin 
interactions, the spins will dephase with time. The 
application of a 180º RF refocusing pulse reverses 
the slower spins (dotted lines) and faster spins 
(dashed lines) such that a spin echo is created at 
the echo time with all the spins rephased



Spin- and Gradient-Echo Imaging 33

advent of better constructed, more homogeneous 
magnets made it possible to obtain imaging data 
without refocusing the spin-dephasing referred to 
above. Thus, a new method of imaging was created 
that did not employ refocusing pulses.

In gradient-echo imaging, paired gradient applica-
tions are used to dephase and subsequently rephase 
the spins. Here, the only rephasing that takes place is a 
reversal of the intentional dephasing provided by the 
gradients under control of the pulse sequence. This 

is in contrast to spin-echo imaging, where dephasing 
due to magnet imperfections is “corrected” for a siz-
able advantage in signal-to-noise ratio (SNR).

In gradient-echo imaging, after the phase-encod-
ing gradient is switched off, the frequency encod-
ing gradient is reversed (Fig. 3.6). Spins that initially 
experienced an increased fi eld due to the phase en-
coding will precess at a higher frequency. With the 
reversal of the magnitude of the gradient, the spins 
that were precessing faster are slowed down and the 

Fig. 3.5. Multi-echo spin-echo pulse se-
quence timing diagram using multiple re-
focusing RF pulses to produce several spin 
echoes each at a different TE (e.g., TE1 and 
TE2)

Fig. 3.6. Gradient-echo pulse sequence tim-
ing diagram where frequency encoded gra-
dient pulses (i.e., readout) are used to fi rst 
“dephase” and then “rephase” the spins to 
create the echo. The fl ip angle (α), repeti-
tion time, and echo time help to determine 
the degree of T1 and T2 weighting of the 
image
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slower spins precess faster thereby resulting in re-
phasing of the spins in a manner similar to the 180º 
refocusing pulse in spin-echo imaging. Thus, while 
the 180º RF pulse of spin echo refocuses the dephased 
spins, a negative gradient lobe in gradient-echo im-
aging initially causes a phase dispersion of spins that 
are refocused by reversing the gradient.

Gradient-echo imaging techniques are preferred 
in many applications where the most rapid imaging 
is required. The use of a gradient reversal to dephase 
and then rephase spins has several additional posi-
tive consequences. Because only a single RF pulse is 
applied, the echo can be acquired more quickly 
thereby signifi cantly reducing echo time. In addition, 
if low fl ip angles are used, the repetition time can be 
reduced. These reductions in TR and TE are what 
enable gradient-echo techniques to acquire images 
more rapidly than spin-echo techniques. Moreover, 
since lower fl ip angles are frequently used with gra-
dient-echo imaging, less energy is deposited than 
using the 90/180º RF pulses of spin-echo imaging. 
Therefore, specifi c absorption rates (SAR), which is 
defi ned as the RF power absorbed per unit mass of an 
object, can be reduced using gradient-echo imaging 
relative to spin echo.

T2 decay occurs between the dephasing and rephas-
ing gradient pulses. Thus, unlike the 180º RF pulse of 
spin-echo imaging, rephasing in gradient echo does 
not completely recover the signal. Because of this loss 
of signal that cannot be rephased, gradient-echo tech-
niques do not remove the effects of magnetic fi eld in-
homogeneities, differences in magnetic susceptibility, 
or the effects of chemical shift. Thus, gradient-echo 
techniques are sensitive to T2* effects. However, the 
ability to acquire images rapidly with gradient-echo 
pulse sequences has led to their inclusion in many 
MR imaging protocols. Moreover, the sensitivity to 
T2* changes can be exploited rather than viewed as a 
hindrance to demonstrate pathologies such as hem-
orrhage due to a breakdown in the blood–brain bar-
rier or new techniques such as magnetic cell labeling 
(Bulte et al. 1999). Because the repetition time can be 
greatly reduced in gradient-echo techniques, often the 
longitudinal magnetization does not have the time to 
recover completely. Thus, the next 90º pulse would tip 
the net magnetization past the transverse plane result-
ing in reduced signal intensity. In order to not sacrifi ce 
the SNR in short TR gradient-echo sequences, a fl ip 
angle less than 90º is often used or a steady state of 
magnetization is achieved by repeated pulsing. In gen-
eral, gradient-echo techniques are grouped into three 
major classes: spoiled gradient-echo, refocused gradi-
ent-echo, and magnetization-prepared gradient-echo.

3.3.1 
Spoiled Gradient-Echo

In spoiled gradient-echo techniques, only longitudi-
nal magnetization is allowed to reach a steady state. 
Spoiling to minimize the residual transverse magne-
tization (Frahm et al. 1986) is accomplished either 
by applying gradient pulses to crush the transverse 
magnetization or by varying the phase of the RF ex-
citation pulse. Spoiled gradient-echo techniques are 
often used for short breath-hold acquisitions or con-
trast-enhanced imaging.

3.3.2 
Refocused Gradient-Echo

Refocused gradient-echo techniques are also referred 
to as fast imaging with steady state precession (FISP), 
fast fi eld echo (FFE), or gradient acquisition in the 
steady state (GRASS). Both longitudinal and transverse 
magnetization are allowed to approach a steady state. 
Thus, these techniques are based on the steady-state free 
precession (SSFP) methods. For long TRs and low fl ip 
angles, the transverse magnetization decays and the con-
trast of refocused gradient echo is comparable to spoiled 
gradient echo. For short TRs and large fl ip angles, a 
signifi cant amount of transverse magnetization remains 
resulting in substantial T2-weighting or an image with 
mixed T1/T2-weighting. Refocused gradient echo is of-
ten used for breath-hold and perfusion imaging.

3.3.3 
Magnetization-Prepared Gradient-Echo

In order to provide increased contrast compared to that 
available by varying TR, TE, and fl ip angle, additional 
RF preparation pulses can be applied to “prepare” the 
net magnetization (Fig. 3.7). Unlike the situation found 
in refocused gradient echo, the spins do not achieve a 
steady state condition. Image contrast is very sensitive 
to the time between the prep pulse and the acquisition 
of the center of k-space. Thus, changes in the ordering 
of phase encoding as well as the prep pulse can greatly 
change image contrast. A 180º RF prep pulse or inver-
sion pulse is commonly used to provide T1-weighting. 
A 90-180-90º pulse or driven equilibrium approach can 
be used to provide T2-weighting. Collectively, these 
magnetization prepared gradient-echo sequences are 
often referred to as turboFLASH, MP-RAGE (magneti-
zation-prepared rapid-acquisition gradient-echo), and 
TFE (turbo fi eld-echo).
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3.4 
Inversion Recovery

As mentioned in magnetization-prepared gradient-
echo, inversion recovery uses a 180º RF preparation 
pulse to invert the spins. Inversion recovery (IR) can 
also be performed with 180º pre-pulse using a spin-
echo or fast spin-echo pulse sequence (Fig. 3.8). T1 
relaxation of each tissue occurs with each tissue mag-
netization passing through a null point as it recovers 
to equilibrium, with a rate depending upon tissue T1 

(Fig. 3.9). The time between read-out and the inversion 
pulse is called the inversion time (TI). By adjusting the 
TI, such that certain tissues are at the null point dur-
ing image acquisition, T1 contrast can be maximized 
(Wehrli et al. 1984). The null point for any individual 
tissue is determined by: ~ln(2) * T1. For example, by 
choosing a TI at which cerebrospinal fl uid (CSF) is 
passing thru zero during readout, CSF in the IR image 
will appear hypointense or black or hence is nulled. 
Care must be taken when TI is very short. In this case 
some tissue will still have inverted magnetization, 

Fig. 3.7. Magnetization prepared gradient-echo pulse 
sequence timing diagram where a preparation pulse 
(MP) is applied prior to data collection. A 180º prepulse 
is a special case of magnetization preparation termed 
“inversion recovery”

Fig. 3.8. Inversion recovery spin-echo pulse se-
quence timing diagram where a 180º RF inver-
sion pulse is added prior to the normal spin-echo 
image acquisition. The inversion time (TI) is cho-
sen such that a specifi c tissue is crossing the null 
point to obtain maximal tissue contrast
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which will be fl ipped into the transverse plane and 
interpreted as positive signal in the images, leading to 
potential confusion (Young et al. 1985).

3.4.1 
Short Inversion Time Recovery

Short tau inversion recovery or STIR is used to en-
hance contrast between gray and white matter while 
maintaining a high SNR and suppressing fat. By us-
ing a short TI, the signal from fat, which has the 
shortest T1, can be nulled while preserving soft tis-
sue contrast. At short TI, all other tissue signals are 
negative which leads to positive values on magnitude 
reconstructed images (Fig. 3.10). Using STIR, better 
visualization of structures such as the optic nerve can 
be obtained (Atlas et al. 1988).  STIR is not compat-
ible with intravenous contrast.

3.4.2 
Fluid-Attenuated Inversion Recovery

Fluid-attenuated inversion recovery (FLAIR) is a 
heavily T2-weighted sequence with suppression of 
the signal from CSF (i.e., fl uid) leading to increased 
conspicuity of brain lesions (Frahm et al. 1986; De 
Coene et al. 1992). Suppression of the CSF is per-
formed by choosing a null point of ~2200 ms (i.e., 
70% of T1 of CSF) combined with a long echo time 
for T2-weighting (Fig. 3.11). The suppression of the 
CSF signal leads to decreased artifacts from CSF fl ow 
thereby enhancing the conspicuity of small lesions 
(Hajnal et al. 1992) especially those that are close 
to the ventricles or sulci.

Fig. 3.9. Graphic representation of the recovery of longitudinal 
magnetization as a function of time for different tissues after 
an inversion pulse. If the image acquisition (shaded area) is 
placed at the zero crossing (i.e., null point) for a tissue, then 
maximum contrast between different tissues can be obtained
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Fig. 3.10. Short tau inversion recovery (STIR) 
image (left) is used to suppress signal form the 
peri-orbital fat. In a non-STIR image (right), the 
details of the optic nerve cannot be seen due to 
the strong signal from peri-orbital fat. The in-
version time of 170 ms in the STIR image causes 
the fat to pass through zero or be nulled. The 
echo time (TE=90 ms) is the same in both im-
ages. (Image courtesy of Mark A. Horsfi eld)

Fig. 3.11. Axial fl uid attenuated inversion recovery (FLAIR) im-
age of a patient with multiple sclerosis. A long inversion time 
(TI=2200 ms) almost completely suppresses the signal from the 
cerebrospinal fl uid (CSF) such that the periventricular lesions 
are more conspicuous. In addition, several subcortical lesions 
(arrow) are seen that could not be demonstrated on standard 
T2-weighted images. (Image courtesy of Mark A. Horsfi eld)



Spin- and Gradient-Echo Imaging 37

3.5 
Artifacts

3.5.1 
Metal Artifacts

Metal objects are well known to cause hypointense 
artifacts due to local distortions of the magnetic fi eld 
(Laakman et al. 1985; Heindel et al. 1986; Shellock 
2001). Dental implants, surgical clips, stents, and mas-
cara can all be sources of ferromagnetic or paramag-
netic materials (Sacco et al. 1987). The 180º refocus-
ing pulse of spin-echo imaging tends to decrease the 
severity of artifacts relative to gradient-echo imaging 
(Fig. 3.12). If gradient-echo pulse sequences are used, 
shorter echo times will decrease the severity of arti-
facts from metal objects.

3.5.2 
Chemical Shift Artifacts

The hydrogen signal that is measured by MRI is pri-
marily composed of fat and water. At the clinical MR 
fi eld strengths, fat and water precess at signifi cantly 
different frequencies (e.g., 3.5 ppm at 1.5 T or 230 
Hz). Since spatial mapping in one direction is done 
according to frequency (i.e., frequency encoding), the 

frequency difference with which water and fat precess 
causes fat and water signals in a single voxel to be 
mapped to different voxel locations (Fig. 3.13). This 
pixel shifting due to the chemical makeup is called 
a chemical shift artifact (Soila et al. 1984; Dwyer 
et al. 1985). The extent of misregistration of fat and 
water depends on the range of frequencies that can be 
assigned to spatial location (bandwidth). Low band-
width imaging results in large degree of chemical 
shift artifacts. While higher bandwidth imaging will 
reduce chemical shift artifacts, low bandwidth im-
aging gives higher signal to noise and better image 
quality. Chemical shift artifacts increase with increas-
ing fi eld strength.

Fig. 3.12. Metal artifact causes a 
hypointense artifact on a spin-
echo image (left). The use of a 
shorter echo time (TE=10 ms, 
right) decreases the extent of 
the hypointense artifact in a 
gradient-echo image relative to 
a longer echo time (TE=20 ms, 
lower right). (Image courtesy 
of Peter Barker)

Fig. 3.13. A chemical shift artifact causes fat signal in the scalp 
to be mapped onto the posterior aspect of the brain in this 
low-bandwidth T2-weighted image. (Image courtesy of Peter 
Barker)

3.5.3 
Motion Artifacts

Movement due to patient motion or pulsatile motion 
such as from blood and CSF can become mismapped 
which leads to artifacts in the image. Ghosting arti-
facts are seen in the phase encode direction due to 
periodic motion such as due to blood fl ow (Wood 
and Henkelman 1985). Image blurring occurs due to 
random motion from signal cancellation (Fig. 3.14).

Artifacts due to patient motion are minimized by 
immobilizing the patient. Gating to the cardiac cycle 
or respiratory cycle is used to minimize artifacts due 
to the heart beating or the patient breathing, respec-
tively. Alternately, respiratory motion can be reduced 
by suspending respiration or performing a breath-
hold (Paling and Brookeman 1986).
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One method for reducing the effect of motion ar-
tifacts due to blood fl ow into the imaging slice is to 
suppress the infl owing blood with spatial presatura-
tion pulses. Spatially selective RF pulses in the regions 
adjacent to the imaging plane are used to saturate the 
unwanted infl owing blood.

Gradient moment nulling or fl ow compensation is 
used to compensate for phase shifts that occur due 
to motion during the application of the gradients 
(Dwyer et al. 1985; Haacke and Lenz 1987; Elster 
1988; Ehman and Felmlee 1990). Typically addi-
tional pulses in the slice select and frequency encod-
ing waveforms are incorporated. These pulses are 
equal but opposite in amplitude. Thus, motion of a 
constant velocity that would normally accumulate a 
net phase is rephased. The additional gradient pulses 
increase the TE, but can be a very effective method in 
gradient-echo pulse sequences of reducing CSF fl ow 
effects.

3.5.4 
Wrap-Around Artifacts

Wrap-around artifact or aliasing (Fig. 3.15) occurs 
when a portion of the anatomy outside the fi eld a 
view appears in the reconstructed image (Bellon et 
al. 1986; Pusey et al. 1988). Aliasing is purely a digiti-
zation phenomena that occurs when spatial locations 

outside the fi eld of view are detected and than recon-
structed as wrapped data in the image. Aliasing in the 
read direction may be prevented by increasing the 
fi eld of view. The use of surface coils to prevent excita-
tion of spins outside the fi eld of view or spatial satu-
ration (Edelman et al. 1988) to reduce signal from 
outside the fi eld of view can also offer a method to 
minimize aliasing. Another method for minimizing 
or eliminating aliasing artifacts is to oversample the 
signal by increasing the number of phase encoding 
steps. However, more imaging time will be required 
if more phase encoding steps are obtained.

3.6 
Gadolinium Contrast Studies

Gadolinium-based contrast agents, such as gado-
linium diethylene triamine pentaacetic acid (Gd-
DTPA) (Weinmann et al. 1984), belong to the class 
of paramagnetic contrast agents. Paramagnetic con-
trast agents contain unpaired electrons. When these 
exogenous paramagnetic agents are injected intra-
venously, the interaction of the unpaired electrons 
with the precessing nuclei increased the relaxation 
rate of the neighboring protons or tissue water. The 
effect of these paramagnetic agents is to shorten T1 
and T2 relaxation. At low doses, gadolinium-based 

Fig. 3.14. The inability of a patient to remain still during a scan 
results in image blurring within the brain as well as ghosting 
artifacts (arrows) outside the head. (Image courtesy of Peter 
Barker)

Fig. 3.15. Aliasing or wrap-around artifact occurred in this 
image when too small a fi eld of view was chosen. Notice the 
fold-over artifact on the right-hand side of the image (letter O 
on eye). (Image courtesy of Peter Barker)
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contrast agents exert their effects by primarily alter-
ing T1, which leads to an increase signal intensity 
in perfused tissues. At higher concentrations, the ef-
fect is primarily on T2 and leads to a signal loss or 
hypointense artifact when the contrast agent is pres-
ent. Tissues that uptake gadolinium-based contrast 
agents appear darker on T2-weighted images.

First pass perfusion of bolus administration of 
gadolinium-based contrast agents leads to regional 
signal intensity changes that are related to tissue 
hemodynamics. Unlike conventional X-ray contrast 
agents where the concentration of the contrast agent 
directly affects the signal intensity, the gadolinium-
based MR contrast agents exert their effects on the 
local protons or water. In the normal brain, due to the 
blood–brain barrier, the contrast agent is retained 
within the cerebral vascular. However, water from 
the blood pool that has experienced shortening of T1 
and T2 due to the presence of the contrast agent may 
diffuse into to the surrounding extracellular space. If 
the blood–brain barrier is damaged, then the agents 
can leak out into the brain parenchyma. Thus, MR 
contrast kinetics can become quite complex.

Typically, the dosages of gadolinium-based con-
trast agents are chosen such that there is a linear 
relationship between contrast concentration and 
changes in T1 or T2 relaxation. In addition, tracer 
kinetic theory is applied during the fi rst pass of the 

contrast agent through the brain to minimize any 
confounding effects of water diffusion. In perfusion 
imaging of the brain, T2-weighted images are often 
obtained during the fi rst transit or passage of the 
contrast agent bolus through the brain. As the con-
trast agent transits the brain vasculature, T2* effects 
predominate resulting in a negative signal intensity 
in perfused tissues (Fig. 3.16). By evaluating the con-
centration versus time curves of the fi rst pass of the 
contrast bolus, regional cerebral blood volume can 
be estimated as the area under the curve (Rosen et 
al. 1991). Moreover, if the arterial input function is 
know, then other quantities such as mean transit time 
(MTT) and regional cerebral blood fl ow (rCBF) can 
be estimated. Other parameters such as contrast ar-
rival time can also be evaluated from these curves.

Several gadolinium-based contrast agents that 
have a larger molecular structure either by the for-
mation of dendrimers or binding to macromolecules 
such as albumin are under investigation for use in 
magnetic resonance angiography (MRA). Due to the 
large size of these agents, they cannot diffuse from 
the vascular space and thus remain intravascular.

Increases in vascularity and permeability as may 
occur in tumors as well as edema which may occur 
secondary to an ischemic event or with certain pa-
thologies often results in an increased signal inten-
sity of T1-weighted images.

Fig. 3.16. Cerebral perfusion parameters can be estimated from analysis of the fi rst passage of a contrast agent through the 
brain in a stroke patient. A single T2-weighted image (left) from a series of 100 images that were collected as the contrast bolus 
traverses the brain is shown. Parameters such as cerebral blood volume (CBV), cerebral blood fl ow (CBF), and mean transit time 
(MTT) can be calculated from the series of fi rst pass images. In order to achieve a high temporal resolution of the scan, spatial 
resolution is decreased which results in poor image quality and image distortion. (Images courtesy of Mark A. Horsfi eld)
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4.1 
Introduction

The quest for speed in diagnostic imaging is un-
derstandable from all perspectives. The physician 
desires a “snapshot” of the anatomy or process in 
question and is concerned about the effect of physi-
ologic motion on the examination. Repetition of the 
examination is often indicated when the process to be 
investigated is dynamic. The patient may be limited 
in ability to remain still, or may be uncomfortable 
during the imaging procedure. All participants desire 
a quick answer to the questions being addressed by 
the study. Finally, economic imperatives often favor 
a rapid exam.

It has always been possible to trade quality for 
speed, or vice versa, in magnetic resonance imaging. 
For example, repeating an exam and averaging the 
results is a classic method of improving the quality 
of some images. This method may fail, however, in 
the presence of some types of physiologic motion. 
Fortunately, much attention has been focused on 
methods to improve imaging speed while maintain-
ing quality. Some improvements have been realized 

via advances in technology. Specifi cally, improve-
ments in signal preservation, noise rejection and 
gradient performance have allowed optimization of 
existing techniques with maximal yield of usable 
signal. The most impressive improvements, however, 
have been realized by fi nding means of circumvent-
ing the physical limitations imposed by relaxation, 
some of which will be explained below.

Gradient-echo imaging may be thought of as 
the “original” fast scan technique. It was known 
that the inherent spin dephasing via T2 decay was 
a relatively longer process compared to the signal 
decay due to the imperfections of the magnet. When 
magnet technology improved, it was found that suf-
fi cient signal to reconstruct an image could be ob-
tained without refocusing the spins. Gradient-echo 
imaging could not, however, replace all conventional 
spin-echo imaging as it did not produce “pure” T2-
weighting. Gradient and spin-echo techniques can 
be thought of as bases for all fast imaging tech-
niques. In fact, it will be shown that all current fast 
imaging techniques are in some way hybrid forms of 
these two. To begin, we will trace the development of 
fast spin-echo imaging.

The success of magnetic resonance imaging (MRI) 
as a diagnostic modality can be attributed to a num-
ber of factors, but prominent among them is that in 
many disease states the observed transverse relax-
ation time (T2) is altered. Thus, the most clinically 
useful results in MRI are obtained with so-called T2 
weighted contrast, where the intensity of an indi-
vidual picture element (pixel) in the image refl ects 
the observed T2 of the tissue. For many years these 
studies were performed with the spin-warp pulse se-
quence, discussed in an earlier chapter. Briefl y, in that 
sequence one chooses principally the repetition rate 
(TR) and the echo time (TE). Using relatively long 
TR and TE values, the signal intensity in regions with 
long T2 is higher, causing those regions to appear 
hyperintense on the resulting images. The TR must 
be long enough so that progressive saturation, which 
would contribute T1 contrast, is minimized to the de-
gree necessary. The compromise, of course, is that the 
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exam time increases linearly with TR. It is possible 
to perform more rapid imaging using short TR con-
ventional spin-echo or gradient-echo sequences, but 
pure T2 contrast cannot be obtained. It should also 
be noted that the conventional spin-echo sequence 
is relatively ineffi cient in terms of data acquisition, 
because the majority of the time spent imaging is 
actually spent waiting for the decay of longitudinal 
magnetization. 

The resolution to the quandary posed above was 
found in a pulse sequence that preserved the long time 
between excitations (TR) but made use of the “dead 
time” to acquire more data with which to construct 
an image. These data, taken together, constitute the 
“k-space” representation of the image. A basic under-
standing of this concept is easily gained and clearly 
illustrates the evolution from conventional to fast 
spin-echo imaging. Images obtained with fast spin-
echo (FSE, also called RARE and turbo spin-echo) 
techniques are now the most clinically essential. The 
ability to interpret and manipulate the contrast ob-
tained with FSE is requisite to effective exploitation 
of the diagnostic capability.

In earlier chapters the development of gradient-
echo imaging was attributed in part to the advances in 
magnet and signal-processing technology that made 
it possible to obtain images without spin-echoes. In 
a similar manner, an ultra fast gradient-echo tech-
nique dubbed echo-planar imaging followed further 
technological developments. This again constituted a 
means of using most of the scan time to acquire data 
rather than wait for relaxation. It was also recognized 
that the spin- and gradient-echo techniques could be 
combined in a variety of methods that offer opportu-
nities to optimize the trade-offs between speed and 
quality.

4.2 
k-Space

During MRI or any imaging examination, data is col-
lected for future display. The display can be visualized 
as a collection of numbers corresponding to bright-
ness (or gray scale) arranged in a (typically) square 
array or matrix. A possible approach in imaging is 
to acquire an individual point of data representing 
some feature of anatomy or function and to use that 
data value to fi ll in the intensity on the image matrix. 
Clearly, conventional X-ray imaging works in this way, 
even as all of the points are acquired simultaneously. 
If, for example, a problem with the X-ray fi lm caused 
only half of the image locations to be obtained, the 
part of the image that was obtained would be perfect 
and indistinguishable from the corresponding part 
of a control image. Mathematically, it is said that there 
is a one-to-one correspondence between individual 
data points and spatial locations. It might be sur-
prising to know that in magnetic resonance imaging, 
although it still true that the number of data points 
is equal to the number of image locations (picture 
elements, pixels), there is not a one-to-one corre-
spondence. Rather, each data point that is acquired 
infl uences the entire image in some way. The image 
cannot be fully reconstructed (formed) without all 
of the data. Further, a mathematical process called 
the Fourier transform must be employed to translate 
the data into an image. Figure 4.1 is a diagram of this 
process in a “black box” sense. 

Consider any MR image. If one wanted to send a 
perfect description of that image to a colleague, it 
would be possible to write down each pixel intensity 
on a gray scale from 0-256, agree in which order the 
numbers would be sent, and proceed to transfer the 

Fig. 4.1. a The Fourier transform is used to process the data 
acquired in an MRI examination into an image. b Data ac-
quired in an MRI imaging experiment is shown with the 
reconstructed image. The acquired data is complex and the 
magnitude of that complex data is shown

DATA from
MRI Coil

Fourier
Transform Image

a

b
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numbers one at a time. The colleague could receive 
the numbers, reassemble the image into a matrix 
form (Fig. 4.2), and then display them as the gray 
scale equivalent. Clearly, an image is nothing more 
or less than a matrix of gray scale values (Fig. 4.2). 
In “image space”, one can select a particular loca-
tion and note the intensity. The coordinates in image 
space are simply the standard spatial coordinates in 
the image plane.

Similarly, the data collected in the MRI process 
is simply a list of numbers acquired over a length of 
time. During the examination, the voltages present in 
the RF coil are sampled and recorded by a computer. 
A voltage waveform of a particular frequency can 
be characterized by magnitude and phase and, typi-
cally, both parameters of the voltages are obtained 
using two radiofrequency channels. This is known 
as quadrature detection and results in data in so-
called “complex” form. These data are assembled in 
what could be called the data matrix (Fig. 4.3). Each 
spin-echo can be recorded in this way as a collec-
tion of numbers including the approach to the echo 
as well as its decay. Successive spin-echoes with dif-
ferent strengths of phase encoding are recorded on 
their own line (Fig. 4.3c). Arranged in the data ma-
trix (Fig. 4.3), the “locations” of individual data cor-
respond to time, moving to the right with the prog-
ress of the spin-echo, and outward from the center 
with the integrated magnitude of the phase encod-
ing gradient. Since the recording of the spin-echo is 
associated with the application of the “read” or fre-
quency-encoding gradient, it is also correct to refer 
to the location with coordinates of integrated gradi-
ent magnitude. The center of the data matrix corre-
sponds to zero gradient in both phase and frequency 
direction. It is the center, or peak, of the spin-echo 
acquired with zero phase encoding. Since stronger 
gradients contribute dephasing that in general low-

ers signal intensity, it is apparent that the center of 
the data matrix will have the largest intensity.

It may be seen at this point that the data matrix 
under discussion is no other than “k-space”, and that 
k-space is in some way an inverted form of image 
space. The coordinates of k-space can be thought of 
as times. The coordinates of image space are spatial 
in nature, but the gradients serve to establish a cor-
respondence between frequency (or phase) and po-
sition. Thus, the coordinates of image space can be 
thought of as having units of frequency. It is useful to 
note that the k-space matrix is theoretically symmet-
ric. Clearly, the ideal spin-echo is identical in build-
up and decay, yielding, in conventional coordinates, 
the left-right symmetry of the matrix. Additionally, 
the magnitude of dephasing due to a phase encode 
gradient does not depend on the sign (direction) of 
the gradient. Thus, applying a “positive one unit” of 
phase encoding is theoretically identical to applying 
a “negative one unit”, and thus the matrix is symmet-
ric top to bottom. This two-dimensional symmetry 
is exploited in some techniques that shorten acquisi-
tion time by acquiring only a part of the actual ma-
trix and fi lling in missing data.

The Fourier transform, introduced above as a 
“black box” that changes the data matrix to the image, 
can be described in a number of ways. Fourier theory 
holds that any function in time (the signal, the spin-
echo) can be exactly described as the sum of sinusoi-
dal functions. The individual sinusoids (of particular 
frequency) constitute the frequency components of 
the signal (Fig. 4.4) and the Fourier transform is sim-
ply a mathematical tool used to convert one to the 
other. Thus, in terms of signal processing, the Fourier 
transform serves to relate the time domain represen-
tation of a signal to its frequency domain equivalent. 
The theory can be extended to more than one dimen-
sion. In two-dimensional (2D) MRI, the 2D Fourier 

Fig. 4.2. An image is a ma-
trix of gray scale values, or 
intensities
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transform serves to translate k-space to image space. 
The mechanics of doing so are handled quite effi -
ciently and rapidly by modern computers.

A pulse sequence for MRI can be thought of as a 
scheme for “covering” k-space, that is, for acquiring 
data such that all point of k-space are known. The 
spin-warp sequence is perhaps easiest to understand 
as each horizontal line of k-space is completely fi lled 
by the acquisition of one spin-echo. Successive spin-
echoes with different phase encode values constitute 
the remaining lines and fi ll the matrix. When k-space 
is fi lled, the Fourier transform (albeit in two dimen-
sions) of that matrix will directly yield the image 
(Fig. 4.5).

The k-coordinate, establishing the location in the 
k-space matrix, can be defi ned for constant gradients 
as:

k =
 γG(t)

        2π 
(1)

where G is gradient strength as a function of time, γ 
is the gyromagnetic ratio, and t is the time of gradient 
application (Fig. 4.6). The read gradient controls kx 
and is turned on in conjunction with the collection of 
data. With the passage of time, Eq. (1) can be continu-
ously evaluated as the k coordinate increases linearly. 
Similar “motion” in k space is associated with all gra-
dient manipulations in the pulse sequence.

The k-space matrix can be fi lled line-by-line, as 
has been described above, or via less conventional 
means, including as a spiral outward from the cen-
ter, simply by varying the application of gradients. 
As noted, application of a constant read gradient in 
the absence of a phase encode gradient is equivalent 
to moving to the right with time in the k-space ma-
trix. Application of a constant phase encode gradient 
along with the read gradient would provide a diago-
nal motion. To move back to the left one would apply 
a negative read gradient. Curved paths would be real-

b

a

c

Fig. 4.3. a Intensity values represent signal strength at a point in time. A hori-
zontal line in the data matrix represents a single spin-echo, with the center 
corresponding to the peak of the echo. b The spin-echo corresponding to the 
indicated line in the data matrix. c Different phase encode values correspond to 
different horizontal lines of the data matrix. The center in the vertical direction 
corresponds to the line obtained with zero phase encoding
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Fig. 4.4a,b. Time-domain and frequency domain plots are related by the Fourier transform. Fourier theory holds that any func-
tion may be represented by adding up a series of sin and cos functions. In MRI, the function is the echo, a complicated sum of 
components at different frequencies corresponding to the different spatial positions from which the signal is obtained. The echo 
is obtained in the time domain and depicted in (a), the time-domain plot. Recall that frequency encoding gradients establish 
a correspondence between frequency and spatial position. Extracting the signal that corresponds to a particular frequency is 
equivalent to isolating the signal from a particular position. In (b), the frequency-domain plot, the frequency components can be 
identifi ed by frequency and magnitude. It is diffi cult to discern these individual behaviors from the time-domain depiction

Fig. 4.5. When all echoes associated with all values of the phase encode gradient are acquired, 
k-space is covered and an image can be reconstructed. K-space can be covered by a variety of 
trajectories. A single echo in a spin-warp imaging sequence can be visualized as starting on the 
left edge of k-space and moving to the right edge

G

t

Fig. 4.6. The k-coordinate is proportional to the area under the gradient-
time curve
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ized by more complex time-varying gradients. Some 
of these are desirable from the standpoint of accu-
rate and physically realizable fast gradient switching. 
That is, one may choose a k-space trajectory based 
upon the physical limitations of the gradient ampli-
fi ers. The original echo-planar implementation (dis-
cussed below) is based upon applying to the gradi-
ent amplifi ers the most basic waveform possible, a 
sinusoid. Curved trajectories may be less intuitive 
than the visualization of individual spin-echoes, but 
from the standpoint of the cumulative gradient effect 
they are relatively straightforward to interpret. The 
complicated k-space trajectories that are employed 
by modern pulse sequences, and indeed any k-space 
trajectories, can be created by controlling the gradi-
ents in this manner.

The contribution to the fi nal image of specifi c 
data points may not be intuitively obvious, because 

the form of the fi nal image is not discernible from 
the appearance of the k-space matrix. However, the 
effect of a single data point on the entire image can 
be estimated and simulated. The nature of that effect 
is related to the position of the data point in the k-
space matrix. The implications of this observation 
are profound and essential to the understanding of 
artifact as well as to the proper prescription of the 
imaging study. For example, an artifact featuring par-
allel stripes or a herringbone pattern may be seen on 
an image when a “pop” of static electricity is recorded 
during image data collection, and where only one or 
two points are abnormally high values. The orienta-
tion and number of the stripes are functions of the 
location of the bad point(s) in k-space (Fig. 4.7). This 
arises from the fact that each data point can be as-
sociated with a sinusoidal function that is part of 
the Fourier representation of the data, where the fre-

Fig. 4.7a–d. Striping (a,b) and Herringbone (c,d) artifacts result from a few “bad”, that is, abnor-
mally high values in the MRI acquisition. The number and orientation of stripes are determined 
by the position of the bad points (arrows) in k-space

a b

c d
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quency of the sinusoid (striping function) is higher 
for larger values of the k-coordinate.

An accurate and simple generalization is that the 
central area of k-space contributes primarily to im-
age contrast while the peripheral area of k-space 
contributes primarily to the defi nition of edges. This 
can be illustrated by the simulated reconstruction of 
an image using only a portion of the data, with the 
remaining data points set to zero. As can be seen 
in Fig. 4.8, a reconstruction using only 6% of the 
original data points results in a blurry yet interpre-
table image that would in some cases be diagnostic. 
Omitting the center data points yields an image that 

shows only edges (Fig. 4.8c). These observations give 
rise to some techniques for rapid image acquisition 
(for example, so-called keyhole imaging where outer 
points are “reused” in subsequent images).

To summarize, the signal is acquired over time 
by sampling the voltage present in the radiofre-
quency coil. The frequency content of that signal 
reflects the encoding of the gradients, which estab-
lish a correspondence between frequency and spa-
tial position. The Fourier transform is employed to 
convert the time-domain signal into the frequency 
domain information that is decoded into spatial 
position.

a b

c

Baseline Reduced k-space

Fig. 4.8a–c. Reconstructing an image with a reduced set of points. a 
The control image reconstructed with all of k-space. b Using only 
the central 6% of k-space the blurry, yet recognizable, image (b) is 
formed. c Using the outer 94% of points, image (c) results
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4.3 
Spin-Echo Acquisition with Multiple Echoes

Recall that conventional spin-echo imaging can be 
used to obtain T2-weighted diagnostic images. A 
long repetition time (TR) must be used to allow for 
the recovery of longitudinal magnetization and to 
avoid T1 weighting. Proton density images are typi-
cally obtained in these studies because they come 
“free”, that is, without any time penalty. Specifi cally, 
the time spent collecting the data to acquire proton 
density images is completely contained within the 
time spent waiting for T1 decay. A slight extension of 
this technique gives the general “multiple spin-echo” 
acquisition, as discussed in Chap. 3 and diagrammed 
in Fig. 4.9. In this technique, the spin magnetizations 
are repeatedly refocused by successive inversion 
pulses. In the example four echoes are produced but 
more or fewer are possible. During each TR period, 
multiple lines of k-space data are acquired, one for 
each spin-echo that is formed. Each of these echoes 
is associated with the same phase-encode gradient, 
but they differ in echo time (TE). Thus, in each of 
the k-space matrices that correspond to specifi c echo 
times, the same line is fi lled in during the TR. The k-

space data are used to build up k-space matrices for 
each of the images as diagrammed in Fig. 4.9b. At the 
end of the acquisition there is enough information 
to reconstruct images for each of the TEs for which 
echoes were collected. A single completion of the ac-
quisition sequence yields data for four images, and 
the time taken is the same as that required to collect 
data for the single longest image. This technique thus 
improves the effi ciency of image data collection by 
yielding multiple images in the same time that would 
be required to obtain one. However, greater than two 
multiple spin-echo images, for example, series with 
TE values of 30, 60, 90, and 120 ms, have not typi-
cally been found to be clinically useful. The images 
that are most valuable are typically the long-TE (T2-
weighted) images and perhaps the very short TE (or 
proton-density weighted) images. Standard imaging 
protocols for many years included proton-density 
images whenever T2-weighted images were obtained, 
even though they might have been considered of lim-
ited utility. These images were considered “free” in 
that no time was added to the study to obtain them.

4.4 
Fast Spin-Echo

Fast spin-echo imaging (originally called RARE, 
rapid acquisition with relaxation enhancement and 
also “turbo spin-echo”; Hennig and Friedburg 
1986) was introduced to exploit the “available” time 
in the TR period and to apply this time to the acqui-
sition of a single image rather than acquisition of 
many images. In principle, the idea is to take a mul-
tiple echo sequence as illustrated above, and instead 
of writing the four lines of k-space in four separate 
k-space matrices, to use them all in a single k-space 
matrix, which thus is fi lled four times faster. In order 
to accomplish this the phase encoding must vary be-
tween each of the echoes – otherwise the four lines 
of k-space will occupy the same points. 

Clearly, the diffi culty with this idea is that the four 
echoes yielding data have different values of TE. In 
fact, in FSE imaging the k-space matrix is fi lled with 
lines representing echoes that differ widely in TE. To 
understand how this is possible one must recall that 
only a small portion of k-space determines the con-
trast in the image, and that the contrast is the param-
eter that is expected to change most dramatically be-
tween echoes with different TE values. On the other 
hand, if the subject is stationary, one does not expect 
the edge information to change. Thus, in FSE imaging 
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there is not defi ned a single TE but rather an effective 
TE. The effective TE is the TE corresponding to the 
information obtained with low values of the phase 
encode (PE) gradient. Equivalently, the effective TE is 
the TE of the echoes where the dephasing due to the 
PE gradient is minimal, giving the higher intensity, 
central part of k-space. The decision regarding which 
echo to use for the contrast information is made au-
tomatically as part of the prescription of the pulse 
sequence when the effective TE is chosen.

Consider FSE acquisition with four echoes. The 
rf excitation part of the pulse sequence is essen-
tially identical to the four-echo multiple spin-echo 
sequence discussed above. The essential difference 
between the sequences is in the phase encoding gra-
dient, applied before every echo. In each TR period, 
four lines of k-space are fi lled in the same image. An 
example is depicted in Fig. 4.10. Note in the example 
that the overall signal intensity increases over the TR 
period, that is, that the strongest echo is the last one. 
That may be counter-intuitive given that T2 decay 
(dephasing) progresses during TR, an effect that con-
tributes to loss of signal over time. Pure T2 decay is 
indeed present and is irreversible but it is relatively 
slow on the time scale of interest. In contrast a largely 
reversible dephasing is contributed by fi eld gradients, 
and it is this type of dephasing, specifi cally that of 
the phase encode gradient, that dominates the over-
all strength of successive spin-echoes in FSE imaging. 
Smaller values of PE gradient contribute less dephas-
ing and thus result in stronger signals. In the exam-
ple of Fig. 4.10 the value of the PE gradient decreases 
with successive echoes and thus the signal strength 

increases. In viewing this example, recall that nega-
tive gradient application can be used to decrease the 
overall integrated magnitude of any gradient. For 
completeness we note that T2* decay, the observed 
signal decay during the echo, includes magnet inho-
mogeneities that make up most of the observed de-
phasing of the individual spin-echo. This dephasing 
is to a large degree reversible and is in fact reversed 
when each spin-echo is formed. 

Fast spin-echo can be employed with as many 
echoes as desired, as long as the signal is suffi cient 
at the end of the sequence to allow collection of data. 
The number of echoes collected in each TR period is 
known as the echo train length (ETL) and represents 
the factor by which the total image acquisition time 
is divided. Equivalently, it is the factor by which the 
exam is speeded up. Repetition time (TR) is defi ned 
as in any pulse sequence and effective TE is defi ned 
as noted above. Echo spacing is defi ned as the time 
between successive echoes and any of these factors 
are determined by the other three. A useful relation-
ship is:

Ta = TR*
 # PE

             ETL (2)

where Ta is the acquisition time, #PE is the number of 
phase encode steps and ETL is echo train length.

FSE imaging is now routine clinical practice and 
produces diagnostic quality T2-weighted images in 
brain and spine (Fig. 4.11). The choice of ETL and 
other timing parameters is made with consideration 
of local equipment and constraints. Typically the 
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Fig. 4.10. a In a fast spin-echo image, multiple phase encode gradient applica-
tions are used in each TR. One image is acquired after all phase-encode values 
are applied. b A k-space map for the fi rst TR is shown. Here, the values of the 
phase-encode gradient are 120, –72, 56, –8. Ordering in this way makes the 
signal intensity of the echoes increase during TR, and makes the contrast of 
the resultant image refl ect the later echo
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quality of images obtained at any individual center 
will dictate the ETL, made, all else equal, as large as 
possible.

The ultimate extension of FSE is single-shot FSE 
(SSFSE), whereby the entirety of k-space is fi lled in 
following a single initial excitation (π/2) rf pulse. This 
pulse sequence actually has no TR value, since there 
is no repetition, but may require only tens of seconds. 
In current implementation the symmetry of k-space is 
exploited in SSFSE, with slightly more than half of the 
phase encode values suffi cing to fi ll in the data matrix. 
The resulting images are of lower quality than gen-
erally expected for diagnostic images, but are highly 
useful for “go/no go” evaluation of certain lesions and 
particularly in patients whose ability to remain still is 
limited. As shown in Fig. 4.12, SSFSE was employed to 
produce a diagnostic image in an uncooperative pa-
tient where conventional SE and even FSE were simply 
too slow. Single-shot FSE in brain may not typically 
provide the quality needed by clinicians for routine 
evaluation, but continued improvements in scanner 
technology and signal processing should result in 
standard protocols featuring this technique.

4.5 
Image Quality and Artifacts

A reasonable concern is the extent to which FSE im-
ages are equivalent to those acquired with conven-
tional spin-echo techniques. Clearly, to make this 
comparison the images must be acquired with the 
FSE effective TE values equal to the conventional TE 
values. That being assumed, FSE images are in fact 
used like the conventional spin-echo images that they 
were designed to replace. However, some differences 
do arise from a number of physical factors. First, the 
signals that fi ll k-space do originate from spin-echoes 
with different values of TE, and the effects of pure 
T2 decay make those echoes different. In the case 
of FSE with the longest echoes assigned to the low 
phase encode values, the effect is minimized because 
the strongest echoes (low phase encoding) will be 
the least affected by T2 decay during the TR period. 
Thus, in FSE images with long effective TE, the im-
age quality is highest because the high phase encode 
acquisitions, which are characterized by maximal 
dephasing and lowest signal strength, occur early in 

a

b

Fig. 4.11a,b. Spine FSE imaging with near-isotropic voxels (a) at 1.5 mm resolution and (b) demonstrating excellent resolution 
of nerve roots
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the T2 process. These acquisitions provide the high 
spatial frequency edge information. In the alternate 
scenario, PD-weighted FSE, the higher phase encode 
acquisitions must be assigned to the later echoes. 
If signal strength is insuffi cient at this point in the 
sequence, the information from those echoes will be 
contaminated or dominated by noise, disrupting the 
reconstruction of edge information. The resulting 
images will be relatively blurred.

Another source of blurring common to all imaging 
modalities is described by the point-spread function, 
which relates the theoretical distribution of signal 
originating within a single pixel to adjacent pixels. In 
FSE, the point-spread function takes the form:

FW1/2 =
 ∆y * 2  ETL * Es

               π           T2 (3)

with FW representing the full width and half height 
of the function, this being a standard measure of 
linewidth such that a wider line corresponds to more 
“spread” of the information, hence more blurring. 
In this equation, ∆y is the pixel dimension, and the 
remaining parameters have been previously defi ned. 
A similar issue related to the point spread function is 
ringing artifact, manifest as repeating bands related 
to the discontinuous T2 weighting function. Again, 

this artifact results from the fact that signifi cant T2 
decay can occur on the time scale of the phase encod-
ing. Methods have been proposed and implemented 
to reduce these effects. The importance of the point 
spread function to the physician prescribing the MR 
scan is that the amount of blurring and ringing due 
to T2 decay can be controlled through the ETL and 
the Es.

Another concern in 2D FSE is magnetization 
transfer (MT). Consider that when multiple slices are 
prescribed, the data to reconstruct them is acquired 
in an interleaved fashion. Thus, the repetition time 
contains all of the echoes being acquired for one slice, 
and also the echoes for all slices in the study. For a 
given slice, the rf excitation for its adjacent slices can 
be considered “off-resonance” in the same sense as for 
the design of a magnetization transfer sequence. In 
conventional spin-echo, these effects are present but 
insignifi cant. In FSE, the rf pulses occur much more 
frequently. Here, the MT effects are measurable and 
tend to enhance the contrast achieved by T2 weight-
ing. A related concern is the observation that many 
successive inversion pulses carry a heavy absorbed 
power load, and may be limited by United States Food 
and Drug Administration (FDA) or other govern-
ment agency constraints. This limitation increases in 
severity with static magnetic fi eld strength, and is of 

Fig. 4.12a–c. FSE (TR 4000 ms ETL 8) imaging was unsuccessful in an uncooperative patient (a). 
SSFSE with 19-s acquisition time (6-mm slices, TE 97) was diagnostic (b,c)
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note as the number of higher fi eld clinical scanners 
continues to rise. However, it is possible with cur-
rent technology to acquire FSE data at high fi eld with 
careful choice of scan parameters (Fig. 4.13).

Susceptibility artifact has been observed to be 
mitigated by FSE imaging as opposed to conventional 
spin-echo. This may be related to the information that 
is incorporated into the image from the short echo 
phase encodes, presumably less affected by suscepti-
bility-induced dephasing. One application where this 
observation is important is in post-surgical spine im-
aging, where metallic fragments can cause diffi culty 

in interpretation of conventional images. An example 
demonstrating the susceptibility advantage in the 
knee is provided in Fig. 4.14.

4.6 
Echo-Planar Imaging 

We have seen that acquiring more than one line of 
k-space from a single excitation pulse allows spin-
echo to become “fast spin-echo”. In a completely 

Fig. 4.134,b. Susceptibility artifact is mitigated by FSE (a) compared with conventional spin-echo 
imaging of the same knee. A surgical pin demonstrates a much more severe artifact in the con-
ventional spin-echo image (b)

a b

Fig. 4.13a–c. Imaging at high fi eld in MS offers the potential for higher signal-to-noise ratio, better resolution and perhaps the 
detection of incipient MS lesions. A diagnostic scan at 1.5 T (a) is compared with a 4-T scan (b), also enlarged for clarity (c)
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porate more shots by acquiring less echoes per repeti-
tion period. The same is true in EPI. It is also possible 
to combine the techniques by, for example, incorpo-
rating a refocusing rf pulse into an EPI sequence in 
order to restore strength of signal. This is the basis 
of so-called GRASE (gradient-echo and spin-echo) 
and related techniques (Feinberg and Oshio 1991). 
All of the techniques can be viewed in light of their 
position on a 2D grid, with one axis assigned to the 
number of spin-echoes per shot (ranging from one to 
full k-space coverage) and the other axis assigned to 
the number of gradient-echoes per shot. Single shot 
techniques of FSE and EPI represent the maximum 
extent of the two axes, multi shot FSE and EPI oc-
cupy intermediate points on those axes, and hybrid 
techniques including GRASE can reside anywhere 
within the plane defi ned by the axes. It is reasonable 
to surmise that an optimal imaging protocol can be 
found on this grid for all possible constraints. 

4.8 
Burst Imaging

Burst imaging is another class of ultra-fast imaging 
methodology, based upon the generation of a series 
of spin (and stimulated) echoes. A single shot tech-
nique; it differs from those discussed above by the 
employment of a burst pulse originated as DANTE 
(delays alternating with nutations for tailored exci-
tation). In this composite pulse a large number of 
evenly spaced, low fl ip-angle individual pulses are 
used. The basic pulse sequence is known as DUFIS 
(DANTE ultrafast imaging sequence) and employs 
the burst pulse given in the presence of a constant 
gradient (Hennig 1998). An inversion (180º) pulse 
follows to refocus (rephase) the transverse magneti-
zation. Clearly, the train of excitation pulses creates 
a large number of echoes. However, as the spacing 

Fig. 4.15. Timing diagram example for echo planar imaging
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analogous manner, repeated gradient echoes can 
be refocused and obtained from a single excitation 
pulse resulting in so-called echo planar methods. As 
proposed in 1977 by Mansfi eld, the original echo-
planar sequence was based upon a single excitation 
pulse (shot) and a zigzag trajectory through k-space 
brought about by the oscillation of one gradient (pro-
ducing gradient-echoes) in the presence of a constant 
orthogonal gradient (Fig. 4.15). In current practice all 
similar techniques are referred to as EPI. A practical 
challenge with this technique is posed by the non-
uniform coverage of k-space, but this is overcome 
by sophisticated reconstruction techniques. Other 
methods of covering k-space include the use of very 
rapid gradient switching (blipped gradients) to allow 
a k-space trajectory that is equivalent to spin-warp 
(at the cost of greater demands on system engineer-
ing). In yet another variation, spiral trajectories are 
achieved by oscillations of both x and y gradients 
at more reasonable speeds. This reduces the need 
for extremely rapid gradient switching at the cost of 
additional complexity in image reconstruction and 
sparser sampling of the higher k-space regions.

Echo-planar imaging (EPI) as originally imple-
mented is the fastest of the fast techniques owing to 
its reliance on a single excitation and having no need 
for other rf pulses for refocusing. As a variation, the 
single excitation can be replaced by a spin-echo or by 
some other brief preparation of the magnetization. 
The EPI acquisition follows using all gradient-echoes 
and k-space is covered. Better quality can be obtained 
if necessary by performing two or more EPI acquisi-
tions, with attendant linear increases in acquisition 
time. As with SSFSE, in single shot EPI the effective TR 
is infi nitely long but the entire study is accomplished 
in just a few seconds. Contrast is characterized by 
T2* or by whatever magnetization preparation was 
employed. The most rapid echo-planar imaging is 
vulnerable to artifacts including signifi cant blurring 
in the direction orthogonal to readout, as well as mo-
tion and susceptibility. These challenges may impose 
limitations on the brevity of the acquisition time.

4.7 
Hybrid Techniques: GRASE

We have seen that all fast imaging techniques can be 
evaluated based upon the number of acquisitions and 
the number and type of refocusing rf pulses. In all 
cases it is possible to take more time to acquire the 
image in order to gain quality. In FSE one can incor-
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of the pulses is constant, many of the echoes are su-
perimposed upon one another. Reconstruction algo-
rithms account for the phase imposed by the constant 
gradient and assign the data to the proper location 
in k-space. Burst imaging is among the most quiet of 
MR sequences as it does not require rapid gradient 
switching.

4.9 
Parallel Imaging

There has been a great deal of recent development 
and interest in parallel imaging, achieved by simul-
taneously acquiring additional signals from coils 
arranged in an array around the tissue of interest 
(Sodickson and Manning 1997; Pruessman et al. 
1999). Although parallel imaging is not based upon 
rapidity of acquisition, it deserves mention in this 
chapter because any increase in quality may be 

“traded off” in an engineering sense to permit an 
increase in speed. Parallel imaging may be viewed as 
an evolution of the employment of phased array coils, 
such as those in common use to image long struc-
tures in the body (e.g. spinal cord). In pulse sequences 
that use these coils, each in turn acquires data from 
the area of the body in its vicinity. The reconstruc-
tion algorithm combines the data from coils to make 
a seamless image of the entire structure. Although 
there is overlap, it is generally true that each receive 
coil is “responsible” for a different part of the image. 
In contrast, parallel imaging uses multiple receive 
coils to provide simultaneous data on the same part 
of the anatomy, giving the benefi t of a repeat study 
for averaging but taking effectively no more time. 
The reconstruction of this data into an image is chal-
lenging but has been accomplished using techniques 
known as SMASH and SENSE. An example of parallel 
imaging is given as Fig. 4.16 and was obtained using 
12 signal processing channels and a purpose-built 
parallel imaging head coil with 12 coils.

Fig. 4.16a,b. Comparison of standard imaging (a) and parallel imaging (b)using a 12 channel head coil (courtesy E. Knopp, 
New York University)

a b
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4.10 
Conclusion

Fast imaging is employed for much of the current 
clinical imaging in brain, offering the diagnostic 
power of long TE imaging, rapid acquisition times, 
and the ability to manipulate contrast as well as to 
tailor the study to the desired speed/quality compro-
mise. An understanding of the essential parameters 
that defi ne these techniques can enhance the ability 
of the physician to prescribe and interpret imaging 
studies. Novel scan sequences based upon FSE, EPI, 
and other techniques, coupled with continued ad-
vances in magnet and system technology, will con-
tinue to extend diagnostic capabilities. 
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5.1 
Introduction

One of several techniques that achieve contrast by pre-
paring the magnetization in some way and then sam-
pling the prepared magnetization via a conventional 
imaging sequence, magnetization transfer offers advan-
tages that have proven valuable in the study of white 
matter disorders. In the most common implementation, 
the magnetization transfer preparation is integrated 
into a gradient echo pulse sequence, with a conven-
tional gradient echo acquisition serving as a control 
study. The magnetization transfer (MT) effect can be 
expressed quantitatively and also evaluated using histo-
gram measures. With the assumption of models for mo-
lecular behavior within tissue, fundamental relaxation 
parameters can theoretically be extracted by solving an 
inverse problem. Imaging sequences incorporating MT 
have proven to be relatively easy to implement and to 
interpret, and have become a common research tool for 
evaluation of brain disorders. This brief overview will 
lay out the fundamental assumptions regarding the MT 
model and will provide suggestions for implementation 
and analysis of MT studies.

5.2 
Physical Basis

Conventional MRI techniques with relaxation-time 
weighting incorporate the implicit assumption that 

a quantity of a particular tissue may be fully char-
acterized by use of T1, T2, and proton density. For 
example, if a particular tissue appears hypointense 
relative to another on a T1-weighted image, the dif-
ference may be attributed to the former tissue having 
a longer T1. Since conventional MRI is not typically 
used (or designed) to provide quantitative measure-
ments on an absolute scale, a region may be described 
as hypo- or hyperintense without any conclusions 
being drawn about the magnitude of change in T1 
that was responsible for the observation.

By comparison, the magnetization transfer (MT) 
model allows two (or more) components on the molec-
ular level to each have their own relaxation parameters. 
This leads to the characterization of tissue with at least 
twice as many parameters as in the conventional MRI 
case. While in theory this represents an expansion in 
the ability to characterize tissue that is analogous to the 
advantage of MRI over X-ray, the full parameter space 
has yet to be exploited. What instead has arisen is a po-
tentially novel contrast mechanism that can be used 
to make images refl ecting in some way the exchange 
properties of magnetization between, in the limit, large 
and small molecules. Specifi cally, tissue is treated as a 
more complicated structure that includes not only pro-
tons in water molecules, but also bound-water protons 
associated with proteins and other large molecules. 
Since bound-water protons cannot be imaged directly 
via conventional means, the technique is constructed 
to sample them indirectly. In theory, advantage is 
taken of the wider frequency spectrum associated with 
short-T2 protons (bound water spins, macromolecu-
lar spins) that behave more solid-like when compared 
with protons of water. Thus, saturating radiofrequency 
energy is applied adjacent to, but not on, the reso-
nance frequency of the free water protons. This tends 
to drive the short-T2 protons into saturation while 
leaving the free water protons untouched. A process 
of, most likely, cross relaxation, effectively “transfers” 
the magnetization of the saturated macromolecules 
to the free water protons. The effect of this transfer is 
seen as a reduction in available magnetization in the 
free water protons. Subsequent sampling of the free 
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water spin magnetization via any pulse sequence will 
elicit a relatively smaller signal. Translated into imag-
ing terminology, regions where this mechanism are ef-
fective will be hypointense. A more rigorous treatment 
of this model and information on the foundation ex-
periments of the technique may be found in the listed 
articles and reviews (McConnell 1958; Forsen and 
Hoffman 1963a,b, 1964; Edzes and Samulski 1977, 
1978; McGowan 2001; Horská 1996).

The consequence of magnetization transfer in hu-
man MRI is that observed proton relaxation times may 
refl ect not only the characteristics of free water pro-
tons, but also the characteristics of the macromolecular 
environment. MT analysis has been said to represent a 
window into the structure of tissue, and this idea has 
been borne out by studies relating MT observations to 
histopathology. The implementation of MT typically 
has included a control study, so that quantitative values 
can be obtained by comparing the two sets of images. 
MT analysis has been suggested to provide information 
complementary to T1, T2, and proton density.

5.3 
Magnetization Transfer Imaging

Magnetic resonance imaging is based upon the sup-
position that rf excitation, applied off-resonance, ex-
hibits a preferential saturation effect on the short-T2 
macromolecules. The observed results of MT stud-
ies are consistent with this theory. The fi rst reported 
study of MTI employed continuous rf excitation using 
a dedicated rf channel to saturate the macromolecu-
lar (bound) spins (Wolff and Balaban 1989), but 
subsequent experiments by Schnall and collaborators 
used the standard signal channel to excite the bound 
spins, as well as to perform the excitation required by 
the imaging pulse sequence (McGowan et al. 1994). 
Another approach was introduced and dubbed “on 
resonance” pulsed magnetization transfer (Hu et al. 
1992). In this variant the effect of pulses applied at 
the proton resonance frequency is to leave the long 
T2 spins with magnetization intact while saturating 
the short T2 spins. This method can be shown to be 
equivalent via Fourier transform to the off-resonance 
approach, and can be shown to be equivalent to satura-
tion at a certain off-resonance frequency (referred to 
as effective offset frequency). A theoretical treatment 
detailing off-resonance selective saturation has been 
provided (McGowan and Leigh 1994).

The above-listed experimental MT techniques all 
produce MT images where image intensity is reduced 

in regions where the MT effect is signifi cant. As noted, 
control images are also obtained so that a compari-
son may be made between the two. The ratio of inten-
sities of these two images is a natural measurement, 
but the most common measure of the MT effect is ac-
tually that ratio subtracted from unity, known as the 
magnetization transfer ratio (MTR). This measure 
was introduced as a value that increased in magni-
tude with increasing MT effect (Dousset et al. 1992). 
Assuming that the saturation provided to the short 
T2 spins is perfectly selective, meaning that the equi-
librium magnetization of the macromolecular spins 
is reduced to zero while the water spin magnetiza-
tion is not directly affected, the water-spin magne-
tization will be maintained at a reduced value in the 
steady-state, during the pulse sequence. The decrease 
in magnetization will be larger in regions where the 
exchange of magnetization is more “effi cient”, with 
effi ciency potentially a function of one or more of the 
relaxation parameters that characterize either type of 
spin. In practice, selective saturation departs signifi -
cantly from perfect selectivity in any pulsed experi-
ments. However, rather than accept the additional 
complexity of adding a separate transmit channel to 
apply continuous wave rf energy, most researchers 
accept a smaller degree of saturation and rely upon 
an assumption that the behavior observed will be 
consistent with an equivalent continuous wave satu-
rating power. Since the results of many experiments 
to date have been presented by comparison with con-
trols, as relative differences between groups and indi-
viduals, this is a reasonable compromise.

It should be noted that contrast between areas ex-
hibiting varying degrees of MT effect is developed 
and superimposed upon the intrinsic contrast of the 
baseline image. Thus the appearance of MT images is 
highly variable when the underlying images can be 
gradient echo, spin echo, or spin-echo with exoge-
nous contrast. For quantitative study, many research-
ers have adopted gradient echo imaging as the con-
trol image, in order to superimpose the MT results on 
strictly proton density images. Magnetization trans-
fer contrast is also used in a qualitative manner for 
applications including magnetic resonance angiog-
raphy and as a means of enhancing contrast visibil-
ity when exogenous contrast agents are given. These 
techniques are successful because the MT effect is 
generally pronounced in relatively dense tissues and 
relatively ineffective in fl uids. In MRA, tissue inten-
sity is reduced while blood remains bright. In stud-
ies with exogenous contrast agents, incorporation 
of MT pulses into the imaging sequence can provide 
additional tissue suppression to allow the contrast-
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affected tissues to appear brighter. Appropriate con-
trol studies should be used in this case to ensure that 
the two independent effects are not confused. These 
applications of MT have been implemented on many 
commercial scanners and are used with both gradi-
ent-echo and spin-echo pulse sequences.

As has been described here, the MT experiment 
nearly always includes its own control study. A dif-
fi culty may arise when trying to compare MTR 
numbers between different scanners, over time, or 
between sites. This arises in part because scanners 
have never been designed to produce “reproducible” 
absolute values of image intensity. Rather, they must 
be able to reproduce contrast differences in reference 
phantoms. Coil loading with varying fi lling factors 
with different size patients is just one of several vari-
ables that are compensated for by the automatic “pr-
escan” functions of clinical scanners. When obtaining 
quantitative MT studies, it may be necessary to over-
ride some of the automatic adjustments in order to 
minimize the differences between acquisition of the 
MT and control images.

Scanner manufacturers have employed a variety 
of ways to effect the prescription of MT images with 
clinical software. Some use the concept of “fl ip angle” 
(although this may not have meaning in the context of 
the off-resonance excitation of macromolecular spins) 
as power. This fl ip angle is understood as related to the 
power that the scanner provides to the rf coil to produce, 
for example, a 90º fl ip angle in proton spins of water. 
This is meaningful as a relative measure of saturating 
power, but may be diffi cult to convert to conventional 
power units without detailed knowledge of the scanner 
software and hardware. Offset frequency is self-explan-
atory when the pulse sequence incorporates pulsed off-
resonance MT excitation, less so when “on-resonance” 
pulses are used. To compare studies, the experimen-
tal parameters should match exactly, as any MTR is a 
strong function of the experimental parameters. The 
choice of effective offset frequency may be controver-

sial. The common wisdom is to avoid “direct saturation” 
of the water spins while still providing saturation to the 
macromolecular spins. In brief, this is unlikely to be 
achieved. There is no sharp line delineating the region 
of “direct saturation”. Rather, it is reasonable to assume 
that there is always some direct effect on the water spins 
and always some indirect effect on the macromolecular 
spins. Perhaps the best compromise in the prescription 
of the scanning protocol is to choose experimental pa-
rameters to maximize the contrast, or MTR difference, 
between tissues of interest.

Magnetization transfer images may be acquired 
with control images to obtain MTR values for each im-
age location. Additional images may also be acquired 
in order to obtain additional data points for later 
application to the inverse problem of determining 
fundamental tissue relaxation and exchange param-
eters. The additional images will often be prescribed 
using a programmed variation of the effective offset 
frequency or the effective saturation power, or both. 
A series of images at constant power with variable 
offset frequency yields data that is often referred to 
as a Z-spectrum (Grad and Bryant 1990). 

5.4 
Analysis of Magnetization Transfer Images

Images can be analyzed pixel-by-pixel or regions of 
interest (ROI) can be prescribed with the MTR cal-
culated as an average of contained pixels. Most early 
MTR studies used ROI analysis as the calculation of 
individual pixel MTR values can be somewhat noisy. 
However, in some cases insight can be gained from 
MTR images constructed via pixel-by-pixel MTR cal-
culation and if necessary ROI values can easily be 
obtained from those images. An example in MS dem-
onstrating regions of interest is depicted in Fig. 5.1. 
Studies involving patients diagnosed with multiple 

Fig. 5.1a,b. Magnetization transfer imaging in a 
patient with multiple sclerosis. a An image with 
MT contrast, where darker regions represent 
greater MT saturation effect. b The correspond-
ing MT map, arrived at by normalizing the MT 
image using an image obtained without MT satu-
ration, that is, by obtaining the MT ratio. Higher 
intensity corresponds to greater MTR on the MT 
map. Regions of interest are shown with regional 
average MT values depicted, demonstrating the 
range and variance of abnormal tissue in MSa b
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sclerosis (MS) have led to increased understanding 
of the disease and in particular of the nature of le-
sion evolution (Petrella et al. 1996; Hiehle et al. 
1994). 

In response to the recognition of the diffuse na-
ture of MS, and the concept of diseased “normal 
appearing white matter”, McGowan and Grossman 
developed the MTR histogram which was applied by 
van Buchem et al in 1996 (van Buchem et al. 1996). 
This method of analysis was designed to be applica-
ble to MS because it was responsive to the large scale 
variation of MTR in lesions as well as to the small 
scale variation in what was to be dubbed “normal 
appearing white matter.” A histogram is simply a 
graph depicting the number of pixels with a certain 
value of, in this case, MTR. The height of the his-
togram at any MTR value represents the frequency 
with which that value occurs in the underlying data. 

The range of MTR values is divided into “bins” and 
the choice of bin size is important to the character 
of the histogram. Specifi cally, too-large bins tend to 
overly smooth the data and too-small bins provide 
a noisy appearance that masks the features within 
that are being sought. The optimum size is a func-
tion of the quality (signal-to-noise ratio) of the raw 
data. Figure 5.2 is the fi rst comparison of MTR his-
tograms, obtained from human subjects. Figure 5.3 
shows a series of MTR histograms obtained in a 
rat spinal cord injury model and serves to iden-
tify some of the histogram parameters that may be 
studied and compared. MTR values have also been 
presented using a contour map technique (Fig. 5.4) 
and this showed promise for identifi cation of pat-
terns of abnormality that were consistent with pa-
thology studies yet inapparent on conventional MRI 
(McGowan et al. 1999).

Fig. 5.2. a MT images obtained in a patient with MS (left) and a normal volunteer. b MT histogram corresponding to the images. 
A decrease and shift of the characteristic peak associated with white matter is seen

Fig. 5.3. MTR histograms in a rat spinal cord injury model, in-
cluding an average control histogram and average histograms 
corresponding to weight-drop injuries with 2.5 and 15 cm 
drop-heights
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5.5 
The Inverse Problem

Some researchers have investigated models of in-
creased complexity compared to the simple binary 
spin bath model discussed above. Impressive results 
have been obtained by treating the macromolecular 
fraction as characterized by other than Bloch equation 
(i.e., T1 and T2) behavior (Morrison et al. 1997; Li 
et al. 1997; Henkelman et al. 1993). Implementation 
of this assumption was achieved by substituting a 
Gaussian or superlorentzian line shape to describe 
the behavior of the macromolecular magnetization, 
where the Bloch equations would predict a lorent-
zian line shape. To pursue these models, additional 
data points must be gathered and the resulting Z-
spectra fi tted to appropriate line shapes. The results 
of fi tting are model parameters including relaxation 
times associated with the macromolecular compo-
nent and characteristic exchange (transfer) rates. The 

time cost of these experiments is high, even though 
a single control study can be used for many values 
of effective offset frequency. When the studies are 
completed, however, results include images based 
upon one parameter of the MT model. Such images 
are being investigated in light of the potential clini-
cal value of an additional MRI contrast parameter. 
Current studies also attempt to optimize the number 
of data points gathered with the aim of a reasonable 
study time for application to human subjects. 
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6.1 
Introduction

The basic principles of diffusion magnetic resonance 
imaging (MRI) were established in the mid 1980s 
(for recent reviews see Le Bihan 2003; Le Bihan 
and van Zijl 2002), combining principles of MRI 
with principles of diffusion sensitization through the 
use of pairs of magnetic fi eld gradient pulses. The 
potential of diffusion MRI is based on the notion 
that, while diffusing, water molecules probe tissue 
structure at a microscopic scale well beyond the usual 
image resolution. During typical diffusion periods of 
about 50–100 ms, water molecules (water is the most 
convenient molecular species to study with diffusion 
MRI, but some metabolites may also be studied with 

spectroscopy; Moonen et al. 1990; van Zijl et al. 
1994) move in the brain on average over distances 
of around 10–20 ìm, bouncing, crossing, or interact-
ing with many tissue components, such as cell mem-
branes, fi bers, or macromolecules. The overall effect 
observed in a diffusion MRI image volume element 
(voxel) therefore refl ects, on a statistical basis, the 
displacement distribution of the water molecules 
present within this voxel. The non-invasive observa-
tion of this displacement distribution in vivo thus 
provides unique clues on the structure and geometric 
organization of tissues. Since the initial work by Le 
Bihan, the developments in the application of dif-
fusion imaging and spectroscopy in vivo have been 
rapid (Table 6.1). The most successful application of 
diffusion MRI since the early 1990s has been acute 
brain ischemia (Moseley et al. 1990a; van Gelderen 
et al. 1994; Baird and Warach 1998; Sotak 2002). 
Brain data show that diffusion is anisotropic in white 
matter (Moseley et al. 1990b), leading to the oppor-
tunity to probe the cumulative effect via so-called 
trace imaging (van Gelderen et al. 1994; Mori and 
van Zijl 1995) (or isotropic diffusion imaging) or to 
develop a formalism to quantify this anisotropy in 
an orientationally independent manner (Basser et 
al. 1994a; Basser and Pierpaoli 1996; Basser and 
Jones 2002; Pierpaoli and Basser 1996). This latter 
formalism has provided not only a means to study 
the magnitude of diffusion anisotropy (Pierpaoli 
and Basser 1996; Pierpaoli et al. 1996; Ulug and 
van Zijl 1999), but also the possibility to acquire ori-
entational information from two-dimensional color 
maps (Pajevic and Pierpaoli 1999) or from three-
dimensional tracking of major white matter fi bers 
(Mori et al. 1999; Conturo 1999; Jones et al. 1999a; 
Basser et al. 2000; Poupon et al. 2000; Mori and 
van Zijl 2002). This development has started a new 
era of connectivity imaging that is presently making 
rapid progress.

In this chapter, we will fi rst describe the principles 
of isotropic and anisotropic diffusion, together with 
approaches to create image contrast based on these 
properties. The basics of why it is needed to use a ten-
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in which ∇ =2
2

2

δ
δr

. The magnitude of diffusion is thus 
defi ned as the fl ux of molecules per time unit (m2 /s).
MRI can measure diffusion through application of 
self-refocusing pairs of magnetic fi eld gradients 
(Fig. 6.1) (Stejskal and Tanner 1965). The random 
phase loss due to diffusion between different spatial 
locations can not be refocused and a signal loss is 
found that will depend on the gradient strength G, 
gradient length δ, and the time over which diffusion 
is measured, the diffusion time tdif , which depends 
both on the time period between the starts of the 
two diffusion gradients (∆) as well as on their length 
and shape. For rectangular gradients and free (isotro-
pic) Gaussian diffusion, this is described by the basic 
Stejskal-Tanner equation:

S S e e eG t D G D bDdif/ ( / )
0

3
2 2 2 2 2 2

= = =− − − −γ δ γ δ δ∆   
  

[6.2]

The b-value, describing the product of the gra-
dient and timing constants, was introduced by Le 
Bihan et al. (1986). When combining diffusion 
weighting with imaging, the results are known as 
diffusion-weighted imaging (DWI), a term now 
common in clinical imaging. The DW contrast adds 
to other contrast in the image, including spin den-
sity, T1, and T2 contrast. To obtain pure diffusion 
information, it is necessary to acquire the diffu-
sion-based signal decay as a function of b-value (at 
least two in an isotropic system), leading to absolute 

sor to describe diffusion in tissue will be explained, 
and schemes to generate orientation-independent 
diffusion tensor descriptions will be discussed. 
Subsequently, it will be discussed how to optimally 
acquire the experimental data needed for the tensor 
description and how the results will depend on the 
range of b-values and the number of directions used. 
This will be followed by a brief overview of recent 
applications.

6.2 
Diff usion Basics

Diffusion is defi ned as a process by which random 
molecular motion transports matter from one part 
of a system to another. In an isotropic medium such 
as neat water, this process can be described by a 
single coeffi cient, i.e., the diffusion constant D, and 
a characteristic equation of motion. This diffusion 
equation, also known as Fick’s second law, states that 
the change in the concentration C (or the amount of 
matter transported) in time is proportional to the 
change in the concentration gradient with respect to 
the positional coordinates:

∂
∂
C

t
D C= ∇2   

     
[6.1]

Table 6.1. History of some important in vivo diffusion MRI and MRS developmentsa

Year Advance Reference(s)

1986 Le Bihan et al. report fi rst in vivo diffusion images Le Bihan et al. (1986)
1990 Moonen et al. report fi rst in vivo diffusion spectroscopy Moonen et al. (1990)
1990 Moseley et al. show early ADC changes in acute stroke Moseley et al. (1990a)
1990 Moseley et al. show diffusional anisotropy in cat brain Moseley et al. (1990b)
1992 Warach et al. fi rst measure stroke patients using DWI Warach et al. (1992)
1994 Van Gelderen et al. suggest use of tensor trace to better observe ischemic lesions 

through removal of the diffusion anisotropy
Van Gelderen et al. (1994)

1994 Davis et al. show ADC changes within 2–3 min of ischemic onset Davis et al. (1994)
1994 Basser et al. introduce theory for diffusion tensor imaging Basser et al. (1994a,b)
1996 Basser and Pierpaoli design orientation-independent anisotropy indices Pierpaoli et al. (1996); 

Pierpaoli and Basser (1996)
1997 Makris uses DTI to design fi ber color scheme Makris et al. (1997)
1999 Mori et al. report successful tracking of white matter fi bers; 

Conturo et al. and Jones et al. report fi rst human data
Mori et al. (1999); Conturo 
et al. (1999); Jones et al. (1999)

1999 Jones et al. discuss importance of multi-directional diffusion acquisition Jones et al. (1999)
2000 Wiegell et al. report imaging of fi ber crossings Wiegell et al. (2000)

aThe above table focuses on medical technology rather than NMR literature and clinical discoveries. Notice that in the 1960s, 
1970s and 1980s, much NMR literature appeared on excised tissue diffusion properties and anisotropy determination. This 
literature is not included here because we focus on in vivo work, but a comprehensive review of this early work is available 
from Karger et al. (1988). 
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 diffusion images, in which the D-value is displayed 
as a function of space.

When studying biological systems, the environ-
ment is in general anisotropic and the imaging 
volume will refl ect a weighted average of multiple 
compartments with different diffusion constants. 
This weighting will depend on the size of the com-
partments, their properties (viscosity, binding with 
macromolecular structures, etc.), as well as on the 
barriers between them (exchange). Due to this en-
vironmental dependence, it is common to speak of 
the apparent diffusion coeffi cient (ADC). This situa-
tion provides the opportunity to study tissue micro-
structure by varying the length of the diffusion time. 
For instance, under the condition of permeable com-
partment separations, two extreme situations can be 
distinguished. For very long diffusion times, water 
molecules can probe most compartments “i” with 
populations pi, which can be seen as fast exchange on 
the measurement time scale: 

S S e e
b p D

b ADC
i i

i/ ( )
0 =

∑
=

−
−

   
   [6.3a]

For very short diffusion times (or very imperme-
able barriers) water molecules most probably stay 

within their compartments and the condition of slow 
exchange is approached, under which the measured 
“approximately-exponential” signal decay at low b-
values is built up of contributions of the signal decays 
in individual compartments. Neglecting relaxation 
contributions, one has:

S S p e ei
bD

i

b ADCi/ ( )
0 = ≅− −∑

   
    [6.3b]

As a consequence, classical (Gaussian) treatment 
of the diffusion process may not properly refl ect the 
tissue properties. Interestingly, the practical situation 
is that, at suffi ciently low b-values (< ~1000 s/mm2) 
and within experimental accuracy, the in vivo situa-
tion can generally be described by a single exponen-
tial, as used in Eq. 6.3a,b. This simple “single-expo-
nential” situation is no longer valid when going to 
higher b-values as has been demonstrated in cell sys-
tems (van Zijl et al. 1991, 1994; Andrasko 1976b), 
as well as in vivo (for a recent review see Cohen and 
Assaf 2002). In cell suspensions or perfused cell sys-
tems, this situation can generally be approximated by 
a biexponential description for intra- and extracel-
lular diffusion, including the membrane transport if 
necessary. In tissue, despite the appearance of a bi-
exponential, the situation is probably more complex. 
Attempts to understand this in vivo behavior are now 
a hot topic of discussion.

To get an impression of the distance scale mea-
sured by diffusion imaging, it is convenient to start 
with free diffusion, in which the radius of the diffu-
sion sphere is given by the standard deviation of the 
Gaussian displacement profi le. This is refl ected by the 
well-known Einstein equation for the mean square 
displacement:

σ = = + + =r x y z Dtrms dif
2 2 2 2  

  
  [6.4]

Free water diffusion at 37˚C corresponds to 
D=3 × 10-9 m2/s, which can be taken as an upper limit 
in vivo and is closely approximated in cerebral spi-
nal fl uid (CSF). In tissue, a D-value of about 1.5 × 10-

9 m2/s is a frequent estimate for free cellular diffu-
sion. In a clinical scanner, available gradient strengths 
limit diffusion times to the order of about 40–50 ms, 
corresponding to a free diffusion distance of about 
12 µm. Cellular restrictions in the brain (membranes, 
organelles, macromolecules) are found over much 
smaller distances, and reduced diffusion constants 
are measured for both gray and white matter. One 
way to probe the spatial boundaries is by assessing 
displacement probabilities using so-called q-space 
imaging (Callaghan et al. 1991, 1999; Cory and 

Fig. 6.1a,b. a Typical spin-echo Stejskal Tanner pulse sequence 
for diffusion weighting with a pair of pulsed fi eld gradients 
of strength G and length d. Data acquisition is denoted by a 
free induction decay. b Calculation of the apparent diffusion 
constant (ADC) from a linear fi t of the normalized logarithmic 
signal decay as a function of b-factor. The diffusion time and 
signal decay are defi ned for a pair of square fi eld gradients

a

b
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Garroway 1990), in which q  is the reciprocal spatial 
vector (units of m–1), defi ned as (γGδ/2π). Under the 
conditions of δ<∆, the magnitude of q controls the 
signal decay via:

S q S P R e dRi q R( ) / ( , ) ( )
0

2= ⋅∫ ∆ π
   

   [6.5]

in which R is the average displacement vector and   
P(R,∆) the displacement probability distribution 
function. Recent work by Assaf and Cohen (2000) 
indicates that the slower component (i.e., the one 
remaining at high b-value) measured from biexpo-
nential analysis of the diffusion decay in the brain 
has a displacement probability of about 2 µm, and 
concluded that this is probably due to the brain fi bers, 
where restrictions are formed by axonal (~3 µm) and 
myelin diameters (1–2 µm), leading to orientation-
ally restricted diffusion. However, such orientational 
restrictions can also be detected using lower b-values 
(Beaulieu 2002), as has been demonstrated in recent 
years using diffusion tensor imaging.

6.3 
Diff usion Tensor Imaging (DTI)

6.3.1 
Tensor Properties and Calculations

The presence of spatial restrictions in tissue causes 
water diffusion to be orientationally dependent. 
This is illustrated in Fig. 6.2. Diffusion is measured 
in the so-called laboratory frame, defi ned by the 
axes of the MRI scanner (z-axis along the fi eld, x and 
y perpendicular and given by the gradient direc-
tions). When diffusion is isotropic (Fig. 6.2a), mea-
surement of diffusion constants using the x, y, or 
z-gradients will all give the same value. If diffusion 
is anisotropic, this is no longer the case. For in-
stance, in Fig. 6.2b diffusion is restricted by a cylin-
der along the z-axis, leading to the measurement of 
two different diffusion constants (ADC�� and ADC�). 
Obviously, in practice, such a situation will not oc-
cur and the restrictions will be randomly oriented 
in the laboratory frame. As a consequence, diffusion 
is generally described by a tensor (Fig. 6.2c) (van 
Zijl et al. 1994; van Gelderen et al. 1994; Karger 
et al. 1988; Basser et al. 1994b). As diffusion con-
stants are real values, this is a symmetric tensor 
(ADCαβ = ADCβα ; α ≠ β; α, β, ∈ {x,y,z}) characterized 
by six unique diffusion constants. Consequently, the 

signal decay is not described by the simple equation 
[2] above, but rather by:

S S e e et
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.

Thus, at least seven measurements are needed to 
determine these tensor elements (one at low b-value 
and six directions at high b-value). This complicates 
and slows down image analysis. For instance, when 
trying to identify stroke lesions, anisotropy effects 
may be very cumbersome and confusing in  ischemic 
regions. As a consequence, the fi rst practical applica-
tion of diffusion tensor imaging involved the acquisi-
tion of a reduced data set, removing the anisotropy 
information inherent in the tensor and creating an 
image representing the trace of the tensor at any given 
point (van Gelderen et al. 1994; Mori and van Zijl 
1995), which is a rotationally invariant quantity. This 
has become especially important in the clinic for de-
tection of ischemic lesions (Baird and Warach 1998; 
Sotak 2002; Ulug et al. 1997). On the other hand, the 
analysis of diffusion anisotropy in vivo may provide 
important new information regarding tissue micro-
structure. This fi eld was pioneered by Pierpaoli and 
Basser (1996) and Pierpaoli et al. (1996), who de-
fi ned orientationally independent anisotropy indices 
based on intrinsic structural properties of ellipsoids 
(magnitude, volume, etc.) that can be used to quan-
tify the tissue anisotropy properties in an unbiased 
manner between subjects.

In order to assess such diffusion anisotropy in an 
orientation-independent manner, the diffusion ten-
sor (measured in the laboratory frame, as detailed in 
the next section on data acquisition) needs to be di-
agonalized to determine the magnitude of the appar-
ent diffusion constants in each voxel. The magnitude 
of the three resulting ADCs, the eigenvalues γ1,γ2,γ3, 
determine the shape of the so-called diffusion ellip-
soid. The orientation of the ellipsoid in the labora-
tory frame is determined by the rotation matrix, R, 
containing the three eigenvectors
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   Laboratory frame                  diagonal frame

After diagonalizing the tensor, the eigenvalues 
can be used to calculate a multitude of diffusion an-
isotropy indices. However, there are some potential 
problems. For most of these indices, the eigenvalues 

α β, { , , }∈ x y z
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need to be ranked by magnitude, which may intro-
duce a bias in the presence of noise (Pierpaoli and 
Basser 1996; Pierpaoli et al. 1996). To avoid this, 
Pierpaoli et al. (1996) and Pierpaoli and Basser 
1996 designed indices that combine tensor elements 
to represent ellipsoid properties that are invariant 
with respect to such ordering. These properties are 
based on three basic invariants of a tensor, which are 
(Ulug and van Zijl 1999):

1st invariant (trace):

 
[6.8a]

2nd invariant:

 [6.8b]

3rd invariant (determinant):
 

 [6.8c]

These three invariants are suffi cient to completely 
describe the tensor. Further invariants can be con-

structed from the basic three above. A common one 
is:

Square of tensor magnitude:

 
[6.8d]

6.3.2 
Diff usion Anisotropy Defi nitions

As can be seen from the equations, the invariant 
properties have units of ADC, ADC2, and ADC3, 
which relate to the average ADC, the surface, and the 
volume of the ellipsoid (Ulug and van Zijl 1999). 
Thus, a set of diffusion constants can be defi ned 
describing such inherent properties of the ellip-
soid. Alternatively, one can defi ne diffusion anisot-
ropies refl ecting such ellipsoid properties, as done 
by Basser and Pierpaoli. Such anisotropies are now 
being used as clinical indicators of tissue status in 
different pathologies. The most important ones of 
these are the fractional anisotropy (FA), relative an-

Fig. 6.2a–c. a Laboratory frame in a diffusion experiment. The z-axis is along the magnetic fi eld; x,y,z are the gradient directions. 
For isotropic diffusion (a), all tensor elements are equal. b For diffusion in a tube with cylindrical symmetry oriented along 
the fi eld, there are two different diffusion constants, namely parallel to the tube and perpendicular. c In vivo, the orientation 
of fi bers or other structures may not be along the fi eld, and the diffusion has to be described by a symmetric tensor with six 
different elements. Average local geometry can be deduced using a diagonalization procedure

a b c
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isotropy (RA), and volume ratio (VR), which relate 
to the invariants via:

 

range: 0 (isotropic) - 1(anisotropic)  [6.9a]

 
range: 0 (isotropic) –√2 (anisotropic)     [6.9b]

range: 1 (isotropic) – 0 (anisotropic) [6.9c].

Of these, the most commonly used one is the FA, 
but in principle any of them can be used as they are 
inherently related (Ulug and van Zijl 1999). Another 
measure that has been suggested is the so-called lat-
tice anisotropy index (LI) (Pierpaoli and Basser 
1996; Pierpaoli et al. 1996), which is an inter-voxel 
(lattice) measure in which voxel anisotropies are 
compared to those of neighboring voxels. Obviously, 
such a comparison depends on spatial resolution and 
the distance from the voxel and is more complex than 
the intra-voxel quantities in Eq. 6.9. Another very use-
ful index, which is directly related to the cylindrical 
symmetry of diffusion is the fi ber anisotropy (Ulug 
and van Zijl 1999), also called the total anisotropy 
(Aσ) (Conturo et al. 1996) or the standard deviation 
anisotropy (Asd):

[6.10]

Prolate diffusion range: 
1 (anisotropic) – 0 (isotropic): Afi ber = RA / √2 

Oblate diffusion range: 
0 (isotropic) – –0.5 (anisotropic)

An anisotropy index should preferably have the 
following properties: (a) to have a physical mean-
ing, it should represent inherent diffusion ellipsoid 
properties; (b) to be measured reproducibly in vivo, 
it should be orientation independent; (c) to reduce 
bias and sensitivity to noise, it should not require 
 eigenvalue sorting i.e., the ordering by magnitude; 

(d) to avoid introduction of additional noise, it 
should be obtainable without tensor diagonalization; 
(e) for improved understanding and convenience, it 
should be normalized between 0 (isotropic) and 1 
(fully anisotropic). These conditions are met by FA, 
RA / √2 = Afiber, and 1–VR. One important question 
relates to the sensitivity of these related indices to 
tissue differences in cylindrical anisotropy. Based 
on their defi nitions, FA is most sensitive for cylin-
drical anisotropy below 0.5, RA / √2 = Afiber is linear 
over the full range, and 1–VR is the most sensitive 
above 0.85. A better index in the above-0.5 range 
would therefore be the so-called ultimate volume 
anisotropy: UA I Ivol = −( / )3 13

3
1

2 (Ulug and van 
Zijl 1999), which is more sensitive above about 
0.6. 

Anisotropy measurements are now starting to be 
used in clinical application. It may not be well real-
ized that these anisotropy numbers can be obtained 
without tensor diagonalization, but this may lead to 
simpler techniques in the future. When fi ber tracking 
is the goal of the experiments (see Sect. 6.5), diago-
nalization of the tensor is still necessary to obtain the 
eigenvectors.

6.4 
DTI Data Acquisition

In a diffusion experiment, magnetic fi eld gradients 
are used to sensitize the experiment to microscopic 
tissue water motion. As such, the experiments are 
extremely sensitive to motion as well as to the per-
formance of the gradients (stability, eddy currents). 
Most modern imagers have high-quality shielded 
gradients and can perform excellent single-shot 
echo planar imaging (EPI). Thus, previous ap-
proaches to avoid motion infl uences, such as the use 
of navigator echoes and cardiac gating are less com-
mon. Recently, the quality of EPI data was further 
improved by the use of parallel imaging (SENSE, 
Pruessmann et al. 1999; SMASH, Sodickson and 
Manning 1997) which can remove much of the im-
age distortions due to local fi eld inhomogeneities 
(Bammer et al. 2002). This has become especially 
important with the recent more common availabil-
ity of clinical 3T scanners, because magnetic fi eld 
inhomogeneity effects scale with the fi eld. Another 
effect of magnetic fi eld inhomogeneities is the pres-
ence of background gradients that interfere with the 
imaging gradients as well as the diffusion quantifi -
cation. The imaging gradients themselves can also 
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interfere with the diffusion quantifi cation. This lat-
ter problem can simply be solved by placing the 
dephasing gradients directly next to the encoding 
and slice-selection gradients, avoiding interference. 
In the following, we will assume all of these pa-
rameters to be acceptable and focus only on the 
diffusion weighting to be attained for the purpose 
of trace imaging and the more involved anisotropy 
imaging and fi ber tracking.

For a recent review of DTI data acquisition, see 
Basser and Jones (2002)

6.4.1 
Trace Imaging

Trace imaging (van Gelderen et al. 1994) is cur-
rently the most common application of DTI. In most 
clinics, this consists of three measurements (x,y,z 
weighting) and addition of the scans. This will work 
well, as long as interference with imaging gradients 
is avoided (see above) and background gradients 
are limited. Actually, it is possible to perform trace 
imaging in a single scan in which most interfer-
ence with background gradients is removed (Mori 
and van Zijl 1995; Wong et al. 1995; Chung et al. 
1998). For correct quantifi cation, it is prerequisite 
that no interfering imaging gradients are present 
during diffusion encoding, but this can be easily 
accomplished as outlined above. The recent avail-
ability of imaging gradients as strong as 8 G/cm on 
whole-body systems may make this sequence more 
popular, especially in view of the high quality im-
ages that can be attained

6.4.2 
Anisotropy Imaging

In DTI, acquisition schemes need to be used that 
acquire all elements of this diffusion tensor in an 
optimal manner, i.e., as fast as possible and with the 
highest signal to noise ratio (SNR). Because the ten-
sor is symmetric, DTI requires diffusion weighting 
along at least six independent axes plus a reference 
image. The latter should employ some minimal diffu-
sion weighting to remove some unwanted coherence 
pathways as well as some fl owing components (b-
value of 50-100 s/mm2). At the high value, weighting 
in all directions should be suffi cient to obtain a well-
measurable difference. This is not trivial, as signal 
loss due to weighting may be easily achieved along 
the fi ber direction, but not as easily perpendicular 

to it. At present, b-values from 600-1000 s/mm2 are 
most routinely used. Another factor that has to be 
optimized is the orientation of the gradients. As 
one can easily understand, the best combination of 
gradient orientations, without a priori knowledge 
of tensor orientation and any bias, is to distribute 
them uniformly in the 3D space. For example, for six 
orientations, it becomes an octahedral confi gura-
tion. Recent important work by Jones et al. (1999b) 
has shown that optimum acquisition scheme for 
tensor component determination uses more than 
six directions, namely about 20-30 (Skare et al. 
2000). Importantly, the number of reference scans 
should also be increased in proportion in order to 
maintain optimum SNR properties, namely about 
1:6 (Skare et al. 2000). At our scanner we presently 
use 32 directions and 5 references. To avoid motion 
artifacts, it helps to acquire all directions separately 
and to align the individual diffusion-weighted im-
ages before performing the tensor analysis using 
multi-variate fi tting. 

Finally, two important issues have to always be 
kept in mind. First of all, when working at limited 
SNR, anisotropy values may increase and thus lead 
to erroneous interpretation of the data. Secondly, 
partial volume effects (with CSF or gray matter 
structures; Alexander et al. 2001; Pfefferbaum 
et al. 2003) may change the measured anisotro-
pies, which consequently may show a resolution 
dependent effect. This may cause problems when 
comparing anisotropies between different research 
groups or even between normal controls and pa-
tients, where some atrophy or different choice of 
reference slice may be misinterpreted for a lesion. 
Such problems will obviously worsen for smaller 
brain structures.

Figure 6.3 demonstrates the types of images that 
are usually acquired and how the appearance of the 
image typically changes during data analysis.

The reader is also referred to the works by 
Pierpaoli and Basser (1996) and Pierpaoli et al. 
(1996) for further discussion of anisotropy imag-
ing.



70 P. C. M. van Zijl et al.

Fig. 6.3a–i. Different image types used in DTI. a b0 map (actually b ~ 50 s/mm2); b DWI (b ~ 700 s/mm2); c ADCav map; d 
tensor images in the cartesian (laboratory) reference frame; e tensor elements remaining after diagonalization, namely the 
eigenvalues: l1, l2, l3; f eigenvectors; g FA map; h color-coded map showing fi bers oriented right–left as red, anterior-posteriorly 
as green, and perpendicular to the plane as blue; intensity is proportional to FA; i fi ber-tracking of the fi bers passing through 
the left middle cerebral peduncle
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6.5 
Axonal Mapping/Fiber Tracking

Another parameter that can be obtained from DTI is 
the orientation of diffusion ellipsoids (eigenvectors). 
The most intuitive way to show the orientation is the 
vectors presentation, in which small lines (vector) 
indicate the orientations of the longest axis of dif-
fusion ellipsoids. However, unless a small region is 
magnifi ed, the vector orientation is often diffi cult to 
see. To overcome this problem, a color-coded scheme 
is used (Pajevic and Pierpaoli 1999; Makris et al. 
1997). Examples are shown in Fig. 6.4 (left). In the 

color map, three orthogonal axes (e.g., right–left, su-
perior–inferior, and anterior–posterior) are assigned 
to three principal colors (red, green, and blue). If a 
fi ber is running at 45º from red and blue axes, it is 
assigned magenta, which is mixture of red and blue.

Assuming that the orientation of the largest com-
ponent of the diagonalized diffusion tensor represents 
the orientation of dominant axonal tracts, DTI can 
provide a 3D vector fi eld, in which each vector pres-
ents the fi ber orientation (Fig. 6.4). Currently, there 
are several different approaches to reconstruct white 
matter tracts, which can be roughly divided into two 
types. Techniques classifi ed in the fi rst category are 

l

scrscr

Fig. 6.4. Examples of brain fi ber color maps (left column) and 3D-based fi ber tracts projected in a plane (middle column) or 
shown in 3D space (right column). In the color maps, blue, red, and green indicate inferior (i)–superior (s), left–right, and anterior 
(a)–posterior, respectively. The 3D fi ber tracts in the middle column are superimposed on MPRAGE images, showing that axonal 
mapping can be used to parcelate the white matter. acr, Anterior corona radiata; alic, anterior limb internal capsule; atr, anterior 
thalamic radiation; cbt, corticobulbar tract; cg, cingulum; cp, cerebellar peduncle; cst, corticospinal tract; dcn, deep cerebellar 
nuclei; fx, fornix; icp, inferior cerebellar peduncle; ifo, inferior fronto-occipital fasciculus; ilf, inferior longitudinal fasciculus; 
ml, medial lemniscus; pcr, posterior corona radiate; plic, posterior limb internal capsule; scp, superior cerebellar peduncle; scr, 
superior corona radiata; sfo, superior fronto-occipital fasciculus; slf, superior longitudinal fasciculus; str, superior thalamic 
radiation; unc, uncinate fasciculus. [Data reproduced with permission from Wakana et al. (2004)]

sfo slf

ifo

unc ilf
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based on line propagation algorithms that use local 
tensor information for each step of the propagation. 
The main differences among techniques in this class 
stem from the way information from neighboring 
pixels is incorporated to defi ne smooth trajectories 
or to minimize noise contributions. The second type 
of approach is based on global energy minimization 
to fi nd the energetically most favorable path between 
two predetermined pixels. These methods have been 
recently reviewed (Mori and van Zijl 2002), but 
many more innovations and improvements are ex-
pected in the coming years. When designing or using 
such technologies, it is important to understand the 
basis of the anisotropy contrast in DTI and the limi-
tations imposed by using a macroscopic technique to 
visualize microscopic restrictions. For instance, when 
using such vector fi elds to track axonal pathways, one 
must always be aware of the infl uence of noise, par-
tial volume effects and the effect of termination cri-
teria (Mori and van Zijl 2002; Lori et al. 1999, 2002; 
Mangin et al. 2002; Lazar and Alexander 2001). 
The following main points should be kept in mind. 
First, conventional DTI data acquisition and pro-
cessing methods are challenged by a voxel contain-
ing more than one population of axonal tracts with 
different orientations. Second, DTI cannot provide 
information on cellular-level axonal connectivity. 
Multiple axons from individual cells may merge into 
or branch out from one voxel. Within a voxel, cellular-
level axonal information of multiple compartments 
is averaged. The third important limitation is that 
afferent and efferent pathways of axonal tracts can-
not be judged from the direction of water diffusion 
in a voxel. The question that often arises is therefore 
what tractography will be able to provide. Based on 
the relative size of the voxel and the human brain and 
recent experimental results (Wakana et al. 2004), it 
should be safe to say that it can rev matter tracts (e.g., 
see the atlas data in Fig. 6.3). The possibility to study 
crossing fi bers has also been suggested (Frank 2001; 
Tuch et al. 2001; Wiegell et al. 2000), but more re-
search is needed in this area.

6.6 
Applications of Quantitative DWI/DTI 
to the Brain

Most applications were recently reviewed in an ar-
ticle by Dong et al. (2004), and in special issues of 
NMR in Biomedicine (Vol. 15, issues 7,8, 2002) and 
the European Journal of Radiology (Vol. 45, issue 3, 

2003). As mentioned in the introduction, the struc-
tural organization of the brain comprises multiple 
microscopic components, including microtubules, 
cell membranes, axons, myelin, and macromolecules 
arranged into macroscopically identifi able structures 
such as the fi ber bundles. This architecture restricts 
the Brownian motion of water, superimposing vary-
ing degrees of anisotropy depending on the location 
in the brain. Diffusion, probing this water motion, 
therefore yields an in vivo measurement of a physi-
cal property rather than an MRI property such as 
T1, T2 and magnetization transfer (Horsfi eld and 
Jones 2002). An alteration of such a physical prop-
erty in case of disease can represent a distinct and 
advantageous window for clinical analysis. Thus, be-
cause microscopic information is provided by this 
technique, a higher sensitivity for lesion detection 
is expected, either in diseases bearing focal lesions 
or diffuse abnormalities. Such a higher sensitivity 
compared to conventional MRI would allow early in-
tervention, which is considered to be crucial in dis-
eases such as stroke. Refi nement of diagnosis with 
more precise anatomical information, for instance, 
involvement of surrounding anatomical structures in 
tumors and more precise localization of lesions will 
lead to better correlations with clinical scales. This 
may offer substantial benefi ts to patients including 
potentially better treatment choices and improved 
follow-up information.

6.6.1 
Normal Control Values of Diff usion Parameters 
During Early Development and Aging

Although studies that evaluate focal lesions usually 
use the correspondent contralateral areas for com-
parison, studies that include more diffuse lesions 
commonly need their own group of normal controls. 
Tables 6.2 and 6.3 summarize normative anisotropy 
(FA and Afi ber = RA / √2 ) and average apparent diffu-
sion coeffi cient (ADCav) values reported in the litera-
ture for several structures in white matter (WM) and 
gray matter (GM), respectively. The average diffusion 
constant was fi rst used in the stroke literature (Mori 
and van Zijl 1995; Decanniere et al. 1995) and is 
defi ned by:

ADC Tr Dav = ( ) / 3
    

    [6.11]

Even though (ADCav, FA, and Afi ber are orientation-
independent quantities, care has to be taken in their 
interpretation. The reason is the infl uence of partial 
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Table 6.2. Diffusion parameters in some normal brain white matter regions

Age ADCav FA Afi ber=A
= RA / √2 

Nominal voxel 
volume (µl)

Reference

27–36 years 0.69e 0.87e 8.7 Pierpaoli et al. 
(1996)

~25–40 0.75–0.88 0.78–0.81 0.55–0.63 18.1 Ulug and van Zijl 
(1999)

23–47 years 0.72e 0.71e 0.50 11–18 Shimony et al. (1999)
cc 23–76 years 0.57–0.70f 6.9 Pfefferbaum et al. 

(2000)
Mean age 28±11 
years

0.74–0.80§ 0.65–0.71 17 Arfanakis et al. 
(2002)

Mean age 26±8 years 0.70–0.72 4.4 Sun et al. (2003)
19–34 years 0.79–0.81 0.64–0.66 9.3 Westerhausen et al. 

(2003)

Preterma;
full terma

1.0–1.3 (plic)
1.1 (plic)

0.07–0.16
0.23

28 Huppi et al. (1998, 
2001)

Full termb 1.0–1.2 0.13–0.21 11–28 Neil et al. (1998, 
2002)

0 yearsc

2–10 yearsc
0.9–1.4
0.6–0.8

0.14–0.30
0.47–0.55

N/A Neil et al. (2002); 
Mukherjee et al. 
(2002)

27–36 years 0.64e 0.76e 8.7 Pierpaoli et al. 
(1996)

ic ~25–40 0.69–0.70 0.71–0.74 0.50–0.52 18 Ulug and van Zijl 
(1999)

23–47 years 0.70–0.72e 0.59–0.65e 0.39–0.45 10-18 Shimony et al. (1999)
Mean age 28±11 
years

0.65–0.67§ 0.54–0.64 17 Arfanakis et al. 
(2002)

Mean age 26±8 years 0.46–0.57 4.4 Sun et al. (2003)

Preterma;
full terma

1.5–2.0
1.2

0.04–0.13
0.17

28 Huppi et al. (1998, 
2001)

Pretermd;
full termb

1.4–1.9
1.0–1.5

0.07–0.12 11–28 Neil et al. (1998)

7–30 years 0.84 0.46 18 Eichler et al. (2002)
27–36 years 0.65–0.72e 0.46–0.87e 8.7 Pierpaoli et al. 

(1996)
wm ~25–40 0.75 0.70 0.48 18 Ulug and van Zijl 

(1999)
23–47 years 0.78–0.80e 0.33–0.42e 0.21–0.26 10–18 Shimony et al. (1999)
23–37 years
56–85 years

0.81
0.91

0.24
0.22

31 O’Sullivan et al. 
(2001)

23–76 years 0.35–0.44e 6.9 Pfefferbaum et al. 
(2000)

35±7 years 0.42–0.45 63 Steel et al. (2001)
Mean age 26±8 years 0.42–0.64 4.4 Sun et al. (2003)

cc, Corpus callosum; ic, internal capsule; plic, posterior limb; wm, white matter.

a Preterm <38 weeks; full term ≥38 weeks; taken from Figs. 3 and 4 and Table 6.2 in Huppi et al. (1998); Huppi et al. 
 (1998, 2001) gave RA as a percentage. We have recalculated this to Afi ber by dividing by 100* √2
b Table 6.2, Neil et al. (1998).
c From Fig. 6.1 in Neil et al. (2002).
d Figs. 4 and 5, Neil et al. (1998).
e Calculated from the eigenvalues given in the chapter.
f Deduced from graph; these values are after spatial warping, a procedure that increases the measured FA by about 10%.
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volume effects, which may appear in more or less 
fashion depending on the voxel size, b-value, size of 
region of interest, and encoding and slice directions. 
An excellent overview of the effect of these factors 
on DTI calculations has been given by Alexander 
et al. (2001). At commonly used b-values, anisotropy 
values for large WM structures will be less affected 
by partial volume errors and thus more reliable and 
probably higher than those in smaller structures, 
where resolution limitations prohibit good defi nition 
of the structure in a DTI map. This could for instance 
explain why the FA values by Pierpaoli et al. (1996) 
and Ulug et al. (1999) are consistently higher than 
by other groups. On the other hand, the data by these 
two groups are older (acquired around 1995–1997) 
and may have had lower SNR, thereby increasing the 
anisotropy. For smaller structures than the corpus 
callosum, partial volume effects with crossing fi bers, 
some gray matter, and/or CSF will reduce anisotropy. 

To get an impression of the accuracy of the anisot-
ropy values for a certain ROI, some authors evalu-
ate the agreement in value between the anisotropies 
in the comprising voxels. A large variation would 
indicate involvement of many different structures, 
while a high coherence would support the anisot-
ropy value for a single structure (Pfefferbaum et al. 
2000). Thus, the present tables should only be used 
as a general guideline for trends, while better num-
bers at smaller voxel size (more homogeneous voxel 
composition per voxel) are to be expected in the near 
future due to the availability of much higher signal-
to-noise ratio (SNR) through the advent of stronger 
gradients (already up to 8 G/cm for whole-body gra-
dients) and higher magnetic fi eld strengths (3 Tesla) 
in the clinic. Further improvement in accuracy will 
occur when individual structures in white matter are 
selected though fi ber tracking, such as performed by 
Stieltjes et al. (2001) for the brainstem. However, 

Table 6.3. Diffusion parameters in some normal brain gray matter regions

Age ADCav FA Afi ber=A
= RA / √2 

Nominal
voxel volume (µl)

Reference

Full terma 1.16-1.18 0.06 11–28 Neil et al. (1998)
GM
(cortex)

27–36 years 0.83b 0.20b 8.7 Pierpaoli et al. 
(1996)

~25-40 0.93 0.39 0.22 18 Ulug and van Zijl 
(1999)

23–47 years 0.93b 0.09-0.15b 0.05-0.09 10–18 Shimony et al. 
(1999)

Full terma 1.08 0.08 11–28 Neil et al. (1998)
tha ~25–40 0.73 0.43 0.25 18 Ulug and van Zijl 

(1999)
23–47 years 0.72b 0.30b 0.19 10–18 Shimony et al. 

(1999)

Full terma 1.24 0.07 11–28 Neil et al. (1998)
hcn 27–36 years 0.67b 0.17b 8.7 Pierpaoli et al. 

(1996)
~25–40 0.68 0.41 0.22 1.9×1.9×5 Ulug and van Zijl 

(1999)
23–47 years 0.80b 0.17b 0.10 10–18 Shimony et al. 

(1999)

Full terma 1.18 0.07 11–28 Neil et al. (1998)
put ~25-40 0.72 0.42 0.23 18 Ulug and van Zijl 

(1999)
23-47 years 0.73b 0.14b 0.08 10-18 Shimony et al. 

(1999)
hf 24-49 years 0.28b 0.01 8.7 Assaf et al. (2003)

gm, Gray matter; tha, thalamus; hcn, head of caudate nucleus; put, putamen; hf, hippocampal formation.
a Tables 6.1 and 6.2, Neil et al. (1998).
b Calculated from the eigenvalues given in the chapter.
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even in that situation, the fi nal anisotropy will de-
pend on the thresholds chosen for tracking.

In pre-term and full-term newborn brain, ADCav 
values are considerably higher and anisotropy values 
considerably lower than in adults (Huppi et al. 1998, 
2001; Neil et al. 1998, 2002). During development 
(preterm-full-term-adult), the ADCav of white mat-
ter (Table 6.2) decreases with age whereas anisotropy 
increases refl ecting regional differences (Huppi et al. 
1998; Neil et al. 1998, 2002). An example is shown 
for the internal capsule in Fig. 6.5 (Neil et al. 2002). 
The anisotropy increase in white matter has been de-
scribed to happen in two distinct phases. The fi rst, 
called “pre-myelinating state”, has thus far only been 
detected by DTI, as T1 and T2-weighted sequences 
are not sensitive to these changes. The second phase 

of increase in RA corresponds with myelin produc-
tion and maturation. The pre-myelination phase was 
attributed to changes in the cytoarchitecture of the 
axons. In this respect it is important to consider recent 
work by Beaulieu (2002) and Beaulieu and Allen 
(1994) showing that the magnitude of the diffusion 
anisotropy correspond to restrictions imposed by the 
axonal membrane and not by the smaller structures 
within the axon. The rate of anisotropy change differs 
between different white matter structures (Neil et al. 
2002). This was for instance found for the internal 
capsule, where the posterior lobe (PLIC) myelinates 
before the anterior lobe (ALIC), leading to differ-
ences in anisotropy and average diffusion constants 
between these structures during early development. 
Another interesting insight into the physiology of the 
developing brain provided by DTI is the observation 
of transient high anisotropy in the cortical gray mat-
ter during the period from 26–32 weeks of gestation, 
similar to what is observed in the developing mouse 
brain (Mori et al. 2001). A good correlation with the 
period of intense neuronal migration, in which the 
cytoarchitecture of the cortex includes radial glial fi -
bers and radially oriented dendrites of the pyramidal 
cells was noticed. 

A decrease in FA and increase in ADCav are 
seen with normal aging (Pfefferbaum et al. 2000; 
Moseley 2002; Nusbaum et al. 2001; O’Sullivan et 
al. 1999). Especially important in such aging studies 
is the analysis of preservation of the white matter 
volume. Atrophy may lead to an artifi cial reduction 
in anisotropy and increase in the average diffusion 
constant. To assess this, Pfefferbaum et al. (2000) 
measured so-called intervoxel coherence, which re-
fl ects the agreement between anisotropy values of the 
voxels included in the ROIs chosen for the different 
structures. Such coherence could be shown to be pre-
served along normal aging, indicating that the DTI 
changes are related to microstructural deterioration. 

6.6.2 
Diff usion Imaging of Acute Ischemia

The possibility of early (Moseley et al. 1990a; Baird 
and Warach 1998; Warach et al. 1995; Lutsep et 
al. 1997; Sorenson et al. 1996; Ricci et al. 1999) and 
accurate (Gonzalez et al. 1999) detection of stroke, 
along with the distinction of potentially salvageable 
ischemic tissue (penumbra) (Baird and Warach 
1998; Donnan and Davis 2002) has aroused in-
tense research and patient management change in 
the area, leading to the concept that “time is brain”. 

Fig. 6.5. Plots of ADCav and RA of the posterior (PLIC) and 
anterior lobes (ALIC) of internal capsule as a function of 
age for the fi rst 10 years of life. The data start at 26 weeks of 
gestational age (very high ADCav and very low RA) (see also 
Table 6.2) and the values quickly normalize a few months after 
birth and are almost completely settled after two years. [Data 
reproduced with permission from Neil et al. (2002)]
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DWI shows conspicuous hypersignal intensity within 
minutes after the onset of ischemia (Moseley et al. 
1990a; Minematsu et al. 1992; Davis et al. 1994; 
Provenzale and Sorensen 1999), believed to be 
caused by cytotoxic edema due to failure of Na+/K+ 

membrane pump, which occurs after disruption of 
oxidative energy metabolism. As explained earlier, 
the ADC maps have to be analyzed in conjunction 
with DWI, as the hypersignal on the latter can be 
due to residual T2 contrast, described as “T2 shine-
through” phenomena (Ulug et al. 1997; Provenzale 
and Sorensen 1999; Huisman 2003). A true re-
stricted-diffusion image displays hypersignal on 
DWI and hyposignal on ADC maps. Employing these 
images, early detection of stroke is usually straight-
forward, despite the description of some pitfalls such 
as reversibility of DWI changes as well as variation 
on the signal behavior of DWI and ADC along the 
time course of stroke (Provenzale and Sorensen 
1999; Schlaug et al. 1997). The mismatch between 
perfusion weighted image (PWI) and DWI indicates 
the presence of a penumbra of reduced fl ow around 
the ischemic core identifi ed by the diffusion defi cit 
(Sorenson et al. 1996; Schlaug et al. 1999). Such a 
region contains potentially salvageable tissue, allow-
ing prompt intervention with thrombolytic therapy if 
diagnosed within the fi rst few hours of onset. The role 
of DTI in the acute stroke scenario has gained impor-
tance through the realization that the acquisition of 
a diffusion constant in a single direction may lead to 
erroneous and confusing interpretation of stroke pa-
thology and lesion evolution. This issue came about 
in the human literature when confusion arose about 
the length of the diffusion-constant normalization 
period after ischemia (Sorenson et al. 1996; Welch 
et al. 1995; Warach et al. 1996a,b), a problem that 
was due to choice of different directions of the dif-
fusion-weighting gradients by different groups. This 
confusion could be addressed by using the trace of 
the tensor (Warach et al. 1997), as fi rst suggested in 
animal studies (van Gelderen et al. 1994; Mori and 
van Zijl 1995; Ulug et al. 1997).

One point that is a topic of much discussion is 
whether the magnitude of the diffusion drop is an in-
dicator of the salvageability of the tissue in the pen-
umbra. Based on animal studies, we do not believe 
that this is the case. For instance, cat studies at high 
time resolution (Decanniere et al. 1995; Davis et al. 
1994) show that the average diffusion constant drops 
about 30% during cardiac arrest. A small initial drop 
of a few percent was noticed in the diffusion constant 
upon occlusion in an ischemia model (Davis et al. 
1994), but this was followed by an almost instanta-

neous steep large drop after 2 min, presumably upon 
depolarization. No correlation between the severity 
of penumbral involvement and the absolute value of 
the diffusion constant has been found in humans, and 
it is probably the case that variation in ADCav values 
refl ects partial voluming between fully depolarized 
and polarized cells with normal ADCs. 

The role of anisotropy measurements is not de-
fi ned yet, although some evidence points to DTI as 
a more refi ned prognostic tool potentially yielding 
better clinical correlation (Sotak 2002; Sorensen 
et al. 1999; Yang et al. 1999; Gillard et al. 2001; 
Kunimatsu et al. 2003). Similar to ADCav values, an-
isotropy values also appear to vary depending on the 
time course of stroke (Yang et al. 1999) with some 
patients presenting with increased values in the 
acute and subacute phase (relative to contralateral), 
others with increased values acutely and reduced 
values subacutely, and a third group with reduced 
values both acutely and subacutely. All patients had 
reduced anisotropy in the chronic phase. Increased 
values in the acute phase have been explained on 
the basis of reduction of the extracellular space after 
intracellular accumulation of water with increased 
tortuosity of membranes leading to greater restric-
tion of water, whereas, decreased values may refl ect 
extracellular edema and cell lysis. Anisotropy values 
within 12 h of stroke correlated well with clinical and 
outcome scales. Evaluation with the full-tensor ap-
proach theoretically improves lesion detection and 
gives better discrimination on white and gray mat-
ter lesions (Sorensen et al. 1999; Mukherjee et al. 
2000). Assessment of chronic infarcts and correlation 
with prognosis and follow-up is another potential 
fi eld for DTI (Kunimatsu et al. 2003; Pierpaoli et al. 
2001). DWI (Liu et al. 1999) and DTI (Arfanakis et 
al. 2002) have also been employed as a very sensible 
method for early detection and evaluation of diffuse 
axonal injury, such as experienced after trauma. The 
use of DTI for identifi cation of salvageable tissue and 
subsequent intervention in cases of trauma has also 
approached (Jones et al. 2000). Recently, a fast clini-
cian-friendly approach (C-FAST) to score six bilateral 
white matter regions (in the centrum semiovale, genu 
and splenium of the corpus callosum, anterior and 
posterior limbs of the internal capsules) on anisot-
ropy maps was proposed as a prognostic tool (Ptak 
et al. 2003).

DWI and DTI have also been shown to detect 
hypoxic-ischemic lesions early in the neonatal pe-
riod (Huppi et al. 2001; Inder et al. 1999), although 
a pseudonormalization of diffusion parameters at 
about 1 week after injury has to be taken into ac-
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count (McKinstry et al. 2002). DTI acquired on the 
fi rst day may therefore lead to misleading results. In 
the chronic phase, DTI with color-coded maps and fi -
ber-tracking has shown that there may be variability 
in the involvement of pathways in patients with the 
same diagnosis, as in periventricular leukomalacia 
(PVL) (Hoon et al. 2002). This information could be 
helpful to provide a more specifi c localization of le-
sions in the white matter, better understanding of the 
pathophysiology of the disease what would lead to 
better clinical correlation and better oriented thera-
peutic intervention. DTI parameters and fi ber-track-
ing were also tested in patients with congenital hemi-
plegia (Glenn et al. 2003) and stands as a promising 
technique for the assessment of motor dysfunction in 
the pediatric population. 

6.6.3 
Initial Applications in Other Diseases

As DTI refl ects both axonal and myelin restric-
tions, DTI and DWI are expected to be very useful 
in the assessment of disorders in which these mi-
crostructures are changed. This is especially so for 
white matter diseases (Horsfi eld and Jones 2002), 
which are expected to show an increase in average 
apparent diffusion constant and/or a decrease in dif-
fusion anisotropy. The availability of fi ber tracking 
technologies (Mori and van Zijl 2002) may make 
it possible to relate such diseases to specifi c fi ber 
bundles. For instance, the cingulum (Sun et al. 2003) 
and frontotemporal and frontoparietal tracts (Burns 
et al. 2003) have been sought for in schizophrenic pa-
tients, the cortical-spinal tracts in multiple sclerosis 
(MS) (Wilson et al. 2003) and amyotrophic lateral 
sclerosis (ALS) (Sach et al. 2004), and the temporal-
parietal white matter in dyslexia (Klingberg et al. 
2000). 

Leukodystrophies, as primary white matter dis-
eases, comprise a very appealing group to be evalu-
ated by DTI. Although one study suggested that DWI 
could differentiate dysmyelinating (primary problem 
with myelin production) from demyelinating (sec-
ondary destruction of myelin) diseases (Ono et al. 
1997), which would potentially contribute to the di-
agnosis of this challenging group of diseases, this still 
has to be confi rmed by other studies. Decreases in FA 
and increases in ADCav were able to reproduce the 
histopathological classifi cation that is currently used 
in adrenoleukodystrophy (ALD), suggesting that DTI 
can be helpful to follow progression of the disease 
(Ito et al. 2001; Eichler et al. 2002). Abnormal fi ber-

tracking of the genu of the corpus callosum has been 
demonstrated in a patient with X-ALD, in agreement 
with lesions shown by conventional MRI and neuro-
psychological evaluation (Mori et al. 2002). 

The use of DWI to differentiate tumor from ab-
scesses and arachnoid cysts from epidermoid cysts 
are well recognized in clinical practice, despite some 
pitfalls (Bergui et al. 2001). Abscesses, with their 
high content of macromolecules, cause restriction of 
diffusion, while tumors usually do not. Exceptions to 
this rule would be tumors with high cellularity that 
would also lead to decrease in diffusivity. Epidermoid 
cysts present with restricted diffusion signs, whereas 
arachnoid cysts display signal that follows CSF. For 
tumors, besides the attempts on quantifi cation for 
differentiation of tumor infi ltration versus edema 
and even for tumor grading and histologic typing 
(Dong et al. 2004; Sinha et al. 2002; Bastin et al. 
2002), DTI and fi ber-tracking can be used to bet-
ter localize eloquent tracts and help the planning of 
maximum function-preserving surgeries (Tummala 
et al. 2003). Along with tumors, epilepsy presents 
with the option of surgical management and DTI has 
contributed to evaluate the lesion itself as well as the 
extension of abnormal tissue (Arfanakis et al. 2002; 
Eriksson et al. 2001). 

A fi nal application of DTI that looks promising is 
the assessment of the spine. This work is just starting 
and still has to resolve many issues, especially related 
to motion artifacts and the low SNR in the small spi-
nal structures that need to be acquired at high spatial 
resolution (Ries et al. 2000; Demir et al. 2003; Clark 
and Werring 2002).

6.7 
Conclusions

In the mid 1990s, DWI developed from a technically 
diffi cult and novel approach to a routine acquisition 
technique on clinical scanners. It now takes under 
1 min to be acquired and can bring valuable informa-
tion and pathophysiologic insight in many diseases. 
The same transition is currently happening in DTI, 
which is expected to contribute much novel clinical 
and neuroscientifi c information presently not acces-
sible by other technologies. For instance, DTI is the 
only approach for tracking brain white matter fi bers 
non-invasively in the human brain. In combination 
with functional MRI, which can outline activated 
cortical networks, DTI may thus provide clues on 
functional connectivity. DTI is also increasingly been 
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used to demonstrate subtle connectivity anomalies 
in a variety of dysfunctions, such as cerebral palsy, 
cancer, stroke, dyslexia, or diseases including mul-
tiple sclerosis and schizophrenia. Before DTI can 
become true clinical routine, some progress is still 
needed. This relates to factors such as scan time and 
therefore, patient tolerance, and the complexity of 
post-processing (now mostly off-line) required for 
the method. These issues are already being addressed. 
For instance, clinical equipment with whole-body 
gradients of up to 8 G/cm is becoming available, 
which, together with the clinical availability of 3-Tesla 
magnets will allow the use of multi-directional DTI 
at high spatial resolution (around 2×2×2 mm3) in a 
few minutes. Another issue that is often discussed is 
which quantitative parameter to choose, FA, RA, etc. 
Actually, these anisotropies are all related and the 
only advantage of using one versus the other will be 
based on contrast to noise, which depends on an-
isotropy of the particular structure being studied. It 
would be most helpful if all researchers would report 
the eigenvalues so that others can calculate any pa-
rameter they want. A further essential consideration 
for data analysis and reporting is the infl uence of 
partial volume effects between different structures. 
This is especially problematic for group studies or 
development studies.

However, it is safe to say that DTI and tractography 
provide us with a new opportunity for quantitative 
diagnosis of white matter structures in living humans 
and to assess changes due to brain disease.
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7.1 
Introduction

More than 100 years ago, Roy and Sherrington 
(1890) showed that stimulation of peripheral nerves 
creates a change in local cerebral perfusion. Their 
setup was simple; the exposed cerebral surface of a 
dog brain and the means to provide sensory stimu-
lation. Though not complicated, this experiment al-
lowed them to directly visualize changes in blood 
fl ow with stimulation. Kety and Schmidt (1945) 
and Meier and Zierler (1954) developed methods 
and analysis for perfusion imaging of diffusible and 
non-diffusible tracers, respectively. These ideas revo-
lutionized perfusion imaging and form the scientifi c 
foundation for MR imaging of perfusion. Today, MR 
has the ability to monitor blood fl ow with sophisti-
cated methods that are either effectively or entirely 

noninvasive. Lost, however, is the direct and emphatic 
visualization of perfusion experienced by Roy and 
Sherrington (1890). The recording of quantitative 
blood fl ow by MRI is hidden behind complicated 
mathematical formulas and arcane pulse sequences.

The purpose of this chapter is to present a gen-
eral description of the two methods that have come 
to dominate the measurement of cerebral perfusion 
with MRI: dynamic susceptibility contrast (DSC) and 
arterial spin labeling (ASL). In doing so, I hope to un-
ravel some of the complicated mathematics so that 
the reader has a more general understanding of the 
procedures needed to obtain either a qualitative or a 
quantitative map of cerebral blood fl ow (CBF). In ad-
dition, I will present the possibility of measuring CBF 
with laser polarized xenon.

7.2 
Background

Cerebral perfusion is a measure of the rate of blood 
fl ow through the capillary bed in a given mass of tis-
sue and is a primary indicator of tissue health. The 
means to non-invasively image tissue perfusion has 
long been a goal in neuroscience.  Perfusion imaging 
maps parameters related to the delivery of blood to 
the brain. These parameters include the mean tran-
sit time (MTT): the average time it takes a tracer 
to travel through the tissue, cerebral blood volume 
(CBV): the volume percent of blood in a voxel, and 
cerebral blood fl ow (CBF): the rate of blood fl ow per 
unit tissue. The cerebral blood volume in gray matter 
is 4%–7% and 2%–3% in white matter (Thomas et 
al. 2000). The units of CBF are commonly expressed 
in ml/min/100 g of tissue. Typical values of cerebral 
perfusion are 20–25 ml/min/100 g in white matter 
and 45–70 ml/min/100 g in gray matter (Calamante 
et al. 1999).

A variety of imaging modalities are able to mea-
sure cerebral perfusion. PET studies of 15O labeled 
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water (Phelps 1991), nuclear medicine SPECT stud-
ies of 133Xe (Jaggi et al. 1993), and X-ray CT studies 
of stable xenon (Wintermark et al. 2001) all pro-
vide maps of rCBF. The American Heart Association 
has recently compiled guidelines and recommenda-
tions for perfusion imaging in ischemic brain disease 
(Latchaw et al. 2003).

In the last 15 years, advances in MRI have led to 
more and more routine and common measures to 
assess of CBF by MRI. Within MRI, DSC and ASL ac-
count for the vast majority of studies in the literature. 
DSC imaging uses a bolus injection of contrast agent 
and measures rCBF by following the time course of 
signal change in the brain caused by the passing of 
the bolus through an imaging voxel (Villringer 
et al. 1988; Rosen et al. 1989; Belliveau et al. 1990, 
1991). DSC MRI is used in most clinical MRI stud-
ies because of the high signal-to-noise ratio of the 
method and the ease of obtaining a relative (as op-
posed to absolute) measure of CBF. ASL methods 
magnetically label the blood fl owing into the brain 
and create a new steady-state level of magnetization 
(Detre et al. 1992; Williams et al. 1992; Kim 1995). 
ASL has the advantage that it uses no contrast agent 
but labels or tags water molecules by RF saturation. 
Because ASL does not use contrast agents, it is en-
tirely non-invasive and may be repeated often. ASL 
is used in animal studies and in volunteer, or task ac-
tivation functional imaging studies. There is a price 
to pay, however, as the signal-to-noise ratio (SNR) of 
the ASL perfusion image is approximately ten times 
less than the SNR of the DSC perfusion image. Other 
MRI methods are also being developed to measure 
rCBF. One promising technique is laser polarized xe-
non MRI (Swanson et al. 1997). Xenon has long been 
used to measure CBF with SPECT or X-ray CT. Laser 
polarized xenon MRI has recently been used to mea-
sure CBF by Duhamel et al. (2002).

7.3 
Dynamic Susceptibility Contrast

DSC MRI measures the passage of a bolus of non-dif-
fusible contrast through the brain. A bolus of contrast 
is injected into a vein and travels through the vascu-
lature into the brain where the change in MRI signal 
is recorded. The signal decreases as the bolus passes 
through the imaging slice. The decreased signal 
change is mathematically converted to a change in 
the concentration of contrast agent. The time course 
of the rate of change of contrast agent is integrated 

to yield the relative cerebral blood volume (relCBV). 
The arterial signal is also recorded and used to com-
pute the mean transit time (MTT) and rCBF (regional 
cerebral blood fl ow).

7.3.1 
What Causes the Signal to Change?

Signal intensity decreases because the paramagnetic 
contrast disrupts the magnetic fi elds in a small re-
gion surrounding the capillaries as it passes through 
the tissue. Disruption of the magnetic fi eld decreases 
T*

2 (or increases R*
2 = 1/T*

2) of water protons in tissue 
near the contrast agent. Since the echo of the spins is 
recorded at a time TE following the pulse, the change 
in T*

2 will result in a decrease in the signal intensity 
of the water proton spins.

The intensity of the water proton signal at time TE 
will be given by:

S S eTE
R TE= −

0
2   (7.1)

where R2 is the transverse relaxation rate (1/T2) of 
tissue. R*

2 is the effective transverse relaxation rate 
(1/T*

2) in the presence of contrast agent.
If contrast agent is added to the tissue, an addi-

tional relaxation occurs due to the susceptibility 
induced dispersion created by addition of paramag-
netic ions. The new relaxation rate can be defi ned as:

R R r C tGd2 2 2
* * ( )= +  (7.2)

where r*
2 is the relaxivity (relaxation rate per unit 

concentration of gadolinium) and CGd(t) is the time 
dependent concentration of the gadolinium contrast 
agent. Rate constants (rather that the time constants 
such as T2 are used because the rates are additive 
and simplify the math. The signal intensity at time 
TE is now defi ned as:

S t S e S e eTE
Gd R t TE R TE r C t TEGd( )

* *( ) ( )= =− − −
0 0

2 2 2  (7.3)

7.3.2 
How Does the Signal Change Correspond to 
Tracer Concentration?

The goal of this procedure is to calculate the concen-
trate of the concentration of the tracer. This can be 
done by taking the logarithm of the ratio of the signal 
with and without contrast agent.
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Figure 7.1a shows a representative curve of the sig-
nal intensity in a voxel as the contrast agent passes 
through the volume. These data are processed with 
Eq. (7.5) to generate the time–concentration curve 
shown in Fig. 7.1b. The arterial input function (AIF) 
(Fig. 7.1c) is measured from voxels near a major ar-
tery such as the MCA. 

Because the bolus passes through the tissue in a 
very short time, echo planer imaging (EPI) meth-
ods are needed to image the profi le seen in Fig. 7.1a 
(Kwong et al. 1995). 

This procedure assumes that the contrast agent 
does not leak out of the vessels into the tissue and 
that the contrast agent causes insignifi cant T1 en-
hancement.

7.3.3 
How Is the Time–Concentration Tracer Curve 
Turned into a Measure of Perfusion?

After recording the images and creating the time–
concentration curves for each voxel or region of in-
terest, the data needs to be further analyzed to create 
maps of perfusion (rCBF), MTT, and CBV. At this 
stage the investigator needs to decide whether he or 
she desires a relative or a quantitative map of perfu-
sion. There are basically three paths: (1) numerical 
integration (or summing up) of the data to create 
relative maps of CBV; (2) fi tting the data to a gamma-
variant function; or (3) deconvolution of the data 
using the AIF (Perkio et al. 2002). Of these three 
methods we will consider numerical integration and 
deconvolution.

7.3.3.1 
Numerical Integration

The easiest method to create a measure of perfu-
sion is to measure the area of the time–concentration 
curve (Fig. 7.1b).

relCBV C t dttissue= ∫ ( )  (7.6)

This will provide an index that is proportional to the 
relative cerebral blood volume (relCBV) of a given 
pixel. Because of the ease of performing the numeri-
cal integration, this method is perhaps the most used 
in clinical application of MR perfusion imaging. It 
should be noted that this does not provide an abso-
lute, quantitative measure of cerebral blood volume, 
but yields an image that may be useful for comparing 
normal to ischemic or diseased tissue.

7.3.3.2 
Deconvolution

Indicator-dilution theory of perfusion imaging for 
non-diffusible tracers states that the time–concentra-
tion profi le is equal to the cerebral blood fl ow times 

Fig. 7.1a–c. Generation of the concentration–time curve. The 
passage of contrast agent through the voxel causes the signal 
to decrease due to a decrease in T2* (an increase in R2*) re-
sulting in a decrease in the MR signal (a). The signal–time 
curve is turned into a concentration–time curve by using 
equations 7.4 and 7.5. The arterial input function (c) is created 
in a similar manner, using these same equations to transform 
the signal–time curve measured near a major artery into a 
concentration–time curve.
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the convolution of the AIF and the tissue residue func-
tion (Meier and Zierler 1954; Zierler 1965).

(7.7)C t CBF AIF u R t u duGd
u

t

( ) ( ) ( )= −
=
∫

0

  
 

If the reader understands this equation and all of 
its implications, then read no further. If, however, one 
is trying to gain an understanding of how this con-
volution integral can be used to measure perfusion, 
then this section should be very helpful.

This statement leads to three obvious questions: 
What is the arterial input function? What is a convo-
lution integral? What is a residue function? 

The arterial input function was introduced pre-
viously and is simply the concentration of contrast 
agent in the arteries as a function of time. In a perfect 
world, one could shape the arterial input function so 
that it would be a delta function, or instantaneous 
spike of contrast agent. This would greatly simplify 
the mathematics and make quantitative perfusion 
imaging trivial. Because of the realities of injection 
and diffusion of contrast agent within the blood, this 
ideal function can never be achieved in practice. In 
general the AIF is a broad, Gaussian-like function 
determined by the rate at which contrast agent is in-
jected and by the spread of the contrast agent that 
occurs as the blood fl ows from the injection site to 
the brain. 

The second term, the residue function, is the man-
ner in which contrast agent is retained by the tissue. 
Because there are many pathways that molecules of Gd 
chelates can follow through the capillary bed to leave 
the tissue, the residue function is a statistical probabil-
ity of how it is retained in the tissue. The residue func-
tion is determined by deconvolving the time–concen-
tration function with the arterial input function.

Figure 7.2 demonstrates convolution. The left col-
umn contains different arterial input functions rang-
ing from a delta function in Fig. 7.2a to a Gaussian 
function in Fig. 7.2e. The center column contains an 
exponentially decaying residue function and is the 
same for each row. The right column shows what the 
detected tissue MRI signal would be measured for 
these combinations of AIF and residue functions. 
The delta function AIF in Fig. 7.2a is shifted by 10 s. 
Convolution of this function with the exponentially 
decaying residue function simply shifts the residue 
function by 10 s. In Fig. 7.2b, the AIF contains three 
well separated delta functions. Convolution with the 
residue function creates three well-separated expo-
nentially decaying functions. As the delta functions 
become closer in time (Fig. 7.2c), the measured re-

sponse does not decay to zero before another bolus 
of signal arrives. Therefore, the signal builds up with 
each additional arrival of bolus. In Fig. 7.2d, the AIF 
is a square wave (a series of back-to-back delta func-
tions). The measured tissue response builds up while 
the AIF has a value of 1, and decays when the AIF = 0. 
Note change in scale in the value of the measured re-
sponse in Fig. 7.2d. Finally, a more realistic Gaussian 
function is used in Fig. 7.2e for the AIF.

The demonstration of convolution in Fig. 7.2 does 
not show one how to deconvolve. Deconvolution is a 
much more complicated process and beyond the scope 
of this chapter. In summary, deconvolution uses an 
iterative process to create an estimate of the residue 
function if one is given the AIF and the time–concen-
tration curve in the tissue of interest (Ostergaard 
et al. 1999). From Eq. (7.7), one can see that once the 
AIF and the residue function are known, then one 
can calculate a quantitative estimate of CBF.

CBF
C t

AIF u R t u du

Gd

u

t=
−

=
∫

( )

( ) ( )
0

  (7.8)

Since we have measured the time–concentration 
curve and the AIF, a quantitative estimate of CBF 
can be made.

CBV
C t dt

AIF t dt

Gd= ∫
∫

κ
( )

( )
  (7.9)

Where  is a scaling factor depending on the he-
matocrit and vessel geometry. Moreover, from the 
central volume theorem (Meier and Zierler 1954), 
one can calculate the mean transit time (MTT).

MTT
CBV

CBF
=    (7.10)

Deconvolution of the time–concentration curve with 
the AIF provides quantitative estimates of CBF, CBV, 
and MTT. 

7.4 
Arterial Spin Labeling

Arterial spin labeling (ASL) magnetically labels the 
water proton spins in blood that is fl owing into the 
brain (Detre et al. 1992). Either continuous wave 
(CW) or pulsed (Kim 1995) RF energy is used to selec-
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tively invert magnetization in the arteries. Numerous 
methods have been developed over the last 10 years 
and are well reviewed in Calamante et al. (1999) 
and Barbier et al. (2001). This work focuses on the 
fundamental equations of sources and sinks of mag-
netization in the brain and illustrates the complicated 
coupled differential equations describing ASL imag-
ing with simple pictures of coupled reservoirs. 

7.4.1 
What Causes the Signal to Change?

In order to be effective, ASL methods label the water 
proton magnetization in the blood stream to create a 
signal difference in the region of interest. The label-
ing is done with either CW RF excitation or with a 
pulsed RF excitation.

Fig. 7.2a–e. Convolution of the arterial input function with the tissue residue function yields the tissue concentration curve. An 
ideal delta function at time 10 s is used as the AIF and convoluted with the exponentially decaying residue function. This proce-
dure shifts the residue function in time (a). Three delta functions separated by 20 s convoluted with the residue function yields 
three exponential decays at the appropriate time points (b). As the time between the three delta functions decreases, the tissue 
concentration does not decay to zero and the tissue concentration curve will begin to increase (c). A square AIF seen in (d) is 
200 back-to-back delta functions. The convolution of a square AIF with the exponentially decaying residue function will result 
in a tissue concentration curve that fi rst increases with a positive exponential and then decreases with a negative exponential 
(d). [Note the change in vertical scale in (d)]. A more realistic shape for an AIF is a Gaussian function as seen in (e)
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7.4.1.1 
Spin-Lattice Relaxation

To gain an understanding of how ASL methods work, 
one must fi rst examine the basic equations of mag-
netization. The Bloch equations state that the rate of 
change of magnetization is proportional to the dif-
ference between the equilibrium magnetization and 
the current level of magnetization. In a static sample, 
with no infl owing water molecules, magnetization is 
restored to equilibrium values by random motions of 
the nuclear spins. The time constant for this process 
is, of course, T1. Mathematically, this is written as a 
fi rst order differential equation.

dM t

dt

M M t

T
R M M tz z

z

( ) { ( )}
{ ( )}=

−
= −0

1
1 0

  (7.11)

where Mz(t) is the time-dependent value of longi-
tudinal magnetization, M0 is the equilibrium value, 
and T1 is the spin-lattice relaxation time constant. 
Figure 7.3 shows a schematic of Eq. (7.11), where the 
reservoir of tissue magnetization is coupled to an 
infi nite “lattice” by the rate constant R1.

Figure 7.4a demonstrates what happens when the 
tissue magnetization is saturated by an RF pulse. 
Magnetization will fl ow from the lattice, with rate 
constant R1, until the tissue reservoir is fi lled to M0. 
Figure 7.4b shows that if Mz(t) is sampled at times TR 
with a pulse of fl ip angle δ, the steady-state, longitu-
dinal magnetization will be 
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(7.12)

7.4.1.2 
Coupled Reservoirs of Magnetization

In vivo, there are other sources and sinks of water 
proton magnetization. One source would be the arte-
rial blood fl owing into a region of tissue and one sink 
would be the fl ow of venous blood exiting the tissue. 
The differential equation could then be written as,

dM t

dt

M M t

T
FM t FM tbrain brain

art ven

( ) { ( )}
( ) ( ). .=

−
+ −0

1

 
(7.13)

Because water is a freely diffusible tracer, the value of 
the magnetization in the venous blood can is given by 
the magnetization in the brain divided by the parti-
tion coeffi cient.

dM t

dt
R M M t F M t

M tbrain
brain art

brain( )
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(7.14)

where F is the blood fl ow in ml/100g/min, λ is the 
blood/brain partition coeffi cient for water.

Fig. 7.3. Coupled reservoirs model of nuclear magnetization 
in a static sample

Fig. 7.4a,b. Coupled reservoir model of magnetization follow-
ing inversion (a) and during RF pulsing (b)
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An additional magnetic coupling in brain tissue is 
the magnetization transfer that occurs between the 
mobile water protons and the immobile lipid bilayer 
protons of white and gray matter. MT is generated 
by applying RF energy off-resonance from the nar-
row water proton line but within the linewidth of the 
broad lipid proton resonance. The RF energy partially 
saturates the magnetization of the solid-like protons. 
This saturation is transferred to the water protons by 
magnetic cross-relaxation and exchange. MT occurs 
in ASL because the CW RF needed to invert magne-
tization in the carotid arteries causes signifi cant MT 
in the brain. Therefore a control RF pulse is needed 
that generates MT but does not label arterial blood 
(Mclaughlin et al. 1997). Pulsed methods minimize, 
but do not eliminate, MT effects in ASL. MT can be in-
cluded by adding a term for cross-relaxation between 
the mobile and immobile protons

dM t

dt
R M M t F M t

M t
Rbrain

brain art
brain( )

{ ( )} ( )
( )

.= − + −⎧
⎨
⎩

⎫
⎬
⎭
+1 0 λ tt solid brainM M−{ }

,
   (7.15)
where R1 is the cross relaxation rate. 

Figure 7.5 provides a picture of all of the magnetic 
couplings and magnetization fl ow patterns that are 
described mathematically in Eq. (7.15).

7.4.2 
Measurement of Flow with ASL

Figure 7.6 demonstrates the conditions for CW ASL. 
In Fig. 7.6a, a control RF pulse is applied along with 
a magnetic fi eld gradient. The pulse is off-resonance 
for spins in the brain and creates signifi cant MT ef-
fect, resulting in a decrease in brain tissue signal. In 

Fig. 7.6b, the same RF energy is applied to the brain 
causing the same MT effect. This pulse, however, is 
on-resonance for spins in the carotid arteries and 
inverts the magnetization of the spins fl owing into 
the brain. Because the level of magnetization in the 
arteries is less than the level of magnetization in the 
brain, the net fl ow of magnetization is out of the brain 
causing an additional decrease in the brain signal. 
The difference between the saturation in Fig. 7.6a and 
Fig. 7.6b is given by Williams et al. (1992):

F R
M M

Mapp
brain
cont

brain
ASL

brain
cont=
−λ 1 2

 (7.16)

where R Rapp
F

1 1= + λ .Fig. 7.5. A complete model of the coupled reservoirs of mag-
netization in the brain

Fig. 7.6a,b. Behavior of magnetization during the control CW 
RF irradiation (a) and ASL of the carotid arteries (b)
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To obviate the problems of MT, one needs to use a 
separate RF surface coil on the carotid arteries (Silva 
et al. 1995). This is technically challenging but allows 
one to label the water protons in the carotid arteries 
without causing MT in the brain. A schematic exam-
ple of this technique is shown in Fig. 7.7.

7.5 
Laser Polarized Xenon

Alternative means to measure CBF using MRI are 
also being explored. One promising technique that 
has been used in small animal models is laser po-
larized or hyperpolarized 129Xe (Fig. 7.8) (Swanson 
et al. 1997; Duhamel et al. 2002). Xenon is a freely 
diffusible tracer and has been used by both CT (by 
attenuation of X-rays) and SPECT (as radioactive 
133Xe) to measure rCBF. Laser polarization increases 
the nuclear polarization (the percent of xenon in the 
spin up state) from normal levels of about 0.0001% 
to approximately 50% in ideal cases. With increased 
MR signal and near ideal tracer kinetics, it should 
be possible to use MRI of laser polarized xenon to 
measure perfusion.

For a freely diffusible tracer, such as xenon, the 
time–concentration profi le of xenon in the tissue will 
be given by the same convolution integral [Eq. (7.7)] 
examined earlier.
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Though it is informative to evaluate the longitudi-
nal magnetization, as done in Eq. (7.17), the imaging 
experiment will measure the transverse magnetiza-
tion and it is necessary to determine the transverse 
magnetization. This is especially critical for polarized 
gas MRI, as the MR signal will be destroyed with each 
additional pulse. This fact is both a disadvantage and 
an advantage when attempting to measure fl ow with 
polarized gas MRI. It is a disadvantage in that once 
the magnetization is destroyed, it is gone and will 
not be replaced by T1 processes. It is an advantage 
because the ability to destroy the signal of the tracer 
that we are using to measure fl ow means that there 
will be no problem with recirculation of tracer. Once 
the signal is used, it is gone.

With a constant arterial input function, one can 
show that the transverse xenon magnetization will 
be:
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With appropriate RF pulsing, the detected xenon 
signal in Eq. (7.18) linearly proportional to fl ow. 
Though rCBF measurements with laser polarized 
xenon are currently challenging, further advances 
in polarization technology and delivery may show 
that this historically important atom may yet have 
a role to play in MR methods to measure cerebral 
perfusion.

Fig. 7.7. Behavior of magnetization during CW RF 
irradiation using a dedicated surface coil in the 
neck. MT effects are eliminated.
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8.1 
Introduction

Developments in magnetic resonance imaging (MRI) 
over the past decade have demonstrated that MRI, 
a non-invasive and widespread technology, can also 
report on human brain function via the correlate of 
the brain’s associated local haemodynamic response 
(Belliveau et al. 1991; Ogawa et al. 1992; Kwong et 
al. 1992; Bandettini et al. 1992). The most common 

haemodynamic variable to be accessed by functional 
MRI (fMRI) is the level of blood oxygenation (in 
fact the MRI signal is sensitive to the level of blood 
deoxygenation), although MRI is able to access other 
markers of brain activity.

The majority of fMRI studies to date have ad-
dressed questions in basic neuroscience, and have 
studied the operation of the healthy brain in normal 
volunteers. A small, but increasing, number of stud-
ies have addressed questions in clinical neuroscience, 
and some of this work has gone on to fi nd application 
in the clinic (Thulborn and Gisbert 2001). Of this 
work, little has been directed towards white matter 
diseases. This is presumably because fMRI methods 
are generally only sensitive to metabolic, and hence 
signalling, activity that occurs within the grey mat-
ter, and is unable to detect directly the transmission 
of signal within white matter fi bres. Nevertheless, an 
important new insight into white matter disorders 
can be achieved by studying the effects on grey mat-
ter networks arising from disorders of the white mat-
ter. 

8.2 
Physiological and Biophysical Origins of fMRI

8.2.1 
Metabolic and Haemodynamic Correlates 
of Brain Activity

Neurons communicate via small electrical impulses, 
receiving signals from other neurons via their den-
drites, and sending impulses to other neurons via 
their axon. The signals received via the dendrites 
may either be excitatory (in which case there is an 
increased tendency for the neuron to relay the elec-
trical signal further via its axon), or may be inhibi-
tory (in which case there is a decreased tendency for 
the neuron to relay the electrical signal). Figure 8.1 
shows a schematic diagram of a neuron, showing its 
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principal elements. Surrounding the neurons are glia, 
which are cells involved in energy metabolism, stor-
age, and maintenance of ionic balance.

The metabolic turnover of glia, activation of 
neurons, and establishment of the ion potentials in 
the cells of the brain all require a supply of energy. 
Current evidence suggests that most of the meta-
bolic demands of brain signalling involve presyn-
aptic activity (input and intracortical processing) 
rather than soma spiking activity (Logothetis et 
al. 2001). This energy is supplied in the form of ad-
enosine triphosphate (ATP) generated in the mito-
chondria within cells. Under normal conditions ATP 
is formed via glucose consumption in the presence 
of oxygen (via aerobic glycolysis), and this glucose 
and oxygen is supplied by blood perfusing the tissue. 
Previous experiments involving a number of modali-
ties have shown that local glucose consumption rises 
sharply when neuronal activation takes place. This is 
accompanied by an increase in local blood fl ow, and 
in local blood volume. From the perspective of fMRI, 
however, it is the balance of oxygen delivery and uti-
lization that results in the observed signal changes. 
This is because blood oxygen is predominantly trans-
ported within red blood cells, bound to the large 
iron-containing molecule, haemoglobin. As is dis-
cussed below, it is the changing magnetic properties 
of haemoglobin as it gives up its oxygen that provides 
the most utilized contrast mechanism in functional 
MRI. Other related physiological parameters that can 
be accessed by MRI include cerebral blood fl ow, ce-
rebral blood volume and, in animal models, glucose 
turnover via carbon-13 spectroscopy.

When considering the oxygen requirements of the 
brain it is informative to consider a formulation of 
the Fick principle that relates consumption of a nu-
trient by a tissue to the arteriovenous difference in 
the concentration of the nutrient in the blood. In this 

case oxygen is assumed to be consumed metaboli-
cally, and the Fick principle can be expressed as:

CMRO2 = CBF × 4 [HbTOT] (Ya−Yv) [1]

where CMRO2 is the metabolic rate of oxygen con-
sumption, CBF is the cerebral blood fl ow, [HbTOT] 
is the total (oxygenated or deoxygenated) concen-
tration of haemoglobin, and the factor 4 accounts 
for the fact that four oxygen molecules can bind to 
each haemoglobin molecule. Ya and Yv are the oxy-
gen saturation values (range 0 to 1) for arterial and 
venous blood (oxygen saturation is the fraction of 
haemoglobin molecules that are in the oxygenated 
state), and hence (Ya–Yv) is a measure of the oxygen 
extraction fraction (OEF).

The hypothesized relationship between local 
CMRO2 and CBF during neuronal stimulation is 
shown in Fig. 8.2. The increase in local CMRO2 is 
thought to be rather modest (5–20%) and is co-
incident with the period of neuronal activity. The 
increased metabolic demand causes the CBF to in-
crease quite markedly (albeit sluggishly), yielding a 
peak CBF demand some 5–10 seconds after the on-
set of stimulation. The increase in local CBF is much 
more signifi cant (typically 30–100%), a necessary 
overcompensation that is likely to be due to the lim-
ited oxygen diffusion capacity from the blood to the 
mitochondria (Buxton and Frank 1997). Through 
Eq. 1 it can be seen that since CBF rises more than 
CMRO2 during stimulation there is predicted to be a 
decrease in OEF (i.e. Yv is increased). This is the effect 
that is used in blood oxygenation level dependent 
(BOLD) fMRI experiments.

Also shown in Fig. 8.2 is a representation of the 
associated change in local cerebral blood volume 
(CBV), along with the observed BOLD fMRI re-
sponse, for both a short duration and a long dura-
tion stimulus. It can be seen that the CBV haemody-
namic response is even more sluggish than the CBF 
haemodynamic response, and indeed contributes to 
the non-linear overshoot and post-stimulus under-
shoot that is frequently observed in practical fMRI 
data sets. The initial dip that is occasionally observed 
immediately following stimulus onset (Ernst and 
Hennig 1994; Menon et al. 1995) is postulated to 
be evidence of the brief temporal uncoupling of 
oxygen consumption (associated with the CMRO2 
increase) and oxygen delivery (associated with the 
more sluggish CBF increase) leading to a transient 
blood deoxygenation. The initial dip has proved to 
be very elusive, however, and is rarely observed at 
clinical fi eld strengths.

Fig. 8.1. Schematic diagram of a neuron, showing its dendrites, 
which receive electrical signals from other neurons, and its 
axon, which relays signals on to other neurons. Connection 
between neurons occurs across synapses.
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8.2.2 
BOLD Mechanisms

As alluded to above, the origin of the BOLD fMRI 
effect lies in the different magnetic properties of hae-
moglobin that has oxygen attached to it (oxyHb) ver-
sus haemoglobin that does not have oxygen attached 
(deoxyHb). Pauling and Coryell (1936) found that 
deoxyHb was slightly paramagnetic relative to tissue, 
whereas oxyHb was isomagnetic relative to tissue. 
The difference in magnetic susceptibility between 
whole blood that is fully deoxygenated and whole 
blood that is fully oxygenated has been measured to 
be approximately ∆χ=0.2 ppm×Hct (Thulborn et 
al. 1982), where Hct is the blood haematocrit (range 
0.0–1.0). Since fully oxygenated blood is isomagnetic 
relative to tissue, vessels containing arterial blood 
cause little or no distortion to the magnetic fi eld in 
the surrounding tissue. Conversely, capillary and ve-
nous vessels containing blood which is partially or 
signifi cantly deoxygenated will distort the magnetic 
fi eld in their vicinity (Ogawa et al. 1990; Turner et 
al. 1991). It is this local distortion of the magnetic 
fi eld homogeneity, occurring on a microscopic scale, 
that provides the contrast mechanism in the BOLD 

fMRI experiment and enables changes in blood oxy-
genation level to be detected. This is shown schemati-
cally in Fig. 8.3 where the simulated magnetic fi eld 
is shown for a blood vessel that contains partially 
deoxygenated blood. Figure 8.3a shows the case of 
the vessel being aligned with the main static B0 fi eld. 
In this case there is a shift in the magnetic fi eld within 
the vessel, but little distortion of the fi eld surround-
ing the vessel. As the angle between the blood vessel 
and the main B0 fi eld is altered to 45º (Fig. 8.3b) and 
90º (Fig. 8.3c) it can be seen that the intravascular 
magnetic fi eld is altered, and there is a progressively 
larger effect outside the blood vessel. In a representa-
tive tissue voxel there will be a random distribution 
of microvascular orientations resulting in a complex 
fi eld distribution both for the intravascular water 
spins, and the extravascular (tissue) water spins. 
These fi eld distributions lead to the T2* shortening 
that is the origin of the BOLD effect.

In practice both the water molecules in the blood 
itself (the intravascular compartment) and the wa-
ter molecules in the tissue space that surrounds the 
vessels (the extravascular compartment) contribute 
to the MRI signal that is measured. Since the arte-

Fig. 8.2a, b. Diagram showing the 
BOLD signal, CMRO2 (oxygen con-
sumption), CBF (i.e. blood fl ow or 
perfusion) and CBV (blood volume) 
responses to a brief period of neuronal 
stimulation (a) and a more sustained 
period of neuronal stimulation (b). The 
typical features of the BOLD signal 
time course are shown, including the 
‘initial dip’ (rarely seen below 4 T), the 
‘positive BOLD response’, and the ‘post-
stimulus undershoot’. An ‘overshoot’ 
period is also sometimes seen.
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rial blood is fully oxygenated under normal cir-
cumstances, and since this does not change during 
periods of neuronal activity, it is only necessary to 
consider the signal changes that originate within 
and around the capillary and venous vessels. Various 
authors have conducted theoretical and numerical 
calculations which show that the extravascular sig-
nal contribution is given by the following formula 
(Ogawa et al. 1993):

R2*BOLD = kvB
max (1–Y) CBVv  [2]

where R2*BOLD is the BOLD relaxation contribution 
to R2* (=1/T2*), vB

max = 2πγ∆χB0, and CBVv is the 
fractional blood volume of capillaries and venules 
in grey matter. Hence there will be a change in the 
signal intensity in a T2*-weighted image if either 
the blood oxygenation term (Y) changes, and/or if 

the CBV changes. It is instructive to compare the 
form of Eq. 2 with the CBV and BOLD plots shown 
in Fig. 8.2. Note that the increase in CBV during neu-
ronal activation leads to an increase in R2*BOLD (via 
Eq. 2) and hence to a signal decrease (T2* shorten-
ing). However, the increased oxygenation level of the 
blood (Y) that indirectly results from the increase in 
CBF leads to a decrease in R2*BOLD (and hence to a 
signal increase). As can be seen in Fig. 8.2, these two 
effects compete with one another to yield a complex 
BOLD time-course that may have both positive and 
negative epochs.

A summary of these effects is shown in Fig. 8.4, 
demonstrating how shifts in the haemodynamic vari-
ables during neuronal stimulation lead to changes in 
the concentration of deoxyhaemoglobin in the tissue 
voxel, and hence to a signal change in a T2*-weighted 
image.

Fig. 8.3a–c. Simulated magnetic fi eld variations within and surrounding a blood vessel orientated at various angles with respect 
to the static magnetic fi eld. a Field variations for a vessel that is parallel to the static (B0) fi eld. b Field variations for a vessel at 
45º to B0. c Field variations for a vessel orientated perpendicular to B0.
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Fig. 8.4. Diagram showing the haemo-
dynamic variables that change during 
neuronal activity. In the basal state 
deoxyhaemoglobin in the capillaries 
and venules causes microscopic fi eld 
gradients to be established around the 
blood vessels. This in turn leads to a 
decreased signal in a gradient-echo 
MRI sequence. In the activated state 
the signifi cant increase in fl ow and 
modest increase in oxygen demand 
result in a lower concentration of de-
oxyhaemoglobin in the capillaries and 
venules. As a result the fi eld gradients 
around the vessels are diminished and 
the gradient echo signal is restored.

Basal state                                    Stimulated state
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Before leaving the topic of BOLD theory it should 
be pointed out that it is also possible to obtain BOLD 
sensitivity when using a purely T2-weighted pulse 
sequence (see also the discussion on T2 contrast 
below). The reason that the majority of BOLD fMRI 
studies to date have used pulse sequences that are 
based on gradient echoes rather than spin echoes 
can be appreciated by reference to Fig. 8.5. This shows 
the theoretical effect on the relaxation rate of trans-
verse magnetization (R2=1/T2 for a spin-echo (SE) 
sequence, and R2*=1/T2* for a gradient-echo (GE) 
sequence) as a function of the radius of the blood 
vessels. In both cases the same level of blood deoxy-
genation has been modelled. It can be seen that the 
GE sequence (solid line) shows a much larger change 
in relaxation rate for a given level of deoxygenation 
than the SE sequence (dashed line), provided the ves-
sel radius is above approximately 8 µm. The origin 
of this effect lies in the difference in the regimes of 
characteristic diffusion distances relative to the ex-
tent of the fi eld inhomogeneities surrounding vessels 
of different sizes. Above approximately 8 µm radius 
the signal dephasing effects of the blood deoxygen-
ation-related fi eld inhomogeneities will be substan-
tially refocused by a SE sequence (leading to small R2 
changes), but will continue to dephase in the case of 
a GE sequence (leading to signifi cant R2* changes). A 
disadvantage of GE sequences can also be observed 
in Fig. 8.5, however. This is that GE sequences show 
signal changes even from very large blood vessels 
that may not be localized to the active tissue – the 
so-called draining vein effect (Turner 2002). BOLD 
signal changes can be observed if a SE pulse sequence 
is employed, but the percentage signal change that is 
measured is much smaller than in the case of a GE 
pulse sequence.

8.2.3 
Other MR-Accessible Markers of 
Functional Activity

The description above concentrates on the BOLD ef-
fect, since this is the contrast mechanism used in 
most fMRI examinations. However, it is worth men-
tioning other physiological and biophysical param-
eters to which MRI can gain access. None of these 
other contrast mechanisms is used widely, although 
each has the prospect of revealing additional func-
tional information, and hence may become clinically 
relevant.

CBF: Probably the most informative of these addi-
tional MRI contrast mechanisms is the measure of 
CBF. As described in the preceding chapter, there are 
two principal methods for assessing CBF using MRI: 
either using an exogenous paramagnetic contrast 
agent (Ostergaard et al. 1996), or by magnetically 
labelling the arterial blood itself using specialized RF 
pulses (Williams et al. 1992; Wong et al. 1999). Both 
of these methods allow resting levels of perfusion to 
be measured, although both approaches have certain 
unresolved methodological issues that limit their in-
terpretation in the clinical setting. One advantage of 
the non-invasive spin labelling approach, though, is 
that it can be used to measure dynamic changes in 
blood fl ow during neurological stimulation (Kim et 
al. 1997; Luh et al. 2000). These preliminary results 
also suggest that perfusion contrast is better localized 
to the parenchymal tissue and less contaminated by 
artefacts from draining veins than is BOLD contrast. 
The main disadvantage of arterial spin labelling is 
that the contrast-to-noise ratio is very low, despite 
the fact that the underlying regional CBF changes 
themselves are quite large (30–100%), with sensi-
tivity down by at least a factor of three relative to 
BOLD contrast. As a consequence, perfusion fMRI 
is still only performed in a small number of rather 
specialist research centres. An example of a perfu-
sion time-course and a perfusion activation map is 
shown in Fig. 8.6.

CBV: Another physiological correlate of functional 
activity is that of local changes in CBV. Indeed, the 
fi rst functional MRI methods used the blood volume 
change as the basis for the fMRI contrast (Belliveau 
et al. 1991). The CBV response to neuronal activ-
ity is thought to be a purely mechanical response 
of the cerebral vasculature to increases in CBF, and 
hence pressure (Buxton et al. 1998; Mandeville et 
al. 1999). MRI methods to measure CBV have used 
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Fig. 8.5. Extravascular ∆R2* and ∆R2 changes versus vessel ra-
dius for a gradient-echo sequence (solid line) and SE sequence 
(dashed line).
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exogenous contrast agent injection (e.g. gadolinium-
based compounds such as gadopentetate dimeglu-
mine) in order to map blood volume by measuring 
the passage of a bolus of contrast agent through the 
tissue of interest (Rosen et al. 1991). In order to show 
an fMRI response it is necessary to perform two sepa-
rate bolus injections, one during stimulus condition 
A and the other during stimulus condition B. CBV 
changes can then be calculated from the difference 
in the CBV maps calculated during conditions A 
and B, after accounting for any normalization issues. 
Clearly, this method is cumbersome, since it requires 
invasive injection procedures, and is also limited to 
comparison of only a very few stimulus conditions 
(usually only a single comparison of A and B).

An attractive alternative approach uses long-last-
ing susceptibility-based exogenous contrast agents 
that may offer the possibility to map CBV changes 
dynamically. These iron oxide-based agents have 
long half lives in the blood (several hours) and so 
may allow more elaborate CBV-based fMRI to be per-
formed. To date these agents are only permitted for 
animal use (e.g. Mandeville et al. 1998).

CMRO2: The metabolic rate of consumption of oxy-
gen (CMRO2) is a parameter that is more intimately 
related to the underlying neuronal activity than ei-
ther the BOLD or CBF changes. For this reason there 
have been several attempts to measure CMRO2 using 
MRI. One approach has recently been proposed by 
Davis et al. (1998) and by Hoge et al. (1999) that 
allows a determination of the percentage change in 
CMRO2 during activation, although it does not allow 
an absolute quantifi cation of CMRO2. The method 
requires an independent calibration of the confound-
ing effects of CBV in the BOLD response equation 
(Eq. 2). Since direct dynamic measurement of CBV 
using MRI is still not possible in humans, the cali-
bration is accomplished by measuring the dynamic 
CBF response to hypercapnia and then by using the 
empirical relationship of Grubb et al. (1974) to infer 
changes in CBV.

Using this approach, there remain a number of 
questionable assumptions that are implicit in the de-
termination of CMRO2 change from MRI data. The 
principal assumption is that Grubb’s equation relat-
ing changes in CBF and CBV holds for conditions of 

Fig. 8.6a,b. Calculated functional activation map and ROI time-
course derived from a perfusion-weighted MRI data set col-
lected during alternated periods of visual stimulation and rest. 
Signifi cant pixels are shown in colour, overlaid on a structural 
image. The QUIPSS II imaging pulse sequence (WONG et al. 1998) 
was used to magnetically tag (invert) the arterial blood using a 
time-course sequence that collected a perfusion-weighted im-
age every 4 s. These images were interleaved with a control pulse 
sequence in which no inversion was performed. The resulting 
difference images (temporal resolution 4 s) yield time-course 
maps of dynamic perfusion change, that can be analysed in a 
similar way to conventional BOLD fMRI data sets.image number
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activation, and that it holds in awake humans (the 
original empirical relationship was established in 
anaesthetized monkey brain). Another implicit as-
sumption when fi tting to the models used to date is 
that only the extravascular contribution to R2*BOLD is 
modelled. As described in the earlier sections above, 
this is not strictly true. For now, measurement of 
CMRO2 change in humans remains very challenging, 
but may in the future become an important adjunct 
to fMRI studies, particularly in clinical populations.

T2: There is a long history in the NMR literature of 
studying the oxygenation dependence of the T2 of 
blood itself, and indeed debate still exists regarding 
the precise mechanisms involved in the origin of the 
phenomenon (Springer 1994; Ye and Allen 1995). 
Regardless of the mechanism, the T2 value of blood 
is dependent on a number of parameters in addition 
to blood oxygenation, including haematocrit, fi eld 
strength, and echo time (conventional SE sequence) 
or echo-to-echo spacing (Carr-Purcell-Meiboom-Gill 
sequence).

Most current theories of blood T2 (e.g. van Zijl 
et al. 1998) model the oxygenation dependence as an 
exchange phenomenon between intracellular and ex-
tracellular environments. Empirically, the measure-
ments fi t well to the equation:

     1     
= (1–Hct)

      1     
+ Hct

    1   
+

    1 [3]
T2blood                 T2plasma          T2ery   T2exch

In this equation T2blood is the observed T2 value of 
the whole blood and T2plasma is the T2 of the plasma 
compartment alone. T2ery is the T2 of water in the 
erythrocytes (red blood cells), which depends on 
the oxygenation fraction of the haemoglobin. T2exch 
is the term that accounts for exchange of water be-
tween the intracellular compartment (i.e. inside the 
erythrocyte) and the extracellular compartment (i.e. 
the plasma). The form of this equation is typical for a 
system that is in fast exchange on the NMR time scale 
(TE in this case) – for such a system the relaxation 
rate that is observed is simply the sum of the rates of 
contributing relaxation processes.

Theory and experiment show that the term (1/
T2ery) depends linearly on the oxygenation fraction 
of the haemoglobin, and that the exchange term (1/
T2exch) depends quadratically on the oxygenation 
fraction of the haemoglobin, as well as being depen-
dent on the individual’s haematocrit. This suggests 
that blood T2 is able to report on a physiologically 
meaningful parameter, namely blood oxygenation, if 
the blood haematocrit can be measured or assumed. 

Specifi cally, as the blood oxygenation increases 
during neuronal stimulation, the T2 value of blood 
rises, leading to more NMR signal originating from 
intravascular water spins. In an attempt to utilize 
this mechanism, van Zijl and colleagues have devel-
oped elaborate procedures for calibrating the terms 
in Eq. 3 such that the blood oxygenation can be es-
timated from its measured T2 value (van Zijl et al. 
1998). Although accurate vascular T2 measurement 
is very diffi cult to perform experimentally, and can 
only really be accomplished in a large draining vein, 
values have been derived for the change in oxygen 
extraction fraction that are consistent with literature 
values (Oja et al. 1999; Golay et al. 2001).

8.3 
Acquisition Practicalities

8.3.1 
Pulse Sequence Selection

Since the GE signal change in response to a change 
in blood deoxygenation level is signifi cantly larger 
than for a SE sequence, GE sequences have been used 
for the majority of BOLD fMRI studies. There are 
several available pulse sequences that can be applied 
to fMRI (only a subset of which are discussed in this 
section). The decision of which to choose depends on 
such factors as the capability of the available hard-
ware, requirements for spatial and temporal resolu-
tion, and the area of the brain that is under study. A 
review of some of the most commonly encountered 
pulse sequences is provided below. For most of the 
sequences a pulse sequence diagram is shown. This 
is a timing diagram of the events that occur on the 
three gradient axes (slice select direction Gsl, read out 
direction Grd, and phase encode direction Gpe), the 
radiofrequency pulses (RF), and the data acquisition, 
controlled by the receiver gate. The purpose of the 
pulse sequence is to allow the adequate sampling of 
k-space (see Chapter 4 Fast Imaging in this volume 
for a discussion of k-space).

FLASH: The FLASH GE sequence (Haase et al. 
1986) has been used by several groups who do not 
have access to fast gradient hardware technology. 
A pulse sequence diagram for the FLASH sequence 
is shown in Fig. 8.7, along with a map of the way in 
which k-space is sampled for this sequence. Note that 
each repetition of the pulse sequence acquires only 
one line of k-space, and that N repeats must be ac-
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quired in order to build up the data for an N×N im-
age. Also known as the SPGR and FFE sequence, the 
FLASH sequence is a conventional GE technique that 
requires 3–6 s per slice to acquire the data. For this 
reason whole-volume studies are impractical using 
the FLASH approach, although the method does of-
fer the advantage of having only a low sensitivity to 
geometric distortion (see below). However, because 
of the lengthy time of acquisition for each FLASH im-
age the technique is very sensitive to small hardware 
or physiological instabilities. 

EPI: Echo planar imaging (Mansfi eld 1977) is the 
most widely used fMRI pulse sequence due to its re-
markable speed of acquisition. On modern scanners 
the whole head can be covered at 4 mm slice thick-
ness in about 3 s (ten slices per second). This enables 
the experimenter to characterize the haemodynamic 
response (the time for local fl ow increases and de-
creases to occur in the brain in response to brain 
activity is on the order of 6–8 s), which can yield 
additional information. EPI can be used to provide 
either T2* contrast (GE variant) or T2 contrast (SE 
variant).

Since EPI is so widely used it will be described in 
some detail here. A pulse sequence for EPI is shown 
in Fig. 8.8, along with the corresponding k-space 
sampling scheme. The principal difference with re-
spect to the FLASH sequence is the ability of EPI to 
sample the whole of k-space following a single exci-
tation of the slice. Typically, the entire information 
for an (admittedly low-resolution) image of the slice 
can be acquired in 40–50 ms. So-called “snap-shot” 
EPI sequences are limited to acquiring images with a 
matrix resolution of approximately 64×64 pixels, and 
on some systems up to 128×128. However, it is pos-
sible to use an interleaved version of the basic EPI 
sequence in which larger image matrix sizes can be 
achieved (McKinnon 1993). This is at the expense 
of a decreased temporal resolution, though, since the 

data for each slice requires the combination of data 
from multiple excitations of the slice (typically 4–16 
excitations).

The major drawback of EPI, aside from its inher-
ently low spatial resolution (usually about 4×4 mm 
in plane and 4–6 mm slice thickness), is its sensitiv-
ity to a number of sources of artefact. The two most 
prominent issues are those of non-linear geometric 
distortion and Nyquist ghosting. Geometric distor-
tion occurs principally in the phase encode direction 
(Jezzard and Balaban 1995), and makes coregis-
tration between EPI and conventionally collected 
data sets problematic. It is caused by the misrepre-
sentation in the position of pixels that occurs in re-
gions where the magnetic fi eld homogeneity is poor, 
principally in the frontal and temporal regions of 
the brain where inherent susceptibility-based dis-
tortions are present in the magnetic fi eld. The other 
prominent image artefact that is encountered with 
EPI is the phenomenon of Nyquist ghosting. This oc-
curs as a result of the generation of the image from 
both positive going (left to right) and negative going 
(right to left) lines in k-space (see Fig. 8.8). This is 
in contrast to almost all other MRI pulse sequences 
in which every line in k-space is collected under the 
same readout gradient polarity. A number of small 
imperfections in the scanning process (e.g. scanner 
hardware imperfections and magnetic fi eld inhomo-
geneity effects) will lead to a line-to-line modulation 
in the k-space data that, when Fourier-transformed 
to produce the fi nal image, leads to some of the im-
age signal being displaced by half a fi eld of view (for 
snapshot EPI – more complex patterns occur for the 
case of interleaved EPI). This effect is shown in the 
lower left panel of Fig. 8.8, demonstrating a promi-
nent “ghost” image that is displaced by half the fi eld 
of view in the phase encode direction of the image. 
Various correction algorithms have been developed 
to minimize this artefact (to form the corrected im-
age shown in the lower right panel of Fig. 8.8), but 

Fig. 8.7. Diagram showing the 
FLASH pulse sequence, along 
with the corresponding trajectory 
through k-space. The sequence 
shown includes a navigator ac-
quisition. The shaded pulse is a 
spoiler to dephase any remaining 
transverse magnetization.krd
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in the common situation when the ghost signal im-
pinges on the main image, it is wise to be aware of 
possible “aliased” fMRI activations that can originate 
from the ghost and therefore occur half a fi eld of view 
from their true origin. For example, this has been 
noted to be a particular problem for “phantom” eye 
movements (Chen and Zhu 1997).

Spiral: Spiral imaging (Meyer and Macovski 1987) 
is also increasingly used by fMRI researchers, and 
is shown in Fig. 8.9. The method is similar to EPI in 
temporal resolution and in its ability to be run in a 
GE or SE mode. The artefacts that spiral sequences 

generate are different to EPI, yielding a local blur-
ring (deterioration in point spread function) rather 
than geometric distortion in the presence of fi eld 
inhomogeneity effects. Spiral sequences are also 
less demanding on the gradient amplifi ers, and have 
therefore been observed to give improved stability.

PRESTO: The PRESTO sequence (Liu et al. 1993) uses 
echo shifting principles (Moonen et al. 1992) in or-
der to achieve a short TR time without compromis-
ing T2* sensitivity. A conventional phase encoding 
strategy is used, so geometric distortion is minimal 
with this sequence. Another benefi t is that because 

krd

kpe
Grd

Gpe

RF

receive gate

Gsl

TE

Fig. 8.8. EPI pulse sequence and corre-
sponding k-space trajectory. Note that 
only the fi rst 5 echoes in a (typically) 64 
echo train are shown. The lower panel 
shows EPI images with poor (left) and 
good (right) Nyquist ghost correction.

Fig. 8.9. Spiral pulse sequence and k-
space trajectory. krd
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the sequence can be run in a true 3D mode, it can 
be made very insensitive to unwanted arterial infl ow 
contamination that can confound the FLASH ap-
proach (Duyn et al. 1994). A pulse sequence diagram 
for the PRESTO sequence is shown in Fig. 8.10. The 
gradient pulses shown hatched in Fig. 8.10 are used 
in such a way as to ensure that magnetization excited 
during TR period i is not refocused to form imaging 
data until the (i+1)th TR period. As such, the TE time 
is equal to 1.5TR (in the sequence shown). This allows 
adequate GE weighting to be achieved (to give BOLD 
T2* contrast), but retains a short TR, allowing 3D im-
ages to be acquired in a reasonable time.

Spin-Echo BOLD Sequences: As mentioned above, 
SE sequences generally demonstrate lower BOLD 
contrast. However, some researchers have used se-
quences based on SE pulse sequences, either in or-
der to recover some of the signal lost in frontal and 
temporal regions of the brain, or to quantitatively 
measure the T2 relaxation time of blood. In the for-
mer case a hybrid sequence that combines GE and 
SE contrast can be used. This is known as an asym-
metric spin echo, and is achieved by introducing an 
asymmetric delay into an otherwise standard SE se-
quence. A modifi cation of the standard BURST pulse 
sequence (Hennig and Hodapp 1993; Lowe and 
Wysong 1993) is one such example. The sequence 
uses a train of low fl ip angle RF excitation pulses in 
the presence of a readout dephasing gradient. These 
are subsequently refocused as a train of echoes fol-
lowing a 180° pulse. The method is capable of pro-
ducing “snap-shot” low-resolution images, and has 
the added benefi t of being very quiet (since very few 
gradient switches are required). The sequence has 
been applied to fMRI (Jakob et al. 1998) by use of 
an asymmetric SE approach that provided the T2* 
BOLD contrast. The BURST sequence has a much 
lower signal-to-noise ratio than the EPI sequence, 
but may have applications where a quiet pulse se-
quence is required (e.g. for auditory activation stud-
ies).

8.3.2 
Scanner Hardware Requirements

In order to accomplish successful fMRI a scanner 
that is above all stable and that also offers good sig-
nal-to-noise ratio is essential. Further, fast gradient 
hardware is desirable, since rapid sequences such as 
EPI provide an increase in the number of indepen-
dent samples of brain activity, and hence improved 
statistical confi dence in the resulting fMRI maps. 
Considerations include:

Magnetic Field Strength: Implied within the BOLD 
equation (Eq. 2) is a dependence of the BOLD re-
laxation rate that is linear with static magnetic fi eld 
strength. This is in practice what is observed, although 
there are a number of qualifying statements to be 
made. Firstly, Eq. 2 only considers the extravascular 
spin contribution and, indeed, only for spins surround-
ing those vessels with a radius above approximately 
10 µm. In the case of smaller vessels, and in the case 
of SE weighted sequences, even higher order depen-
dencies are predicted, making higher fi eld strength all 
the more attractive. Working against high fi eld, how-
ever, is the shorter inherent T2* of the tissue. This at-
tenuates the effect of the change in R2* (i.e., T2*) that 
accompanies neuronal activation, but has the advan-
tage of suppressing large vein signals. Experimental 
assessment of these issues indicates that higher fi eld 
strengths are indeed benefi cial (Gati et al. 1997), de-
spite a greater contribution of physiological noise at 
high fi eld (Kruger and Glover 2001). As a practical 
guide, a fi eld strength of between 1.5 and 3 T should 
provide adequate fMRI sensitivity. It should be noted 
that at very high fi eld (4 T and greater) one encounters 
increasingly severe RF fi eld homogeneity problems, 
and severe magnetic susceptibility problems.

Gradient Performance: Fast gradient performance 
is highly desirable for fMRI studies allowing fast 
imaging sequences, such as EPI, to be performed. 

Fig. 8.10. The PRESTO pulse sequence.

Grd

Gpe

RF

receive gate

TE

TR

Gsl



Functional MRI 103

Practically, one needs gradient strengths of the order 
25 mT/m and gradient slew rates of 150 T/m/s. Lower 
performance fi gures than this will perhaps suffi ce, 
but fast imaging sequences may become impractical 
if performance is substantially lower than the above. 
Related to gradient performance is fast data acquisi-
tion and processing capability. As a benchmark fi g-
ure, a sustainable acquisition rate of ten frames per 
second in snap-shot EPI mode is desirable.

Stability Requirements: Since fMRI is a subtle effect 
(0.5–5% signal change typically), it is important to 
optimize the experiment as much as possible. One 
critical factor is to ensure that the MRI system hard-
ware is of suffi cient signal-to-noise ratio and stability 
over time that an effect on the order of 0.5% can be 
detected. It is therefore important to run regular qual-
ity assurance tests using a phantom sample that loads 
the coil in a similar way to the human head. Such data 
will reveal whether the system has stability prob-
lems that should be addressed before fMRI experi-
ments are attempted. A recommended test that can 
be performed is a pseudo-fMRI experiment in which 
a phantom sample (e.g. a spherical agar gel phan-
tom) is imaged using an otherwise standard fMRI 
protocol. One example would be an EPI time-course 
consisting of 100 volumes, 64×64 pixels, 25 slices, 
TR/TE/thk=3000 ms/40 ms/5 mm, FOV=24×24 cm. 
A number of tests can then be performed on each 
slice of the data, including:
1) Mean signal variability: Variability in the time-

course of the mean signal from the central 80% of 
the image. This fi gure should refl ect the transmit-
ter stability and be better than 0.1%.

2) Signal-to-noise ratio of the individual images: Signal 
= mean of central 20% of phantom, Noise = stand-
ard deviation of non-ghosted noise region. Ideally 
the ratio should be more than 250. (Note that a 
true signal-to-noise measure requires a correction 
factor of 1.53 (Weisskoff 1996) to account for the 
Rician nature of noise in magnitude MRI data.)

3) Level of EPI ghost: For EPI sequences the ghost 
should be <2–3% of the main image intensity.

4) Pixel-by-pixel temporal stability: For each pixel the 
temporal standard deviation in intensity is cal-
culated. This is expressed as a percentage of the 
image mean intensity and should be <0.5%.

5) Spatial drift test: A data registration test is useful 
to assess the drift of the image in the fi eld-of-view 
throughout the scan. This test can report on prob-
lematic gradient coil heating or other instabilities 
leading to drifts in the B0 fi eld. The test is best 
done on the volume data.

8.3.3 
The Scanner as a Psychophysical Testing 
Environment

A key difference between conventional MRI scanning 
and fMRI is the need for external stimuli to be pre-
sented to the subject in the scanner and for response 
recording to be made from the subject. One principal 
requirement is the addition of a method of visual 
stimulus presentation (although many clinical MRI 
scanners now come equipped with a suitable device 
designed to minimize patient anxiety). This presenta-
tion device needs to be under computer control, and 
ideally should be capable of being triggered from the 
scanner. Finally, a comprehensive software package 
must be provided to control stimulus presentation 
and scanner synchronization of all stimulus and re-
sponse events.

8.4 
Experimental Design

8.4.1 
Block Design Paradigms

The simplest form of fMRI paradigm that can be con-
ducted is known as the block design. This is shown 
in Fig. 8.11a and consists of blocks of time when the 
stimulus is present (shown shaded) and blocks of 
time that act as a control periods. Typically a sus-
tained period of at least 20–30 s forms each stimulus 
or control period. In some circumstances it is suffi -
cient to use “rest” as the control condition (i.e. subject 
lying in the scanner “doing nothing”). However, this 
is a very uncontrolled condition, and often leads to 
diffi culties in interpretation. In such circumstances, 
it may be necessary to select a control task that rep-
licates many of the stimulus inputs present in the 
task condition, but excludes a single specifi c aspect 
that is the functional processing unit of interest. In 
addition to the single task period shown in Fig. 8.11a, 
it is also possible to design paradigms that probe 
several functional attributes, even in parallel. Such 
an example is shown in Fig. 8.12 which displays the 
results of overlapping periods of visual and audi-
tory stimulation, each having a different time course. 
When analysing the data, the two different time series 
“signatures” of the visual and auditory stimuli lead 
to distinguishable activation areas in the brain (co-
loured yellow–red and green–blue, respectively).
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It is also possible to design tasks that modulate a 
particular functional process, such that it can be de-
tected via a parametric analysis. An example might 
be to perform sustained periods of motor activity 
(hand fl exion, fi nger opposition, etc.), but with each 
stimulus epoch performed at a different level of task 
diffi culty. The analysis of the data then seeks those 
areas of the brain that show a graded response to the 
task level.

8.4.2 
Event-Related Designs

It is not always appropriate or physiologically feasi-
ble to sustain certain stimulus types for an extended 
period. Such an example might be the application 
of a brief painful stimulus. Further, there may be 
a need to introduce an element of unpredictability 
into the stimulus presentation, for example to avoid 
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Fig. 8.11a, b. Representation of a block 
design fMRI paradigm (a), and an event-
related fMRI paradigm (b). For the block 
design a relatively long (20–30 s) stimu-
lation period is alternated with a control 
period. For the event-related design a 
brief stimulus period is used, which can 
either be periodic or randomized. The 
crosses indicate the acquisition of vol-
umes of MRI data. The lower curves in 
each panel indicate the predicted hae-
modynamic response and are generated 
by convolving the stimulus input func-
tion with a model of the instantaneous 
haemodynamic response function.

Fig. 8.12. Block design fMRI experi-
ment showing an overlapping para-
digm consisting of visual and auditory 
stimulation epochs. The visual stimulus 
consisted of a fl ickering checkerboard 
(8 Hz frequency) shown for 30 s alter-
nated with 30-s display of a fi xation 
cross. The auditory stimulus consisted 
of recorded speaking voices for 45 s al-
ternated with 45 s of rest. A combined 
analysis was applied to reveal the visual 
(yellow–red) and auditory (green–blue) 
processing areas of the brain. (Data pro-
vided by the FMRIB Centre, University 
of Oxford, with permission.)
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confounds of an anticipatory response. In these cases 
one approach that can be adopted is the use of a so-
called “event-related” design (Buckner 1998). This is 
shown schematically in Fig. 8.11b, in which a series of 
brief stimuli are presented, perhaps at regular inter-
vals or perhaps at random intervals. It is implicit that 
a fast imaging sequence be used (2–3 s volume-to-
volume interval), since the haemodynamic responses 
to be characterized are also relatively brief (6–12 s). 
The data are then analysed for brain areas that show 
a time-course signature that correlates with the 
predicted haemodynamic response (also shown in 
Fig. 8.11b). It should be noted that event-related de-
signs are more sensitive to the details of the haemo-
dynamic response model used (see below) than are 
block designs. In this sense block designs are more 
robust, since a sustained cognitive state can be mod-
elled, and hence a sustained (and simple) haemody-
namic response can be assumed. In contrast, analysis 
of event-related designs may produce poor results 
if an inaccurate haemodynamic response function 
is assumed. This may be all the more the case if the 
interval between successive stimuli becomes short, 
or if widely distributed brain areas are of interest, 
in which case it may be necessary to model a set 
of area-specifi c haemodynamic response functions. 
Nevertheless, event-related designs have proved their 
use when short-duration stimuli are required.

8.5 
Data Analysis Strategies

With the advent of well-packaged analysis programs, 
and with the introduction of scanners with on-board 
fMRI analysis, it is becoming less essential to have 
comprehensive knowledge regarding analytical 
methods for processing fMRI data. Nevertheless, it 
should be a high priority to any serious clinician 
or researcher to appreciate what is being performed 
within the “black box”. Only a brief summary is pro-
vided here, but a more lengthy discussion of the de-
tails of fMRI data analysis can be found in the book 
by Jezzard et al. (2001).

8.5.1 
Pre-Statistics Procedures

In most fMRI analysis packages a number of steps are 
fi rst taken to improve the quality of the underlying 
data, or to otherwise “encourage” the data to conform 

to the set of assumptions behind a particular statis-
tical model. One important fi rst step is to attempt 
to correct the time-course data for motion artefacts 
associated with subject movement. Usually this re-
quires an algorithm that performs a rigid body trans-
formation in order to register successive volumes. 
Many sites also perform a slice timing correction 
that attempts to account for the fact that the differ-
ent slices that comprise a volume are not actually 
collected simultaneously.

The other principal processing step that is often 
applied to the data is to perform fi ltering operations 
that attempt to improve the conformity of the data to 
assumptions that are subsequently used during sta-
tistical inference. In particular, many packages apply 
a spatial blurring in order to improve the confi dence 
that the images have a particular point spread func-
tion (i.e. a known spatial correlation). Typically the 
spatial fi lter that is applied is only marginally wider 
than the digital (pixel) resolution itself. But in some 
cases more severe fi ltering is applied. The advantage 
of substantial spatial fi ltering is that the effective 
signal-to-noise ratio of the data can be signifi cantly 
improved. However, this is at the expense of blurring 
the raw data to a lower resolution. A related step that 
may be applied is to fi lter the data in the time do-
main. This is done by selecting the time-course from 
each pixel in turn and applying a specifi c fi lter that 
suppresses undesirable features in the time series. 
Typically a band-pass fi lter is used that suppresses 
both low temporal fl uctuations, that can arise from 
gradually evolving scanner instabilities or residual 
effects from subject motion, and high temporal fre-
quencies that may be assumed to be noise (since the 
haemodynamic response function associated with 
“real” activations has a certain latency and width).

A number of fi nal pre-statistics procedures may 
also be applied, such as intensity normalization of 
each volume (such that the total integrated intensity 
is the same in each volume). This is appropriate pro-
vided that the anticipated brain areas are small rela-
tive to the volume of brain covered. 

8.5.2 
Time-Course Modelling

Once the data have been preprocessed and are ready 
for fi nal analysis a model of the expected fMRI time-
course must be generated (although one can use 
model-free analysis methods as an alternative). In 
the case of a simple block design paradigm it may be 
suffi cient simply to model the predicted time-course 
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as a box car function that is “1” during periods of 
stimulus (or task A) and “0” during rest (or task B). 
An improvement to this model is to convolve the 
box car function with an estimate of the instanta-
neous haemodynamic response function (Friston 
et al. 1994). Such a function represents the response 
of the MRI signal (and hence vasculature that causes 
the change in MRI signal) to a brief stimulus event. 
This approach is used in the fi eld of engineering 
when one wishes to predict the output signal from 
a modulating system or device when given an arbi-
trary input signal. This can be accomplished if one 
knows the output response function resulting from 
an instantaneous input signal, and provided one can 
assume that the modulating system or device acts 
as a linear system. This latter assumption is not al-
ways strictly true in the case of the fMRI signal, but 
may often be applied regardless, particularly in the 
case of block stimuli or widely spaced brief stimuli. 
Examples of the predicted fMRI time-course to a 
blocked and event-related experimental design are 
shown in Fig. 8.11a and 8.11b, respectively. Once gen-
erated, this time course model can be used as the 
basis for testing against each pixel time series in the 
raw fMRI data.

8.5.3 
Statistical Inference

The ultimate aim of statistical inference is to identify 
those pixels whose time-course matches the mod-
elled haemodynamic time-course, and to assign a 
statistical confi dence to this identifi cation, given the 
level of noise present. The most common approach is 
to adopt a general linear model (Friston et al. 1995), 
in which the observed data are modelled as:

y(t) = β * x(t) + c + e  [4]

where y(t) is the array of observed data (a 1D vector 
of signal intensities representing a given pixel’s time-
course); x(t) is the haemodynamic model (also some-
times known as the explanatory variable) describ-
ing the expected signal time-course resulting from 
the stimulus paradigm; β is the parameter estimate 
for x(t) (in other words it is the scalar that must 
be multiplied by x(t) in order to fi t the data); c is a 
constant, and represents the signal amplitude during 
the baseline condition; and e is an error term, that 
should consist of white Gaussian-distributed random 
noise if the fi t is good. If the paradigm consisted 
of two different stimuli (for example in the case of 

the visual and auditory stimulus data set shown in 
Fig. 8.12) then a second parameter estimate and hae-
modynamic model can be introduced as β2 * x2(t). 
Note also that more sophisticated questions can be 
asked within this framework by generating new ex-
planatory variables, such as whether the presence of 
two overlapping stimuli results in an fMRI signal that 
is greater than the sum of their signals if the stimuli 
are presented separately.

Once the entire data set has been fi tted, one can 
produce a T statistic for each pixel location, based on 
the ratio between the size of the parameter estimate 
(β) and the size of its standard error. Once a T sta-
tistic has been calculated one can transform into a P 
(probability) or Z statistic image. The only remaining 
step is to set a threshold level at which to accept or re-
ject pixels that pass or fail the statistical test. Typically 
probability thresholds of P<0.01 are selected, after 
suitable correction has been made for the number of 
statistical tests that have been performed.

8.6 
Spinal Cord fMRI

Advances in the treatments of spinal cord injury and 
disease have improved outcome in recent years. In 
addition, active research is currently being under-
taken to explore the possibility of promoting axonal 
regeneration (Horner and Gage 2000). The effec-
tive use of these treatments will require the accurate 
monitoring of the anatomical and functional char-
acteristics of the spinal cord within and around the 
injury site. The application of fMRI to the spinal cord 
(spinal fMRI) as a non-invasive mapping technique 
of neural function is therefore potentially of great 
signifi cance.

One of the earliest studies employed a unilateral 
hand-closing paradigm at 1.5 T to demonstrate sig-
nal change of 4.8% in the ventral grey matter of the 
ipsilateral seventh cervical cord segment (Yoshizawa 
et al. 1996). Less consistent activation was also noted 
in the dorsal grey horn and contralateral spinal cord, 
and was explained by the presence of interneuronal 
connections.

Subsequently, substantial human spinal fMRI 
work has been conducted by Stroman et al. They have 
concentrated on cervical cord imaging and sensory 
stimulation paradigms. Cervical cord BOLD-related 
signal changes were initially demonstrated at 3 T 
(Stroman et al. 1999) and then at 1.5 T (Stroman 
and Ryner 2001; Stroman et al. 2001b) looking at 
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sensory and motor-related activations. At 1.5 T GE 
and SE EPI were compared and found to impart 
similar activation signal changes (about 4–5%) al-
though theoretically GE EPI should be expected to 
provide much larger signal changes than SE EPI. 
The authors explained this by alluding to anatomi-
cal differences between brain tissue and spinal cord. 
For example, only small vessels lie within the spinal 
cord parenchyma and these vessels tend to be radi-
ally orientated. The vessel size and orientation would 
maximize the magnetic fi eld susceptibility gradients 
and increase the expected BOLD contrast. A further 
factor is that spinal cord structure, unlike the cerebral 
cortex, is not tortuous and is more likely to contain 
homogeneous grey matter and consequently be less 
susceptible to partial volume effects (Stroman and 
Ryner 2001).

Studies by Stroman et al. have also demonstrated 
that there may be a second contrast mechanism that 
manifests with SE EPI sequences at very short echo 
times (Stroman et al. 2001a; Stroman et al. 2002a; 
Stroman et al. 2003). This is because the estimated 
fractional signal changes during activation in SE EPI 
fMRI have values of about 2.5% when extrapolated 
to a TE of zero. This non-zero intercept has been in-
terpreted as perhaps arising from a proton density 
increase within the extravascular space and has been 
termed “signal enhancement by extravascular pro-
tons” or SEEP. Alternatively, this effect may be related 
to blood volume increases.

Further work has demonstrated a dermatomal 
distribution of sensory stimulation (using a cold 
stimulus) within the cervical cord in a study of 13 
healthy volunteers. By using a “clustering” technique 
that congregates active pixels based upon their inten-
sity time-courses the authors were able to discrimi-
nate true activations from false ones (Stroman et al. 
2002b). Lumbar spinal fMRI has also been developed 
in studies using temperature stimulation paradigms 
and has shown in healthy subjects a relationship be-
tween the magnitude of the fMRI response within the 
dorsal lumbar cord and the degree of noxious stimu-
lation (Stroman et al. 2002c). In patients with spinal 
cord injuries, fMRI responses have also been demon-
strated with lumbar sensory stimulation, even when 
the patients had no subjective sensations themselves. 
This activity tends to be localized to the contralateral 
side of the cord (Stroman et al. 2002c; Stroman et 
al. 2004).

8.7 
Clinical Applications in 
White Matter Disorders

FMRI has many clinical and research applications. 
Several examples of its use in helping to understand 
demyelinating disease and schizophrenia are out-
lined below. One of its most challenging roles is to 
explore cortical plasticity in neurological disease.

8.7.1 
Cortical Plasticity

Functional improvement is often seen following 
acute brain injury; however certain aspects of recov-
ery cannot be explained by structural mechanisms 
such as the resolution of infl ammation or oedema. 
FMRI has presented the opportunity to measure 
changes relating to interactions at the level of large 
neuronal populations that follow neural insult (corti-
cal plasticity). The term cortical plasticity has been 
defi ned as the “reorganization of distributed patterns 
of normal task-associated brain activity that accom-
pany action, perception, and cognition and that com-
pensate impaired function resulting from disease or 
brain injury” (Frackowiak et al. 1997). Plasticity in 
neuroscience research may also relate to lower levels 
of neural organization and may include axonal/neu-
ronal mechanisms, for example refl ecting changes 
in sodium channel expression (Waxman 2001) or 
dendritic arborization (Jones and Schallert 1992), 
and synaptic mechanisms, for example indicating 
changes in synaptic density, distribution or strength 
(Jacobs and Donoghue 1991).

Although the capacity for cortical plasticity is at 
its greatest during the early years of CNS develop-
ment, it appears to persist throughout life. The be-
havioural effects of cortical reorganization following 
CNS insult may be divided into different categories 
which describe, for example, adaptive and maladap-
tive processes. Adaptive cortical reorganization im-
plies that the redistribution of neural processing in 
some way contributes to the mechanisms involved in 
clinical recovery or helps to maintain a degree of clin-
ical function in the presence of structural damage. At 
least four forms of adaptive plasticity have been sug-
gested (Grafman and Litvan 1999): (1) homologous 
area adaptation – implies that the damaged brain 
region can be compensated for by transferring the 
neural operations to other unaffected brain modules 
(usually in the homologous region of the opposite 
hemisphere); (2) cross-modal reassignment—occurs 
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when cortical modules usually devoted to processing 
particular sensory inputs, now accept inputs from 
another sensory modality; (3) map expansion—is 
the enlargement of a functional cortical region in 
response to frequent stimulus exposure or following 
adjacent cortical injury; and (4) compensatory mas-
querade – is the novel allocation of a cognitive strat-
egy to perform a task that otherwise would depend 
on another cognitive process which is now impaired.

However, cortical reorganization may not neces-
sarily contribute to recovery of clinical function. It 
may also refl ect the recruitment of unusual distrib-
uted neural networks purely as a ‘stress’ response to 
CNS injury implying that it can be non-adaptive or 
coincidental.

Indeed, plastic changes in response to injury may 
also have deleterious behavioural effects resulting in 
functional loss rather than gain. This form of plastic-
ity is termed maladaptive and is, for example, thought 
to account for phantom limb pain following amputa-
tion (Lotze et al. 2001).

8.7.2 
Functional MRI in Demyelinating Disease

Several studies have been performed to investigate 
how the brain possibly adapts to neurological damage 
in demyelinating disease. These studies have mostly 
employed experimental paradigms for the visual and 
the motor systems and can be categorized into those 
that address (1) clinically isolated syndromes, e.g. op-
tic neuritis, (2) relapsing remitting multiple sclerosis 
(MS), (3) secondary progressive MS, and (4) primary 
progressive MS. Further treatment of this subject can 
be found in Chapter 14 of this book.

8.7.3 
Functional MRI in Schizophrenia

Schizophrenia is a debilitating psychiatric disorder 
characterized by the presence of certain types of ‘pos-
itive’ symptoms such as delusions, hallucinations and 
thought disorder (Andreasen 1995). These ‘positive’ 
symptoms are usually complemented by ‘negative’ 
symptoms such as psychomotor retardation and af-
fective fl attening. In addition, a signifi cant role for 
cognitive dysfunction has become increasingly rec-
ognized in helping to understand the clinical defi cits 
of schizophrenia. The cognitive defi cits are related 
to but distinct from negative symptoms and appear 
to signifi cantly infl uence clinical outcome in schizo-

phrenia (Sharma and Antonova 2003). FMRI has 
been used to investigate the neural correlates asso-
ciated with both positive symptoms, negative symp-
toms and cognitive dysfunction over recent years. 
Some examples of its contributions are described 
below.

Auditory hallucinations constitute a prominent 
feature of positive symptoms and their impact has 
been explored in several studies. The results have 
suggested processing abnormalities in primary audi-
tory and association cortices and have also implicated 
subcortical and limbic structures. Reduced activation 
in response to auditory stimulation has been found 
in auditory areas resulting in the concept that audi-
tory hallucinations compete with external auditory 
stimuli (David et al. 1996; Woodruff et al. 1997).

A novel methodological technique was imple-
mented by Shergill et al. to measure neural activity 
associated with auditory hallucinations without re-
quiring subjects to signal when the hallucinations 
occurred. They discovered that auditory hallucina-
tions are associated with activation in a distributed 
network of cortical and subcortical areas that include 
the inferior frontal/insular, anterior cingulate, and 
temporal cortex bilaterally (with greater responses 
on the right), the right thalamus and inferior collicu-
lus, and the left hippocampus and parahippocampal 
cortex (Shergill et al. 2000). A further study by the 
same group investigated the notion of auditory hal-
lucinations as a disorder of the self-monitoring of ‘in-
ner speech’. Eight schizophrenic subjects with prom-
inent auditory hallucinations were compared with 
eight comparison subjects using a paradigm that 
experimentally varied the generation rate of inner 
speech. When the rate was increased, the schizophre-
nia patients showed a relatively attenuated response 
within the right temporal, parietal, parahippocampal 
and cerebellar cortices, areas previously implicated 
in verbal self-monitoring (Shergill et al. 2003).

Abnormalities in the integration of auditory and 
visual language perception are also felt to correlate 
with psychotic symptoms. Surguladze et al. (2001) 
performed three experiments each on seven healthy 
volunteers and fourteen schizophrenia patients, 
seven of whom were actively psychotic. The tasks 
comprised listening to auditory speech, silent lip-
reading (visual speech perception) and perception 
of meaningless lip movements (visual non-speech). 
Patients overall demonstrated lower activation in 
temporal regions for the lip-reading task, compared 
with healthy controls. They also activated fewer pos-
terior (occipitotemporal) and more anterior (frontal, 
insular and striatal) areas than controls, accounted 
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for largely by the psychotic subgroup. This suggests 
that schizophrenia patients with psychotic symptoms 
activate polysensory regions in response to visually 
ambiguous stimuli (non-speech) (Surguladze et al. 
2001).

Investigations into cognitive dysfunction and neg-
ative symptoms can be diffi cult to interpret, especially 
with studies on working memory. This is because 
their interpretation can be confounded by impaired 
working memory function in schizophrenia patients 
(Sharma 2003). In spite of this, a functional abnor-
mality of the dorsolateral prefrontal cortex (DLPFC) 
appears to play a signifi cant role in complex cogni-
tive dysfunction. Most studies have demonstrated 
‘hypofrontality’ or reduced activation of the DLPFC 
in response to complex cognitive tasks when com-
pared with controls (Barch et al. 2001; Barch et al. 
2002; MacDonald and Carter 2003; Perlstein et 
al. 2001; Riehemann et al. 2001). Tasks that do not 
require complex processing have also demonstrated 
reduced DLPFC activation in schizophrenia patients 
relative to controls (Rubia et al. 2001).

Some studies have not observed ‘hypofrontality’. 
Honey et al. controlled for task performance by se-
lecting patients with normal scores on a relatively 
low-load verbal memory task (Honey et al. 2002). 
Although no differences were found between schizo-
phrenia patients and controls, the control group ex-
hibited positive correlations between reaction time 
and the fMRI response within the posterior parietal 
cortex. This correlation was not found in the schizo-
phrenia group, perhaps implying that ‘hypofrontality’ 
occurs only when the ability of the DLPFC to respond 
to a working memory task is exceeded by the cogni-
tive load.

A few other studies have reported greater DLPFC 
activation in schizophrenia patients with complex 
cognitive tasks (Callicott et al. 2000; Manoach et 
al. 2000; Ramsey et al. 2002). Ramsey et al., in par-
ticular, investigated the role of antipsychotic medica-
tion and controlled for cognitive performance with a 
logical reasoning task (Ramsey et al. 2002). Task per-
formance was modestly reduced in the patient group. 
In patients on medication, the fMRI activity did not 
differ signifi cantly from controls after correction for 
task performance. However, in medication-naive pa-
tients, the performance-corrected fMRI activity was 
signifi cantly elevated within the DLPFC. These results 
point to increased neural recruitment with untreated 
schizophrenia during logical reasoning. The mixed 
results presented above indicate that the function(s) 
of the DLPFC in schizophrenia remain to be eluci-
dated and require further research.

Knowledge about the precise neuropathological 
and neurophysiological substrates of schizophre-
nia is also incomplete. Structural fi ndings have in-
cluded enlargement of the lateral and third ventricles 
(Daniel et al. 1991; Lawrie and Abukmeil 1998) 
and reductions in grey and white matter volume and 
density. Grey matter abnormalities have been found 
within the limbic system, thalamus, medial frontal, 
temporal, precuneate, posterior cingulate and insular 
areas (Andreasen 1997; Gaser et al. 1999; Hulshoff 
Pol et al. 2001; Wright et al. 2000). White matter ab-
normalities have been detected in the frontal lobes 
(Paillere-Martinot et al. 2001), left posterior peri-
ventricular area (Sowell et al. 2000), temporal lobes 
(Sigmundsson et al. 2001) and the corpus callosum 
(Hulshoff Pol et al. 2004).

It has been proposed that the clinical abnormali-
ties arise from interregional aberrant connectivity or 
‘disconnectivity’ (Friston 1998; Friston and Frith 
1995). This hypothesis may explain the symptoms 
and cognitive defi cits in schizophrenia and is gener-
ally felt to have some truth, but its precise nature is 
unknown; for example the spatial scale of the discon-
nectivity may be present at the synaptic or dendritic 
level rather than at the level of the cortical region. 
However, in future, by combining MR measures of 
function (with fMRI) and of structure (for example, 
with diffusion tensor imaging) it may be possible to 
explore the relationships between effective connec-
tivity and anatomical connectivity in schizophrenia 
and thus contribute to a more complete understand-
ing of its pathophysiology.

8.8 
Conclusion

This chapter attempts to describe the principles of 
functional MRI, and also includes a brief discussion 
of applications of fMRI to white matter disorders. 
Conventional fMRI is only able to access haemody-
namic, and hence metabolic, information from the 
grey matter. As such, the information that can be 
obtained on white matter disorders is derived from 
the effect that a given disorder has on the participat-
ing grey matter networks. Nevertheless, preliminary 
work has been done to improve our understanding of 
the evolution and treatment of various white matter 
disorders, most notably in multiple sclerosis.

One probable evolution that will occur in the fi eld 
of neuroimaging is the combining of information 
from several different contrast mechanisms and mo-
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dalities. In the context of MRI contrast it is becom-
ing clear that diffusion-weighted information, and 
in particular diffusion tractography, will reveal rich 
information on white matter tracts, and that this in-
formation can be combined with standard fMRI con-
trast of the grey matter processing units. Figure 8.13 
shows an example of combined fMRI and diffusion 
tractography imaging, indicating how structural and 
functional information can be combined. Beyond 
MRI there is the prospect of combined electroen-
cephalography (EEG) and fMRI, in order to improve 
the temporal resolution of the information available. 
Likewise the spatial resolution of fMRI may be used 
to constrain the location of sources when analysing 
magnetoencephalography (MEG) data.
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9.1 
Introduction

Magnetic resonance imaging (MRI) has emerged 
as the preeminent imaging modality for visualizing 
neurological diseases in the central nervous system. 
MRI is a modality that can be used to produce both 
high resolution anatomically based images, as well 
as images that refl ect a variety of physiological pa-
rameters including blood fl ow, tissue perfusion and 
water mobility as refl ected by diffusion indices. MR 
spectroscopy (MRS) is a complementary technique 
that can provide metabolic information that can eas-
ily be integrated with MRI. MRS is the more modern 

version of NMR which over the past fi ve decades 
has evolved from a technique used in chemistry to 
determine the structure of molecules to a method 
with which to probe the metabolism of cells, tissues, 
intact animals and humans (Allen 1990; Avison 
et al. 1986; Bernard et al. 1983; Bottomley 1989; 
Burt and Wyrwicz 1979; Burt et al. 1979; Cerdan 
and Seelig 1990; Gadian and Radda 1981; Iles 
et al. 1982; Kuchel 1981; Radda and Taylor 1985; 
Roberts and Jardetzky 1981; Ruiz-Cabello and 
Cohen 1993).

The early generations of NMR spectrometers 
employed room temperature ferromagnetism, and 
operated at fi elds between approximately 1 and 2 T, 
and could accommodate samples that contained less 
than 1 ml of solution. In the 1970s the development 
of vertical bore superconducting magnets provided a 
newer generation of NMR spectrometers that oper-
ated at higher fi elds and could obtain spectra from 
slightly larger volumes of sample (1–10 ml). As more 
of these instruments became available, several re-
search groups began to use multinuclear NMR spec-
troscopy to investigate the bioenergetics and metab-
olism of cellular suspensions (see for example Evans 
and Kaplan 1977; Navon et al. 1977a, 1977b) and 
perfused tissue (see for example Ackerman et al. 
1980; Jelicks and Gupta 1989).

Phosphorus-31 NMR spectroscopy was used to 
study cellular bioenergetics because several impor-
tant compounds which are involved in cellular ener-
getics, such as adenosine triphosphate (ATP), phos-
phocreatine (PCR) and inorganic phosphate (Pi), 
are readily detectable. Carbon-13 NMR spectroscopy 
could probe metabolism by following isotopically la-
beled substrates through various metabolic pathways 
(see for example London 1988). Although proton 
MRS was used extensively in chemical applications, 
its use in biological systems where the concentration 
of the compounds of interest are about 1–10 mM was 
hampered by the presence of a large background 
signal arising from water in the sample which could 
have a concentration approaching 90 M in protons. 
This large difference in signal intensities led to the 
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development of a variety of techniques that either did 
not excite the background water signal or suppressed 
it substantially (see for example Bottomley et al. 
1985; Frahm 1989; Frahm et al. 1989. One of the ma-
jor motivations for employing proton NMR methods 
is the greater sensitivity of this nucleus as compared 
to both P-31 and C-13. All other factors being equal, 
the MR sensitivity scales as the cube of magnetogyric 
ratio for each nucleus.

The availability of horizontal bore magnets led to 
the extension of these studies to intact animals (see 
Chatham and Blackband 2001 for reviews). Since 
the early 1980s, there has also been an increasing 
availability of whole-body MR scanners for use in di-
agnostic imaging. A large number of these MR scan-
ners operate at 1.5 T, a magnetic fi eld that is similar 
to the magnetic fi elds employed in the early days of 
NMR spectroscopy. 

The development of spatially localized MRS (Aue 
1986; Bolinger and Lenkinski 1992; Narayana 
and DeLayre 1986) has provided a bridge between 
metabolism and the anatomic and physiological 
studies available from MRI. These can now be com-
bined into a single MR examination. In cases where 
distinct lesions (or lesions) are seen on MR, the 
MRS can provide metabolic profi les that might aid 
in the characterization of the lesion(s) and response 
to treatment. In cases where no distinct lesions are 
visible on MRI, MRS can provide a non-invasive as-
sessment of the underlying metabolic status of the 
tissue being studied. This is particularly important 
in pathologies such as multiple sclerosis (MS) where 
metabolic alterations in so-called “normal-appearing 
white matter” may give some insights into the pat-
terns of disease evolution and progression. Because 
there are several different approaches to acquiring 
spatially localized MRS, it is more convenient to 
think of MRS as a family of methods rather than a 
single technique. The utility and applicability of each 
technique to a particular kind of neurological disease 
state depend on a variety of technical and practical 
factors that are discussed.

In this chapter we review the localization methods 
currently used in studying white matter disease. In this 
part of the chapter we discuss the technical and practi-
cal factors that determine the applicability of the meth-
ods to particular kinds of studies. We also describe the 
various resonances detected by localized solvent-sup-
pressed proton MRS of the brain in terms of the meta-
bolic and biochemical information that can be derived 
from an analysis of their concentrations. Finally, we 
review some of the potential developments that may 
improve the performance of MRS in the future.

9.2 
Spatial Localization

Localization can be achieved in MRS by employing 
RF gradients, static B0 gradients, or pulsed spatial 
gradients (or combinations of these). The technical 
details of all of these approaches have been described 
in detail (Aue 1986; Bolinger and Lenkinski 1992; 
Narayana and DeLayre 1986). The latter methods 
are similar to those currently employed in MRI. As 
pointed out above, proton spectroscopy of metabo-
lites presents a problem in that metabolites at mil-
limolar concentrations must be detected in the pres-
ence of a background water signal that is present at 
about 100 molar. For this reason solvent-suppression 
techniques have been combined with localization 
schemes to produce spatially localized solvent-sup-
pressed spectra. The T1s of the various proton metab-
olites are quite long, and the T2s are also quite long 
permitting the use of methods such as the spin-echo 
or stimulated-echo sequences. For proton MRS of the 
brain, localization methods that either preserve the 
magnetization of only those protons being sampled 
and destroy the coherence of all of the unwanted 
spins or pulse sequences where only the spins from 
the desirable spins are excited, or combinations of 
these two approaches have found common use.

The unwanted magnetization arises from several 
sources:  the background water signal, and the strong 
lipid signal arising from fat in the scalp. Regions with 
high magnetic susceptibility boundaries should be 
avoided in the excitation schemes. Suppression of 
the water signal is usually accomplished by 90° fre-
quency-selective excitation of the water followed by 
dephasing gradients. This process destroys both the 
Z-magnetization of the water and its XY magneti-
zation. The effi ciency of suppression depends on a 
number of factors including the B1 homogeneity of 
the 90° frequency-selective excitation of the water 
(i.e. is this pulse a 90° pulse everywhere within the 
brain?) and the magnetic fi eld homogeneity across 
the volume being sampled. The two most commonly 
used localization methods, STEAM and PRESS, se-
lect an orthorhombic volume in space by applying 
three sequential selective RF pulses in the presence 
of orthogonal slice-selective gradients. The pulse se-
quence for PRESS is shown in Fig. 9.1. The stimulated 
echo (STEAM) sequence (Frahm 1989; Frahm et al. 
1989) and PRESS (Bottomley et al. 1985) method 
can be implemented as single-voxel (i.e. sampling 
only one region of tissue) or multivoxel methods (by 
selecting a larger ortho-rhombic volume combined 
with Fourier phase-encoding methods to produce 
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CSI sequences (Aue 1986; Bolinger and Lenkinski 
1992; Narayana and DeLayre 1986)).

Examples of the graphic prescriptions of both 
single-voxel and multivoxel selections are illustrated 
in Fig. 9.2. Since only both STEAM and PRESS excite 
only the spins within the orthorhombic volume, these 
are examples of methods in which only those protons 
being sampled are excited, and the other spins are 
either not excited or destroyed. The advantages of 
using either of these two spatial preselection meth-
ods are that the signal from lipids arising from the 
scalp is minimized, and the volume over which the 
B0 fi eld is adjusted can be restricted to avoid air–tis-
sue boundaries where there may be large variations 
in the magnetic susceptibility. For reasons associated 
with instrument performance, such as residual eddy 
current effects, many of the early reports of proton 
MRS employed echo delays of 135 or 270 ms. The 
choice of 135 or 270 ms is made in order to refocus 
the doublet resonance of the methyl resonance of lac-
tate, which has a value of about 7 Hz for the spin-spin 
coupling constant to its methenyl proton. As instru-
mental performance has improved, there has been a 
larger emphasis placed on acquiring proton spectra 
at shorter echo delays (20–60 ms). One advantage of 
these shorter delays is the ability to detect resonances 
from coupled spin systems (e.g. glutamate, glutamine, 
inositol) whose apparent T2s are too short to permit 
detection at longer echo delays.

The STEAM sequence originally provided more 
precise localization because the slice profi les of the 
90° pulses were sharper than those achieved by con-

ventional 180° refocusing pulses (see for example 
Moonen et al. 1989; Yongbi et al. 1995). The preci-
sion of spatial localization was improved in PRESS 
in two ways. First, the development of so-called digi-
tally-crafted or designer RF pulses has improved the 
quality of the slice profi les of the 180° pulses (see for 
example Chan et al. 1992; Conolly et al. 1992; Pauly 
et al. 1991; Shinnar 1994; Shinnar and Leigh 1989; 
Shinnar et al. 1989a, 1989b, 1989c; Spielman et 
al. 1991). Second, slice profi les have been improved 
through the use of a very selective spatial saturation 
pulse which can be applied at the six edges of the or-
thorhombus defi ned by either STEAM or PRESS spa-
tial preselection (Tran et al. 2000). 

In spite of these improvements, STEAM and PRESS 
may not be ideal methods for performing multivoxel 
studies of the brain. The requirement of selecting an 
orthorhombic volume means that major regions of 
the brain will not fi t within this volume on an axial 
slice (see Fig. 9.2). These defi ciencies have led inves-
tigators employing spatial presaturation methods 
to destroy the magnetization from tissues close to 
air–tissue boundaries where there may be large vari-
ations in the magnetic susceptibility. This method 
of spatial presaturation is often referred to as outer 
volume suppression (OVS). A popular method with 
OVS currently being used in the brain by a number of 
centers is based on the reports of Duyn and Moonen 
1993 and Duyn et al. (1993) described at http://www.
cc.nih.gov / ldrr / staff / janwvdv / index.html. Both a 
1.5 T and 3 T version is available for use on gradi-
ent-echo scanners. This method employs octagonal 
spatial presaturation pulses to remove the lipid sig-
nal arising from the scalp. It is a multislice sequence, 
which supports the acquisition of four slices (oblique 
if desired) in 29 min at a TE of 135 ms. This method 
acquires 24×24 phase encodes per slice. Processing 
software is available from Dr. Peter Barker at Johns 
Hopkins University through an NIH-funded RR fa-
cility. An alternate, multislice method without spatial 
presaturation has been described by Schuff et al. at 
1.5 T (Schuff et al. 2001; Wiedermann et al. 2001). 
In this method the lipid resonance is suppressed with 
a selective inversion pulse. This method acquires two 
slices (oblique if desired) in 30 min at a TE of 135 ms. 
Processing software is also available from this group. 
The in-plane resolution is determined by 36×36 cir-
cularly bounded phase encoding steps across the 
slice. In both methods, water suppression is achieved 
through the use of CHESS pulses. 

Fig. 9.1. The PRESS pulse sequence shown for a single voxel 
acquisition. Note the three chemically shift selective (CHESS) 
pulses each followed by a dephasing gradient that precede the 
three slice-selective RF pulses.
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9.3 
Compounds Detected by MRS 
in the Human Brain

Examples of proton MR spectra obtained from grey 
matter and white matter acquired using the PRESS 
sequence at a TE of 35 ms are shown in Fig. 9.3. The 
most prominent resonances are labeled on these 
spectra. We discuss each of these resonances (mov-
ing from low to high ppm values in turn). The bio-
chemical basis for interpreting these spectra has been 
discussed in detail by Ross and Bluml (2001). We 
briefl y review these here.

9.3.1 
Lipid/lactate

Lactate is a doublet at 1.3 ppm. It is the end product of 
glycolysis. In general, lactate can become elevated in 
the brain in two ways. First, lactate will be produced 

if the tissue becomes ischemic. Second, it has been 
shown that lactate can become elevated if there are 
activated infl ammatory cells present. Activated mac-
rophages have been shown to produce high levels of 
lactate (see Lopez-Villegas et al. 1995).

Lipids can become elevated in some pathologies. 
In general, most studies have avoided making any in-
terpretations based on these resonances because it is 
often unclear whether these peaks arise from out-of-
voxel contamination, i.e. poor spatial localization.

9.3.2 
N-Acetylaspartate

The isolation and identifi cation of N-acetylaspartate 
(NAA) in the brain of cats was reported by Tallan et 
al. (1956). Soon after the detection of NAA in proton 
MRS, Birken and Oldendorf (1989) reviewed the 
literature regarding NAA’ s role in brain biochemis-
try. In spite of more than 40 years of investigation, 

Fig. 9.2a,b. Examples of the graphic pre-
scriptions for a single-voxel and mul-
tivoxel sequence. For the single-voxel 
sequence the volume selected is a cube. 
For the multivoxel sequence the volume 
selected is an orthorhombus. Note that 
the peripheral parts of the brain are not 
included in this orthorhombus.

a b

Fig. 9.3a,b. Representative MR spec-
tra acquired at 1.5 T at an echo delay 
of 35 ms using the PRESS sequence 
from (a) grey matter and (b) white 
matter.

a b
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the role of NAA in the brain is still somewhat un-
clear. Simmons et al. (1991) reported that NAA was 
found exclusively in neurons. This and many other 
observations have led many to conclude that NAA is 
a neuronal marker. This conclusion was questioned 
by Martin et al. (2001a) who reported MR spectra 
with little or no NAA in a 3-year-old with develop-
mental defi cits. This report was followed by several 
letters to the editor discussing the role of NAA as a 
neuronal marker (Barker 2001; Martin et al. 2001b; 
Sullivan et al. 2001). 

It is also interesting that there are approximately 
equal concentrations of NAA in white and grey mat-
ter, which raises the issue of whether NAA is a marker 
of axonal integrity as well. The utility of NAA as an 
axonal marker is supported by the loss of NAA in 
many white matter diseases, including leukodystro-
phies, MS and hypoxic encephalopathy. Since MS is 
thought to be a disease that affects axons, the level 
of NAA has been used to monitor axonal viability in 
white matter lesions of MS and in surrounding nor-
mal-appearing white matter.

Several groups have suggested that NAA is a cere-
bral osmolyte (Baslow 2002; Baslow 2003a, 2003b; 
Bluml et al. 1997). This role proposed for NAA im-
plies that NAA changes might be reversible, an obser-
vation that has been made in several human studies, 
including MS. 

9.3.3 
Glutamine, Glutamate and γ-Aminobutyric Acid 
Labeled as Amino Acids or AA in the Spectra

The determination of the concentrations of these 
compounds using 1H MRS is complicated by the 
complex spectral appearance of glutamate/glutamine 
due to J-coupling. There are also other metabolites 
contributing to the signal at the chemical shift of glu-
tamate/glutamine that makes the accurate and pre-
cise determination of their concentrations diffi cult at 
1.5 T. However, there are indications that the use of 
higher fi eld strengths will improve the quantitation 
of these compounds (Tkac et al. 2003; Ugurbil et 
al. 2003). An example of a spectrum obtained at 7 T 
is shown in Fig. 9.4.

9.3.4 
Creatine

The neurobiochemistry of creatine (Cr) has been 
discussed by Ross and Bluml (1996, 2001). This 
resonance is made up of at least two compounds, Cr 
and PCR, that are in rapid chemical, and enzymatic 
exchange. The concentration of this compound is es-
timated to be 8.6 mM in human brain. Many studies 
employ the level of the Cr peak as an internal stan-
dard since the levels of Cr are thought to relatively 
constant across the brain and do not change in most 
pathologies. However, caution should be used in cases 
where there is tissue destruction, since the level of 
Cr might fall. Also, there has been at least one report 
where a new human inborn error of Cr biosynthesis 
was manifested as an absence of cerebral Cr from 
the proton spectrum, and this defi ciency was cor-
rected by dietary administration of Cr (Hanefeld 
et al. 1993).

9.3.5. 
Choline(s)

The biochemistry of compounds containing choline 
(Cho) has been reviewed by Miller et al. (1991). 
The Cho resonance arises from the tetramethylamine 
head group in soluble compounds such as Cho, phos-
phocholine, glycerophosphocholine, and betaine. In 
Fig. 9.3, it is clear that there may be different levels 
of Cho in grey and white matter. Ross and Bluml 
(2001) have reported that the concentration of Cho is 
about 1.6 mM in white matter. During active myelin 
breakdown, there is thought to be a release of phos-
pholipids leading to an increase of the Cho peak (see 
for example Matthews et al. 1991).

Fig. 9.4. A proton MR spectrum acquired from a dog brain at 9.4 T 
from a 1 ml volume. Note the separation of all of the peaks al-
lowing the identifi cation of the compounds indicated. Reproduced 
from Ross and Bluml (1996). The spectrum was collected by Drs. 
R. Gruetter and I. Tkac at the University of Minnesota.
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9.3.6 
Myo-Inositol

Myo-inositol (mI) is a simple sugar that has a decep-
tively simple spectrum at 1.5 T. It has been previously 
shown that, in the brain, mI is synthesized primarily 
in glial cells and cannot cross the blood–brain bar-
rier (Brand et al. 1993; Font et al. 1982). For these 
reasons, mI is considered to be a glial marker, and an 
increase in its content is believed to represent glial 
proliferation or an increase in glial cell size. Since 
both processes may occur in brain infl ammation, an 
increase in mI may be a surrogate marker for in-
fl ammation in the brain. Myo-inositol has been sug-
gested as a cerebral osmolyte since 1990. Like Cho, 
mI has also been labeled as a breakdown product 
of myelin.

9.4 
Quantitation

There is still an ongoing debate on the merits con-
cerning the relative versus absolute quantitation of 
the compound detected by proton MRS in the brain. 
One view is that only the determination of absolute 
concentrations is acceptable. This is based on the 
observation that the levels of all of the metabolites, 
including Cr, can change in brain pathologies. The 
calculation of absolute concentrations requires the 
correction for many factors including compartmen-
talization of compounds, correction for T1 and T2 
relaxation effects; correction for excitation and re-
ception profi les; determination of the actual, rather 
than the prescribed, volume sampled both in single-
voxel and multivoxel studies; and referencing the 
results to a known internal or external standard. 
Several different approaches have been suggested 
for absolute quantitation (Ernst et al. 1993; Helms 
2000; Helms 2001; Hennig et al. 1992; Horska et al. 
2002; Knight-Scott et al. 2003; Kreis et al. 1993a, 
1993b).

Critics of absolute quantifi cation suggest that it 
may be impossible to correct for all of these factors, 
particularly in the presence of pathologies, without 
making potentially fl awed assumptions. For this 
reason they prefer to report relative concentrations, 
usually expressed as metabolite to Cr ratios. The po-
tential fl aw in this approach is that if the level of Cr 
is affected by the disease process, the use of ratios 
themselves might be misleading. There is a common 
step in both of these approaches, which is fi tting the 

acquired spectra in order to determine the area un-
der each resonance. 

There have been a number of approaches sug-
gested for carrying out this step in the brain. These 
various approaches, applied to processing and fi t-
ting spectral data, were recently reviewed in a spe-
cial issue of NMR in Biomedicine (vol. 14(4), 2001) 
devoted to spectral quantitation (for reviews see 
Mierisova and Ala-Korpela 2001; Provencher 
2001; Vanhamme et al. 2001; Zandt et al. 2001). A 
method that appears to be gaining wide acceptance 
is LC-Model that we employ routinely to automati-
cally fi t CSI data sets obtained from the brain. The 
version of LC-Model that we employ is similar to 
that described by McLean et al. (2000, 2001). An 
example of the results of a fi t of LC-Model to a spec-
trum obtained at 3 T from a normal volunteer is 
shown in Fig. 9.5. Note that the output of LC-Model 
includes both relative and absolute concentrations 
of the various compounds detected.

9.5 
Applications to White Matter Disease

The applications of MRS to study white matter disease 
has been reviewed by Filippi (2001) and Rudkin and 
Arnold (2002). 

9.5.1 
HIV

MRS of HIV has recently been reviewed by Boska et 
al. (2004) and Rudkin and Arnold (2002). We also 
reviewed this area in 1998 (Cecil and Lenkinski 
1998). A common fi nding in all of the MR spectros-
copy studies on HIV infection of the brain is the 
reduced level of NAA in the intermediate to later 
stages of disease. This fi nding is consistent with the 
pathological evidence of neuronal loss reported in 
HIV-1-infected patients at intermediate or late stages 
of disease.

Another common finding, although not present 
in all of the MRS studies, is the increase in Cho/Cr 
ratio (Chang et al. 1999; Chong et al. 1993; English 
et al. 1997; Jarvik et al. 1993; Laubenberger et al. 
1996; Meyerhoff et al. 1993, 1994, 1999; Paley et 
al. 1995; Salvan et al. 1997; Tracey et al. 1996). 
The significance of the elevation in Cho/Cr ratio 
remains uncertain. A possible interpretation for 
this increase in HIV-1-infected patients is that the 
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increased Cho may not directly arise from changes 
in neurons but may result from metabolic altera-
tions in glial cells. An alternate interpretation is 
that the increase in Cho/Cr ratio is a result of more 
cellular material being present in the volume of in-
terest, perhaps as a result of increases in microg-
lial cells and the presence of macrophages. Both 
of these explanations for the increase in Cho/Cr 
ratio are consistent with the neuropathological 
finding of inflammatory infiltrates in the brains 
of HIV-infected patients. An additional source of 
an increased Cho/Cr ratio may be as a result of 
breakdown in myelin. Choline phosphoglycerides 
contribute 11.2% of myelin lipids, with phosphati-
dylcholine being the most abundant. Therefore, as 
myelin damage occurs, free Cho may be released, 
increasing the Cho resonance detected by MR 
spectroscopy. This explanation for the increase in 
the Cho/Cr ratio is consistent with the neuropatho-
logical finding of white matter abnormalities in the 
brain of HIV-1-infected patients.

There is an emerging consensus that there is an 
increase in the mI resonance in HIV (Chang et al. 
1999; Laubenberger et al. 1996; Lopez-Villegas et 
al. 1997; von Giesen et al. 2001). Brand et al. (1993) 
have shown that mI is produced exclusively in glial 
cell and not in neurons. This observation has led to 
the view that mI is a marker for gliosis. The possi-
bility that the elevation of mI may precede the loss 
of NAA has previously been suggested for patients 
with Down syndrome, although the interpretation of 
the increased mI in this pathology might be different. 
Increased mI has been reported in Alzheimer’s dis-
ease, in which there is evidence for gliosis. Additional 
support for the use of mI as a marker for gliosis comes 
from studies of MS. Bitsch et al. (1999) showed that 
increases in both Cho and mI corresponded to glial 
proliferation on histology in MS plaques. Helms et 
al. (2000) found elevated mI in chronic but not acute 
MS lesions. This fi nding was interpreted in terms of 
gliosis in the chronic lesions. These results, taken 
together with our own observation that the mI in-

Fig. 9.5. An example of the output of LC-Model fi tting of a spectrum obtained at 3 T from a normal volunteer using PRESS at 
TE 35 ms. Note that LC-Model provides both the relative and absolute concentrations of the compounds listed on the right.
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creases in white matter before any NAA loss, indicate 
that this metabolite may be a valuable early indicator 
for gliosis in the pathogenesis of HIV.

There also been several reports that have corre-
lated spectral abnormalities with other indicators of 
disease progression (Chang et al. 1999; Chong et al. 
1993; Jarvik et al. 1993; Lopez-Villegas et al. 1997; 
Meyerhoff et al. 1993, 1994, 1999). Some of these 
spectral alterations have been shown to reverse in re-
sponse to therapy (Chang et al. 1999; Stankoff et al. 
2001; Vion-Dury et al. 1995).

Several groups have suggested that there are dis-
tinct patterns of spectral abnormalities that occur as 
the disease progresses (Cecil and Lenkinski 1998; 
Salvan et al. 1997). We have proposed a model for 
the time-course of spectral alterations during disease 
progression (Cecil and Lenkinski 1998). This model 
fi ts with both literature observations of mI changes 
during the progression of disease and the model for 
immunopathogenesis of HIV-associated dementia 
(HAD). The ability of MRS to provide separate in-
dices of infl ammation (mI) and neuronal damage 
(NAA) may provide the capability to identify patients 
who have HAD which may reverse on treatment and 
which patients will not improve. This important step 
can potentially lead to individual optimized treatment 
effectiveness. There have been several papers in the 
literature (see for example McGuire and Marder 
2000; Pulliam et al. 2001) which have suggested that 
there are new opportunities for developing therapies 
based on targets identifi ed through an improved un-
derstanding of the immunopathogenesis and patho-
genesis of HAD. Since proton MRS can monitor the 
course of disease progression it can provide a sensi-
tive method for the early detection of HIV migration 
for the monitoring of the response to novel therapies 
in individual patients.

9.3.2 
Progressive Multifocal Leukoencephalopathy

Progressive multifocal leukoencephalopathy (PML) 
is a demyelinating disease of the CNS caused by the 
polyomavirus JC (JCV) which occurs in the context 
of severe immunosuppression, such as in patients 
with AIDS, hematological malignancies, and in or-
gan transplant recipients. There is no specifi c treat-
ment for PML and the outcome is fatal in about 
50% of HIV-positive (HIV+) patients with PML, de-
spite the availability of highly active antiretroviral 
therapy (HAART) (Clifford et al. 1999). Indeed, 
contrast enhancement of PML lesions on MRI is 

not a very sensitive method to evaluate intraparen-
chymal infl ammation, and it can only be detected 
in approximately 20% of PML cases (Chang et al. 
1997). In addition, distinction between active and 
chronic lesions is impossible by MRI. On the other 
hand, 1H-MRS has shown promise in the study of the 
metabolic alterations associated with PML. Cross-
sectional studies have shown a typical 1H-MRS pat-
tern in PML lesions, including a decreases NAA/Cr 
ratio consistent with axonal compromise, increased 
Cho/Cr ratio, indicating cell membrane breakdown 
and turnover, and occasional elevation of lipid/lac-
tate and mI (Chang et al. 1995, 1997; Iranzo et 
al. 1999; Simone et al. 1998). In one study, the two 
patients who had the longest survival showed the 
highest mI, consistent with increased glial activ-
ity and infl ammation in PML lesions (Chang et al. 
1997). These data suggest that 1H-MRS may be an 
ideal tool to measure the infl ammatory component 
of PML lesions over time. 

9.5.3 
Multiple Sclerosis

MS is a demyelinating disease with the preservation 
of axonal integrity. For convenience we will discuss 
the fi ndings of MRS in acute and chronic lesions 
and normal-appearing white and grey matter, respec-
tively. 

Acute lesions: One of the complicating technical fac-
tors is that unless the lesion is quite large the voxel 
chosen for MRS might contain a substantial amount of 
normal-appearing white matter. Hyperacutely, lesions 
display increased mI (Davie et al. 1994; Narayana et 
al. 1998), lipid, lactate and Cho (Davie et al. 1994; De 
Stefano et al. 1995). These lesions show decreases in 
Cr (De Stefano et al. 1995) followed by subsequent 
reductions in NAA (Davie et al. 1994; Ferguson et al. 
1997; Husted et al. 1994; Miller et al. 1991; Trapp 
et al. 1998). The decrease in the level of Cr calls into 
question the utility of using metabolite ratios in this 
situation. One of the interesting fi ndings is the ob-
servation that these reductions in NAA may reverse 
(Arnold et al. 1992) as the plaque evolves. The MR 
spectrum of an acute, highly infl ammatory, plaque 
such as seen in tumefactive MS, can be very similar 
to that seen for some tumors (Butteriss et al. 2003; 
Law et al. 2002; Saindane et al. 2002). Thus, cau-
tion should be employed in attempting to use MRS 
for making differential diagnoses between these two 
kinds of brain lesions.
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Chronic Plaques: For chronic lesions, i.e. those vis-
ible as hyperintense lesions on T2-weighted scans, 
most reports have focused on decreases in NAA. 
This is based on the observations that the levels 
of the other compounds detected by MRS return 
back to normal values over time. Several groups 
have made important interpretations based on 
the levels of NAA in chronic lesions. For example, 
Falini et al. (1998) reported that chronic lesions 
from patients with benign MS have much higher 
NAA levels than the chronic lesions from patients 
with secondary progressive MS, suggesting a greater 
recovery of NAA in acute lesions from less-disabled 
MS patients. 

Normal-Appearing White Matter: There has been a 
consistent pattern observed in MS patients where 
the levels of NAA are decreased in so-called NAWM 
(Filippi et al. 1999). Decreased NAA levels are 
found in patients with established MS from the 
early phases of the disease (Arnold et al. 1992). 
This decrease is interpreted in terms of axonal loss 
in NAWM. Recently, Gonen et al. (2000) reported a 
method to determine whole-brain NAA in an effort 
to find a global index of NAA loss which might 
provide a better correlation with disability than 
more conventional indices, such as lesion volume 
or lesional NAA levels (Filippi et al. 2003; Gonen 
et al. 2002).

Grey Matter in MS: Although MS is thought to be 
a disease that affects white matter, there have been 
a number of recent reports that have indicated re-
duced NAA in regions that are in primarily grey 
matter (Adalsteinsson et al. 2003; Chard et al. 
2002; Cifelli et al. 2002; Sarchielli et al. 2002). 
Adalsteinsson et al. (2003) have suggested that the 
NAA levels in grey matter may help explain the more 
severe clinical symptoms in patients with the more 
aggressive forms of MS. 

9.5.4 
Alzheimer’s Dementia

Decreased NAA and increased mI have been re-
ported in the occipital, temporal, parietal, and 
frontal regions of patients with AD, even at the 
early stages of the disease (for a recent review see 
Valenzuela and Sachdev 2001). Similar me-
tabolite changes are being reported in the mild 
cognitive impairment prodrome and in the medial 
temporal lobe. 

9.5.5 
Other White Matter diseases

The MRS of leukoencephalopathies, leukodystro-
phies, Canavan’s disease and vascular dementias has 
been reviewed by Filippi (2001).

9.6 
Summary and Future Directions

MRS of white matter disease can detect a number of 
compounds that provide biochemical insight about 
the underlying metabolic basis for each of the pathol-
ogies discussed above. In spite of the great interest in 
proton MRS, there are still gaps in the understanding 
of the biochemistry of each of the compounds de-
tected in the spectra. For example, the precise func-
tion of NAA is not completely understood. This is 
evidenced by the debates about its role as a neuronal 
marker. Also, over the past decade the techniques 
for acquiring localized spectra have improved sub-
stantially. However, most of the methods are mainly 
slice-selective 2D methods. Generalizing these meth-
ods to 3D, whole-brain methods are either too time-
consuming or too prone to artifacts. For example, 
using a low number of phase encoding steps in the 
slice direction can lead to a poor point spread func-
tion. An approach to solving this problem has been 
reported by Gonen et al. (1997, 1998) in which slice-
encoding is achieved using the Hadamard method. 
This method gives much sharper slice profi les than 
the Fourier encoding for a small number of encod-
ing steps. 

There are high-speed MRSI methods based on ei-
ther echo-planar methods (see for example Posse et 
al. 1994 and Posse et al. 1995) or spiral acquisitions 
(see for example Adalsteinsson et al. 1998). These 
methods are capable of acquiring spectral data in 
relatively short scan times but are usually acquired 
at relatively high bandwidths that may limit their sig-
nal-to-noise. The combination of these methods with 
higher fi eld strength such as 3 or 4 T may overcome 
these defi ciencies.
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10.1 
Molecular Imaging

Considering the early success of contrast-based im-
aging techniques it is essential to understand the 
basis for molecular imaging (MI). While all imaging 
modalities have distinct capabilities in visualizing in-
ner structure and function of biological tissues, no 
single technique has all the desirable characteristics 
of specifi city, sensitivity and resolution. As far as MRI 
is concerned, there is a fundamental barrier against 
directly accessing a small number of molecules at 
fi eld strengths below 10 Tesla (T) at room tempera-

ture. The physical basis of the obstacle against MRI 
access to individual molecular events is discussed in 
the following sections. The minute magnetic dipole 
of the individual hydrogen protons necessitates an 
observation of magnetization of a large ensemble 
or amplifi cation to the MRI signal in order to detect 
a small group of molecules. Since magnetization is 
directly proportional to the magnetic fi eld, i.e., mag-
netic fl ux density, there is a relationship between fi eld 
strength and the signal to noise ratio (SNR) obtained 
from a specifi c voxel. Within a specifi c magnetic fi eld, 
the image contrast to noise ratio (CNR) can be ma-
nipulated using paramagnetic contrast agents. These 
contrast agents usually have one or more unpaired 
electrons. This assigns a high magnetic susceptibility 
to these contrast agents which enables them to gener-
ate strong positive, i.e., T1 shortening, or negative, i.e., 
T2 shortening, contrast generating attributes. This 
is not signal amplifi cation but a contrast augmenta-
tion. This artifi cial contrast will greatly enhance the 
focusing power of MRI for small area observations. 
This technique is taken one step further by conjugat-
ing these agents with specialized macromolecules. 
These macromolecules possess biochemical prop-
erties that enable them to distinguish a particular 
biological process. Contrast agents can be designed 
to reach and build up at a specifi c pathological site 
by passive or active targeting mechanisms (Li and 
Bednarski 2002; Baddanov 2002). In passive tar-
geting, the probe can be a radiolabeled ligand, sub-
strate, antibody, or cytokine. In active MI, the probes 
are capable of being activated by a particular RF 
pulse and extracellular proteases, among others, for 
targeted delivery and interrogation of a desired site. 
In both cases, however, pathophysiologically guided 
contrast agents are made to accumulate at a specifi c 
site and enhance visualization.

In general, there are two mechanisms through 
which image contrast at molecular level can be 
achieved. One way is to probe endogenously ex-
pressed proteins using contrast agents. The second 
approach for contrast rendering at molecular level 
is by using reporter genes that could be transfected 
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to enable expression (Luker et al. 2002; Ray et al. 
2004). MRI application in the visualization of endog-
enous expression has been very limited to date. Such 
a technique would be very powerful as it would en-
able diagnosis and staging for many neuropathologic 
conditions. In addition, the potential now exists for 
using imaging and therapeutic agents synergistically 
to mutually optimize their performance to enable 
monitoring and therapy by imaging. This could even-
tually lead into MI capable of identifying pre-disease 
conditions during which therapy could be more ef-
fective. In active MI, reporter genes interrogating 
specifi c intracellular events require that an exog-
enous contrast reagent is attached to them (Gillies 
2002). These reagents will detect the presence of gene 
products and intracellular processes. The challenges 
include overcoming the blood–brain barrier (BBB) 
to get the imaging probes to their targets. For MRI, 
a challenge is to devise techniques to produce good 
SNR and CNR for target concentrations which are in 
the micro- to picomolar range. 

10.1.1 
Biomarkers

Pathological events involve molecules whose MR 
signals are too small to detect directly. The dif-
fi culty of enhancing the resolution of imaging to 

visualize the molecular events is primarily due to 
the energy gap of the spin groups. Because of the 
minute energy difference between the spin dipole 
moments parallel to and opposing the main mag-
netic fi eld, the excess protons that participate in 
the spin fl ipping dynamics as a result of RF ex-
citation are a tiny fraction of molecular density. 
Approximately one part per million (1 ppm) of the 
total protons are magnetically accessible for each 
1 T of magnetic fi eld. As such, there are two pos-
sible ways of enhancing the MR signal to access 
molecular events, invasive and noninvasive. High 
magnetic fi eld is a noninvasive method and tar-
geted contrast agents are the invasive method for 
enhancing molecular signal. The ability of high 
fi eld in enhancing the resolution of MR images 
(see Figs. 10.1 and 10.2) has been described in this 
article in the context of the performance of an 8-T 
whole body MR scanner. The existence of contrast 
agents or biomarkers can cause positive (T1 short-
ening groups such as Gd-DTPA) and negative (T2 
shortening groups of ultra-small superparamag-
netic iron oxide or USPIO macromolecules coated 
with dextran) signal modulation. In making them 
relevant to pathology studies they must be targeted 
to pathology sites. The biochemistry of biomarker 
design has been analyzed in many review articles 
(Li and Bednarski 2002; Allen et al. 2004; Floyd 
and McShane 2004). In short, their sensitivity must 

Fig. 10.1. A 2D gradient echo 
image of a coronal hippocam-
pal section of a human brain 
imaged ex vivo at 8 T. The 
image was acquired with TR/
TE of 500/30 ms, FOV=15 cm, 
1024×1024, with 150-µm 
in-plane resolution and a 
slice thickness of 1 mm. The 
resolution of the T2* image 
is suffi cient to visualize many 
hippocampal subfi elds, such 
as granule cell layer of gyrus 
dentatus, vestigial hippocam-
pal sulcus, and some layers of 
the CA1

Medullary vein Vessel in temporal horn Choroid plexus

Choroidal
fi ssure
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dentatus
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be such that  a tolerable amount could be delivered 
to the target site. As such, targeted contrast agents 
possessing the combined properties of pathology 
detection and signal amplifi cation have found a 
vital role to play in imaging based diagnosis and 
therapy.

10.1.1.1 
Natural Biomarkers

Present MR techniques used for MS studies and 
to assess disease burden include MR spectros-
copy (MRS) measurements identifying decreased 
N-acetyl aspartate (NAA), choline/NAA ratio, and 
creatine/NAA ratio. Other techniques include com-
parative brainstem analysis and probes of plaque 
demyelination, thalamic neuronal loss on MR im-
ages, tissue characterization by fMRI, MRI mor-
phometry, cortical thickness, etc. The use of these 
natural biomarkers in multiple sclerosis (MS) has 

shown potential for the quantifi cation of abnor-
mal accumulation of metabolites (Pan et al. 1996). 
Proton MRS studies have shown enhancement of 
these metabolites which might enable early detec-
tion and assessment of therapy.

10.1.1.2 
Passive Targeting

It is possible to use the body’s natural defense 
mechanisms for passively targeting pathology. Gd-
chelate, iron oxide particles and all other blood 
pool agents are of this type and are handled by 
phagocytic cells removing these foreign particles 
from the body. Macrophages are among the most 
important components of the immune defense sys-
tem and play a major role in clearance of particulate 
contrast media such as USPIO. The use of USPIO 
in achieving cellular imaging at 1.5 T has been re-
ported (Oweida et al. 2004).

Fig. 10.2a–d. MR images of whole brain slices of an MS patient. a A 1.5-T FLAIR T2 acquired with a 256×256 matrix. b An 8-
T GRE with a 1024×1024 matrix and 150-µm resolution. As is evident, the SNR in the 1.5-T case was not suffi cient for larger 
matrix size. c Magnifi ed view of the inset in (a). d Magnifi ed view of the inset in b

a b

c d
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10.1.1.3 
Active Targeting

Contrast agents have shown great success in detect-
ing the breakdown of BBB and visualization of blood 
vessels. This has raised the hope of them being used 
as guided carriers with molecular accuracy (Bulte 
et al. 2004). The success of T1 and T2 contrast agents 
encouraged researchers to work to overcome the lim-
itation of their site inspecifi city. In the absence of 
selective localization of contrast agents in a specifi c 
region of the body their application will be restricted 
to the detection of permeable blood vessels. Within 
the past 10 years a wide range of research has dem-
onstrated the ability to achieve targeting of pathology 
and delivery of contrast agents to their sites (Pirko 
et al. 2004). Efforts towards this goal have taken two 
distinct paths. On the one hand gadolinium contrast 
agents are developed for targeted imaging (Allen 
and MacRenaris 2004; Shahbazi-Gahrouei et al. 
2001). On another front, iron oxide-based contrast 
agents such as USPIOs are developed for various pa-
thology and delivery mechanism (Anderson et al. 
2004; Arbab et al. 2004; Zelivyanskaya et al. 2003; 
Wood et al. 2004; Stoll et al. 2004; Artemov et al. 
2003; Beckmann et al. 2003; Bendszus and Stoll 
2003). This is combined with advances in coating 
of iron oxide nanoparticles of various sizes and the 
technology to increase their blood half-lives. In par-
ticular, in MS and cancer, their potential (Anderson 
et al. 2004; Weissleder 2002; Ray et al. 2004) to play 
a signifi cant role in their diagnosis has already been 
demonstrated. Iron-oxide complexes whose size is 
within 10–100 nm are usually referred to as USPIOs. 
The coatings of these nanoparticles are designed to 
provide them with colloidal properties. The origin 
of iron oxide complexes as contrast agents refers 
back to when monocrystalline iron oxide nanopar-
ticles, or MIONs, were fi rst developed for this pur-
pose (Weissleder et al. 1990). Each particle com-
prises about 1000 atoms of iron in a crystalline form 
wrapped with dextrin. When the dextrin is cross-
linked, the particles are called CLIONS (cross-linked 
iron oxide nanoparticles).

Access to the brain at the cellular level is diffi cult. 
However, sampling biological events in the brain at mo-
lecular level would greatly enhance understanding of 
the neurodegenerative diseases. These diseases could 
be characterized as genomic disorders. Considering 
the progress in MI, degenerative diseases could poten-
tially be directly imaged. This possibility is due to the 
availability to tag proteins involved in MS, Alzheimer 
disease (AD) and Huntington disease (HD). The com-

mon feature among these diseases is their sensitivity 
to their amino acid packing order within the structure 
of the protein. In the case of damage or replacement of 
an amino acid within the protein structure the stabil-
ity of the protein structure will be lost. This is the hall-
mark of these neurological diseases. Protemonomics 
study of the amino acids and the implications of their 
replacement in protein structure provide the basis for 
the development of techniques for tracking the activ-
ity site of the protein. 

Design of various MI contrast agents or bio-
markers is based on the difference between struc-
ture and function of the amino acid responsible 
for disability of the protein. In this regard, animal 
models play a critical role in the study of various 
neurological diseases. For MS, the most widely used 
animal model, experimental autoimmune encepha-
lomyelitis (EAE), has been used for the delivery 
and imaging of demyelination sites (Ahrens et al. 
1998; Dousset et al. 1999). In targeted EAE imag-
ing studies T-cell or macrophages are magnetically 
labeled by tagging activated lymphocytes, which are 
the disease-inducing agent in the mouse model. The 
spinal cord and the brain images are shown to be af-
fected immediately on clinical manifestation of the 
disease (Anderson et al. 2004). The signifi cance 
of these studies is the demonstration of the feasi-
bility and imaging of the activated agent (T-cells). 
Considering that these agents (T-cells) are the cause 
of EAE, this technique will provide insight into the 
mechanism of the disease process. Furthermore, 
Anderson et al. (2004) have demonstrated that 
cells are immunologically comparable to unlabeled 
active lymphocytes and the labeling technique has 
achieved the important objective of supply a large 
enough population of iron oxide (SPIO)/transfec-
tion agent to enable their in vivo MR detection. The 
high resolution images acquired with this technique 
in the mouse is a signifi cant step forward in tagging, 
site-specifi c delivery, and imaging a group of cells 
directly involved in etiology of EAE.

In cancer, in vivo staging of brain tumors is the 
goal of MI. Here, differences in the genomic profi les 
of various brain tumor subtypes are used as the basis 
for targeted imaging. This will eventually lead to the 
development of a specifi c and more effective therapy 
(Gutin 2002; Tropres et al. 2004).

Incorporation of this approach to imaging will 
allow in vivo study of the biology of these diseases, 
MS, AD, HD and cancer, with the ability to acquire 
information on the structure and function at the cel-
lular and molecular level. Such tools will help develop 
signifi cant advances in treatment. 



Molecular Imaging and High-Field MRI in Multiple Sclerosis 133

10.1.2 
Technical Issues of MRI in MI

10.1.2.1 
Animal Studies 

As noted, EAE is an animal model inducing infl am-
matory and demyelinating disease of the central ner-
vous system (CNS). It is the widely accepted model 
for MS (Alvord et al. 1984). Genetically susceptible 
animal species are injected with proteins derived 
from the CNS in order to induce the disease. These 
proteins include proteolipid protein (PLP), myelin 
basic protein (MBP), and synthetic peptides emulsi-
fi ed in Freund’s adjuvant (CFA).

Histologically, EAE is characterized by a mono-
nuclear cell infi ltrate affecting the white matter by 
inducing demyelination. The white matter lesions are 
infl icted by T-cells, B-cells, and macrophages infi l-
trates. In addition, compromised BBB and edema are 
the primary characteristics of EAE lesions. In mice, 
the spinal cord is more extensively affected than the 
brain. Progression of the disease is accompanied by 
demyelination and axonal loss. The form taken by the 
two subtypes of the disease, acute or relapsing-remit-
ting, is dependent upon the specifi c mouse model. As 
with other infl ammatory processes, direct visualiza-
tion by MRI is performed using techniques that are 
sensitive to edema and changes in diffusion, and con-
trast agents may be used to identify regions of BBB 
breakdown. 

The challenges in direct visualization of myelin 
abnormalities in acute EAE are due to their spread 
far outside the MR-visible infl ammatory lesions. This 
microdemyelination within normal appearing white 
matter (NAWM) could amount to an extensive cumu-
lative loss of myelin proteins. Studies in acute EAE 
have shown that MR-visible demyelinated regions 
only account for less than a third of the immuno-
cytochemically detected decrease in myelin protein 
expression (Kawczak et al. 1998). Thus, along with 
visible areas of demyelination a majority of abnor-
malities will manifest in more diffuse micro-demy-
elination. This is demonstrated by the decreased 
staining in normal appearing white matter. To probe 
these microscopic abnormalities one must resort to 
techniques with microscopic resolution. This is truer 
in small animal models due to small lesion sizes. As 
such, high resolution is necessary to delineate EAE 
lesions and techniques in this area have not been ex-
tensively developed in vivo. EAE lesions have been 
visualized in the spinal cord using T2*-weighted MR 
microscopy (MRM) and diffusion-weighted imaging 

(DWI) (Ahrens et al. 1998). Ex vivo MR studies in the 
rat spinal cord (Lanens et al. 1994) and mouse spinal 
cord (Ahrens et al. 1998) show hyperintensities in 
white matter and meninges with T2 or T2* weight-
ing that correspond to demyelinated infl ammatory 
lesions on histology. Demyelination, remyelination, 
infl ammation and edema are not specifi cally distin-
guished, though decreased diffusion anisotropy has 
been demonstrated in lesions as well, indicating loss 
of structural order in the white matter. Loss of or-
der may be due to edema, myelin loss and or axonal 
loss. The gray-white matter boundary is ill-defi ned 
in the presence of lesion in both the mouse and rat. 
Infl ammatory lesions may progress to a wide area of 
the white matter in advanced disease. 

There are few in vivo routine and high resolu-
tion MRI studies of EAE in the mouse (Floris et 
al. 2004). Contrast enhancement of lesions from 
the brain parenchyma has been seen in T1- and 
T2-weighted images in diseased mice and rats 
(Rausch et al. 2003). Other reports have shown 
that USPIO-enhanced images have detected EAE 
lesions with high sensitivity (Dousset et al. 1999). 
In these studies T2-weighted images and gadolin-
ium-enhanced T1-weighted images showed poor 
sensitivity. Confirmation of the USPIO findings by 
histologic examination showing macrophages at 
the same sites as found by USPIO-enhanced im-
ages has validated specificity of this technique. 
Different aspects of iron based contrast are the 
subject of other studies to enhance its ability to 
identify lesions in the EAE mouse brain (Xu et 
al. 1998). USPIO and MION examine issues such 
as prolongation of blood half-life. These particles 
must both have a high blood half-life and be able 
to cross the disrupted BBB areas in EAE lesions. 
MION enhanced lesion conspicuity at areas of 
BBB disruption and enabled lesion detection has 
not been possible without contrast. In MRI corre-
sponding to inflammatory and demyelinating le-
sions on histology, hypointense and hyperintense 
(possible T1 shortening or phase shift) areas have 
been seen.

10.1.2.2 
Human Studies

Recent MRI studies on MS patients have also re-
vealed subtle abnormalities of the central nervous 
system in NAWM, which is diffi cult for routine im-
aging to detect. These abnormalities involve micro-
demyelination and widespread membrane turnover 
that could precede the formation of infl ammatory 
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lesions (Pan et al. 1996). Furthermore, the infl am-
matory cells, T-cells, B-cells and macrophages pen-
etrate the CNS via an elusive mechanism whose 
understanding is an important step in unraveling 
the basis of the onset and progression of demyelin-
ation and forging therapeutic methods. MRI studies 
of MS have been able to measure myelin loss, and 
efforts to correlate that with the clinical manifesta-
tion of the disease have scored mixed results. What 
routine MRI lacks is the ability to monitor directly 
the pathologic processes in order to fi nd the one 
specifi c for demyelination. In this regard, it appears 
that routine MRI techniques have reached a level 
of maturity for clinical MS studies. A wide range of 
well-optimized sequences have been brought into 
the clinical care of patients with MS. While these 
techniques have improved the quality of images and 
have accelerated the acquisition, the main contrast 
mechanisms of MR appear to be unable to defi ni-
tively detect lesion evolution and determine disease 
subtype. Also, within the past decade the limits of 
SNR have been reached by the ever-improving tech-
nology incorporated in the new MRI scanners. This 
has led to a search for external agents to sensitize 
pathology for MR visualization. Among all the exist-
ing contrast enhanced imaging techniques for mo-
lecular detection of diseases MRI has many unique 
attributes. It has a better penetration depth than 
optical imaging, non-ionizing radiation in contrast 
to nuclear medicine and superior resolution versus 
PET and SPECT. As such, enhancement of MRI ca-
pabilities will play an important role in making MR-
based MI a reality for pathophysiology studies and 
study of function in the brain of patients with MS.

10.1.2.2.1 
Imaging Time

Compared to optical imaging and PET, MR images 
take longer to acquire. This diffi culty, however, will 
be alleviated through many fast imaging techniques. 
Parallel imaging is one such technique in which 
multiple surface coils are used as arrays and their 
independent images are used to construct the fi nal 
image. It has been shown that acceleration factors 
of up to 10 could be achieved, which proportionally 
reduces the imaging time (Pruesseman et al. 1999; 
Sodickson and Manning 1997). In addition, ultra-
short echo time sequences, fast imaging sequences 
with innovative k-space fi lling techniques, and faster 
switching gradients will help reduce the acquisition 
time for MR studies to within ranges of other imag-
ing techniques.

10.1.2.2.2 
Contrast

The MR signal from biological tissues carries useful 
information. This is largely due to the sensitivity of 
the proton resonance to its environment and the mas-
sive number of excess 1H protons for generation of 
bulk magnetization per imaging voxel. The contrast 
in MRI is the difference in SNR between two adjacent 
tissues. As such, if adjacent biological tissues produce 
nearly the same SNR the contrast will be poor. This 
condition does exist in the case of certain diseases. 
For the diseases in which structural or functional 
modifi cation of the tissues has little MR implication 
the technique will not detect the pathology very sen-
sitively. Contrast agents are used in these situations 
to deliver artifi cial contrast to the affected areas.  As 
T1 contrast agents, macromolecules with the lantha-
nide ion gadolinium incorporated in their molecular 
structure have found many applications in detecting 
breakdown of the BBB. The paramagnetic fi eld of 
these ions due to their unpaired electrons creates a 
fl uctuating local magnetic fi eld which enhances the 
relaxation of water protons. The coupling of these 
dipole–dipole interactions in tissue magnetization 
causes a decrease in T1. The characteristic relaxivity 
of these agents is proportional to the sixth power of 
the inverse of the distance. The theoretical basis of 
relaxivity caused by paramagnetic contrast agents is 
formulated by Solomon-Bloembergen-Morgan equa-
tions. Paramagnetic enhancement of nuclear relax-
ation rates is a function of magnetic fi eld. In general 
there are longitudinal and transverse relaxation rate 
enhancements caused by contact and dipolar elec-
tron–nucleus interactions. The lanthanides need to 
be chelated for safety and to achieve maximum water 
proton relaxivity. This achieves optimization of the 
water exchange rate and rotational correlation time. 
Lanthanides and transition metal ions like iron are 
suitable for use as contrast agents due to their rela-
tively large magnetic moments and unpaired elec-
trons. They are, however, toxic for use with human 
subjects. As such, appropriate ligands or chelates are 
used to cloak the metal ions and screen their toxic-
ity.

10.1.2.2.3 
Limits of Detection

There are a number of ways in which MRI can char-
acterize structure and function of biological tissues. 
Relaxation mechanisms and tissue density are the 
primary ways that tissues are probed structurally. 
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Physiological information acquired in MRI can be 
divided into two categories. A class of functional in-
vestigations of the brain involves MRS which detects 
metabolite concentrations. Another class of physi-
ological measurements relies on the paramagnetic 
properties of blood. Here, perfusion, blood volume, 
blood fl ow, and the permeability of capillaries are 
accessible to MR experiments. These quantities are 
indirect measures of physiological events of the vas-
culature. The fi rst order events are the blood mag-
netic properties which are directly assessed by MRI. 
Natural variation in the paramagnetic state of blood 
or blood oxygenation level dependence (BOLD) acts 
as an inherent contrast mechanism for blood/func-
tional measurements. This is proven to be insuffi -
cient for the study of biological events at cellular or 
molecular level. As such, external agents are used to 
manipulate the CNR. This does not amplify the signal 
beyond the limits set by the magnetic fi eld strength. 
The augmentation of the image is due to the rapid 
recovery of transverse magnetization as a result of 
the presence of large magnetic dipole of paramag-
netic or superparamagnetic molecules. Accordingly, 
a measure of maximum detectable MR signal for 
medical scanners must be found in order to evaluate 
the limitations of MRI for attaining molecular and 
cellular resolution. 

In order to gain insight into how contrast agents 
will enhance visualization of pathology one needs to 
know the fundamental SNR of MR signal from bio-
logical tissues. The limit of detection of routine MRI 
is a function of the magnetic fi eld strength. This sub-
ject is analyzed at length in the next section. But as 
far as SNR effect on the feasibility of MI is concerned 
the following argument aims at understanding the 
fundamental limits against attaining imaging with 
molecular/cellular scale resolution.

To this end, an account of the resolution necessary 
for endogenous-contrast-based imaging is needed. 
The resolution of typical images acquired at 1.5 T 
for medical diagnosis has 1×1 mm2 with 5-mm slice 
thickness. As such the voxels represented on medical 
images have a volume of 5 ml. It is conceivable that 
the highest-fi eld magnets feasible for human studies 
will operate at a fi eld of 10 T. This will reduce the voxel 
size to about 50 nl. Considering the typical volume of 
human cell of about 1 nl there is a 100-fold defi cit in 
endogenous resolution to attain cellular sensitivity. It 
must be noted, however, that susceptibility effects are 
capable of projecting the dephasing and signal loss 
beyond cellular dimensions. This does not amount 
to the amplifi cation of the signal beyond the limits 
set by the magnetic fi eld strength. This limit is gov-

erned by the Boltzmann distribution of the magnetic 
dipoles parallel and antiparallel with the static fi eld. 
Based on these principles, at a fi eld of 10 T, which is 
presently the limit for human magnets, only 10 pro-
tons for every million protons will participate in MR 
signal formation. In the absence of a photonic tech-
nique a large number of spins are required to make 
up a signal large enough to be detected by human MR 
scanners. As such, endogenous-contrast-based whole 
body imaging is unable to achieve single molecule 
detection. Thus, a signifi cant augmentation of MR 
signal is required to overcome the fundamental lim-
its against realization of human imaging at molecular 
level. Among various approaches the signal enhance-
ment offered by MI is the most realistic and feasible.

10.1.3 
State of the Art in MI of Animal Models in MS

EAE in rodents has been the workhorse of technique 
development for MS imaging research. While a valu-
able model, it has not been fully explored due to the 
diffi culties involved with the techniques. It is conceiv-
able that removal of these obstacles will greatly en-
hance the contribution this valuable tool could make 
to technique development of demyelination imaging. 
MI is one such approach for dealing with the techni-
cal diffi culties of imaging EAE, and researchers have 
began exploring targeted imaging by using labeled 
T-cells for imaging in EAE mice (de Laquintane et 
al. 2002; Corot et al. 2004; Anderson et al. 2004). 

In recent studies on EAE mice it has been shown 
that the labeled lymphocytes in the new lesion en-
able lesion visualization in addition to their own 
detection (‘t Hart et al. 2004). This is based on the 
presence of cells bearing contrast that are specifi c to 
a lesion site. MR visualization of EAE lesions in the 
cord, both directly, and indirectly, has been reported 
in the live mouse (Anderson et al. 2004) (Fig. 10.3). 
Considering the infl ammatory processes, MRI can 
directly visualize EAE lesions using methods that 
are particularly sensitive to edema and changes in 
diffusion. Due to the general diffi culty of detecting 
microscopic changes, contrast agents with the ability 
to cross a damaged BBB have also been used. Active 
targeting is now becoming available, beginning with 
a detection scheme based on cellular imaging of la-
beled cells in the lesion (Fig. 10.4). 

The contrast from SPIO in the lymphocytes pro-
duces both a stronger effect and a larger area of hy-
pointensity than the actual area containing the la-
beled cells, known as the blooming effect, from the 
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iron susceptibility artifact. In such images (Figs. 10.3 
and 10.4) the lesion of about 100 µm in diameter 
appeared ~160 µm in the image. This is a moderate 
effect compared to images in which there is a large 
concentration of iron, due to the relatively low iron 
load in the cells, and this somewhat low level is ad-
vantageous because the end result is an effect that is 
visible but does not obscure the anatomy.

The effect of the contrast in these cells has po-
tentially further-reaching utility in time than the 
T-cell detection. It has been shown (Anderson et 
al. 2004) that when the spinal cord is imaged early 
in the disease course at the onset of symptoms, di-
rect images from active T-cell infiltration can be 
acquired (Fig. 10.3). These images are specific to 
T-cell migration. Such a technique allows the mea-

Fig. 10.3. MR image at 7 T of the spinal cord of a 
live EAE mouse with systemic injection of labeled 
T-lymphocytes. The spinal cord was imaged at 
100 µm isotropic resolution with a 3D fast gradient 
echo sequence, TR/TE=22 ms/3.3 ms. The hypoin-
tense lesion (arrows) is shown in three planes and 
indicates the localized presence of iron labeled, ac-
tivated T-lymphocytes. (Images courtesy of Stasia 
Anderson)

Fig. 10.4. Microscopic ex vivo 7-T MR images in an EAE mouse. EAE was induced by intravenous infusion 
of FE-PLL-labeled T cells and administration of pertussis. Clinical score 1.5. 3D coronal spin echo images 
were acquired with 30×30×46 µm3. The spinal cord images show hypointense white matter and nerve 
roots. The hypointense spots indicate site of cellular infi ltrates. (Images courtesy of Stasia Anderson)
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surement of the time evolution of the later stages 
of the disease, in which T-cells can die and macro-
phages can pick up T-cells as well as the label. In 
such a situation the lesion would remain hypoin-
tense on MR with less specificity for a particular 
type of cell, but still specific to the presence of a 
lesion.

These targeted EAE imaging studies indicate that 
the labeling method improves the chances of visual-
izing the traffi cking of these cells on MR, while not 
interfering with the functioning of the T-cell, B-cell 
or macrophages. A complex preparation process in 
magnetic labeling techniques is involved in which 
the cells are transfected with iron oxides and then 
stored in endosomes in the cytoplasm (Anderson 
et al. 2004). Generally, in choosing or designing how 
the cells will be transfected with a contrast agent one 
has to consider the effi ciency coupled with poten-
tial effects on the cell based on where and how the 
agent will be stored in the cell. The small volume of 
cytosol in T-cells has to accommodate the iron tag. 
This makes their interaction with the surfaces rather 
frequent and signifi cantly affects their function. For 
T-cells in particular it has been shown to be impor-
tant to transfect with more iron. It is also important 
to limit effects on the surface activation, which is to 
be controlled by the activation mechanism of the cell. 
These requirements have been met by ferumoxide-
poly-L-lysine (FE-PLL) complex (Anderson et al. 
2004). 

Presently, work is being done on improving the 
effi ciency of the targeting molecules in binding to 
the target (Arbab et al. 2004). Activatable agents are 
being designed with two internal modes. The “on” 
mode is assigned to the condition of high contrast 
and the “off” mode represents low contrast enhance-
ment. These agents will be capable of responding to 
a specifi c physiological or metabolic event that will 
cause them to switch from one mode to another. The 
switching mechanism of these agents is based on 
the mechanism of signal modulation by paramag-
netic properties (Allen et al. 2004). The switching 
mechanism depends on the molecular structure of 
the agent. Mechanisms such as chemical exchange 
are at work for activation of Gd agents, while USPIOs 
use switching processes by dipolar coupling-induced 
anisotropy enhancement, which causes decreased T2. 
This technology has demonstrated great potential 
in enabling in vivo monitoring of lesion formation 
and activity. However, it has to overcome the barriers 
summarized in this article along the complex path to 
development of ideal labeling agents for cellular and 
molecular imaging of MS.

10.2 
High-Field MRI

Challenges to MRI becoming a complete diagnostic 
tool are multidimensional. It is clear that routine 
MRI within a short time has scored remarkable 
achievements in the diagnosis and treatment of 
MS. The ability to visualize areas of demyelination 
in the brains of patients with MS by MRI has en-
abled the systematic examination of some aspects 
of the development of the “MS plaques”. In par-
ticular, MRI has enabled monitoring of lesion load, 
which is unique information attainable only by MRI 
(Grossman and McGowan 1998). Nevertheless, the 
lesion load has not shown a strong correlation with 
clinical manifestation of MS. Particularly, the fact 
remains that presently no imaging modality can 
detect the main event of the lesion formation in 
MS, i.e., T-lymphocyte migration through the BBB. 
Recently, using high resolution microscopic MRI, 
we have shown that plaques are centered on the 
microvasculature in the white matter of MS patients’ 
brains (Kangarlu et al. 2002). This offers unique 
information accessible in vivo which contains clues 
on the vascular injury and possibly axonal implica-
tion in the disease. An understanding of the de-
tails of these events will permit the defi nition of 
therapeutic strategies and evaluation of their effi -
cacy by MRI. High-fi eld (HF) MRI may possess such 
capability. It is, however, confronting a number of 
challenges before becoming a tool with the ability 
to offer accurate diagnosis consistent with clinical 
measures of the disease. These challenges include 
high magnetic susceptibility, RF inhomogeneity, di-
electric resonances, RF penetration effects and RF 
coil design (Figs. 10.5 and 10.6). In the absence of 
a viable remedy for these artifacts, signal intensity 
variations across the head will signifi cantly compro-
mise the information content of HF MR images. 

We will describe the merits and challenges of the 
process of developing in vivo magnetic resonance 
microscopy (MRM) as a method for routine study 
of patients with MS. Such an imaging technique 
could be used to study the rate of BBB breakdown 
in acutely relapsing (AR), primary progressive (PP), 
and active secondary progressive (ASP) MS and its 
difference from that seen in patients with inactive 
secondary progressive (ISP) disease. Since it has 
been established that the migration of lymphocytes 
obtained from AR and ASP is higher than those ob-
tained from ISP, an opportunity exists to establish 
such a correlation through MRM. Considering that 
relapses of MS occur regularly, as is evident from 
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Fig. 10.5a,b. Image of a spherical phantom fi lled with saline. Both images are gradient echo axial 
slices with TR=700 ms, TE=11 ms with the same RF power level. Image (a) was acquired with a 
standard quadrature mode while image (b) was acquired with two-port transmit/receive with 
variable amplitude and phase difference between the two ports. Notice the vastly improved ho-
mogeneity in the image on the right. The bright center of (a) is completely eliminated in (b) as a 
result of the phase variation on the two ports independently

Fig. 10.6a–c. Axial 1-mm slices of a set of gradient echo images taken at 8 T from 
a patient with known MS. In these images the development of MS plaques along 
venous structures are well documented (b). Some of these plaques will appear 
and disappear at a frequency and in a fashion which diagnostic imaging is yet 
to correlate to disability onsets. It is important to note that there is a long-stand-
ing expectation, supported by pathology, that lesion activity and microvascular 
infl ammation and breakdown (MVIB) are intimately related. This expectation is 
reasonable since MVIB does infl uence microcirculation and, as a result, cerebral 
hemodynamics. Ability to monitor microvasculature changes and infl ammation, 
and thus also hemodynamic changes in vivo, is possible using such HF MRI in MS 
studies. The images demonstrate the susceptibility artifact in the form of concen-
tric dark bands with the prefrontal lobe (a,b). Susceptibility is much less dramatic 
in the slices in superior direction (b) and in slices above the semicircular canal 
(c). The residual effect of susceptibility, in addition to other high-fi eld artifacts 
such as penetration depth and transmit-receive asymmetry, are still observable 
as darkening of the image in the frontal lobe (b) and slices above the semicircular 
canal (c). The reduction of inhomogeneity has enabled better depiction of the 
numerous plaques with central dark spots representing central vessels of each 
lesion. (a) GRE, BW=50 KHz, FOV=20×20 cm, ST=1 mm, TR=500 ms, TE=7ms

a b

a b

c
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MRI, but only a small fraction of such exacerbations 
become manifest clinically, the role of: (a) cortical 
gray matter (CGM) lesions, and (b) comparison of 
the microscopic structure of white matter plaques, 
with and without microvasculature involvement, 
with clinical disability could help reveal the immu-
nological origin of MS. Drugs under investigation 
for their effi cacy could be examined for their ability 
to modify the MRM profi le, and a favorable effect on 
MRM imaging CGM and microvasculature of white 
matter plaques could become an important measure 
of effi cacy. In this regard, the effect of interferon, for 
instance, would be more objectively quantifi ed with 
MRM.

10.2.1 
State of the Art in MR Research in MS

Insofar as the MR assessment of MS is concerned, 
it has become evident that loss of myelin does not 
always equal loss of function. Sensitivity of MRI 
to loss of myelin and its relative insensitivity to 
changes in axonal function present a challenge to 
this imaging modality. This is particularly notable 
since it has become evident that lesions as seen on 
conventional MRI do not correlate well with the 
presence or absence of neurological function. This 
is in spite of the fact that MR imaging and spectros-
copy at 1.5 T has permitted some examination of the 
evolution of the plaques of MS and provided some 
understanding of the pathogenesis of this disorder 
that was previously impossible (Filippi et al. 2000). 
But, although signifi cant advances have been made 
in this regard, it is becoming increasingly clear that 
MRI at 1.5 T has limitations in defi ning all of the 
pathological events in the brain. Specifi cally, the to-
tal disease burden does not seem to correlate with 
clinical disability. Even though MR spectroscopy 
(MRS) (Helms et al. 1999) has identifi ed decreased 
N-acetyl aspartate (NAA) in NAWM in patients with 
early relapsing-remitting MS, it has not been able to 
offer a consistent predictor of disability and quality 
of life for MS patients (de Stefano et al. 1999; Davie 
et al. 1997). Decreased levels of NAA, a marker for 
axons, however, implicate axonal dysfunction in MS. 
Furthermore, it has been known that MS patients 
suffer severe disability during which time MR de-
tects no new lesions (Leary et al. 1999). While BBB 
disruption is related to MS disease activity, it can 
only be assessed with contrast-enhanced MRI. Even 
then, direct observation of the internal structure 

of the enhanced plaques is diffi cult. Various tech-
niques, such as Gd-DTPA enhanced MRI, MRS and 
magnetization transfer (MT) have demonstrated 
(Leary et al. 1999) promising potential to provide 
evidence for activity of MS lesions through correla-
tion with enhancement (Horsfi eld et al. 2000). In 
many studies, indications such as decreased magne-
tization transfer ratio (MTR) in NAWM of MS pa-
tients support the suggestion that there are inherent 
changes in NAWM. These observations may point 
to the possibility that internal changes in NAWM 
beyond the reach of conventional MRI could cause 
the disability. Conventional imaging, as such, is in-
capable of detecting any changes in the affected 
areas of impaired axonal function. A non-invasive 
measure of disease activity in MS has not yet been 
established.

10.2.2 
High Field

In search of novel MRI techniques with the ability 
to probe the internal machinery of brain tissues, a 
number of basic MR parameters could be considered. 
Magnetic fi eld (B0) is one parameter known to set 
a fundamental limit on the SNR, which in turn de-
termines the resolution (Chen et al. 1986; Ugurbil 
et al. 1993). The gradient strength and novel RF coil 
designs also play an important role in this regard. 
We will highlight the role of high magnetic fi eld in 
MRI in improving MS diagnosis and treatment. Both 
advantages and challenges involved in applying HF 
MRI for human subjects will be analyzed. 

The nature of the tissues and the etiology of MS are 
the two most important factors to be considered for 
the assessment of the opportunities that HF MR will 
offer. The work employing 7-T and 8-T whole- body 
human scanners has shown that this technology is 
indeed feasible (see Fig. 10.6) and offers many ad-
vantages in imaging (Burgess et al. 1999; Ugurbil 
et al. 2003). It has also been shown that neither RF 
energy of common sequences nor the gradient slew 
rate poses a safety hazard at fi eld strengths up to 8 T 
(Kangarlu and Robitaille 2000). It is known that 
gradient echo (GRE) is the most sensitive sequence 
for the detection of paramagnetic molecules such 
as iron and this effect is amplifi ed at higher fi elds 
(see Fig.10.2). GRE at HF will provide a simple and 
sensitive tool that is available for the detection of 
BBB implications within the lesions. The ultra high-
resolution images (30–50 µm in-plane resolution) 
of brain samples of newly deceased MS patients 
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using GRE, SE (see Figs. 10.7 and 10.8) and DWI at 
8 T have also proven to be promising sequences in 
visualizing cortical microanatomy (Kangarlu et 
al. 2004). For the fi rst time, multilaminar structures 
have been identifi ed in the CGM and CGM plaques 
are clearly seen (Fig. 10.8). These CGM plaques are 
not observed in routine clinical imaging at 1.5 T. 
The work, to date, has demonstrated that MR scan-
ners at such high fi elds are capable of developing 
MRM techniques for in vivo application for human 
neuroimaging. MRM could produce results that 
would correlate the clinical defi cit with presence or 
absence of different types of lesions. Development 
of in vivo human MRM with a 10–100 µm resolu-
tion will amount to the next quantum leap in medi-
cal imaging. Our images with a 30–50 µm resolution 
(see Fig. 10.8), have revealed the power of detecting 
CGM lesions with remarkable contrast. In vivo hu-
man MRM will be the precursor to in vivo human 
cellular imaging. The technical issues in achieving 
in vivo MRM are presented below.

10.2.3 
SNR

Is SNR relevant to the enhancement of MR capabili-
ties in achieving specifi city in MS studies? With the 
advent of whole body HF MR up to 8 T, unprecedented 

improvement in SNR was achieved in human subjects 
(Figs. 10.6 and 10.7). Histopathologic fi ndings have 
implicated axonal injury in the early stages of the 
disease (Trapp et al. 1999). This fact is confi rmed 
by MRS in a qualitative way. The pathogenesis of the 
axonal changes in NAWM will be better defi ned us-
ing HF MRI. In our work, we have shown, using HF 
MRI, that abnormalities can be detected in NAWM 
of brains of patients with early relapsing-remitting 
disease that previously were only seen by pathologic 
techniques (Kangarlu et al. 2004). Further, experi-
ments with techniques such as MTR at lower fi elds 
indicate that such abnormalities can be correlated 
with future occurrence of progressive disease. The 
primary MRI techniques used in visualization of the 
neuroinfl ammation associated with MS and acute 
EAE are T2 weighting, T1 weighting, MT, and DWI. 
The integrity of the BBB has also been examined us-
ing gadolinium(III)-diethyltriaminepentaacetic acid 
(Gd-DTPA). In addition, MRS has been utilized to 
demonstrate a decrease in NAA and choline levels 
in NAWM of MS patients and has offered a way of 
probing possible non-focal magnetically hidden le-
sion activity. Determination of activities in NAWM 
would be signifi cant for the detection of microd-
emyelination (Pan et al. 1996). Decreased levels of 
NAA, a marker for axons, implicates axonal loss or 
dysfunction in MS (Arnold 1999). MRI has been 
able to detect changes in these areas of impaired 

Fig. 10.7a–c. Rapid acquisition with relaxation enhancement (RARE) images in axial plane (a,b) and sagittal plane (c) from 
a patient with MS. All images are acquired with reduced RF inhomogeneity. The image reveals the ability of spin-echo based 
images to suppress susceptibility artifacts. These images demonstrate some reminiscence of the susceptibility (a) and coil RF 
profi le (c). The susceptibility of the semicircular canals is much reduced in (a) in a superior direction but still visible. The 
residual effect of the susceptibility, in addition to other high-fi eld artifacts, is less prominent. In these spin-echo based images 
the susceptibility and RF inhomogeneity are reduced to the point of allowing detection of the many plaques with central dark 
spots representing central vessels of each lesion. Acquisition parameters are as follows; RARE, BW=70 KHz, FOV=18×18 cm, 
ST=2 mm, TR=3 ms, TE=22 ms, matrix=512×512, PW=6 ms

a b c
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axonal function. At higher fi elds, MR SNR increases, 
making it more sensitive to changes in axonal func-
tion through spectroscopy and other techniques such 
as MT and diffusion. Accordingly, through SNR it 
may be possible to establish a correlation between 
axonal loss in NAWM and lesions with presence or 
absence of neurological function. MR imaging and 
spectroscopy at lower fi eld strengths have permit-
ted examination of the evolution of the plaques of 
multiple sclerosis and provided some clues regard-
ing the pathogenesis of this disorder (Arnold 1999). 
Although signifi cant advances have been made in this 
regard, it is becoming increasingly clear that HF MRI 
is needed to defi ne such parameters as the total dis-
ease burden and its correlation with clinical disabil-
ity. In particular, some inherently low SNR sequences 
such as EPI and its derivatives like DWI and DTI will 
become possible to implement at higher resolutions. 
Considering the nature of diffusion (Cercignani 
et al. 2001) and its sensitivity to sub-voxel events, 
more basic information on the pathology of infl am-
mation and neurodegeneration becomes available. 
DTI imaging has shown potential for offering corre-
lation with disability in patients with RR and SP MS 
(Cercignani et al. 2001). This further reinforces the 
expectation that HF MRI could make diffusion-based 
techniques such as DWI and DTI a potent candidate 
for probing structural information at the microscopic 
level (Kangarlu et al. 2002; Basser and Pierpaoli 
1996).

In addition, HF MRI is capable of examining hy-
pothesis driven experiments in murine model EAE 

and directly applying the developed technique to 
humans within the same system. The SNR at high 
fi eld is affected by the inherent inhomogeneity of RF 
distribution (see Fig. 10.6). The characteristic cen-
tral brightness of these images creates a higher SNR 
within the deep tissues compared to peripheral tis-
sues (Fig. 10.3). In fact, this effect, also know as di-
electric resonance phenomenon (Fig. 10.1), presents 
a challenge to generating a uniform image. The rela-
tively lower peripheral SNR will particularly hinder 
cerebral cortex studies (Figs. 10.6 and 10.7). 

Depiction of microvascular veins and their posi-
tion with respect to the lesions (see Figs. 10.6–10.8), 
new and old, is another way that high SNR and sus-
ceptibility based contrast could be utilized for MS 
studies. BOLD contrast has long been recognized as 
a mechanism for visualization of veins (Cho 1992), 
and fi eld-dependent BOLD venography has been 
demonstrated (Reichenbach et al. 1998, 2001). We 
have exploited this promising mechanism at 8 T 
(Kangarlu et al. 2002; Burgess et al. 1999) as well 
as the utility of paramagnetic deoxyhemoglobin in 
blood for BBB studies in visualizing microvascu-
latures within MS plaques (Kangarlu et al. 2004). 
Even though relevance of blood vessels and forma-
tion of plaques around them had been addressed 
previously (Schelling), it had never been observed 
in vivo. The clear central vein depiction on some 
plaques by 8-T MRI (Kangarlu et al. 2002) suggests 
possible infl ammation and breakdown of vessel walls 
that could be used in distinguishing active plaques 
from  dormant ones. 

Fig. 10.8a–c. Brain samples imaged with gradient echo (GRE) or diffusion weighted imaging (DWI) in pieces (a,c) and whole 
(b) within a container fi lled with distilled water. Slices are taken from a patient with known MS. The in-plane resolutions are 
150 µm (a,b) and 300 µm (c) and demonstrate susceptibility artifact in the form of concentric dark bands with prefrontal lobe 
(a,b). In these images many artifacts, including dielectric resonance, bulk susceptibility, and inductive coupling with the head 
have been reduced. Reduction of artifacts has also improved visualization of the many plaques. Acquisition parameters are as 
follows: a GRE, BW=70 KHz, FOV=15.0×15.0 cm, TR=700 ms, TE=11.0 ms, matrix=1024×1024, PW=4 ms; b GRE, BW=70 KHz, 
FOV=15.0×15.0 cm, ST=5.0 mm, TR=700 ms, TE=11.0 ms, matrix=1024×1024, PW=4 ms; c DWI, BW=50 K, FOV=15.0×15.0 cm, 
TR=1088 ms, TE=67.8 s, matrix=512×512, PW=4 ms

a b c
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10.2.4 
Susceptibility

It has become clear that various MR parameters by 
themselves will not match the challenges of in vivo 
microscopy. SNR, relaxation times, chemical exchange 
mechanisms and diffusion play an important role in 
defi ning the image contrast, specifi city, and sensitivity 
to microscopic events. But the short history of MR has 
shown that interdependence of these parameters will, 
in spite of initial challenges, inevitably point in the di-
rection that MR evolution has taken, namely a steady 
increase in magnetic fi eld. As the fi eld increases, there 
is a proportional increase in the magnetic suscep-
tibility that would enhance MR sensitivity to para-
magnetic elements within the body. The susceptibility 
increase causes a loss of signal on the microscopic 
and macroscopic scale, the former enhancing MR 
capabilities and the latter presenting a fundamental 
challenge for imaging of areas in the near proximity 
of large cavities such as brain tissues near air inter-
faces such as the sinuses and mastoids (see Fig. 10.3c). 
In these areas of the head, magnetic susceptibility 
discontinuity calls for innovative techniques to sup-
press the local fi eld inhomogeneities. There have been 
sequences proposed including GESEPI and z-shim 
with various degrees of success (Yang et al. 1999; 
Glover 1999). The impact of susceptibility induced 
relaxation accelerations to time scales of 1 ms makes 
it quite challenging to recover the signal losses with-
out a combination of hardware, RF coil, and pulse 
sequence improvements as human in vivo imaging 
marches towards 10 T (Gelman 1999; Vymazal et 
al. 1996; Duewell et al. 1996). The ultimate barrier to 
achieving microscopic resolution for in vivo imaging 
is being unable to harness SNR lost to susceptibility 
and diffusion. In addition, the Boltzmann distribu-
tion governing the size of signal from the voxel com-
pounded by the blurring effect of motion convinced 
the MR community that without resort to simultane-
ous detection of signal by a number of detectors in 
parallel valuable signal will be lost to the slow imaging 
acquisition governed by the serial Fourier phase en-
coding scheme. HF MRI should be more sensitive to 
some contrast agents (Tanimoto 2001). T2* contrast 
agents should be very effective at high fi eld.

10.2.5 
RF Penetration

The RF frequency (ω0) used for spin excitation 
increases with fi eld strength. The electrodynamic 

properties of the tissues will vary proportional to 
ω0. This includes an increase in tissue conductiv-
ity which enhances the RF absorption, requiring 
higher power for implementation of the same pulse 
sequences. Considering the heterogeneous nature of 
biological tissues the RF power will be absorbed non-
uniformly (Gandhi et al. 1979). A number of other 
factors, i.e., head position and size, affect the extent of 
nonuniform distribution of RF (Durney et al. 1986). 
Furthermore, the image quality, SNR and penetration 
depth are intimately related to the coil design and di-
mensions. For volume head coils optimization of im-
age quality is largely a function of the coil design, and 
the fi lling factor effect is maximized by construct-
ing the smallest coil for any particular application. 
Smaller coils and phase array coils with their surface-
like characteristic offer higher SNR. TEM designs are 
relatively larger and prone to inductive coupling be-
tween struts, which creates deep fi eld focusing. This 
compensates for RF penetration effects, but at the 
same time causes safety concerns due to the high 
RF requirements compared to a 1.5-T MR system. 
Consequently, HF MRI causes more deep RF focal 
heating than at lower fi eld strengths (Leussler 1999; 
Singerman 1997; Ibrahim 1999). As such, better 
understanding of the RF power deposition, penetra-
tion depth and innovative coil designs are required 
for better quality and safe human imaging. In order 
to better manage RF requirements of HF MRI, new 
techniques such as parallel excitation and detection 
of induced EMF within each coil element of a multi-
element RF coil with ability to independently control 
the amplitude and phase of each port are necessary 
(Ibrahim 1999). This will allow RF-intense pulse se-
quences such as fast spin echo, RARE, and MDEFT 
(modifi ed driven equilibrium Fourier transform) to 
be used for clinical HF applications. Moreover, this 
will allow many benefi cial sequences for MS studies 
such as inverse recovery and magnetization transfer 
contrast (MTC) techniques to be used.

10.2.6 
RF Coil Design

For scanners with magnetic fi elds above 7 T the im-
aging in MRI studies are diffi cult to perform without 
a new coil design called transverse electromagnetic 
(TEM) resonators (Roschman 1988; Vaughan 1994). 
Imaging at 7 and 8 T was made possible due to the 
construction of such resonators for use in humans and 
animals for fi elds ≥7.0 T (Baertline 1999). In spite of 
the inherent artifacts at high fi eld (Figs. 10.1–10.3), the 
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TEM resonator has provided an alternative to bird-
cage design for HF MRI. With TEM coils, however, due 
to the increasing wavelike behavior of the RF within 
the subjects of a high dielectric constant, incorpora-
tion of a parallel transmit and receive (pT/R) function 
at high fi eld offers an opportunity to reduce acquisi-
tion time and enhance homogeneity.

For low-γ nuclei, i.e., 31P and 13C, with fi eld strengths 
up to 10 T, the existing birdcage coil design will suffi ce 
(Hayes et al. 1985). It has been shown that driving this 
coil in quadrature for low-γ nuclei frequencies pro-
vides improved SNR and improved homogeneity com-
pared to similar designs such as the Alderman-Grant 
coil (Hayes et al. 1985). Unfortunately, at high fi elds 
the head-size birdcage resonators with their lumped-
element structure do not lend themselves to operations 
beyond 300 MHz frequency range even in the pres-
ence of radiation shields. Furthermore, the B1 fi eld of 
the RF wave generated by birdcage coils is inherently 
inhomogeneous. The need for the ability to evaluate 
large volumes of the brain without loss of image qual-
ity drives the intense research in RF coil design. As was 
pointed out earlier, high-fi eld coils operating at B0>3T 
produce head images with bright centers and lower 
SNR at the peripheries. This makes study of the cere-
bral cortical pathology diffi cult (see Fig. 10.2). In our 
work on the CGM in MS brain samples, since the study 
was conducted in the whole brain sample (Fig. 10.4), 
variation of image quality was addressed through the 
design of a special TEM coil and acquisition of images 
using optimized sequences for enhanced homogene-
ity (Kangarlu et al. 2004). Such provisions are dif-
fi cult to apply for in vivo studies, making high B1 fi eld 
inhomogeneity within the head a severe challenge 
(Ibrahim 2001; Collins et al. 2001). It is conceivable 
that for the studies of deep tissues the dielectric reso-
nance effect provides higher SNR within these tissues 
enabling depiction of fi ner structures. Application of 
independently phase adjusted parallel imaging and 
phased array techniques (Ibrahim 1999; Griswold 
et al. 2000) will alleviate this condition and could lead 
to improved SNR distribution across the entire body 
parts at high fi eld.

10.2.7 
Gradients and Receivers

Gradient coils for high-fi eld systems have already 
been successfully constructed and many improve-
ments in their design and drive systems have been 
achieved (Chronik et al. 2000). Availability of slew 
rates up to 1000 T/m/s is the long-term goal, safety 

issues permitting. Already, manufactures are deliv-
ering head scanners with 600 T/m/s slew rates. The 
integration of 3 T within clinical settings has been 
greatly accelerated following the demonstration of 
safe exposure of human subjects to fi elds of up to 
8 T (Kangarlu et al. 1999; Schenck 2000). These 
systems are equipped with the hardware and soft-
ware to perform basic and clinical scans as well as 
research quality MRS, fMRI, and DTI fi ber track-
ing. A typical head-only scanner appropriate for MS 
studies would have gradient hardware of a 36-cm 
I.D. asymmetric gradient coil capable of imaging at 
50–80 mT/m with slew rates of 500–700 T/m/s at a 
duty cycle of about 70%. Such system will allow a 1-
mm slice thickness considering the SNR available at 
3 T and will also be capable of executing single shot 
EPI at a sustained rate of 10–20 images/second. The 
RF power in state of the art systems should be within 
a 15- to 30-kW range. Considering the new develop-
ments in parallel imaging, independent RF preamp 
channels will enable lower RF power deposition and 
will provide more homogeneous and faster acquisi-
tion. Consequently an 8-RF channel technology for 
transmitting and receiving would greatly enhance a 
high resolution MR scanner for MS studies. Such sys-
tems must contain software that is designed for PC 
platforms to enable researchers to benefi t from the 
Unix/Linux open environment and ancillary software 
development, particularly in image post processing.

Using gradient capabilities of 30–50 mT/m, a slew 
rate of 150 T/m/s and RF power of about 2.5 kW we 
have acquired high quality images from the human 
head at 8 T using TEM resonators driven in single 
drive, quadrature and 4-port drive mode. In Fig. 10.3, 
such images are shown indicating improvement in 
image homogeneity. It is also possible to use the TEM 
resonator for parallel imaging using different struts 
as an independent transmitter/receiver. Nonetheless, 
it is inevitable that new coil designs such as phase 
array and microstrip design will be added to the RF 
coil collection of HF MR researchers. We have inves-
tigated the possibility of multiport drive on TEM and 
others have done similar work at 7 T (Ibrahim 1999; 
Collins 2003). This is expected to further improve the 
homogeneity of RF distribution as has already been 
demonstrated using FDTD calculations.

10.2.8 
Relaxation Eff ects

The relaxation mechanisms based on which contrast 
is generated in MRI are fi eld-dependent. Prolongation 



144 A. Kangarlu

and convergence of T1 with B0 creates a situation 
that makes acquisition of T1-weighted images at very 
high fi eld more challenging. T1W images have been 
acquired at 4 T, 7 T and 8 T using MDEFT (Ugurbil 
et al. 1999; Norris et al. 1999). A simple comparison 
was made between 3 T and 8 T T1-weighted MDEFT 
images indicating an eight-fold increase in CNR at 
8 T (Norris et al. 1999). This indicates that SNR com-
bined with relaxation effects are responsible for such 
high CNR. Such CNR will play an important role in 
characterizing gray matter (GM)/white matter (WM) 
contrast and consequently rendering the exploration 
of WM and GM at microscopic level more readily 
possible. These results are signifi cant in the context 
of MS imaging. An at least threefold increase in SNR 
and eightfold increase in CNR at 8 T compared to 
3 T point to the necessity for making HF MRI work 
if the microstructures of WM and GM are to become 
accessible by MR. By making microscopic MRI more 
viable, all aspects of the technique such as SNR, relax-
ation and paramagnetic susceptibility properties of 
biological tissues appear to have arrived at a critical 
stage as human MRI marches on towards 400 MHz. 
Ability, for instance, to acquire high resolution T1-
weighted images in a short time is an important area 
of using the high SNR of HF MRI for microstruc-
ture visualization in MS. Relaxation effects have also 
been used through exogenous agents with relaxation 
modifying properties to generate enhanced contrast 
in regions of interest such as areas where BBB are 
compromised. As discussed earlier, capabilities of 
MRI combined with the conspicuity of new contrast 
agents such as SPIO have raised hopes of making 
targeted molecular imaging possible (Frank et al. 
2002). A number of developments in novel MR sig-
nal amplifi ers such as SPIOs have taken place in the 
past few years which have facilitated their delivery 
and tolerance. In this regard, approaches based on 
enzyme-mediated polymerization of paramagnetic 
substrates into oligomers of higher magnetic relax-
ivity (Bogdanov et al. 2002) have proved to be par-
ticularly promising.

10.2.9 
Ultra-High-Resolution MRI

The advent of 8-T whole body MRI made acquisition 
of high resolution images of the human head with 
an in-plane resolution of 100 µm possible. A TEM 
resonator was used to acquire the GRE images from 
the human head of normal subjects. Serial acquisi-
tions of such images require an average of 15 min. 

Though at the limit of clinically accepted time, its 
implementation triggered an intense HF MR activ-
ity within the community. Various technological in-
novations such as parallel imaging (Pruessmann et 
al. 1998; Sodickson 1999) have been reported since 
the fi rst 8-T human head images were acquired that 
present a realistic opportunity for reducing the ac-
quisition times to 2–4 min. Images acquired at this 
resolution and within 2 min will produce up to half 
a gigabyte of unprocessed information from a hu-
man head. Acquisition of a 2000×2000 matrix image 
with a fi eld of view of 20 cm, slice thickness of 1 mm, 
and fl ip angle=45º could be TR=750 ms, TE=17 ms, 
receiver bandwidth=69.4 kHz. Such techniques will 
allow MRI signal to be acquired from a 0.02-mm3 
or 20-nl voxel. The capability of in-vivo acquisition 
from such a minute volume from the human head 
begins a new era for high resolution study of pa-
thology such as MS. Combined with susceptibility 
contrast and parallel imaging, there is the possibility 
of a ten-fold increase in in-plane resolution relative 
to the conventional 256×256 images obtained with 
a 20-cm fi eld of view and a 5-mm slice thickness 
within a clinically acceptable time. Furthermore, the 
higher resolution images could be acquired with ad-
equate image quality using new technologies includ-
ing phased array coil design and parallel imaging. 
Human head images with a 1k×1k matrix at 8 T re-
veal numerous small venous structures throughout 
the image plane and provide reasonable delineation 
between gray and white matter (see Fig. 10.6). The el-
evated SNR observed in HF MRI could be utilized to 
acquire images with a level of resolution approaching 
the histological level under in vivo conditions. These 
images represent a signifi cant advance in our ability 
to examine small anatomical features with noninva-
sive imaging methods.

10.2.10 
New Technologies in MS Imaging 

Plaques in MS patients are mostly seen in the white 
matter. Involvement of gray matter does not lend it-
self to in vivo detection. The white matter lesions ap-
pear in an unpredictable shape, size, and distribution 
(Trapp et al. 1999). Ability to distinguish the plaques 
into new and old or active and inactive is important. 
The newer plaques are identifi ed with infl ammation 
and are producing fat debris due to lipid breakdown. 
The chronic plaques are mostly characterized with 
gliosis. The MRI manifestation of these two mecha-
nisms has been diffi cult.
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Histological studies (Lumsden 1970) have found 
that newer plaques are associated with veins but rou-
tine MRI has just been unable to demonstrate this 
pathogenesis of the plaque in vivo. HF MRI seems 
to be able to study this vasocentral characteristic of 
MRI-visible plaques. In order to enhance MRI capa-
bility toward in vivo histology, plaques must be dis-
tinguished in terms of age, activity, and possibly re-
sponse to therapeutic techniques based on pathogenic 
mechanisms. These capabilities would require that 
MRI features sensitive to MS plaques be probed at the 
microscopic level. Events at this level are macrophage 
infi ltration, edema, myelin swelling, lymphocyte in-
fi ltration and endothelial cell activation (Lassmann 
et al. 1998). It is diffi cult for any MR-based technique 
to target any one or more of these mechanisms. The 
relaxation effects associated with edema and diffu-
sion manifestation of myelin swelling have been and 
are subject to imaging exploitation. 

10.2.11 
HF MRI of MS 

The major challenge in achieving the goals summa-
rized above is to enhance MRI specifi city for charac-
teristics of individual lesions. The ability to visualize 
the internal structure of lesions would put MRI on 
the path to producing distinct contrast for those le-
sions sharing a particular histopathologic type. The 
8-T MRI depiction of WM plaques with their central 
microvessel was the fi rst step in that direction (see 
Fig. 10.7). As plaques in WM have been mostly ob-
served for diagnostic and therapeutic purposes in 
MS, the involvement of GM has received little atten-
tion in MRI. Our depiction of CGM lesions in brain 
samples (Figs. 10.2–10.4), has provided an oppor-
tunity for their detection and monitoring in vivo. 
Through the use of HF MRI it could be feasible to 
interrogate each plaque based on its structural char-
acteristics and association with CGM lesions as clas-
sifi ed by Kidd et al. (1999). Assuming that the tech-
nological issues listed above are met then HF MRI 
could proceed in further expanding its capabilities 
for classifi cation and probing of MS plaques by devel-
oping fMRI, DTI, and quantitative MRS. Imaging at 
8 T has detected multiple cortical lesions that are not 
evident by conventional imaging at 1.5 T (Fig. 10.6–
10.8). Lesions are visualized using gradient echo, spin 
echo, and diffusion-weighted images (Figs. 10.7 and 
10.8). The high quality images at 8 T allow for the 
identifi cation of the different types of cortical lesions 
previously described at histology (Kidd et al.). Such 

imaging tools, once applied to in vivo detection of 
CGM pathology, would allow development of tech-
niques to study whether CGM is a primary event 
or alternately a consequence of the overwhelming 
white matter pathology. Furthermore, determination 
of the contribution and sequence of CGM and WM 
events could be correlated to disabilities. Such imag-
ing capabilities have not been available in multiple 
sclerosis to date.

10.2.12 
Other MRI Methods

One other approach would be the use of dynamic 
contrast enhanced (DCE) MRI using SPIO contrast 
media to quantitatively assess the microvessels within 
the plaques. These contrast agents will help suscep-
tibility enhanced contrast between the microvessels 
and the brain tissues, which will make these vessels 
more visible in anatomical images. In addition, per-
fusion fMRI studies based on the DCE techniques 
will demonstrate the activity and the extent of BBB 
breakdown within the plaques. Using computer pro-
cessing of the imaging data and a relatively simple 
two-compartment kinetic model, it is possible to 
non-invasively assay the relative blood volume, mi-
crovascular endothelial leakiness, and the interstitial 
volume of any solid tumor. DCE MRI and its capabil-
ity in quantifying the permeability of microvessels 
in the brain at high fi eld will offer an additional tool 
in characterizing plaque activity and classifi cation. 
Considering these combined capabilities, HF MRI 
could offer a powerful predictor of disability and 
measure of drug effi cacy. Using HF MRI and SPIO 
contrast agents, therapeutic responses could be more 
accurately detected. Optimization of techniques such 
as DTI and DCE MRI would complement the high 
resolution anatomical depiction of MS abnormalities 
and should lead to an even greater future benefi t from 
diagnostic imaging in MS.

10.3 
Conclusion

Observation of the evolution of infl ammation will 
be greatly assisted by targeted MI. Considering that 
ultra-high-fi eld MRI is producing images whose 
quality is comparable to histology, and the ability to 
image regions comparable to cell size, combined with 
biochemical techniques of attaching molecules with 
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affi nity for pathologic cells, MI appears to be poised 
to add a powerful tool to our diagnostic capabilities. 
The 8-T MR images have shown histologic quality. 
These images possess ultra-high resolution capable 
of visualizing microanatomic details. MI is capable 
of monitoring the cell traffi cking. With regard to MS 
etiology, this aspect of MI offers the ability of direct-
ing cells to a specifi c target in the body. A wide range 
of cellular processes such as macrophage infi ltration 
into CNS, leukocyte role in infl ammatory diseases, 
and hematopoietic stem cell targeting have and will 
become available for imaging. These novel imaging 
strategies may provide methods for detecting early 
infl ammatory events, at the cellular level, before the 
consequences of infl ammation become macroscopi-
cally detectable by traditional imaging techniques. 
This would amount to a strategic transition in diag-
nostic imaging modalities. Such a transition could 
usher in the era of a functional and physiological 
approach versus the present conventional anatomic 
approach. 

On another front, the need for possible extrapola-
tion of animal results to human subjects necessitates 
that all possible enhancements that could be achieved 
be exploited in human scanners as well. Currently, 
whole body research scanners operate at 9.4 T. There 
are plans for construction of a few neuroimaging 
centers equipped with 3-T, 7-T, 9.4-T and 11.7-T MR 
systems for human clinical trials. Other scanners in-
clude 11.7-T and 14-T units for primate studies, and 
an up to 17-T MR scanner for rodent studies. Imaging 
centers are growing in number and size. Centers typi-
cally have 30–50 members, with some larger MR re-
search units employing up to 200 researchers. The 
prospect of fruitful research in MR, and particularly 
in active areas such as MI, has brought biologists, 
physicists, engineers, and chemists into collaborative 
projects. These multidisciplinary efforts have given 
rise to innovative techniques such as MI. With higher 
fi eld strength and more complex imaging techniques 
it is inevitable that targeted MR MI will accelerate its 
expansion to other areas of in vivo physiology imag-
ing. MI is not restricted by the same limitations as 
other functional imaging techniques. The ability to 
probe cellular events and monitor their spatiotempo-
ral evolution unrestricted by the time frame of fMRI 
is looming in many laboratories.
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11.1 
The Factors of Early Brain Development

The brain development corresponds to morphologi-
cal and maturational changes, which result from the 
histogenesis, synaptogenesis and myelination.

11.1.1 
The Morphological Changes

The morphological changes include two main phe-
nomena: the fi rst one is the global process leading the 
neuroepithelium from the embryonal epiblast to an 
essentially recognizable brain; the second consists of 
the cellular development and organization, with the 
changes in brain weight and surface confi guration 
(that is the developing sulcation).

The steps leading from the midline epiblast to the 
central nervous system (embryonic period) are out-
side the scope of this chapter. Briefl y, they include the 
neurulation (differentiation of the neuroectoderm, 
and formation of the neural tube), the formation of 
the cerebral vesicles with the specifi c development 
of the anterior neural plate (forebrain) and of the 
rhombencephalon (hindbrain), the opening of the 
4th ventricle together with the formation of the lepto-
meninges and of the dura. From the end (week 7) of 
the embryonic period, the neuroepithelial cells pro-
liferate and, till midgestation (week 20), build up the 
cerebral cortex together with the telencephalic com-
missures. This cellular proliferation, along with mi-
gration and differentiation, accounts for the increase 
in brain weight during the embryonic and early fetal 
stages.

During the second half of gestation, the neuro-
nal migration is achieved, and a signifi cant number 
(30%–50%) of neurons are actually bound to disap-
pear by apoptosis, as part of the organization of the 
brain. From then on, and during infancy, the cortical 
synaptogenesis develops tremendously, peaking at 
2 years (Huttenlocher 1990), with the concomitant 
development of the fi ber network, the increase of the 
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metabolic activity that becomes mostly aerobic (and 
is therefore accompanied with an increase of the vas-
cularity), the enormous development of the support-
ing cells, mostly the astrocytes, and of course, mostly 
after birth but beginning already in the fetus, the mass 
production of myelin by the oligodendrocytes. While 
the brain weighs approximately 80 g at 20 weeks of 
gestation, it weighs 350 g at birth at 40 weeks (a four-
fold increase in 4.5 months), 1000 g at 1 year (three-
fold increase in 12 months), and 1400 g at 18 years 
(40% increase in nearly two decades). This early in-
crease in volume concerns the cortex more than the 
subcortical white matter (Hüppi et al. 1998a), with an 
important tangential growth of the cortical plate, at 
least in the higher mammals, and therefore a cortical 
folding resulting in the species-specifi c sulcal/gyral 
pattern.

11.1.2 
The Internal Appearance

The internal appearance of the parenchyma (that is 
the tissular organization of the cellular layers within 
the cortical mantle) also evolves according to the 
stages of histogenesis (Fees-Higgins and Larroche 
1987), mostly during the fetal period and the fi rst 2 
post-natal years. The histogenetic processes include 
the proliferation, the differentiation and the migra-
tion of the cells toward their anatomical destination, 
and their organization. Because myelin is made of lip-
ids, the maturation also leads to a signifi cant change 
of the physical-chemical composition of the brain: 
the fatty myelin replaces the water, and some of its 
components modify the relaxivity of the water pro-
tons. The medical consequence of this is that, as MRI 
refl ects the physical-chemical status of the brain, the 
orderly changes of the maturation will be refl ected 
in the MR images, allowing a direct evaluation of 
normal development, as well as of the diseases that 
affect these processes.

All neural cells originate from common neural 
stem cells. These proliferate in the germinal matri-
ces (McConnell 1995). Two different germinal ma-
trices exist in the cerebral hemispheres (Lavdas et 
al. 1999; Letinic and Rakic 2001; Nadarajah and 
Parnavelas 2002). The germinal matrix of the man-
tle lines the ventricular wall under the white mat-
ter of the hemispheres, lateral to the basal ganglia; 
it produces the cells for the cortical plate, namely 
the pyramidal neurons and the astrocytes. The ger-
minal matrix of the ganglionic eminence covers the 
surface of the basal ganglia; it produces the interneu-

rons for both the cortical plate and the basal gan-
glia. Seemingly parts of both matrices may produce 
the oligodendrocytes for the white matter tracts to 
be myelinated. The germinal matrices are the sites 
of the cellular proliferation. There are two stages in 
this proliferation, depending on the type of division 
(McConnell 1995; Rakic 1995). The initial one is 
the stage of symmetrical division, in which a stem 
cell produces two identical stem cells. The second 
stage is of asymmetrical division, in which a stem cell 
produces another stem cell and a differentiated cell. 
The number of division cycles probably accounts for 
the differences of neural development between lower 
and higher mammals (Rakic 1995; Caviness et al. 
1995). It is estimated that there are approximately 30–
35 cycles of divisions in the primates, against 7–11 in 
the rodents. If one cycle fails, the pool of brain cells 
is theoretically cut by 50%. In the very early stage 
of development, the germinal matrix of the mantle 
produces early, transient neurons to form a primary 
cortical preplate (or plexiform layer), which serves as 
an organizer for the coming cortical plate (Meyer et 
al. 2000; Xie et al. 2002).

There are basically four types of brain cells: the 
pyramidal neurons, the astrocytes, the interneurons 
and the oligodendrocytes.

� The pyramidal neurons represent 80% of the neu-
ronal population of the cortex. They are glutama-
tergic excitatory cells. They originate from the 
germinal matrix of the cerebral mantle lateral to 
the ganglionic eminence, deep to the future white 
matter. They migrate radially toward the brain 
surface (Sidman and Rakic 1973), settling within 
the pre-existing preplate to form the cortical plate 
(Meyer et al. 2000). In the process, the preplate 
is split in two layers. The superfi cial layer forms 
the (future) molecular layer (or layer 1) with its 
transient Cajal-Retzius cells (CRCs). The deep 
layer forms the transient subplate (Kostovic and 
Rakic 1990) which eventually attenuates during 
the second half of gestation to disappear about 
birth. The migration of the pyramidal neurons is 
conducted by specialized guiding cells, the radial 
glia (Sidman and Rakic 1973) from which they 
actually differentiate even during the migration 
(Tamamaki et al. 2001). This migration process 
is also under the control of the CRCs (Marin-
Padilla 1998), which stop the neurons before they 
reach the brain surface. Therefore, in the succes-
sive waves of migration, young neurons pass the 
older ones to be stopped only before the molecu-
lar layer and as a consequence, the oldest neurons 
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form the deep layers (5 and 6) of the cortex, the 
youngest ones, the superfi cial layers (2 and 3): this 
is called the “inside-out process”. The migration 
of the forebrain pyramidal neurons continues 
until mid-gestation (20–23 weeks). After that no 
neurons are produced in the brain, except in the 
hippocampal dentate gyrus (granule cells) and in 
the olfactory bulbs (Barres 1999).

� The astrocytes are glial cells. They support the 
neurons, being interposed between the vessels 
and the neurons. They also assist the neuronal 
function, especially in the management of the 
neurotransmitters. They are initially produced 
together with the neurons in the germinal matrix 
of the mantle, and constitute the radial glia which 
guides the neurons toward the surface. Recent 
studies have shown that in fact, the neuron is 
produced by the radial glia and still differenti-
ating while separating from it (Tamamaki et al. 
2001). After the end of the neuronal migration, 
the cells of the radial glial become the cortical 
astrocytes. Other astrocytes keep being produced 
by the germinal matrix until it disappears, espe-
cially for the superfi cial cortical layers (Gressens 
et al. 1992). In contrast with neurons, astrocytes 
do die and form during the whole life by division 
of pre-existing astrocytes.

� The interneurons are GABAergic inhibitory neu-
rons, making up 20% of the cortical neuronal pop-
ulation. They originate from the germinal matrix 
of the ganglionic eminence over the future basal 
ganglia. From there, some migrate toward the 
cortex, while others move toward the basal ganglia 
and the thalamus (Lavdas et al. 1999; Zhu et al. 
1999; Letinic and Rakic 2001; Nadarajah and 
Parnavalas 2002). Their migration to the cortex 
is not well understood yet. They seem fi rst to follow 
the fi bers toward the cortex, then migrate inward 
to the germinal matrix of the mantle, where they 
get “messages” to be assigned a fi nal position into 
the cortex, which they reach by outward migra-
tion.

� The oligodendrocytes remain the most mysteri-
ous cells of the central nervous system, although 
they have been extensively studied (Baumann 
and Pham-Dinh 2001). It is not even clear 
whether they represent a single or multiple differ-
ent lineages (Baumann and Pham Dinh 2001). 
Their best known role is the mass production of 
myelin, which has been extensively documented 
(Yakovlev and Lecours 1966; Holms 1986; 
Brody et al. 1987; Kinney et al. 1988). Myelin 
facilitates the conduction of the potentials along 

the axons, and the extensive myelination of the 
white matter is a characteristics of the develop-
ment of the young brain during the end of ges-
tation and the fi rst years after birth. While the 
normal turn-over of the myelin components has 
been evaluated (in the range of several months 
to a year), the turn-over of the oligodendrocytes 
themselves is unknown. They seem to origi-
nate in restricted ventral or laterobasal areas of 
the prosencephalon (Bauman and Pham-Dinh 
2001). They proliferate (myelination gliosis) and 
migrate toward the axonal fascicles when they are 
still in the progenitor stage. As dysmyelinating 
diseases often present with quite specifi c fascicu-
lar patterns (van der Knaap et al. 1991), it seems 
likely that the position of the oligodendrocytes is 
genetically defi ned.

After completion of the cortical plate, synaptogen-
esis develops intensively, especially after birth and 
during the fi rst 2 years of life (Huttenlocher 1990). 
This means a tremendous expansion of the fi bers 
network, and particularly of the axons. It has been 
demonstrated that the subplate, the transient subcor-
tical remnant of the primary preplate (Kostovic and 
Rakic 1990) acts as a waiting zone for the axons ap-
proaching the cortex before the cortical organization 
is ready. This concerns the thalamo-cortical fi bers, 
the association fi bers as well as the commissural fi -
bers (Kostovic and Rakic 1990; Super et al. 1998). 
In the hippocampus, this role of waiting zone may be 
played by the superfi cial molecular layer (Super et al. 
1998). Synaptogenesis induces a signifi cant increase 
of the needs of oxygen, with the subsequent develop-
ment of an adapted vascularity (Raybaud 1990) and 
blood fl ow. The enormous development of the axons 
and dendrites, with their species-specifi c organiza-
tion and attachments are likely to be responsible for 
the shaping of a species-specifi c cortical sulcal/gyral 
pattern (van Essen 1997). It makes up the white mat-
ter, which in mature humans represents 50% of the 
volume of the hemispheres (this does not take the 
intracortical fi bers into account).

The synaptogenesis is also accompanied by the 
development of myelination. As stated above, the my-
elination has been extensively studied over the past 
decades, histologically and chemically. It develops 
according to a well defi ned program, roughly said 
from the cord to the hemispheres, the sensory struc-
tures before the motor before the associative ones 
(Yakovlev and Lecours 1966), and in the hemi-
sphere, from the back to the front. In fact things are 
more complex. The primary systems (sensory-motor, 
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auditory, visual, and the hippocampi) are myelinated 
fi rst. In each system, the myelination of the fi bers 
proceeds toward the cortex. The associative areas 
myelinate last, especially the anterior frontal and the 
anterior temporal cortices. Central myelination oc-
curs in the portions of the basal ganglia adjacent to 
the posterior limbs of the internal capsules (PLICs). 
Together with the brainstem, this area appears al-
ready well developed even before birth.

On MR imaging, the demonstration of the myelin-
ation processes depends on two phenomena. The fi rst 
is the depiction of the precursors of myelin. These 
precursors, cholesterol and specially galactocerebro-
sides, have a strong magnetization transfer effect 
(Fralix et al. 1991; Koenig 1991; Kucharczyk et al. 
1994), and as such appear early on T1 imaging as a 
bright signal. The second is the replacement of wa-
ter by the fatty myelin. The brain of fetus and neo-
nates contains approximately 90% water; in the adult 
it drops to 70% in the white matter, and to 85% in 
the cortex after completion of the myelination. As the 
water is dark on T1 and bright on T2, the myelination 
reverses the white matter appearance to bright on T1 
and dark on T2.

11.2 
MR Imaging: Technical Considerations

11.2.1 
Problems in Imaging Infants 
(Premature or Term-Born)

Conventional T1 and T2 sequences are used in neo-
nates as in mature children or adults. T1 imaging in-
cludes spin-echo (SE) or gradient-echo (GE) imaging, 
and T2 imaging, spin-echo (SE) or turbo-spin-echo 
(TSE) sequences. These are more heavily T2-weighted 
sequences, and show “more” myelination than stan-
dard SE. Inversion-recovery (IR) sequences are heav-
ily T1 weighted and yield superb images of the matu-
ration of the brain (Christophe et al. 1990).

It was observed from the outset that the relaxation 
times in infants were different from those in adults 
(Holland et al. 1986); as they are strongly depen-
dent on the stage of the maturation, MR imaging can 
be used to evaluate the progresses of myelination in 
normal and diseased brains (Barkovich et al. 1988; 
Bird et al. 1989; Christophe et al. 1990; van der 
Knaap and Valk 1990; Girard et al. 1991; Martin et 
al. 1991; Sie et al. 1997; Barkovich 1998), to a degree 

that no other imaging modality had permitted before. 
This evolving normality should be taken into account 
to appreciate disease. But another consequence of this 
maturation process is that in the fi rst months of life, 
the design of the sequences should be adapted to the 
physical-chemical status, that is the degree of matura-
tion, of the cerebral tissue. Typically, when designing 
a T2w SE sequence, the TR is chosen to be three times 
longer than the calculated T1 in order to eliminate 
all T1 contamination effect (Kastler et al. 2001). In 
adults, at 1.5 T, the calculated T1 is approximately 
750 ms: the TR of the T2w sequence should therefore 
be around 2250 ms, with a TE of about 90 ms. In neo-
nates, depending on the part of the brain examined, 
the calculated T1 is around 3000 ms (personal data); 
this correlates with the high content of free water. 
Consequently, the TR of the T2w SE sequence should 
be set around 10,000 ms. In normal SE sequences, this 
would lead to too long an acquisition time, but it can 
be achieved in a couple of minutes with TSE tech-
niques (although TSE yield images slightly different 
from standard SE, the myelination appearing “more 
advanced”). Also, as the T2 value is longer in infants 
than in adults, the TE should be prolonged at 120 ms 
to obtain as much T2 effect as possible, while keeping 
enough signal. In a similar way, in a T1w sequence, 
the TR having only to be maintained below the calcu-
lated T1 (Kastler et al. 2001), it can be chosen longer 
for neonates than for mature children, resulting in a 
better signal-to-noise ratio.

Another sequence routinely used in mature pa-
tients is the FLAIR sequence. It is a T2w sequence 
in which the signal of the free water has been sup-
pressed by a 2200 ms pulse. The FLAIR images seem 
somewhat confusing in the fi rst months and years 
(Fig. 11.1), but they can also be understood from the 
changing composition of the parenchyma (Ashikaga 
et al. 1999; Murakami et al. 1999). In the heavily hy-
drated neonatal brain, the signal of the white mat-
ter is canceled as well, so that it appears dark, and 
therefore looks the same as on T1 imaging. But as the 
myelination proceeds, the signal increases quickly 
and the white matter becomes fully bright by 4 or 
5 months. Later, as on regular T2w images, the signal 
decreases progressively, but over a much longer span 
of time (up until 4 years of age).

To summarize, as the different types of sequences 
represent different factors of the physical-chemical 
composition of the brain, they evolve at their own 
pace which does not necessarily refl ect the histology. 
As a consequence, the infantile brain appears mature 
at about 12 months on T1 images (when the mag-
netization transfer effect is predominant); at about 
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Fig. 11.1a–e. FLAIR imaging. a Neonate. The proportion of wa-
ter is extremely high (90%), and the signal of the white matter 
therefore is canceled by the inversion pulse at 2200 ms. As a 
consequence, the image looks roughly like a T1 image at the 
same age, with the white matter darker than the gray mat-
ter. Yet, the high signal in the basal ganglia is located more 
anteriorly than on T1 imaging, and the thalami present with 
a low signal related to a more advanced myelination there. b 
At 7 months. The myelination process is replacing the water, 
and the image looks more like a T2 image, except for the can-
celation of the signal of CSF. Dark signal of the more myelin-
ated PLICs. c At 14 months. The white matter is still globally 
brighter than the gray matter. However, maturation is more 
advanced in the circumvolutions, and the contrast, therefore, is 
now blurred between the cortex and the subjacent white mat-
ter. d At 34 months. Image nearly identical to the adult pattern, 
but with persistence of a faintly brighter signal in the centrum 
semi-ovale. e At 4 years. The adult pattern, with the white mat-
ter diffusely darker than the gray matter, is now attained
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2 years on T2 images (where the loss of signal due 
to the accumulation of myelin predominates); and 
at about 4 years on FLAIR images. These three pat-
terns remain consistent in normal patients; they may 
diverge in disease, and should therefore be read ac-
cordingly.

11.2.2  
Limits of MR Imaging of the Developing Brain

Even adapted to the developing brain, these ap-
proaches present two types of insuffi ciencies. The 
fi rst is that the clinical images obtained from MR are 
not quantitative images similar to those of the X-ray 
scanner, but images of which the contrast results from 
the relative signals of the various structures under 
examination. As each structure matures according 
to its own timetable and pace, a given one may seem 
myelinating in the late fetus because nothing else is 
myelinated, but less myelinated months later because 
the rest of the brain then becomes more mature more 
quickly. To compensate for this, semi-quantitative im-
aging using relaxometry (images made with absolute 
relaxation time measurements) can be used, but they 
are time consuming and therefore not ethically ac-
ceptable in clinical conditions. Thus the milestones 
of maturation used by most correspond to patterns 
produced at a given time by the relative myelina-
tion of the most signifi cant structures of the brain 
(Barkovich et al. 1988; Bird et al. 1989).

The second insuffi ciency of MR imaging regarding 
myelination is that it shows a so-called mature pat-
tern while the brain is still developing: one year (T1), 
two years (T2), four years (FLAIR), whereas we know 
from histology that the myelination process is not 
completed until the end of adolescence. This means 
that a normal mature appearance may correspond to 
a maturation which is not complete. Sequences sensi-
tive to the late maturational changes have still to be 
developed and clinically evaluated (Steen et al. 1997). 
Also, the term “myelination delay”, commonly used 
in clinical practice, should be avoided unless succes-
sive studies have shown an improvement. And even 
if this is the case, the “normal” stage attained may be 
only the myelination stage of the age of 2 or 4 years.

A last point is important to keep in mind when 
reading the brain development through the MR sig-
nals. This point is that the signal intensity of the brain 
tissue refl ects the myelination in normal subjects 
only. In a diseased brain, a low T1, high T2 signal may 
refl ect absence of, or poor, myelination, but it may 
also mean a de-myelination. Beyond the myelination 

status, it may express edema, or gliosis, or even a focal 
dysplasia of the brain tissue.

11.2.3 
Special Problems of MR Imaging in Fetuses

Imaging fetuses is possible only at and after mid-
pregnancy. The main reason for this is the size of the 
fetal brain (approximately 50 mm diameter at that 
stage), which yields little signal in the abdominal cav-
ity (abdominal volume and especially fat volume) 
and allows only a poor imaging defi nition, the size 
of the voxels being disproportionate to the size of 
the brain. Another problem, at any time, is motion: 
the fetus moves with the mother’s organs, following 
respiration; this effect is diminished when the head 
is incarcerated in the pelvis. The fetus himself has 
his/her own motion, as a whole or when sucking, 
moving limbs, etc. Other motion artifacts result from 
the moving fl uids and gas of the bowels, and from 
the fl owing blood in moving aorta and vena cava. 
The magnetic fi eld homogeneity is altered, and the 
signal received from the fetal brain uneven. Sedating 
the mother (and therefore the fetus) does not seem 
to improve things signifi cantly, and may be unaccept-
able for the parents.

Therefore the imaging technique should com-
pensate for these diffi culties. Imaging equipment is 
important, especially the abdominal coil, as much as 
possible multiple and in phase array, to get a more 
homogeneous signal. The most dramatic improve-
ment has been brought about by the introduction of 
ultrafast, “snapshot” single-slice T2 imaging, making 
it possible to minimize motion effects. Yet this ultra-
fast imaging, when used post-natally, is of suboptimal 
quality as compared with the conventional, adapted 
T2 sequences. But it allows a fairly good depiction of 
the fetal brain anatomy at as early as 18 weeks. For 
T1 imaging, only conventional GE sequences are 
available; they last a couple of minutes, and are there-
fore more often altered by the motion artifacts. They 
are still needed for proper identifi cation of the tis-
sues, as a complement to T2 imaging. Fat saturation 
reduces the loss of signal in the fat. Slices should be as 
thin as possible, and the fastest acquisition time com-
patible with the diagnostic needs should be obtained 
when defi ning the sequences.

Other sequences are not used routinely. Angio 
MR can be used, but without contrast agent (time of 
fl ight, TOF), to avoid any risk regarding toxicity. DWI 
and MR spectroscopy are potentially useful; they are 
still under evaluation and not used routinely.
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11.3 
MR Imaging of the Brain in Fetuses 
and Prematures

The main anatomic features of the evolving fetal brain 
have been relatively well established (Fees-Higgins 
and Larroche 1987; Girard et al. 1995; van der 
Knaap et al. 1996; Battin and Rutherford 2002). 
The brain is essentially complete by mid-gestation 
(20 weeks), but it is still very simple. The migration 
of the neurons to the cortex is achieved, the ante-
rior posterior development of the corpus callosum 
is completed, but the brain is small (about 5 cm) and 
smooth.

There are two ways of calculating the age of a fe-
tus: from the time of conception, which is often un-

certain, and from the time of the last period, which 
is more easy to identify. By convention, the mode of 
dating used by obstetricians, based on the last period, 
is used here. In theory at least, the gestational age is 
2 weeks less.

11.3.1 
Gross Morphology of the Fetal 
and Premature Brain

The sylvian pits are largely open with exposed in-
sula at 20 weeks (Fig. 11.2), then the operculation of 
the adjacent lobes progressively encloses it. Around 
it, the gyration is just appearing: parieto-occipital 
fi ssure (present at 20 weeks), calcarine fi ssure (ap-

Fig. 11.2a–d. Fetus, 20 weeks. a T2 axial, centrum semi-ovale. Smooth cortex. Within the mantle, from the ventricle to the pe-
riphery: germinal matrix of the mantle, adjacent to the ventricle (dark, on the right side); subcortical zone/migrating glia layer 
(intermediate signal); subplate (brighter); smooth cortical ribbon; wide pericerebral fl uid spaces; calvarium. b T2 axial, basal 
ganglia. Ventricular pseudo-dilatation (colpocephaly, fetal “hydrocephalus”), relative to the still under-developed mantle. Darker 
cluster of the germinal matrix of the ganglionic eminence over the heads of the caudates. The signal of the basal ganglia is 
brighter than that of the cortex, and about identical to that of the subventricular zone. c T2 coronal. d T2 sagittal, midline. In 
the normal posterior fossa (the tentorium facing the inion), the vermis looks small. Wide interparietal subarachnoid spaces
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pearing by 24 weeks, achieved and Y-shaped by 
28 weeks), calloso-marginal sulcus (28 weeks), 
central sulcus (apparent by 24 weeks, achieved by 
35 weeks) with the pre- and post-central sulci (from 
26 to 35 weeks), and the superior temporal sulcus 
(clearly demarcated from its anterior to its poste-
rior end by 28 weeks). These sulci, very shallow at 
the beginning, become progressively deeper as the 
gyri develop, until after birth (van de Knaap et al. 
1996). Up to the last weeks, these sulci are linear 
(Fig. 11.4), and devoid of tertiary branching. It is 
only during the last weeks before term, when the 
cortex comes to abut against the vault, that the sulcal 
pattern becomes more complex, and then diffi cult 

to analyze precisely because of the packing against 
the bone (Fig. 11.7).

The lateral ventricles are less than 10 mm at the 
atrium at mid-gestation (Fig. 11.2 and 11.3), with a 
slight reduction toward birth (7.5 mm). The appar-
ent fetal “hydrocephalus”, also called colpocephaly, 
is only in relation to the brain mantle thickness. 
The width of the lateral ventricles remains almost 
constant, whereas the brain is building up around 
them. But as the brain is growing in every direction, 
the length of the ventricles also increases. From the 
beginning, the ventricular segments (frontal, tem-
poral horns, body, atrium, 3rd ventricle, 4th ventri-
cle, even commonly the aqueduct) are clearly rec-

Fig. 11.3a–e. Fetus, 24 weeks. a T1 axial, basal ganglia. Morphol ogy still similar to that of 20 weeks. The grey matter structures 
(cortex, germinal matrix, basal ganglia, subventricular zone/ migrating glia layer) have a brighter signal than that the subplate 
subjacent to the cortex. b T2 axial, centrum semi-ovale. Smooth cortex. c T2 axial, basal ganglia. Similar to the 20-week brain. d 
T2 coronal, 3rd ventricle. Early operculation of the sylvian fi ssure. e T2 sagittal, midline. Faint appearance of the main vermian 
sulci
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Fig. 11.4a–d. Fetus, 28–29 weeks. a T1 axial, basal ganglia. 
Early myelination process around the PLICs. The subven-
tricular zone/migrating glia layer are not seen anymore. Clear 
operculation around the Sylvian fi ssure. Temporal sulcation 
well seen. b T2 axial, centrum semi-ovale. Clear central sulcus, 
beginning pre- and postcentral sulci. c T2 axial, basal ganglia. 
Seemingly smaller ventricles (in fact the mantle is thicker). 
The subventricular zone/migrating glia layer has vanished, ex-
cept for remnants in front of the frontal horns. The subplate is 
underlined by a thin denser layer. Temporal sulcation appar-
ent. Still large pericerebral fl uid spaces. d T2 sagittal, midline. 
Calloso-marginal sulcus well seen, parieto-occipital and cal-
carine fi ssures prominent. The perivermian fl uid spaces are 
still large; the indentation of the vermian sulci are seen. The 
tentorium faces the inion
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ognizable. In between the frontal horns, the cavum 
septi pellucidi is relatively large, sometimes slightly 
bulging. The corpus callosum (and on occasion the 
hippocampal commissure as well) is better depicted 
on the coronal cuts. The peri-cerebral subarach-
noid fl uid spaces are large and conspicuous in the 
early pregnancy; they progressively attenuate until 
32 weeks, when the cortex comes to abut the vault 
(Figs. 11.2–11.7).

The cerebellum is disproportionately small in 
relation to the size of the posterior fossa at about 
20 weeks, but grows signifi cantly to nearly fi ll it at 
term (Figs. 11.2–11.8), but keeps a clearly demar-
cated cisterna magna. The limits of the posterior 
fossa, and especially the insertion of the tentorium 
facing the inion, are always evident. At 20 weeks (at 
best) or slightly later, only the main cerebellar fi s-
sures are seen on the sagittal cut of the vermis. The 
other vermian sulci become apparent as the vermis 
enlarge. It should be noted that not seeing the ver-

mian sulci does not mean that they are not present, 
but simply that they are blurred by the partial vol-
ume effects, since even 2 mm cuts are still exceed-
ingly thick as compared with the structures studied. 
The brainstem is also well depicted with its three 
segments, midbrain, pons and medulla (Figs. 11.2–
11.8).

11.3.2 
The Intrinsic Anatomy of the 
Fetal and Premature Brain

In the fetus, or in the premature, the brain is a clearly 
multilayered structure. This results from the fact that 
the histogenesis is not yet achieved, even though 
the neuronal migration is practically complete by 
20 weeks. Cellular proliferation goes on until term, in 
both germinal matrices (mantle and ganglionic emi-
nence), to produce astrocytes and oligodendrocytes. 
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Fig. 11.5a,b. Premature baby, 30 weeks. Ex utero imaging with conventional, age-adapted MR sequences: the image defi nition 
and contrast are much better than with in utero imaging. a T1 axial, basal ganglia. Clear contrast between the grey and the white 
matter, even in the PLICs. At least on the right, the subplate is clearly seen as a denser subcortical layer. Residues of the subven-
tricular zone/migrating glia layer in front of the frontal horns. Early myelination process apparent in the posterior lentiform 
nuclei and anterior-lateral thalami, as well as in the primary acoustic cortices in the posterior insular areas. No myelination 
seen in the PLICs. b T2 axial, basal ganglia. Clearly established sulcation, globally. Well advanced perisylvian operculation. The 
subplate is clearly seen in the frontal lobes. A denser appearance of the corpus callosum and fornices refl ects a early myelination 
in respect to the rest of the white matter. Large pericerebral subarachnoid and perhaps, subdural fl uid spaces
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These cells constitute a transient, highly cellular layer 
located around the ventricles in the deeper portion 
of the white matter (Figs. 11.2–11.4). This so-called 
layer of migrating glial cells (Childs et al. 1998), 
however, stays away from the cortex, from which it 
is separated by the (also) transient neuronal layer 
of the subplate (Figs. 11.2–11.8). All these structures 
develop and then disappear at different times, giving 
the cerebral mantle different appearances at different 
stages of development. In addition, in the last ges-
tational trimester, the myelination is clearly begin-
ning to appear mostly in the deep central structures 
(Figs. 11.4–11.8).

The germinal matrix lining of the ventricular wall 
is present until term, mostly from the ganglionic emi-
nence (Fig. 11.7). In relation to the whole brain, it is 
more prominent at the beginning, then it disappears 
nearly completely around term. It is highly cellular, 
and therefore clearly seen as a dark T2, bright T1 
periventricular band; on T1 however it tends to blend 
with the adjacent highly cellular subventricular zone. 
The germinal matrix appears thicker over the basal 
ganglia (ganglionic eminence) than along the white 
matter. Germinal matrix hemorrhages developing 
in the premature typically affect the ganglionic emi-
nence, but more modern studies in premature babies 
using MR imaging rather than US or X-CT demon-

strate that the germinal matrix of the mantle, along 
the ventricles, is also affected. When the germinal 
matrix of the mantle, lining the white matter, shows 
discontinuities on fetal MR imaging, a destructive 
process (infection and/or periventricular leukomala-
cia) should be suspected.

Until week 28, the dense subventricular zone is 
seen deep in the white matter, extending to the pe-
riphery only to about midway between the germinal 
matrix and the cortex (Figs. 11.2–11.4). It is generally 
considered that it contains the differentiating and 
migrating glial cells, but recent evidence indicates 
that it is a mixture of a deeper fi ber rich zone, of the 
subventricular cellular zone and migrating glia layer, 
and of the future white matter (Kostovic et al. 2002). 
On T1 imaging, it tends to fuse with the image of the 
germinal matrix. On T2, it is identifi ed by a denser 
line that separates it from the subplate. The image 
of this intermediate layer “dissolves” between weeks 
28 and 30, but leaves behind a few remnants persist-
ing until term, especially in front of the frontal horns 
(Figs. 11.4–11.8).

After the disappearance of the subventricular layer, 
the sub-cortical layer of the transient subplate is bet-
ter demonstrated against the underlying white mat-
ter, as a high T1, low T2 band subjacent to the cortex 
(Fig. 11.5 to 11.8). Its inner limit is commonly marked 
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Fig. 11.6a–e. Fetus, 32–33 weeks. a T1 axial, basal ganglia. Clearly seen bright signal of myelination in process in and around 
the PLICs. The cortex is well convoluted, the pericerebral spaces still large. b T2 axial, centrum semi-ovale. Essentially complete 
sulcation pattern, even if the sulci are still shallow. c T2 axial, basal ganglia. Clearly delineated subplate. Subventricular residue 
adjacent to the frontal horns. The thalami are darker, together with the myelinating proximal optic radiations. d T2 coronal. 
Clearly sulcated cortex. e T2 sagittal, midline. The vermis is larger and now fi lls the posterior fossa better. Vermian sulci clearly 
apparent. Sylvian aqueduct well seen. Well developed medial hemispheric sulcal pattern. Dark, already well myelinated brain-
stem
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Fig. 11.7a–e. Fetus, 37 weeks. a T1 axial, basal ganglia. Clear 
changes related to the myelination process in the PLICs. b 
T2 axial, centrum semi-ovale. The sulcation is well developed, 

the cortex is poorly seen because it is now thin in relation to the mantle, and quite convoluted. The pericerebral fl uid spaces are 
not large anymore. c T2 axial, basal ganglia. Focally, the dark cluster of the germinal matrix of the ganglionic eminence persists at 
the level of the foramen of Monro. The optic radiations are seen lining the ventricular atria, against the non-myelinated, adjacent 
white matter. The subplate can still be recognized as a subcortical blurring. Discrete areas of myelination in the basal ganglia 
and thalami adjacent to the unmyelinated PLICs [(compare with (a)]. d T2 axial, posterior fossa. Myelination apparent in the 
tegmentum pontis and the adjacent brachia pontis. The cerebellum now almost fi lls the posterior fossa. e T2 sagittal, midline



MR Imaging of Brain Development 163

by a T2 denser line. This layer persists until term. Its 
signal is related to the composition of its extracellular 
matrix rather than to the cellular density (Kostovic 
et al. 2002). It is the subcortical remnant of the pri-
mary preplate (or plexiform layer) that has been di-
vided by the developing cortical plate (Kostovic and 
Rakic 1990). It is an extremely important structure 
as it serves as a transient relay for the in-coming fi -
bers of the corona radiata (thalamo-cortical fi bers), 
of the association paths, and of the commissures 
(Kostovic and Rakic 1990; Super et al. 1998; Xie et 
al. 2002). This role in controlling the connectivity of 
the cortex may be compromised by the occurrence of 
subcortical injuries.

The cortical ribbon is already close to its fi nal 
thickness (1–3 mm for most of the cortical areas) at 
mid-gestation, but because of the developing con-
nections (intracortical fi bers, thalamo-cortical fi -
bers, association and commissural fi bers), it will not 
be fully organized until birth. It is clearly identifi ed 
as a bright T1, dark T2 ribbon lining the periphery of 
the brain. Because it grows tangentially more than the 
spheric volume of the brain would allow, it progres-
sively develops indentations corresponding to the 
sulci (Figs. 11.2–11.8). As the brain grows and presses 
against the vault, it becomes less and less easy to see, 
and it seems thinner in relation to the globally in-
creased brain size.

The basal ganglia and thalamus form a mass of 
dense cellularity, brighter on T1 and darker on T2, 
overlaid by the germinal matrix of the ganglionic 
eminence, already at 20 weeks (Fig. 11.2). After 30–
32 weeks, the T1 signal increases in and around the 
PLICs (Figs. 11.4–11.8), refl ecting the myelination 
process that develops early in this area that includes 
the cortico-spinal tract and the adjoining portions of 
the basal ganglia and thalami, the optic tracts, as well 
as in the brainstem. This pre-myelination high signal 
extends toward the central cortex in the last weeks 
before term.

11.4 
MR Imaging of the Brain in Term-Born Infants

Many publications have been devoted to imaging 
of the development of the brain in the fi rst months 
of life (Barkovich et al. 1988; Bird et al. 1989; 
Christophe et al. 1990; van der Knaap and Valk 
1990; Girard et al. 1991; Martin et al. 1991; Sie et al. 
1997; Barkovich 1998). In children born at term, the 
brain anatomy is essentially complete. Yet the corpus 

callosum is thinner than it will be later, not so much 
due to lack of fi bers but because being markedly my-
elinated, it reaches its fi nal size only after maturation 
is completed. In the posterior fossa, the neuronal pro-
liferation in the cerebellum continues until the end of 
the second year, and only then does the cerebellum 
present its “fi nal” appearance.

From a general point of view, however, most of 
the changes occurring in the fi rst 2 years are related 
to myelination. As specifi ed earlier in this chapter, 
two essential phenomena are responsible for pro-
ducing the contrast of the MR images. The fi rst is 
the magnetization transfer effect induced by the 
precursors of the myelin, which shortens the re-
laxation time T1 and results in a bright signal on 
T1w images. The second is the substitution of the 
achieved myelin to the water, which leads to a gen-
eral loss of signal and shortens the relaxation time 
T2, and therefore results in a dark signal on T2w im-
ages. The T1 and the T2 images therefore bring dif-
ferent information at this stage. T1 images basically 
depict the early stages of the myelination processes, 
while T2 images show the “completed” myelination. 
Therefore there is an “appearance delay” between 
the T1 and the T2 images, the changes on T1 being 
more precocious than on T2, roughly by 4 months. 
Histologically, this myelination process develops it-
self according to a precisely determined timetable, 
both in the cortex, in the white matter, in the central 
area (gray nuclei and capsules), in the brainstem 
and in the cerebellum.

11.4.1 
The Brain at Term

11.4.1.1 
T1 Imaging

At birth, the white matter appears globally darker 
than the cortex. However, different areas in each 
structure may show a different appearance. Areas of 
higher signal are more mature than areas of lower 
signal.

In the cerebral cortex, four areas have a higher sig-
nal than the surrounding structures: the pericentral 
(peri-rolandic, sensory-motor) cortex, the medial oc-
cipital cortex centered on the calcarine fi ssure (pri-
mary visual cortex), the posterior insular temporal 
area (primary auditory cortex), and the temporo-me-
sial structures (hippocampus). These are the primary 
cortical areas, the oldest phylogenetic cortical struc-
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In the posterior fossa, the tegmentum (posterior 
segment) of the brainstem has a higher signal than 
the anterior pons, as well as the adjacent white matter 
of the cerebellum. The colliculi are also brighter.

It is worthwhile noting that at this age, the pitu-
itary gland appears exceedingly bright on cerebral 
imaging. In fact, it has the normal signal of the soft 
tissue, but it is the brain that has an unusually low 
signal, to which the imaging windows are adjusted. 
This contrast between the pituitary gland and the 
brain eventually disappears as the brain becomes my-
elinated.

11.4.1.2 
T2 Imaging

The images at this stage are nearly, but not exactly, the 
reverse of the T1 images. Globally, the white matter is 
brighter than the cortex.

Within the cortex, areas of lower signal (more ma-
ture) are found again in the sensory-motor area, the 
primary motor area, the primary auditory area, and 
the hippocampus.

In the white matter, areas of faint, decreased signal 
are seen in the location of the cortico-spinal tracts, 
but typically not at the level of the optic radiations. 
An area of lower signal may be observed at some dis-
tance in front of the lower part of the frontal horns. 
This does not refl ect myelination, but rather a rem-
nant of the cellular subventricular band.

In the central forebrain, a minute dark fascicle is 
inconstantly observed in the postero-lateral portion 
of the PLICs. Dark spots are also seen in the adjacent 
thalami.

In the brainstem, the tegmentum is darker than 
the anterior brainstem. The colliculi also appear 
more mature, as well as the cerebellar white matter 
surrounding the cerebellar dentate nuclei.

11.4.2 
The Brain at 4 Months

11.4.2.1 
T1 Imaging

Four months is an important time to evaluate myelina-
tion as typically at this stage the diffuse increase of sig-
nal of the white matter matches the signal of the cortex, 
globally with a loss of the contrast between the two. The 
primary bundles of white matter have progressively 
taken a more mature appearance, from the center to the 
periphery toward their corresponding cortex.

tures, already present in rudimentary mammals such 
as the shrew (Romer and Parsons 1977).

In the subcortical white matter, a diffuse higher 
signal is seen below the central area, more consistent 
centrally and more diluted peripherally; it corre-
sponds to the cortico-spinal tract. Some higher sig-
nal is also seen lining the ventricular atria, fi tting the 
distribution of the optic radiations.

In the central brain, there is a conspicuous high 
signal centered on the PLICs, and involving the adja-
cent portions of the lentiform nuclei and the ventro-
lateral portions of the thalami. In the same area, the 
anterior commissure and the anterior optic pathways 
(optic nerves, chiasm, tracts) also show some higher 
signal.

Fig. 11.8a–i. Premature baby, 37 weeks. Ex utero imaging 
(compare with Fig. 11.6). a T1 axial, basal ganglia. Myelination 
in process in the portions of the basal ganglia and thalami 
adjacent to the PLICs, which themselves appear not yet to 
myelinate. b T1 axial, midbrain. Clearly brighter signal of the 
colliculi. c T1 axial, pons. Clear myelination process in the teg-
mentum pontis. d T1 sagittal midline. Clear myelination pro-
cess of the midbrain, tegmentum pontis, medulla. Strong high 
signal of the pituitary gland against the globally lower signal 
of the (only partially myelinated) brain. e T2 axial, centrum 
semi-ovale. Clearly well developed sulcation. f T2 axial, basal 
ganglia. The subplate can still be identifi ed, as well as the rem-
nants of the subventricular zone/migrating glia layer in front 
of the frontal horns. Clear myelination of the posterior-lateral 
thalami, and of the rest of the basal ganglia to a lesser degree, 
but the adjacent PLICs remain apparently not, or only poorly, 
myelinated. Early myelination of the optic radiations clearly 
apparent. g T2 axial, midbrain. Global myelination, more ad-
vanced in the colliculi. h T2 axial, pons. Fascicular and nuclear 
myelination in the tegmentum pontis. i T2 sagittal, midline. 
Well developed sulcation of the medial cortex. Nuclear/fascic-
ular partial myelination of the brainstem and deep vermian 
white matter. Clear vermian sulcation

i
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Fig. 11.9a–g. Term neonate. a T1 axial, centrum semi-ovale. White matter clearly darker than the cortex. Myelination in process 
of the peri-central cortices and of the subjacent bundles of cortico-subcortical fi bers. b T1 axial, basal ganglia. White matter 
darker than the cortex and the basal ganglia. Bright signal of the myelination process in the whole area surrounding the PLICs, 
and to a lesser degree of the optic radiations. c T1 coronal, thalami. Myelination in process of the corticospinal bundles (centrum 
semi-ovale on each side), the optic radiations (lateral to the temporal horns), the colliculi, and of the deep cerebellar white matter. 
d T1 sagittal, midline. Myelination in process of the hypothalamic structures and optic chiasm, the midbrain, tegmentum pontis, 
medulla and cerebellar white matter. e T2 axial, centrum semi-ovale. Darker myelination signal of the cortex in the vicinity of 
the central sulcus, and more faintly, of the subjacent white matter. f T2 axial, basal ganglia. Myelination of the lateral portions 
of the thalami, the posterior putamina to a lesser degree, as well as of a clearly demarcated fascicle in the posterior lateral part 
of the PLICs. g T2 sagittal, midline. Strong myelination signal of the fornix and optic chiasm, the midbrain, the tegmentum 
pontis (and perhaps the anterior pes pontis), and of the medulla
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Within the cortex, the areas of previously higher 
contrast are now even. Over this ground of increased 
signal, the contrast of the basal ganglia is also lost. 
But the capsules form a striking pattern of high sig-
nal corresponding to the whole internal capsules 
(anterior and posterior limbs) with its radiations. In 
the white matter, they extend toward the fronto-cen-
tral cortex as the cortico-spinal tract, which is now 

brighter than the cortex; the optic radiations from 
the lateral geniculate bodies to the inner occipital 
cortex; and anteriorly, the thalamo-frontal segment 
of the corona radiata. The posterior corpus callosum 
also appears brighter.

In the posterior fossa, the brainstem is diffusely 
brighter with “hotspots” corresponding to the main 
fascicles. The whole cerebellar white matter is bright.

ba
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Fig. 11.10a–d. A 4–month-old infant. a T1 axial centrum semi-ovale. The signal is now practically even between the gray and 
the white matter. There is clearly myelination in process, however, in the white matter subjacent to the central sensory-motor 
area, and probably also along a longitudinal tract that could be the superior longitudinal fasciculus. b T1 axial, basal ganglia. 
Loss of contrast between the gray and white matter, except for the internal capsules (anterior and posterior limbs) and portions 
of the corona radiata such as the thalamo-frontal fi bers, or the optic radiations. The internal capsule is now brighter than the 
adjacent lentiform nuclei and thalami. c T2 axial, centrum semi-ovale. Pattern similar to that of the neonate. The contrast is 
still strong between the cortex and the white matter, except in the area subjacent to the central cortex. d T2 axial, basal ganglia. 
Still similar to the neonatal pattern but the PLICs are now clearly and globally myelinated, and also the anterior limbs, the optic 
radiations and faintly, the thalamo-frontal fi bers
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11.4.2.2 
T2 Imaging

In contrast to T1 imaging, little change appears on 
T2 between birth and four months. The cortex still 
shows a lower signal in the primary areas. In the 
white matter, the corticospinal tract is still faint, 
but on the contrary, the optic radiations are clearly 
demarcated. This is an important landmark: poorly 
defi ned optic radiations at this stage indicate that 
oligodendrocytes have been damaged, even if a fully 
fl edged picture of periventricular leukomalacia is not 
observed.

The myelination of the PLICs is more advanced, 
but still well circumscribed. In the basal ganglia some 
difference appears between the striatum and the thal-
amus (more mature), and the globus pallidus (less 
mature). Little change is apparent in the brainstem 
and cerebellum.

11.4.3 
The Brain from 8 to 12 Months

11.4.3.1 
T1 Imaging

At this stage, an obvious maturation gradient is ob-
served between the posterior and the anterior part of 
the hemispheres. The posterior part looks like fully 
mature: bright signal of the white matter against the 
lower signal of the cortex, but the cortical-subcortical 
junction is still blurred. The thalami are now brighter 
than the basal ganglia. The more anterior, fronto-
temporal part of the hemispheres by contrast is still 
similar to what it was at 4 months.

In the posterior fossa, the fully mature appearance 
is now attained.

The adult appearance is reached at about 
12 months, with a diffusely bright signal of the white 
matter, brighter than the cortex and the central grey 
nuclei; the adult pattern of signal gradient between 
the striatum, globus pallidus and thalamic nuclei is 
present.

11.4.3.2 
T2 Imaging

From 6 to 8 months, the cortex is still darker than 
the white matter, but this becomes attenuated. The 
basal ganglia and thalami also appear darker, but not 
as much as the internal capsule with its radiations 
toward the frontal lobes, the fronto-central areas, and 

the visual cortices. The posterior corpus callosum 
appears clearly darker than the centrum semi-ovale. 
The posterior fossa is still incompletely myelinated.

But from 8 to 10 months, and later, the signal 
of the white matter globally equates the signal of 
the gray matter, in the cortex or in the central grey 
nuclei, giving the brain a blurry, contrastless ap-
pearance. Surprisingly, the corpus callosum and 
the internal capsules are much darker than the 
adjacent white matter. The posterior fossa looks 
almost mature.

11.4.4 
The Brain at 18–24 Months

At 18 months, the mature appearance is completed 
on T1, and almost reached on T2. The white matter is 
darker than the gray matter, but the centrum semi-
ovale is still diffusely brighter in its central portion, 
the subcortical arcuate fi bers being clearly darker. 
The fi nal “adult” appearance is reached at 2 years, 
with the exception of the terminal area, which is 
the deep white matter lateral and at a distance 
from the ventricular atria, which remains slightly 
brighter than the surrounding white matter until 
adulthood.

11.5 
MR Morphometry, Diff usion, 
and Spectroscopy

11.5.1 
Morphometry

As the normal developing brain grows, and as any 
injury will affect this growth in a perhaps unap-
parent fashion, quantitative volumetry has been 
developed in healthy and diseased infants, and can 
be used as a predictor of outcome. Volumetry is 
achieved by segmentation methods (Hüppi et al. 
1998a). It has been shown in presumably normal 
premature babies (Hüppi et al. 1998a) that at be-
tween 29 and 41 weeks, the total volume of the brain 
is increased 2.7-fold; and that most of this increase 
is due to the increase of volume of the folding cor-
tical white matter, of which the part in the brain 
volume increases from 35% at 29 weeks, to 50% at 
term, in relative terms, and is multiplied four-fold 
in absolute terms.
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Fig. 11.11a–d. An 18-month-old infant. a T1 coronal, thalami (IR). The signal of the white matter now is approaching the adult 
pattern, globally brighter than the cortex except in the peripheral white matter close to the cortex (arcuate fi bers mostly). b 
T1 sagittal, midline. The anterior portions of the brainstem now appear brighter than the tegmentum. The corpus callosum 
looks fully myelinated. c T2 axial, ventricular bodies. Loss of the previous contrast between the white and the grey matter, with a 
blurry appearance related to the even signals. The corpus callosum, however, appears darker, more myelinated. d T2 axial, basal 
ganglia. Poor grey/white contrast, diffusely, except for a stronger myelination of the PLICs and of the corpus callosum

11.5.2 
Diff usion Imaging

Beside the usual T1 and T2 parameters, other meth-
ods have been developed to approach brain matura-
tion. Diffusion imaging (DWI) has been shown to 
be promising (LeBihan et al. 1986). In contrast to 
conventional MRI, it is not based on relaxation times, 
but capitalizes on the infl uence of the structure on 
the brownian motion of the free water protons. When 
these protons are in a free space, that is free to move 
in any direction, there is a loss of the resonant sig-
nal (proton dephasing), while this resonant signal 

is better preserved when the motion is restricted to 
smaller spaces (less proton dephasing). This apparent 
motion can be quantifi ed by calculating the apparent 
diffusion coeffi cient (ADC), restituted as a map. The 
intracranial water is located in the CSF spaces, where 
it moves freely; within the cells, where its motion 
is hampered by the numerous cytoplasmic organ-
elles; and in the extracellular spaces, where motion 
is dependent on the space allowed by the volume of 
the cells. It is this last water sector that is studied in 
DWI, together with some of the water crossing the 
cellular membranes. In the normal mature brain, the 
extracellular sector represents about 20% of cerebral 
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volume. Because of the particular organization of the 
brain, another factor can also be evaluated, which is 
the anisotropy: the brain contains fi bers organized 
in bundles, so that the motion of the water protons 
is more restricted in the directions perpendicular to 
the fi bers than in the direction parallel to them. The 
higher the anisotropy coeffi cient, the more packed 
the fi bers. It is also possible to identify the direction 
of the less restricted motion in a given voxel, giving 
the direction of the fi bers, and therefore to recon-
struct the organization of the fi bers; this is the basis 
of tractography by diffusion tensor imaging (DTI) 
(Pierpaoli et al. 1996).

Studies have shown that ADC is high in the imma-
ture white matter, and decreases progressively until the 
age of 6 months when adult values are reached. This is 
explained in part by the development of the myelination 
but as the reduction begins before myelination starts, 
it is likely that other factors also interact, probably the 
glial multiplication of astrocytes and oligodendrocytes 
(myelination gliosis) that would limit the extracellular 
spaces (Wimberger et al. 1995). The anisotropy also 
increases early, partly explained by the myelination, but 
also by the multiplication in a parallel fashion of the ax-
ons and the dendrites. Therefore this increase expresses 
the organization of the bundles of white matter.
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Fig. 11.12a–d. An 18-month-old infant. a,b T1, axials; c,d T2, axials. The adult pattern is practically reached at this stage, on T1 
and T2 imaging. Some faintly higher T2-signal areas are acceptable after 2 years in the centrum semi-ovale, and in the deep 
white matter lateral to the atria (zona terminalis) up to adolescence
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The ADC decreases also in the gray matter dur-
ing maturation (multiplication of fi bers), but the an-
isotropy does not change (no fascicular organization 
within the cortex).

11.5.3 
Spectroscopy

Finally, as the maturation of the brain is accompanied 
by tremendous metabolic changes, MR spectroscopy 
is also a means to approach it. In clinical settings, 
proton MRS can bring useful information about 
the relative amounts of N-acetyl aspartate (NAA) 
(marker of the neuronal function, but also oligoden-
droglial marker in the immature brain), choline (cell 
membrane turnover, including the myelin which is a 
stack of oligodendrocytic membrane), creatine (high 
energy products), lactate (anaerobic metabolism), 
myo-inositol (glial marker), and glutamate–gluta-
mine (neurotransmitters, and intermediate form of 
the metabolism of the amino-acids). Typically, two 
types of spectra are used, with long and short echo 
times, either in a single-voxel technique (restricted to 
a portion of the tissue), or according to the chemi-
cal shift imaging (CSI) technique exploring a whole 
slice of brain.

Using the single-voxel technique, it has been 
shown that in the fetus, from 30 to 40 weeks, NAA in-
creases signifi cantly, together with myo-inositol and 
creatine (Heershap et al. 2003). This trend continues 
after birth, as the concentration of NAA in the new-
born is 50% of that in the adult. The evaluation of the 
metabolites, however, can only be relative: increased 
NAA in relation to choline and creatine. Because of 
myelination, the choline peak is high in the develop-
ing brain, and then decreases in relation to creatine, 
together with myo-inositol. Actually, this pattern 
varies from place to place in the brain and at a given 
place, at its own pace as the brain matures. The use of 
spectroscopy is also hampered by the diffi culty to get 
absolute values.

11.6 
Imaging, Development, and Brain Disease

In the fi rst half of gestation, there is no clear-cut 
separation between the inborn and the acquired dis-
orders, part of the morphologic consequences de-
pending on the timing of the insult rather than on its 
mechanism. For instance, polymicrogyria, which is a 

disorder of the cortical development characterized by 
the accumulation of too many overly small gyri with 
a (typically) four-layered cortex, and fused molecular 
layer, may be observed in families (then of genetic 
origin), after infections by the cytomegalovirus in 
the early stages of pregnancy, and seemingly as well, 
as a consequence of fetal anoxia. On the contrary, as 
the brain is considered as constitutionally achieved 
after 23 weeks, any later interference is considered a 
scarring process more than a malformation, even if 
the difference, in individual cases, may sometimes 
be academic.

11.6.1 
The Early Gross Brain Malformations

From the time of the development of the neural plate, 
the malformations may be classifi ed according the 
developmental stage that failed:
� Failure of neurulation: the neural tube stays open 

(myelomeningocele), and mechanically, the devel-
opment of the rhombencephalon (hindbrain) and 
of the prosencephalon (forebrain) are altered, 
resulting in a Chiari 2 deformity (McLone and 
Knepper 1989). This is both a genetic and an 
environmental (folic acid defi ciency) disorder.

� Failure of development of the anterior neural plate. 
This primordium of the forebrain also gives rise to 
the face, to the vault and to the anterior cephalic 
soft tissues. When the process fails, the brain (holo-
prosencephaly) as well as the face (cyclopia, hypo-
telorism) are affected (Couly and Le Douarin 
1987). Several genes have been invoked, as well as  
cholesterol and toxic factors such as veratrin, an 
alkaloid from Veratrum californicum.

� Failure of development of the roof of the rhomb-
encephalon: it normally produces the vermis supe-
riorly, and the foramen of Magendie inferiorly. 
An arrested development produces the typical 
Dandy-Walker malformation, or one of its minor 
forms (Raybaud 1982).

� Failure of commissuration: the crossing of the 
commissural fi bers results from the complex 
involvement of tissular (guiding/repulsing mol-
ecules, fasciculating factors), cellular (glial sling, 
glial wedge, indusium griseum, meninges) and 
genetic infl uence to go through the inner wall of 
the hemispheres, cross the midline and enter the 
opposite side. Disorders of these processes result 
in the various types of complete, partial and dis-
sociated commissural anomalies (Raybaud and 
Girard 1998).
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11.6.2 
The Malformations of Cortical Development

The development of the cortical plate goes through 
the stages of proliferation, differentiation, migration, 
and organization. Each of these steps may be defec-
tive, leading to specifi c malformations (Barkovich 
et al. 2001):
� Proliferation: if one cycle of division fails, 50% of 

cells are missing. Microcephaly (three standard 
deviations or more below normal, commonly 
with simplifi ed gyral pattern) is usually due to a 
genetic defect.

� Differentiation: in the process of migration from 
the mantle germinal matrix to the cortical plate, 
pyramidal neurons differentiate from the guiding 
radial glia. If the process fails, abnormally differ-
entiated cells are produced, with abnormal migra-
tion and poor segregation between the cortex and 
the white matter. This constitutes the group of the 
focal cortical dysplasias, the hemimegalencepha-
lies and the tuberous sclerosis complex.

� Normal neurons may fail to migrate properly, 
forming masses or layers of abnormally located 
normal grey matter: they are called heteroto-
pias, either nodular (periventricular, subcortical) 
or laminar, with a normal ("band heterotopia", 
"double-cortex") or a simplifi ed (agyria-pachy-
gyria) cortical pattern. Laminar heterotopias are 
clearly genetic as some of the nodular heteroto-
pias.

� The neurons may migrate normally to the cortex 
but may not get organized properly: this results in 
the so-called polymicrogyria, which may be due 
to genetic, infectious, metabolic, and probably 
anoxic disorders.

� The schizencephaly ("cleft brain") is a uni- or 
bilateral focal failure of development of the corti-
cal mantle, resulting in clefts lined with a polymi-
crogyric cortex that is continuous, inwards, with 
the ependyma. This is rarely familial, more often 
acquired (cytomegalovirus, toxoplasmosis), or 
idiopathic.

11.6.3 
Destructive Lesions and the Developing Brain

Specifi c fetal or neonatal pathologies may interfere with 
development. In fetuses and prematures, hemorrhages 
in the germinal matrix may not only induce hydroceph-
alus; they also destroy the source of oligodendrocytes, 
possibly compromising forever myelination of the brain. 

Also in prematures, peri-ventricular leukomalacia may 
destroy the para-ventricular white matter (resulting in 
posterior enlargement of the lateral ventricles), but also, 
in milder cases, may only reduce the population of the 
late astrocytes, and above all that of the more vulner-
able oligodendrocytes. It may also reduce connectivity 
in prematures (Hüppi et al. 1998b). In the term neo-
nate, anoxia produces specifi c lesions in the most active 
parts of the brain, the basal ganglia and thalami (status 
marmoratus), as well as in the cortex, especially in the 
deepest part of the sulci, often predominantly in the 
central sensory motor areas.

Other pathologies have specifi c developmental 
consequences. Fetal brain viral infections almost con-
stantly produce microcephaly as well as myelination 
defects. Ischemia produces different effects depend-
ing on the degree of development: in the last trimester 
of pregnancy, it produces a cavitation with complete 
detersion of the necrosed tissue, without scar forma-
tion. In mature brains, it produces a conventional 
astrocytic scar. In intermediate stages, it produces 
the intermediate picture of the multi-cystic encepha-
lomalacia. In all cases, as a portion of the cortex is 
destroyed, the corresponding white matter fi bers are 
missing, reducing the size of the whole hemisphere 
and restricting its connectivity. The association and 
commissural fi bers that should have connected with 
the destroyed area tend to connect with the sur-
rounding preserved cortical margins, creating ab-
normal neuronal circuits that are thought to explain 
the high rate of epileptogenicity of these lesions. The 
ipsilateral half of the brainstem may also be atrophic, 
as well as the contra-lateral cerebellar hemisphere. 
Even in older children, longstanding thalamic tu-
mors, especially thalamic germinomas, are associated 
not with an increased, but with a reduced volume of 
the hemisphere, because of the reduced number of 
thalamo-cortical and cortico-thalamic fi bers of the 
corona radiata. In the infant, chronic anoxia-hypoxia 
such as that produced by arteriovenous steal effects 
(vein of Galen aneurysm, dural fi stula of the torcular) 
commonly produces atrophy, with sub-cortical calci-
fi cations of uncertain mechanism.

In contrast, the potential of the infantile brain to 
massively produce connections has a positive effect on 
recovery from any focal cerebral injury: the contrast 
between the size of the destructive lesions and the rel-
ative mildness of the symptomatology is often strik-
ing, at least for the perinatal and the infantile injuries. 
Also, the prognosis of hydrocephalus and its response 
to its treatment varies signifi cantly depending on the 
maturational stage. Hydrocephalus in utero is usu-
ally devastating, perhaps because of the destruction 
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of the periventricular germinal matrices. By contrast, 
early post-natal mechanical hydrocephalus (without 
associated destructive lesions) often present impres-
sive recoveries, the initially excessively thinned brain 
mantle being able to re-grow to a normal thickness in 
a matter a few months. This could be explained by the 
ability of the neurons to re-grow axons, of which the 
path-fi nding is not yet impeded by the accumulation 
of interstitial astrocytes. In older children, massive hy-
drocephalus never recovers to such a degree.

Globally, the most sensitive cells of the brain seem 
to be the oligodendrocytes, which are not only vul-
nerable to anoxia, but also to immune related disor-
ders, and to specifi c infections. The mechanism al-
lowing the recovery, or not, of the oligodendrocytic 
pool is to date poorly understood. Non-myelination 
(or insuffi cient myelination) is a common result of 
varied diseases: periventricular leukomalacia, of 
which the “milder forms” are those in which only 
the oligodendrocytes are affected, with no cystic 
necrosis, as well as hydrocephalus, fetal infections. 
Malnutrition in late pregnancy and early postna-
tal period has also been shown to compromise my-
elination. Leukoencephalopathies are common in 
mitochondrial cytopathies (Chabrol and Raybaud 
2002). Obviously, the metabolic diseases affecting 
specifi cally the enzymes related to the metabolism, 
maintenance and degradation of the myelin (“dysmy-
elinating” diseases) are genetic diseases concerning 
the oligodendrocyte. Immune-related, infl ammatory 
disorders may induce demyelination, either acutely 
(acute disseminated encephalomyelitis or ADEM) or 
in a more protracted way (group of the scleroses), the 
oligodendrocyte itself being better preserved in the 
former, less in the latter. Finally, the oligodendrocyte 
may be the specifi c target of particular viruses, like 
the papova/JCV in the progressive multifocal leuko-
encephalopathy (PML). Finally, vasculopathies in the 
elderly may also lead to a demyelination (Binswanger 
disease). All taken together, the disorders affecting 
the oligodendrocytes, and therefore the myelin, are 
among the most common neurological disorders in 
the child, the adult, and the elderly, because of the 
multiple ways pathologies may alter them.

11.7 
Conclusions

MR imaging is the fi rst imaging modality to be able 
to demonstrate the morphological and structural 
changes in the maturing brain, in the fetus, and in 

the term-born infant. The fetal brain cellularity fi rst 
and later, the mass production on myelin with its 
effects on T1 and the T2, produce age-specifi c im-
ages that make it possible to evaluate the course of 
brain maturation. This evaluation has opened new 
diagnostic avenues, since the sensitivity of the oli-
godendrocytes to injury, as well as the involvement 
of myelin in numerous pathologic processes, make 
the evaluation of maturation an essential element 
of the imaging approach to the pathology. However, 
there are a few restrictions to be remembered. T1 and 
T2 images refl ect two different things, not necessarily 
parallel, and should be used as such. Conventional 
MR images are composite, non-quantitative images, 
refl ecting only the myelination of diverse areas rela-
tive to others: it is therefore a biased picture during 
the entire course of development. This image is tech-
nology-dependent, and pictures are not necessarily 
exactly comparable from one center to the other. Also, 
MR imaging is blind to the development, and to slight 
myelin anomalies, that occur after infancy. Finally, the 
signal in the images equates to the degree of myelina-
tion only in normal subjects, as a “high T2”, or a “low 
T1” signal are not specifi c, refl ecting only the relative 
concentration of myelin and water, regardless of the 
mechanism, be it for example an increase of water 
(edema), or a loss of axons (hence also of myelin). 
Nevertheless, bearing these restrictions in mind not 
to “over-read” the images, MRI is an effi cient tool, that 
has allowed a completely new view of brain patholo-
gies in the fetus and the developing infant.
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12.1 
Predominantly White Matter Disorders 
with Increased Head Size

12.1.1 Alexander Disease

This is a very rare disorder also called fi brinoid leu-
kodystrophy (van der Knaap et al. 2001). Recently, 
a heterozygous dominant mutation in the glial fi bril-
lary acidic protein has been described. There is no 
identifi able biochemical defect. Histologic examina-

tion shows Rosenthal fi bers in the brain, ependyma 
and pia. It is thought that intracellular deposition 
of these fi bers lead to abnormal functioning of the 
oligodendrocytes. Arbitrarily it has been divided into 
infantile, juvenile and adult forms. Macrocephaly is 
typical and the manifestations include progressive 
spastic quadriparesis and intellectual failure leading 
to death (generally all patients die by their teenage 
years). It generally presents in infancy or adoles-
cence and death occurs as early as 3–10 years after 
diagnosis. Treatment is only palliative. The disease 
begins in the frontal regions and then extends pos-
teriorly, and is seen as areas of high T2 signal inten-
sity (Fig. 12.1). The subcortical u-fi bers are initially 
spared but rapidly become affected. The basal ganglia 
may also appear swollen initially. Although contrast 
enhancement was, in the past, thought to be rare, it 
is now known that it occurs in most patients early in 
the course of the disease. This contrast enhancement 

Fig. 12.1. Alexander disease. Axial T2-weighted image shows 
abnormal hyperintensity in the deep and superfi cial white 
matter of the frontal lobes in a symmetrical distribution. (Case 
courtesy of A. Rossi, Genoa, Italy)
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may involve all the areas of abnormal white matter 
including the basal ganglia. In the end-stage disease, 
brain cysts may form. This cystic leukomalacia may 
also show contrast enhancement.

12.1.2 
Canavan Disease

Canavan disease (spongiform leukoencephalopathy) 
is more common in Ashkenazi Jews, and patients gen-
erally die 2–3 years after diagnosis (McAdams et al. 
1990). Many patients with macrocephaly and imaging 
fi ndings identical to those of Canavan disease prob-
ably have “van der Knaap disease” (van der Knaap 
et al. 1999). In patients with van der Knaap disease the 
clinical course is milder and generally only the white 
matter is diffusely affected. In this disorder, subcorti-
cal cysts may be present. Canavan disease is a very 
rare disorder and is characterized by a defi ciency of 
the enzyme N-acetylaspartylase [which deacetylates 
N-acetyl aspartate (NAA) to acetate and aspartate], 
and therefore proton MR spectroscopy shows mark-
edly elevated NAA (Fig. 12.2a). This enzyme is ex-
pressed in oligodendrocytes and is involved with the 
synthesis of myelin lipids. The accumulation of NAA 
is toxic to the brain and results in myelin splitting 
(Brismar et al. 1990a). Histologically, there is exten-
sive vacuolization (spongy degeneration) of the brain 
with increased water content. Canavan disease is au-
tosomal recessive and the gene encoding for acety-
laspartylase is located on chromosome 17. Canavan 
disease generally begins during the fi rst 6 months of 
life but there are also congenital and juvenile forms 
of the disease. Most patients die during the fi rst de-
cade of life. There is no effective treatment available. 
Canavan disease involves all of the white matter in 
a diffuse fashion including the sub-cortical U-fi bers 
(Fig. 12.2b). In addition, the globi pallidi and thalami 
are nearly always affected (they show high T2 signal). 
Much of the affected white and gray matter also show 
restricted diffusion on diffusion-weighted imaging. 
No contrast enhancement is present. As the disease 
progresses, the size of the head begins to decrease.

Another disease that needs to be included in the 
differential diagnosis of Canavan disease is Cree leu-
koencephalopathy. The imaging fi ndings are identi-
cal to those of Canavan but Cree has been reported 
only in northern Quebec and Manitoba in Canada 
(Alorayni et al. 1999). Patients with congenital mus-
cular dystrophy of the merosin-defi cient type may 
also present with diffuse increased T2 signal inten-
sity in the brain (Fig. 12.2c). These patients, however, 

have near normal psychomotor development (com-
pared to those with Canavan disease), have muscle 
weakness of early onset and may have seizures. In 
both of the previously mentioned disorders, the head 
size is not enlarged. Diffuse white matter involve-
ment may also be seen in the rare “vanishing brain 
syndrome” (Fig. 12.2d).

12.1.3 
Krabbe Disease

This is also a very rare disorder, although in the 
author’s experience it is perhaps somewhat more 
common than Alexander and Canavan diseases. It 
is also called globoid cell leukodystrophy. It is a 
lysosomal disorder characterized by a defi ciency 
of the enzyme galactocerebroside beta galactosi-
dase, and is inherited as an autosomal recessive 
trait (Hittmair et al. 1994). The enzymatic defect 
blocks the degradation of beta galactocerebroside, 
which is a critical component of the myelin sheaths. 
The presence of end products such as psychosine 
is toxic to the oligodendrocytes. The diagnosis is 
confi rmed by establishing the levels of leukocyte 
lysosomal beta galactosidase (Choi and Enzmann 
1993). Krabbe disease generally affects infants and 
young children, and most patients are diagnosed 
between the 3rd and 6th month of life (one of the 
earliest leukodystrophies). The head is initially large 
and then becomes small (at presentation most pa-
tients are microcephalic). CT may show increased 
density in the thalami but, since this study is nowa-
days seldom obtained for patients suspected of hav-
ing leukodystrophies, this fi nding is not commonly 
observed (Finelli et al. 1994). MRI shows increased 
signal intensity around the ventricles in a non-spe-
cifi c pattern (Hittmair et al. 1994). High T2 signal 
may also be seen in the pyramidal tracts and in 
the medial aspect of the cerebellar hemispheres. In 
the late onset variant, the splenium of the corpus 
callosum may be involved. Atrophy ensues in most 
patients, particularly late in the disease. The brain 
abnormalities generally do not show contrast en-
hancement. Krabbe disease may result in hypertro-
phy of the cranial and spinal nerves (simulating 
the fi ndings seen in Guillain-Barrè syndrome) (Lee 
et al. 1995). These large nerves may show contrast 
enhancement. Bone marrow transplantation may be 
helpful in the treatment of the disease. Diffusion 
tensor imaging may be the best way to evaluate these 
patients. Tensor imaging shows more abnormalities 
than T2 weighted imaging and provides a quanti-
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Fig. 12.2a–d. Canavan disease and mimics. a Long echo time MR spectroscopy obtained from the white matter shows that the 
peak of N-acetyl aspartate (2.0 ppm) is markedly elevated. b Axial T2-weighted image in the same child shows diffuse abnormal 
hyperintensities throughout the white matter and also in the globi pallidi and thalami. c In a child with merosin-defi cient mus-
cular dystrophy, axial T2-weighted image shows abnormal signal intensity from the white matter at the level of corona radiata. 
d In this child with the vanishing brain syndrome, there is abnormal T2 hyperintensity in all of the white matter
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tative measurement of the severity of the disease, 
making it an optimal way to study the response to 
therapy.

12.1.4 
Mucopolysaccharidoses

This group of disorders also affects the white and the 
gray matters, and is included here because children 
may also present with an enlarged head (in reality 
the diagnosis is well established in most patients by 
the time of imaging evaluation). They are not true 
leukodystrophies, but glycosaminoglycans are depos-
ited along the perivascular spaces, leading to focal 
changes mostly in the periventricular white matter. 
These compounds are also accumulated inside the 
cells and are toxic to them. The mucopolysacchari-
doses may be considered as disorders of lysosomes 
(Johnson et al. 1984). Initially there is macrocephaly 
but progression of these disorders eventually results 
in brain atrophy. All are inherited in an autosomal 
recessive fashion, except for Hunter’s disease which is 
x-linked. The most common mucopolysaccharidoses 
are Hurler, Morquio, Hunter, while the least common 
are Sanfi lippo and Maroteaux-Lamy disease. The life 
span of these patients is variable, but is now improved 
with the availability of bone marrow transplantation 
and replacement with recombinant human enzyme 
(L-iduronidase). The skull is thick and there is doli-

chocephaly and a thick and somewhat keel-shaped 
frontal bone (these are prominent features in Hurler 
disease). Expansion of the skull may lead to multiple 
cranial nerve defi cits. Ventricular dilatation with or 
without increased intracranial pressure is common 
(Kumar et al. 1987). It is often very diffi cult to tell 
whether there is increased intracranial pressure due 
to the ventricular dilatation. The white matter may 
show abnormal T2 signal intensity and may contain 
multiple dilated peri-vascular spaces (Fig. 12.3). It is 
not clear if these peri-vascular spaces are dilated by 
the glycosaminoglycans or are part of the spectrum 
of the communicating hydrocephalus. In the author’s 
experience, their signal intensity is identical to that 
of cerebrospinal fl uid in all MR imaging sequences, 
including FLAIR and DWI. The presence of multiple 
dilated peri-vascular spaces involving the corpus cal-
losum is typical of the mucopolysaccharidoses (in 
tuberous sclerosis there are multiple dilated peri-
vascular spaces, but they almost never involve the 
corpus callosum and, when they do, they are few and 
isolated). The cortical sulci may be prominent due to 
brain atrophy, and occasionally one or more arach-
noid cysts are presumably present secondary to the 
deposition of glycosaminoglycans in the meninges. 
Little correlation, however, has been seen by the au-
thor between the patient’s clinical defi cits and the 
imaging fi ndings, that is, the brain may be severely 
involved but the patient may have only mild clinical 
manifestations of the disease.

Fig. 12.3a–c. Hunter disease. a Axial T2-weighted image shows dilated perivascular spaces in the posterior periventricular white 
matter. b Corresponding FLAIR image shows that the lesions are isointense to the cerebrospinal fl uid. c There are also dilated 
perivascular spaces in the peri-trigonal white matter and in the thalami

ba c
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12.2 
Predominantly White Matter Disorders with 
Normal Head Size

12.2.1 
Adrenoleukodystrophy

Adrenoleukodystrophy (ALD) is the most important 
peroxisomal disorder and one of the most common 
primary white matter disorders in children. The most 
common type of these disorders is inherited as an x-
linked recessive trait (Xq28) and thus it is only seen 
in males (Jensen et al. 1990). The neonatal form of 
ALD is inherited as an autosomal recessive trait and 
is very rare. Other types of the disease include the ad-
renomyeloneuropathy that affects older individuals 
and the presymptomatic ALD, in which the genetic 
defect is present but imaging and clinical abnormali-
ties are nearly absent. The affected gene in x-linked 
ALD encodes for the formation of coenzymes derived 
from the fatty acids within the peroxisomes. This 
leads to impaired oxidation of fatty acids and their 
accumulation, which is detrimental to the formation 
and stabilization of myelin, resulting in active de-
myelination and infl ammation. Very long chain fatty 
acids are not correctly metabolized and become 
elevated in serum and other tissues. The defect is 
at the level of the lignoceroyl coenzyme A ligase. 
X-linked ALD occurs in boys of 3–10 years of age 
and a vegetative state or death may occur as soon as 
2 years after the diagnosis (Snyder et al. 1991). The 
most common clinical symptoms are sensorineural 
hearing loss (90%), pyramidal tract symptoms (50%), 
visual defi cits (40%), behavioral abnormalities (33%) 
and seizures (6%). All patients will become vegetative 
within 5 years of diagnosis. The only hope for cure is 
early bone marrow transplantation.

In 80% of cases, CT and MRI show abnormalities in 
the white matter of the occipital regions, also involv-
ing the splenium of the corpus callosum and extend-
ing anteriorly (Fig. 12.4a). The location of the abnor-
malities closely correlates with the symptoms (Loes 
et al. 1994). Early in the disorder, only the corticospi-
nal tracts and/or the medial lemnisci may be affected 
(Melhem et al. 1996) (Fig. 12.4b). The anterior bor-
der of these abnormalities may enhance after contrast 
administration and this fi nding implies breakdown 
of the blood–brain barrier due to active demyelin-
ation and infl ammation (Fig. 12.4c). Pathologically, 
the following changes are seen in ALD: zone A (in-
ner zone) corresponds to scar and gliosis and shows 
no contrast enhancement and high T2 signal; zone B 

(middle zone) corresponds to infl ammation and de-
myelination with axonal preservation and shows con-
trast enhancement and high T2 signal intensity; and 
zone C (outer zone) which has active destruction of 
myelin but no infl ammation. This latter zone is very 
thin and is not clearly visualized.

Proton MR spectroscopy obtained at the level of 
the disease front (zones B and C) shows signifi cant 
elevation of the choline secondary to the presence 
of infl ammatory cells. On MR spectroscopy, NAA 
(a neuronal marker) is decreased, and lactate and 
lipids (from cellular breakdown) may be elevated 
(Rajnanayagam et al. 1996, 1997) (Fig. 12.4d). Peaks 
between 0.9–2.4 may be seen and are believed to be 
related to the presence of the very long chain fatty ac-
ids. Patients with an infl ammatory component have 
a more rapid and severe course and a worse progno-
sis. Diffusion-weighted images may show restriction 
of water diffusion early in the course of the disease 
(Fig. 12.4e,f). ALD rarely begins in the frontal regions. 
In the chronic stage of the disease, dystrophic calcifi -
cations may be seen in the white matter (Barkovich 
et al. 1994). This fi nding is not only unusual, but it 
is seldom seen, because CT is no longer commonly 
obtained in ALD patients.

12.2.2 
Metachromatic Leukodystrophy

Metachromatic leukodystrophy (MLD) is a lysosomal 
disorder that is characterized by a defi ciency in ar-
ylsulfatase A (or one of its cofactors) and accumula-
tion of sulfatides that are toxic to the white matter 
(Kim et al. 1997). There is lack of breakdown and 
reutilization of myelin and the sulfatides impair the 
function of macrophages and Schwann cells. The 
presence of sulfatides in urine and defi cient arylsul-
fatase A in leukocytes confi rms the diagnosis. It is 
the most common leukodystrophy and is inherited as 
an autosomal recessive trait. There is gene mutation 
in chromosome 22 but this is not present in all pa-
tients. Most patients become symptomatic between 
1–3 years of age (late infantile form). There is a less 
common juvenile form in which the patients gener-
ally present between 5–7 years of age. Death occurs 
1–4 years after diagnosis. Bone marrow transplanta-
tion has been tried with varying degrees of success. 
On imaging studies, the white matter is diffusely af-
fected but the subcortical u-fi bers are spared (Kim 
et al. 1997). The pattern of involvement is periven-
tricular, bilateral and symmetrical (‘butterfl y’ pat-
tern) (Fig. 12.5a). The areas of high T2 signal inten-



182 M. Castillo

ba c

e gf

d

Fig. 12.4a–g. X-linked adrenoleukodystrophy. a Axial FLAIR image shows increased abnormal signal intensity in the occipi-
toparietal white matter and crossing the callosal splenium. b In the same patient, a FLAIR image shows symmetrical hyperin-
tensities in the region of the lateral lemnisci. c Post contrast T1-weighted image at same level as (a) shows enhancement of the 
periphery of the lesions. d MR spectroscopy study obtained with an echo time of 135 ms shows very low NAA, high choline 
and presence of lactate. e Axial FLAIR image shows location of the voxel used for the MR spectroscopy study shown in (d). f 
In a different patient, axial trace diffusion-weighted image shows increased signal intensity in the peri-trigonal white matter 
and in the splenium of the corpus callosum. g In the same patient, there is restricted water diffusion in the region of the right 
lateral lemniscus
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sity may also be somewhat patchy in appearance. 
There is no contrast enhancement and the areas of 
abnormal T2 signal also show abnormal diffusion 
(Fig. 12.5b). The medial regions of the cerebellum 
may be involved early in the course of the disease. 
Eventually all of the brain (including corpus callosum 
and brainstem) become involved and atrophy ensues 
(Stillman et al. 1994).

12.3 
Predominantly White Matter Disorders with 
Small Head Size

12.3.1 
Pelizaeus-Merzbacher Disease

Pelizaeus-Merzbacher disease (PMD) is an x-linked 
disorder (classic form) that is characterized by the 
lack of myelin specifi c lipids leading to abnormal 
function of the oligodendrocytes and hypomyelin-
ation. It belongs to the group of disorders called 
‘sudanophilic’ leukodystrophies (Silverstein et al. 
1990). PMD presents very early in life. All of the pa-
tients seen by the author presented with abnormal 
eye movements and cerebral palsy-like symptoms. 
The patients also show developmental delay, seizures, 
spasticity and all die a few years after the initial di-
agnosis (Silverstein et al. 1990). The white matter 
never forms normally due to a defect of the gene that 
encodes for a ‘proteolipid’ protein, which is essential 
for the development of myelin. On histology, the white 
matter has a “tigroid” appearance (van der Knaap 
and Valk 1989). On imaging studies, the white mat-
ter is diffusely abnormal and the brain retains an in 
utero appearance (the abnormalities may be so dif-
fuse and symmetrical that at fi rst glance the studies 
may even be interpreted as normal) (Fig. 12.6a,b). 
There is lack of mature myelin throughout most of 
the white matter. In the later stages of the disease, 
the basal ganglia may be dark due to increased iron 
deposition. The cerebellum may be small and eventu-
ally the brain shows atrophy.

Trichothiodystrophy deserves to be briefl y men-
tioned here because the brain may show abnormali-
ties similar to those seen in PMD on MRI. These pa-
tients have ectodermal defects such as brittle hair and 
abnormal dental enamel (Wetzburger et al. 1998). 
In addition to the usual neurological fi ndings seen 
in most white matter disorders, patients with tricho-
thiodystrophy have a peripheral neuropathy and ab-
normal hearing. This disease is extremely rare.

12.4 
Osmotic Myelinolysis

Osmotic myelinolysis is an acute demyelinating 
disorder most often seen 2–3 days after the rapid 
correction of hyponatremia (<15 mmol/L), but may 
also occur in hypernatremic states or even in the 

b
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Fig. 12.5a,b. Metachromatic leukodystrophy. a Axial FLAIR 
image shows non-specifi c symmetrical periventricular abnor-
mal high signal intensity. b In a different patient, axial trace 
diffusion-weighted image shows abnormal high signal inten-
sity throughout the white matter
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absence of sodium concentration abnormalities (Ho 
et al. 1993). It is possible that rapid infl ux of water 
into the cells associated with sodium alterations re-
sults in their damage. The neurological symptoms of 
hyponatremia may be divided as follows: early stage 
(anorexia, nausea, vomiting, muscle spasm and weak-
ness), advanced stage (impaired responses to verbal 
commands and pain, bizarre behavior, hallucinations, 
obtundation, respiratory distress) and severe stage 
(decortication, bradycardia, hyper- or hypotension, 

altered temperature regulation, seizures, respiratory 
arrest and coma).

Most patients with osmotic myelinolysis are 
chronic alcoholics, have extensive burns, sepsis, 
Hodgkin disease, or other malignancies. Osmotic 
myelinolysis has a high mortality rate, but currently 
many patients survive. On imaging, most patients 
show abnormalities in the pontomedullary junc-
tion (called ‘central pontine myelinolysis’ or CPM 
for short) (Sztencel et al. 1983). Histologically, 
CPM shows acute demyelination (particularly of the 
pontine transverse fi bers), with preservation of the 
neurons and axons. Patients with CPM present with 
lethargy, cranial nerve abnormalities, problems in 
swallowing, and may progress to quadriparesis, in-
cluding a ‘lock in’ syndrome.

Imaging studies are reported as normal in up to 
85% of patients with the clinical syndrome of CPM. 
MRI shows an area of high T2 signal centered in the 
lower pons (Korogie et al. 1993; Price et al. 1987) 
(Fig. 12.7). Sometimes the lesion has a triangular 
appearance on axial images with its apex located in 
the midline and pointing forward (pontine infarcts 
may be triangular-shaped, but the lesion is nearly 
always off midline and its apex points posteriorly). 
In most patients, CPM has a nonspecifi c appearance 
and involves the entire cross section of the brain-
stem. The lesion is devoid of mass effect and con-
trast enhancement. Although the cerebellar cortex 
is affected commonly, this fi nding is not usually 
appreciated on MRI. In 10% of patients, the supra-
tentorial gray matter structures that are surrounded 

Fig. 12.6a,b. Pelizaeus-Merzbacher disease. a Axial T2-
weighted image at 3 years of age shows diffuse lack of my-
elination. b In a different patient, a T1-weighted image shows 
diffusely low signal intensity from the white matter indicating 
lack of mature myelin

Fig. 12.7. Central pontine myelinolysis. Axial T2-weighted im-
age shows a triangular-shaped area of abnormal high signal 
intensity in the mid pons

b
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by white matter may be affected (extrapontine my-
elinolysis). The regions most commonly affected are 
the lentiform nuclei and the thalami. Occasionally, 
supratentorial white matter structures such as the 
internal capsule and corpus callosum may be in-
volved. When the patients survive, a slow and grad-
ual decrease in the size of the lesions is noted on 
follow-up studies, but their lesion does not resolve 
completely (Rosenbloom et al. 1984).

12.5 
Predominantly Gray Matter Disorders

12.5.1 
Eff ects of Liver Failure and Parenteral Nutrition

It is well known that hepatic insuffi ciency will lead 
to abnormalities on brain MR imaging. T1 weighted 
images show increased signal intensity in the caudate 
nucleus, tectum (particularly the inferior colliculi), 
globus pallidus, putamen, subthalamic nucleus, red nu-
cleus, adenohypophysis, and substantia nigra (Etsuo 
et al. 1991). The abnormalities are bilateral, symmetri-
cal, and of homogenous signal intensity; there are no 
corresponding abnormalities on T2 weighted images 
and CT scans are normal. The MR imaging fi ndings 
are believed to be due to increased amounts of man-
ganese (Mn) and other factors leading to shortening 
of the relaxation time. Increased plasma levels of Mn 
may be found in chronic liver failure, patients receiv-
ing long-term parenteral nutrition, and occupational 
toxicity (Krieger et al. 1995). Nearly 95% of Mn is 
excreted in bile. Manganese is involved in some enzy-
matic cell cycles, including superoxide dismutase and 
glutamine synthetase. Manganese reaches the brain 
by way of erythrocytes and plasma. Transferrin and 
albumin are its carriers in plasma. The half-life of 
blood Mn is 10–42 days, but when it reaches the brain 
it may remain there for prolonged periods of time. 
Astrocytes have specifi c transport systems for Mn. 
Manganese is neurotoxic and results in striatal dopa-
mine depletion, NMDA excitotoxicity, and oxidative 
stress (Krieger et al. 1995). Thus, Mn may play a 
role in the development of hepatic encephalopathy 
that is clinically characterized by pyramidal and ex-
trapyramidal dysfunction, brisk tendon refl exes, and 
tremors. The concentration of Mn in the pallidus of 
cirrhotic patients is three-fold higher compared to 
controls (Pomier-Layrargues et al. 1995). The fre-
quency of MR imaging abnormalities in the brain 

of cirrhotic patients is approximately 73% (Pomier-
Layrargues et al. 1995).

Long-term total parenteral nutrition results in 
increased T1 signal intensity in the same regions. 
These solutions are rich in Mn and lead to develop-
ment of neurological symptoms. Once the parenteral 
nutrition is discontinued, the MR abnormalities may 
reverse to normal (Fell et al. 1996). The amount of 
time required for these abnormalities to resolve is 
not clear, but most do within 1 year after cessation 
of parenteral nutrition (Mirowitz and Westrich 
1992). T1 hyperintensity in the adenohypophysis 
and dorsal brainstem due to total parenteral nutri-
tion may revert to normal 4 months after treatment is 
discontinued (Okamoto et al. 1998). Similar fi ndings 
are noted in patients following liver transplantation 
(Krieger et al. 1995). Although the clinical and im-
aging abnormalities are reversible in adults, its long-
term effect on the child’s brain is not known.

Other MR techniques may be more sensitive to the 
effects of liver disease on the brain than just imag-
ing. Magnetization transfer contrast ratios are abnor-
mal not only in the previously named brain regions 
but also in the white matter (Iwasa et al. 1999). With 
liver failure there is an increased proliferation of 
Alzheimer type II astrocytes in the affected brain re-
gions. The etiology for the proliferation of these cells 
may be hyperammonemia. These cells are character-
ized by cytoplasmic hypertrophy and increased wa-
ter content. This relatively large amount of water may 
decrease magnetization transfer by virtue of protein 
dilution. Repeated episodes of hepatic failure may 
lead to the development of acquired (non-Wilsonian) 
hepatocerebral degeneration. The clinical symptoms 
are permanent and death commonly follows. By 
imaging, these patients no longer show the typical 
T1 hyperintensities in the basal ganglia described 
above for chronic hepatic encephalopathy. Patients 
with acquired hepatocerebral degeneration show in-
creased T2 signal intensity, particularly in the middle 
cerebral peduncles (Lee et al. 1998). These zones cor-
respond to spongiform myelinolytic changes, most 
likely the sequelae of ischemia. These changes are not 
secondary to osmotic myelinolysis.

12.5.2 
Bilirubin Encephalopathy

Kernicterus is now a rare disorder and most cases 
are the result of isoimmunization to Rh factor or 
from ABO blood group incompatibility. As such, it 
is almost always a disease of neonates (Rorke 1998). 
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Later in life, most cases are due to genetic, hemato-
logic, or liver diseases, such as defects of glucose-
6-phosphate-dehydrogenase, Crigler-Najjar disease, 
Gilbert disease and in rare cases secondary to breast 
feeding or severe sepsis. In kernicterus, the liver is 
unable to conjugate bilirubin. The enzyme uridine-
diphosphate glucuronyl transferase does not func-
tion well and albumin-bound (insoluble) bilirubin 
cannot be deconjugated into bilirubin diglucuronide 
or “water soluble” bilirubin. Initially the child appears 
hypotonic, then he/she becomes hypertonic, and af-
ter approximately 1 week the hypotonia returns. On 
gross brain examination, there is yellow staining of 
the globus pallidus, mammillary bodies, subthalamic 
nuclei, and the indusium griseum. In the brainstem, 
the substantia nigra and some of the cranial nerve 
nuclei may be involved (Rorke 1998).

The histological fi ndings are identical to those 
caused by hypoxia and/or hypoglycemia and refl ect 
tissue necrosis. Surrounding infl ammatory changes 
are common. MR imaging has been used to evalu-
ate mostly the sequelae of kernicterus (Erbetta et 
al. 1998). During the chronic stage there is increased 
T2 signal intensity in the globus pallidus and in the 
cerebellar dentate nucleus. These structures are also 
atrophic (Fig. 12.8). Acutely, babies with kernicterus 
may show increased T1 signal intensity in the basal 
ganglia without corresponding T2 weighted abnor-
malities. I believe that this fi nding is probably related 
to acute hepatic insuffi ciency and may be similar to 
that seen in adults with chronic liver disease.

12.5.3 
Wilson Disease

Wilson disease is a genetic disorder of copper me-
tabolism that is characterized by failure to incorpo-
rate copper into ceruloplasmin in the liver, failure to 
excrete copper by the liver into the bile, and toxic ac-
cumulation of copper in multiple organs (Albernaz 
et al. 1997). The defect has been mapped on chromo-
some 13 q14.3. In addition, concentrations of other 
heavy metals such as zinc, iron, silver, and aluminum 
are also increased. The genetic defect is localized to 
13q 14.3 and several mutations have been described 
(Albernaz et al. 1997). Most children present with 
hepatic failure while most adults present with neu-
rological symptoms. Accumulation of copper within 
Descemet’s membrane results in the Kayser-Fleischer 
rings. Accumulation of copper in the lens results in 
the rare “sunfl ower” cataracts. Pathologically there 
is cell loss and cavitation in the lentiform nucleus. 
Copper concentration at these sites is markedly in-
creased. Other regions involved include the thalamus, 
subthalamus, red nucleus, substantia nigra, dentate 
nucleus, and the brainstem. Microscopically, these 
regions contain large cells with small nuclei (termed 
Opalski cells) and these are thought to be typical 
for Wilson disease. Similar to effects of other liver 
disorders on the brain Alzheimer type II cells are 
also found in the affect areas. The brain is diffusely 
atrophic.

MR imaging shows abnormalities even in absence 
of clinical neurological fi ndings. The paramagnetic 
effects of copper are visible by MR imaging only in 
untreated patients (Magalhaes et al. 1994). Basal 
ganglia lesions are most often bilateral and sym-
metrical. The putamina shows striking increase in 
T2 signal intensity (Fig. 12.9a). This is present to a 
lesser degree in other deep gray matter structures. 
Thalamic lesions are often present but typically spare 
the dorsomedial nuclei. White matter tracts includ-
ing the dentatothalamic, corticospinal, and pontocer-
ebellar tracts are commonly involved. The claustrum 
may show high T2 signal intensity. The midbrain is 
bright on T2 weighted images with relative sparing 
of its deep nuclei giving rise to the so-called Panda 
sign (Albernaz et al. 1997) (Fig. 12.9b). Although it 
seems attractive to postulate that high copper concen-
trations are responsible for the MR imaging fi ndings, 
this is probably not true. Copper results in T1 and T2 
shortening, thus the imaging fi ndings in Wilson dis-
ease are probably secondary to spongy degeneration, 
cavitation, neuronal loss, and reactive astrocytosis. 
There is a correlation between the clinical and MR 

Fig. 12.8. Effects of liver failure. Axial T1-weighted image 
shows increased symmetrical signal intensity in the lentiform 
nuclei
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imaging fi ndings. An abnormal appearing striatum 
correlates with pseudoparkinsonism, an abnormal 
dentatothalamic tract with cerebellar signs, and an 
abnormal pontocerebellar tract with pseudopar-
kinsonism. The presence of portosystemic shunting 
may correlate with abnormalities seen in the glo-
bus pallidus. The abnormal T2 signal intensity may 
improve after copper trapping therapy (King et al. 
1996). Contrast enhancement is rare but may be seen 
when patients are receiving treatment with penicilla-
mine. Positron emission tomography shows diffusely 
reduced glucose metabolism particularly marked in 
the caudate nucleus, frontoparietal cortex, and lenti-
form nucleus (van Wassenaer-van Hall et al. 1996; 
Engelbrecht et al. 1995). These fi ndings correlate 
with the severity of the disease and may be reversed 
following adequate therapy (Hawkins et al. 1987).

12.5.4 
Disorders of Iron Metabolism That May Involve 
the Brain

Although the disorders involving iron metabolism 
are relatively common (particularly those related to 
iron defi ciencies), their effects on the CNS are few. 
It is well known that anemia related to chronic and 
debilitating disorders such as AIDS may result in a 
spine that appears hypointense on T1 weighted MR 
imaging. This is presumably due to a compensatory 
mechanism that leads to storage of iron in the bone 
marrow. The presence of iron results in a diffuse hy-
pointense appearance of the bone marrow (Kuwert 
et al. 1992).

Disorders of iron overload are less common than 
anemias, but occasionally give rise to interesting, al-
beit uncommon, imaging fi ndings. Iron overload oc-
curs when the iron-binding capacity of transferrin is 
exceeded or when an increased catabolism of eryth-
rocytes leads to accumulation of iron in the reticulo-
endothelial and organ cells. Patients with hereditary 
hemochromatosis have an increased iron intestinal 
absorption. In the brain, iron is deposited in the 
pituitary gland and may give rise to abnormal and 
low endocrine functions. In these patients adenohy-
pophysis may appear as an area of very low or no 
signal in both T1 and T2 weighted images (Cordato 
et al. 1998). In a recent article, a ratio of the signal 
intensity of the pituitary gland to fat was correlated 
with gland function (Geremia et al. 1989). These au-
thors found that reductions in this ratio correlated 
with hypogonadotropic hypogonadism and higher 
ferritin levels. In addition, in these patients the 

Fig. 12.9a–c. Wilson disease. a Axial FLAIR image shows low 
signal intensity from the globi pallidi and abnormal high sig-
nal intensity from the lateral putamina. b In the same patient, 
there is abnormal high signal intensity in the peri-aqueductal 
region in the midbrain. c Long echo time MR spectroscopy 
shows mildly decreased N-acetyl aspartate
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liver is damaged and the brain may show fi ndings 
related to chronic hepatic encephalopathy. African 
iron overload (Bantu siderosis) is due to increased 
ingestion of iron and also may lead to liver failure. 
Juvenile hemochromatosis is nearly identical to the 
hereditary type but manifests earlier in life and most 
patients die young due to heart failure (Sparacia et 
al. 1999). Transfusional siderosis occurs only after 
chronic and repeated whole blood transfusions and 
is more commonly seen in cancer patients and indi-
viduals with sickle cell anemia. Aceruloplasminemia 
is different from Wilson disease (see above) in that 
ceruloplasmin is completely absent, not just low 
(Sparacia et al. 2000). Ceruloplasmin has ferroxi-
dase action that is partly responsible for the release 
of iron from many cells. In the absence of cerulo-
plasmin, iron accumulates in the basal ganglia and 
dentate nuclei of the cerebellum, and gives rise to 
progressive extrapyramidal signs, cerebellar ataxia, 
and eventually dementia.

Hallervorden-Spatz disease (HS) and Friedreich’s 
ataxia are also related to iron overload and degen-
erative brain disease. Little is known about the bio-
chemical abnormalities of HS but it has been linked 
to an abnormality in chromosome 20p12.3-p13. Large 
amounts of iron are deposited in the globus pallidus 
and pars reticulata of the substantia nigra (Sparacia 
et al. 2000). Iron deposition leads to axonal swelling 
and decreased myelin thickness. Microscopy demon-
strates the presence of abnormal, spherical bodies 
that contain superoxide dismutase and are believed 
to be typical for HS. Eventually, these regions of the 
brain are destroyed. Patients with HS demonstrate 
dystonia, muscle rigidity, hyperrefl exia, and choreo-
athetosis. Mental retardation is variable and death oc-
curs 1–2 years after the diagnosis. Because laboratory 
fi ndings are non-specifi c, the combination of clinical 
symptoms and imaging fi ndings are used to establish 
a diagnosis. The fi ndings on CT scanning are non-
specifi c and MR is the imaging method of choice. 
Initially, only hypointensity (more pronounced on 
T2 than on T1 weighted sequences) is seen in the glo-
bus pallidus. When gliosis ensues, the globus pallidus 
becomes hyperintense on T2 weighted images but re-
mains surrounded by hypointensity. This represents 
the so-called eye of the tiger sign and is said to be 
characteristic for HS.

Friedreich’s ataxia (FA) is a rare autosomal re-
cessive disorder. It is part of the hereditary ataxic 
syndromes and will be discussed here because of 
its possible relation to abnormal iron metabolism. 
In 97% of patients it is caused by an abnormality 
located in chromosome 9, which encodes a protein 

called frataxin which has been localized in the mi-
tochondria, although its function is unknown (Berg 
et al. 2000). Increased iron deposition is found in the 
heart, liver and spleen in a pattern consistent with a 
mitochondrial location. There is iron accumulation, 
mitochondrial respiratory chain dysfunction and mi-
tochondrial DNA depletion. The spinal cord is patho-
logically atrophic with damaged white matter tracts. 
The lumbar and sacral nerves are also atrophic. The 
cerebellar cortex and the brainstem may also show 
atrophy. Atrophy of the gray matter in the central 
sulcus is occasionally evident on gross and imaging 
examinations. 

12.5.5 
Hypoglycemia and Hyperglycemia

Most cerebral insults due to hypoglycemia occur 
in young children. Oxygen and glucose are the ma-
jor substrates needed for normal brain metabolism 
and absence of either of both leads to signifi cant 
injury. Hypoglycemia uncommonly affects the neo-
natal brain, which is normally fairly resistant to it. 
Acute symptoms of hypoglycemia include jitteri-
ness, seizures, and vomiting (Hermann et al. 2000). 
Hypoglycemia is diagnosed when the whole blood 
glucose concentration falls below 20 mg/dl in pre-
term babies, 30 mg/dl in term babies, and 45 mg/dl 
in adults. Sequelae of hypoglycemia are mental re-
tardation, spasticity, visual abnormalities, and mi-
crocephaly. In neonates, hypoglycemia leads to dif-
fuse edema and infarctions. Typically, the occipital 
regions are affected more severely but the basal 
ganglia may also be involved (Bradley et al. 2000) 
(Fig. 12.10). The reason for this is not clear, but it 
may be related to the fact that in neonates the visual 
cortex is relatively more mature and metabolically 
more active than other regions, as during the neo-
natal period it experiences intense axonal migration 
and synaptogenesis (Spar et al. 1994). Other reasons 
include diffuse hypoxia secondary to heart failure, 
loss of cerebral vascular autoregulation, and excit-
atory toxicity (Aslan and Dinc 1997). Although the 
gray matter is especially affected, the occipital white 
matter and posterior thalamus may also be injured. 
Chronically, the cortex of the occipital lobes becomes 
thin, malacia develops, and these fi ndings correlate 
with visual abnormalities. In adults, hypoglycemia 
may also induce occipital infarctions in addition to 
infarctions elsewhere (which are generally multiple), 
laminar necrosis, and transient imaging abnormali-
ties.
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Hyperglycemia also has adverse affects on the 
CNS. Hyperglycemia may lead to increases in cere-
bral lactic acid, which may damage the brain primar-
ily or worsen the outcome of patients with underlying 
infarctions. A typical manifestation, and at times the 
initial one, of hyperglycemia is hemichorea-hemi-
ballism (HH). The clinical manifestation of HH are 
random and fast jerking motion in the distal extremi-
ties (chorea) and violent fl inging and kicking, mainly 
involving the proximal joints (ballismus) (Kinnala 

et al. 1999). In these patients, CT shows high den-
sity conforming to one lentiform nucleus and the 
head of the ipsilateral caudate nucleus (Fig. 12.11a). 
These regions are of increased signal intensity on 
MR T1 weighted images, and T2 weighted images are 
normal or show only slightly high T2 signal intensity 
(Fig. 12.11b,c). Occasionally, the ipsilateral cerebral 
peduncle may also show T1 hyperintensity in its an-
teromedial region (Kinnala et al. 1999). Hemorrhage 
and/or calcifi cations have not been reported in HH 
and the fi ndings are thought to be due to the presence 
of gemistocytes. MR spectroscopy obtained from the 
region of T1 signal intensity abnormality demon-
strates elevated lactic acid and decreased creatine. 
These features have been interpreted as being due to 
depletion of energy leading to neuronal malfunction. 
Although the above described MR abnormalities 
are fairly typical for HH, they have also been noted 
in a patient with lupus erythematosus and chorea 
(Barkovich et al. 1998).

12.6 
Disorders Aff ecting Gray and White Matter

12.6.1 
Mitochondrial Disorders

Mitochondrial encephalopathies are relatively rare 
disorders involving a defect in the oxidative respira-

Fig. 12.10. Hypoglycemia. Axial T2-weighted image shows 
infarctions in the territories of both middle and the left pos-
terior cerebral arteries

Fig. 12.11a–c. Hemiballismus, hemichorea in hyperglycemia. a Axial CT image shows increased density in the left basal ganglia. 
b In a different patient, axial T1-weighted image shows increased signal intensity in the left putamen. c Corresponding T2-
weighted image shows subtle high signal intensity in the same location
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tory mechanism (usually due to impaired production 
of adenosine triphosphate) that leads to accumula-
tion of lactic acid. Lactic acid may then be detected 
in serum or in the CSF on laboratory studies or by 
proton MR spectroscopy (Shan et al. 1998). Although 
most patients begin to have symptoms during child-
hood, some may present when they are adults. Most 
mitochondrial disorders affect the skeletal muscles 
and brain and as such most present with weakness 
and seizures (due to ischemia) (Kashihara et al. 
1998). Mitochondrial disorders and organic acidurias 
share many biochemical and clinical features. The 
most common mitochondrial disease is MELAS (mi-
tochondrial myopathy, encephalopathy, lactic acido-
sis, and strokes) that results in large non-territorial 
cerebral infarctions (including the basal ganglia and 
thalami) (Castillo et al. 1995) (Fig. 12.12). It more 
commonly manifests during the second decade of life, 
and strokes are the result of impaired function of the 
muscle in the walls of cerebral arteries. Pathologically 
there is spongy degeneration, neuronal loss, gliosis, 
and microcystic liquefaction in the affected regions.

MERFF is characterized by myoclonic epilepsy and 
its imaging fi ndings are identical to those described 
for MELAS. Leigh disease (subacute necrotizing en-
cephalomyelopathy) is due to pyruvate and cyto-
chrome C oxidase defi ciencies (Allard et al. 1988). 
This disease is usually diagnosed during the fi rst year 
of life. It produces abnormalities in the basal ganglia, 

the periaqueductal gray matter, and the subcortical 
white matter (Kim et al. 1996) (Fig. 12.13a,b).

Kearns-Sayre syndrome is characterized by ab-
normalities in the basal ganglia and in the white 
matter (which are extensive) (Medina et al. 1990). 
The typical clinical fi ndings in these patients are oph-
thalmoplegia and cardiac conduction abnormalities. 
Pathologically there is capillary proliferation, necro-
sis, vacuolization, and demyelination of the affected 
areas. The MR imaging fi ndings are extensive and in-
clude involvement of all deep gray matter structures 
(high T2 signal intensity) and extensive increased 
T2 signal in the white matter.

Fig. 12.12. Mitochondriopathy of the MELAS type. Axial trace 
diffusion-weighted image shows acute infarction confi ned 
mostly to the left lentiform nucleus

Fig. 12.13a,b. Mitochondriopathy of the Leigh type. a Axial 
T2-weighted image shows abnormal high signal intensity in 
all of the white matter and in the medial lentiform nuclei and 
thalami. b In the same patient, axial trace diffusion-weighted 
image shows increased signal intensity in the peri-aqueductal 
region of the midbrain

b
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12.6.2 
Amino Acidurias

Although amino acid disorders are not true leukodys-
trophies, they affect predominantly the white matter. 
In these disorders there is an abnormal formation 
of proteolipids that are needed to form normal my-
elin. The most common disorders in this group are: 
phenylketonuria (PKU) (non-specifi c white matter 
changes and atrophy on MR imaging), maple syrup 
disease (white matter and basal ganglia shows high 
T2 signal on MR imaging), homocystinuria (strokes 
and arterial occlusions on MRI and MRA respec-
tively), and glutaric (dilated sylvian fi ssures and in-
creased T2 signal in the basal ganglia and thalami), 
methylmalonic, and propionic acidurias (both show 
increased T2 signal in the deep gray matter structures 
and hemispheric white matter) (Paltiel et al. 1987; 
Demange et al. 1989; Shaw et al. 1991; Brismar et 
al. 1990b; Ruano et al. 1998; Brismar and Ozand 
1995; Hald et al. 1991). Because of the neonatal 
screening for PKU mandated by law, this disorder 
is no longer as severe as it used to be. Patients with 
PKU are promptly started with a special diet and 
the imaging fi ndings are mild (Paltiel et al. 1987). 
Glutaric aciduria type 1 (type 2 is very rare) is the 
one that classically results in cyst formation in the 
regions of the sylvian fi ssures (some believe that 
these are arachnoid cysts while others believe that 
they are the refl ection of underlying temporal lobe 
hypoplasia), white matter abnormalities, and basal 
ganglia abnormalities (Brismar et al. 1990b; Ruano 
et al. 1998) (Fig. 12.14a,b). Methylmalonic acidemia 
results in extensive white matter abnormalities and 
characteristically high T2 signal intensity in the 
globi pallidi (Brismar and Ozand 1995; Hald et al. 
1991). The fi ndings in propionic aciduria are similar 
to those seen in methylmalonic aciduria (Brismar 
and Ozand 1995). Many of these disorders will show 
a dramatic improvement on MRI after a few weeks of 
treatment. The myelination milestones are delayed in 
all of these disorders. Proton MR spectroscopy gener-
ally shows several peaks between 1.5 and 2.5 parts per 
million (ppm) which are thought to represent abnor-
mal accumulation of amino acids and low NAA. In 
my opinion, it is extremely diffi cult to suggest these 
diagnoses based on imaging fi ndings.

Fig. 12.14a,b. Glutaric aciduria type 1. a Axial CT shows prom-
inent sylvian fi ssures and low density from the periventricular 
white matter and putamina. b Axial T2-weighted image in a 
different patient shows wide sylvian fi ssures and high signal 
intensity in the white matter and basal ganglia bilaterally

b

a
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13.1 
Introduction

The advent of magnetic resonance (MR) imaging 
(MRI) has revolutionized the clinical approach to 
the evaluation of the metabolic disorders affecting 
the cerebral white matter and has contributed signifi -
cantly to the expansion of these diseases. The clinical 
importance of MRI in the management of patients 
with metabolic disorders lies in its great sensitivity 
for detecting brain white matter lesions. However, in 
these disorders the detected lesions can be due to a 
variety of pathological processes and can be associ-
ated with many different types of myelin abnormality 
(demyelinization, hypomyelinization, myelin rarefac-
tion, etc.) (Kolodny 1993).

On clinical grounds, the diagnostic work-up of a 
given metabolic disease is particularly challenging. 
This is due to both extreme variability of the clinical 
picture and heterogeneity of the underlying pathol-
ogy. Unfortunately, the white matter lesions detected 
on MRI are often not characteristic enough to allow 
the diagnosis of these complex disorders (van der 
Knaap et al. 1991). Lack of specifi city of conventional 
MRI and its limitations in analyzing the nature of the 
lesions can account, at least in part, for the signifi cant 
amount of patients with focal or diffuse white matter 

pathology that cannot fi t the criteria for any defi ned 
disorder (van der Knaap et al. 1991; Schiffmann 
and van der Knaap 2004).

In recent years, nonconventional MR techniques 
have been used to complement conventional MRI and 
overcome some of its limitations. Among these, MR 
spectroscopy (MRS) techniques have proven to offer 
additional information and have been particularly 
useful in patients with metabolic disorders as they 
can simultaneously provide chemical-pathological 
correlates of changes occurring within and outside 
visible MRI lesions. Thus, an expanding number of 
research groups have been using single-voxel pro-
ton MRS and multivoxel MR spectroscopic imaging 
(MRSI) in vivo to study patients with metabolic dis-
orders involving the cerebral white matter (Arnold 
and Matthews 1996; de Stefano et al. 2000b; van 
der Knaap 2001). These MRS techniques have dem-
onstrated to increase diagnostic accuracy and the 
understanding of the evolution of pathology in many 
leukoencephalopathies. However, the increasing use 
of proton MRS techniques in white matter diseases 
also has revealed that most of the metabolic changes 
detected in these disorders are not disease-specifi c. 

Metabolic changes of several white matter pa-
thologies as detected by proton MRS techniques and 
their clinical interpretation are reported below. As 
mentioned before, the group of white matter diseases 
with inherited or acquired metabolic abnormalities 
is very heterogeneous and includes pathologies with 
different pathogenesis. Here, we will simply give an 
overview on MRS changes of the most frequently 
studied metabolic disorders affecting the cerebral 
white matter. 

13.2 
Proton MRS Changes in Demyelinating and 
Dysmyelinating Diseases

Myelinogenesis is a complex process that can be al-
tered by various hereditary metabolic defects result-
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ing in disorders that are generically grouped under 
the term of leukodystrophies. This congenital failure 
in myelinogenesis is comprehensive of several mecha-
nisms of myelin disruption such as hypomyelination, 
demyelination, myelin rarefaction, etc., and is due to 
very different genetic and biochemical abnormalities, 
most of which are still undefi ned (Kolodny 1993).

Proton MR spectra of the normal human brain 
at long echo time reveal four major resonances: a 
large signal from N-acetyl groups [mainly N-acetyl 
aspartate (NAA)], a smaller resonance from choline-
containing phospholipids (Cho), a resonance from 
creatine and phosphocreatine (Cr), and a doublet 
from lactate (Lac) (Arnold and Matthews 1996). 
Excellent spectra also can be obtained using short 
echo time measurements, which allow the detection 
of a greater number of metabolites [including lipids 

and myo-inositol (mI)] (Arnold and Matthews 
1996).

Changes in all of these metabolites can be seen 
within demyelinating lesions since the very early 
phase of the pathological process (de Stefano et 
al. 1995a) (Fig. 13.1a). Changes in the resonance in-
tensity of Cho result mainly from increases in the 
steady state levels of phosphocholine and glycerol-
phosphocholine, both membrane phospholipids 
released during active myelin breakdown. Increases 
in Lac are likely to refl ect the metabolism of infl am-
matory cells. In large, acute demyelinating lesions, 
decreases in Cr can also be seen (de Stefano et al. 
1995a). Short echo time spectra give evidence for 
transient increases in mI (Koopmans et al. 1993) 
and lipids (Narayana et al. 1998), also released dur-
ing myelin breakdown.

Fig. 13.1a,b. Conventional brain MRI in transversal orientation and spectroscopic images of myo-inositol (mI), choline (Cho), 
creatine (Cr), N-acetylaspartate (NAA) and lactate (Lac) of a patient with a single giant demyelinating lesion during acute (a) 
and chronic (b) stages. a During the acute stage, images of the different metabolites show focal increases in mI, Cho and Lac and 

��

a

b
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decreases in NAA and Cr that co-localize with the MRI lesion. b The examination performed 15 months later shows a reduction 
of the MRI lesion and normalization of mI, Cho, Cr and Lac metabolic images. NAA shows a partial recovery

After the acute phase, metabolic modifi cations in 
the demyelinating lesion show a variable time course 
(de Stefano et al. 1995a) (Fig. 13.1b). Usually, reso-
nance intensities of Cr and lipids return to normal 
within a few days. At this stage, small changes in Cr, 
due to changes in cellularity, can be found inside the 
demyelinating lesion (Davies et al. 1995). Resonance 
intensities of Lac show a progressive reduction over 
a period of weeks, whereas Cho and mI return to 
normal in months. The signal intensity of NAA re-
mains decreased or may show a partial recovery (de 
Stefano et al. 1995b). Recovery of NAA may be re-
lated to resolution of edema, increases in the diam-
eter of previously shrunken axons that are secondary 
to remyelination and clearance of infl ammatory fac-
tors, and reversible metabolic changes in neurons (de 
Stefano et al. 1995b).

In slowly progressive disorders, such as many leu-
kodystrophies, the loss of myelin can be very slow 
and released membrane phospholipids might not ac-
cumulate. Thus, MRS changes such as those detected 
in acute demyelination are not seen. In some cases, 
however, (i.e., adrenoleukodystrophy, Krabbe dis-
ease) the high membrane turnover may cause long-
term increases in Cho (Kruse et al. 1993; de Stefano 
et al. 2000a). In contrast, a decrease in Cho that is sec-
ondary to hypomyelination or vacuolar myelinopa-
thy can be detected in spongiform leukoencephalop-
athies (van der Knaap et al. 1995, 1997; Austin et al. 
1991; Grodd et al. 1990) or mitochondrial disorders 
(Matthews et al. 1993). 

A number of brain MRS studies of patients with 
white matter disorders have also shown changes in 
the relative resonance intensity of mI. The function 
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of mI in the human brain is not clear, but increases 
of this metabolite seem to be related to the presence 
of white matter gliosis and appear consistently in 
disorders associated with impaired myelination such 
as adrenoleukodystrophy, metachromatic leukodys-
trophies, phenylketonuria and Zellweger syndrome 

(Bruhn et al. 1992; Johannik et al. 1994; Kruse et al. 
1993; Tzika et al. 1993). 

Finally, a constant fi nding of all metabolic dis-
orders affecting the brain white matter is the large 
decrease in cerebral NAA (de Stefano et al. 2000b) 
(Fig. 13.2). As NAA is found almost exclusively in neu-

Fig. 13.3. Conventional brain MRI in transversal orientation (central-left panel) and spectroscopic image of lactate (La) rela-
tive to a patient with mitochondrial encephalopathy with lactic acidosis and stroke-like episodes during an acute attack of the 
disease (central-right panel). The grid of the spectroscopic volume of interest is shown in the transverse MRI. The conventional 
MR image shows the hyperintense signal in the right occipital region due to the recent stroke-like episode. Proton spectra from 
a voxel localized in the stroke-like region (circle) and in a homologous voxel of the contralateral hemisphere are also shown 
(square). The proton spectrum from a voxel localized to the stroke-like region shows a large decrease in N-acetylaspartate (NAA) 
and a striking increase in lactate. These changes are not found in the homologous voxel of the contralateral hemisphere

Fig. 13.2a,b. Conventional brain MRI 
in transversal orientation (a) and spec-
troscopic image of N-acetylaspartate 
(NAA) (b) of a patient with unknown 
leukoencephalopathy. The volume of 
interest of the multivoxel spectroscopic 
examination is shown in both images. In 
the metabolic image of NAA (b), note 
the decreases of the metabolite co-local-
ized (1) with the white matter abnor-
malities on conventional MRI

a b
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rons and their processes in mature brains decreases 
in this metabolite are interpreted as an index of axo-
nal damage (Matthews et al. 1998; Bjartmar et al. 
2002). This is most likely due to a secondary axonal 
dysfunction and/or loss, suggestive of the relevance 
of neuro-axonal damage in both demyelinating and 
dysmyelinating disorders. Recent studies suggest that 
NAA may provide a surrogate measure that can be 
relevant to clinical disability in patients with several 
white matter disorders (de Stefano et al. 2000b). 

13.3 
Diagnostic-Specifi c MRS Changes in 
WM Disorders

As already mentioned, most of the metabolic changes 
detected in white matter disorders are not disease-
specifi c. However, in some specifi c circumstances, 
proton MRS can offer information useful for the dif-
ferential diagnosis beyond what is currently available 
in routine clinical use or can even provide typical 
brain metabolic patterns characteristic of a given 
disorder.

As proton MRS can provide a specifi c and accu-
rate interpretation of the pathological processes un-

derlying the white matter lesions, this can be used to 
differentiate brain lesions appearing similar on MRI. 
Different pathophysiology might be seen, for exam-
ple, in hypoxic-ischemic white matter lesions with a 
complex pathogenesis existing in rare metabolic con-
ditions such as mitochondrial encephalopathy with 
lactic acidosis and stroke-like episodes (MELAS) 
(Dubeau et al. 2000). Patients with MELAS can show 
very large increases in levels of brain parenchymal Lac 
in the area of the acute stroke (Fig. 13.3). Also, large 
increases in brain parenchymal Lac can be found in 
the brain tissue even in patients without history of 
acute ischemic attack (Fig. 13.4). Thus, proton MRS 
fi ndings can allow for an accurate differentiation of 
this maternally inherited condition from any other 
acute and chronic cerebrovascular disorders.

In other very rare metabolic disorders such as eth-
ylmalonic encephalopathy (Grosso et al. 2004) and 
cerebrotendinous xanthomatosis (de Stefano et al. 
2001), the fi ndings of diffuse brain mitochondrial im-
pairment have strongly contributed to the interpre-
tation of the complex pathogenetic mechanisms of 
these disorders. In the fi rst case (Grosso et al. 2004), 
the diffuse MRS increase in brain Lac detected in a 
multi-voxel MRSI study (Fig. 13.5) was underlying 
a primary mitochondrial disorder, as later demon-
strated by biochemical and genetic studies (Coburn 

Fig. 13.4a,b. Conventional MRI of two el-
derly patients (over 70 year of age) with 
hypertension, loss of memory, previous 
cerebral transitory ischemic attacks (a, 
b) and their proton MR spectra com-
ing from voxels localized to the deep 
periventricular white matter (square 
and circle, respectively). The volume of 
interest of the multi-voxel spectroscopic 
examination is shown in both images. In 
both patients, conventional MRI shows 
periventricular lesions suggestive of 
leukoaraiosis. In one patient (right), 
there is high resonance intensity of lac-
tate (LA) in the proton spectrum. This 
patient was subsequently diagnosed 
as having MELAS (mitochondrial en-
cephalopathy with lactic acidosis and 
stroke-like episodes), despite a stroke-
like episode never being reported in the 
clinical history. The other patient (left) 
does not show changes in lactate reso-
nance intensity and was subsequently 
diagnosed as having initial cerebrovas-
cular dementia
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2004). In the latter condition (de Stefano et al. 2001), 
single-voxel proton MRS data (Fig. 13.6) add to mor-
phological and biochemical evidence of mitochon-
drial dysfunction (Federico et al. 1991; Dotti et al. 
1995) (probably secondary to the toxic effect of high 
cholestanol and/or bile alcohol levels), suggesting the 
presence of a diffuse impairment of mitochondrial 
oxidative metabolism in patients with cerebrotendi-
nous xanthomatosis. 

There are also conditions in which proton MRS 
can provide typical brain metabolic patterns able to 
address the diagnosis. One example of a disease in 
which MRS provides a diagnostic pattern is a spon-
giform leukoencephalopathy known as Canavan dis-
ease. In this disorder, the defi ciency of the enzyme 
aspartoacylase (which breaks down NAA) is respon-
sible for abnormally high levels of NAA in the brain, 
which can be considered pathognomonic (Austin et 
al. 1991; Grodd et al. 1990). Another characteristic 
metabolic MRS pattern has been shown recently in 
other spongiform leukoencephalopathies such as 
megalencephalic cystic leukoencephalopathy (MCL) 

(Hanefeld et al. 1993; van der Knaap et al. 1995) 
and childhood ataxia with diffuse CNS hypomyelin-
ation (CACH, also called vanishing white matter dis-
ease) (Tedeschi et al. 1995; van der Knaap et al. 
1997). In these disorders, conventional MRI fi ndings 
of extensive white matter abnormalities with spar-
ing of central brain structures are seen together with 
a peculiar MRS pattern. This is characterized by 
the almost complete disappearance of all normally 
detected metabolites in the white matter, presence 
of small increases in Lac and sparing of gray mat-
ter that is structurally and metabolically normal. In 
MCL, although MRS abnormalities tend to be more 
pronounced with increasing age, these are generally 
mild and the frontal white matter is signifi cantly less 
involved than other white matter regions (Fig. 13.7). 
In patients with CACH disease, increases in glucose 
resonance intensities may also be present. This MRS 
metabolic profi le is perhaps due to little brain white 
matter tissue left and the great increase in extracel-
lular spaces. In both diseases, white matter increases 
in Lac resonance intensities are small and inconstant 

Fig. 13.6a,b. Single-voxel proton 
MR spectra relative to cerebral 
(a) and cerebellar (b) volume 
of interests of a normal control 
[left panels in (a) and (b)] and of 
a patient with cerebrotendinous 
xanthomatosis [right  panels in 
(a) and (b)]. Note the cerebral 
and cerebellar increases in lac-
tate in the patient’s spectra with 
respect to normal control

a b

Fig. 13.5a,b. Conventional T2-weighted MRI with the superimposed grid of spectroscopy voxels (a) and proton MR spectra 
corresponding to brain voxels located in the basal ganglia of both cerebral hemispheres (b) in a patient with ethylmalonic 
encephalopathy. Each spectrum shows large pathological signals at 1.33 ppm coming from the methyl doublet of lactate (Lac)
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suggesting that they might be due to a disturbance 
in Lac removal after accumulation of foamy macro-
phages in pathologically active areas more than to a 
primary impairment of the oxidative metabolism. In 
any case, these MRS patterns appear to be suffi ciently 
specifi c to differentiate these spongiform leukoen-
cephalopathies from other white matter disorders 
with similar clinical and radiological appearance.

As mentioned before, distinctive white mat-
ter changes can also be seen in a number of mito-
chondrial encephalopathies (Bardosi et al. 1987; 
Burgeois et al. 1992; Leutner et al. 1994; Nakai 
et al. 1994). Signifi cant decreases in Cho have been 
observed in some mitochondrial encephalopathies 
even in the absence of white matter abnormality 
on conventional MRI (Arnold and Matthews 
1996; de Stefano et al. 1995c). These are likely re-
lated to be associated vacuolar myelinopathy which 
has been described pathologically in Kearns-Sayre 
syndrome and some of its variance (Matthews et 
al. 1993). Proton MRS studies also show decrease in 
NAA and increases in Lac relative resonance inten-
sities in primitive mitochondrial encephalopathies 
(Matthews et al. 1993; Arnold and Matthews 
1996). The latter, in particular, represents an impor-
tant biochemical marker of these disorders. Lac levels 
are transiently increased in a number of acute patho-
logical conditions associated with infl ammatory cells 

(Arnold et al. 1992; Petroff et al. 1992; Arnold 
and Matthews 1996), but extensive pathological in-
creases in Lac both within and outside of MRI lesions 
may be indicative of widespread energy failure asso-
ciated with mitochondrial dysfunction (Matthews 
et al. 1993; de Stefano et al. 1995c). Accordingly, 
classical primitive mitochondrial such as pyruvate 
dehydrogenase defi ciency, Leigh’s and Kearns-Sayre 
syndromes show diffuse increases in brain parenchy-
mal Lac (Fig. 13.8). 

Other rare metabolic conditions also may provide 
diagnostic-specifi c proton MRS fi ndings. In the phe-
nylketonuria, patients show a specifi c peak due to the 
elevated phenylalanine and proton MRS can be used 
in patients with this metabolic disorder to follow the 
infl ux of phenylalanine from blood into brain tissue 
as well as to monitor the response of diet therapy 
(Kreis et al. 1995; Pietz et al. 2003). In the leuko-
encephalopathy associated with the disturbance 
of the metabolism of the polyols (van der Knaap 
et al. 1999), the diffuse decrease of all normally de-
tected metabolites is associated with the increases of 
arabitol and sorbitol in both white and grey matter 
regions. In maple syrup disease, a relatively specifi c 
broad peak is detectable at 0.9 ppm. This region of the 
spectrum is usually attributed to lipids, but in maple 
syrup disease is believed to represent resonances of 
methyl protons from branched-chain amino-acids 

Fig. 13.7a–c. Conventional FLAIR image and proton MR spectra corresponding to brain voxels located in the frontal white 
matter (a), periventricular white matter (b) and grey matter (c) in the MRI/MRSI examination performed in a patient with 
megalencephalic cystic leukoencephalopathy at 25 years of age. Loss of signals in all the metabolites normally detected with 
the long echo time multi-voxel MRSI method are evident in white matter voxels. These abnormalities are relatively mild in the 
frontal white matter (a) and more pronounced in the periventricular white matter (b). Moderate increases in Lac resonance 
intensity can be seen in both white matter regions. No abnormalities are evident in grey matter voxels (c)

a c
b



202 N. De Stefano and M. Mortilla

and branched-chain alpha-keto acids that accumu-
late as a result of defective oxidative decarboxylation 
of leucine, isoleucine and valine (Jan et al. 2003). Also 
proton MRS studies on patients with Niemann-Pick 
type C disease have shown increased resonance in-
tensity of the lipid region of the spectrum (Fig. 13.9), 
probably due, in this case, to a defective metabolism 
of cholesterol with ceramide accumulation (Sylvain 
et al. 1994; Battisti et al. 2003). In both maple syrup 
and Niemann-Pick type C disease, the abnormal 
broad peak detectable at 0.9 ppm seem to decrease 
with appropriate therapy (Jan et al. 2003; Sylvain et 
al. 1994).

Finally, specifi c metabolic syndromes have re-
cently been revealed by using proton MRS. This is 
the case of the creatine defi ciency syndromes, which 
include defects in the guanidinoacetate methyltrans-
ferase and in the arginine-glycine amidinotransfer-
ase (Stockler et al. 1994; Schulze 2003), and the 
X-linked creatine defi ciency syndrome (Bizzi et al. 
2002). In the fi rst two forms of the diseases, the Cr 
resonance intensity is undetectable in the brain on 
proton MRS, but cerebral levels of Cr do increase af-
ter creatine supplementation. In the X-linked form 
of creatine defi ciency, as the metabolic defect is due 
to the transport of creatine into the central nervous 
system, patients are unresponsive to treatment and 
the Cr resonance intensity levels are unchanged af-
ter creatine supplementation (Fig. 13.10). Another 

condition with very specifi c proton MRS spectrum is 
the unique case of a child with minor developmen-
tal delay and absence of cerebral NAA, in whom the 
most prominent peak of proton MRS at 2.02 ppm 
was undetectable (Martin et al. 2001). Both creatine 
defi ciency syndromes and the absence of NAA are 
characterized by mild or absent abnormalities on 
conventional MRI suggesting the unique potential of 
proton MRS in revealing metabolic abnormalities in 
MRI normal-appearing tissue. 

13.4 
Metabolic Changes Beyond MRI Lesions

As extensively reported in patients with multiple scle-
rosis (Fu et al. 1998), also in patients with both he-
reditary and acquired white matter disorders the de-
tection of brain metabolic changes is not restricted to 
lesions (de Stefano et al. 2000b). Metabolic changes 
in normal-appearing white matter are usually less 
severe than those found inside the lesions and mostly 
consist in decreases in NAA and increases in Lac 
and Cho. 

Because axons project through lesion volumes, any 
axonal dysfunction or loss should extend well beyond 
the borders of a lesion and into normal-appearing 
white matter, as an expression of anterograde and 

Fig. 13.8a,b. Conventional MRI with the superimposed grid of spectroscopy voxels (a) and proton MR spectra corresponding to 
brain voxels located in the basal ganglia of both cerebral hemispheres (b) in a patient with pyruvate dehydrogenase defi ciency. 
Each spectrum shows large pathological signals at 1.33 ppm coming from the methyl doublet of lactate (Lac)
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retrograde axonal degeneration. Thus, it should not 
be surprising that decreases in NAA can be observed 
beyond the borders of MS lesions as defi ned by T2-
weighted MRI. The analysis of serial multi-voxel 
proton MRSI studies from patients who present with 
large, solitary demyelinating lesions offers special op-
portunities in this respect. These studies showed that 
decreases in NAA can be seen well outside the demy-
elinating lesion (de Stefano et al. 1995a) and can be 
transiently evident even in homologous voxels of the 
hemisphere contralateral to the lesion (de Stefano 
et al. 1999).

Increases in Lac resonance intensities in the nor-
mal-appearing brain tissue represent a biochemical 
characteristic of mitochondrial encephalopathies. 
As mentioned before, Lac levels are transiently in-
creased in a number of acute pathological conditions 
associated with infl ammation (Arnold et al. 1992; 
Petroff et al. 1992), but pathological increases in 
Lac outside of MRI lesions may be indicative of wide-
spread mitochondrial impairment (Matthews et al. 
1993; de Stefano et al. 1995c).

Increases in Cho also could be detected in the nor-
mal-appearing WM in several WM conditions. This is 
the case, for example, in patients with rare, inherited 
diseases such as adrenoleukodystrophy (Kruse et al. 
1994) and adult-onset Krabbe disease (de Stefano et 
al. 2000a) (Fig. 13.11). In all of these cases, the detec-

Fig. 13.9a,b. Single voxel proton MR spectra relative to a normal control (a) and a patient with Niemann-Pick type C disease (b). 
The spectra originate from homologous large volume of interest localized above the lateral ventricles and including grey and 
white matter of both cerebral hemispheres. Note the large decrease in N-acetyl aspartate and the increase in the lactate/lipids 
signals in the patient with Niemann-Pick type C disease respect to the normal control. Increases in lipids, rare in MR spectra 
at long echo times, are interpreted as due to ceramide accumulation

a b

Fig. 13.10a–c. Proton brain MR spectra of a patient with X-
linked creatine defi ciency. The spectra show decreases in cre-
atine resonance intensity (a), which remains unchanged after 
3 months of oral creatine monohydrate supplementation at 
400 mg/kg/day (b) and after 8 months of supplementation at 
800 mg/kg/day (c). (Courtesy of Alberto Bizzi)
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tion of metabolic changes in tissue appearing nor-
mal on MRI should be interpreted as the fi rst sign of 
white matter pathology, not yet detectable by conven-
tional MRI. 

On the other hand, brain metabolic changes 
sometimes can be independent of the degree of 
abnormalities seen on conventional MRI. This can 
be found, for example, in CADASIL (cerebral auto-
somal dominant arteriopathy with subcortical in-
farcts and leukoencephalopathy) patients with mild 
and severe neurological impairment who can show 
similar white matter abnormalities on conventional 
MRI and, respectively, mild and severe brain meta-
bolic abnormalities on multi-voxel proton MRSI 
(Fig. 13.12). Similarly, a single voxel study showed 
that this is also valid in other diseases such as in 
congenital muscular dystrophy where, in a patient 

with no central nervous system impairment, the 
MRS metabolic pattern was normal despite the dif-
fuse white matter abnormalities on conventional 
MRI (Fig. 13.13). This confi rms once again the lack 
of pathological specifi city of the white matter le-
sions detected on conventional MRI and supports 
the hypothesis that brain lesions appearing similar 
on MRI may have a different pathophysiology and, 
as a consequence, different clinical relevance. In 
contrast, in both CADASIL and congenital muscular 
dystrophy as well as in other metabolic disorders 
cerebral levels of NAA correlated closely to patients’ 
clinical status (de Stefano et al. 2000b) suggesting 
that the widespread cerebral neuro-axonal dysfunc-
tion and/or loss represents the most relevant mecha-
nism of functional impairment in several metabolic 
disorders affecting the cerebral white matter.

Fig. 13.11a,b. Proton brain MRI/MRSI examination of a patient with adult-onset Krabbe disease. Conventional MRI examina-
tion show abnormally high signal localized to the motor strips of both hemispheres. The volume of interest for spectroscopy is 
shown in the transverse MRI. Proton MRSI voxels were classifi ed as inside the lesion if they were entirely fi lled with abnormal 
MRI signal (a) and as outside the lesion if there was no abnormal MRI signal within the voxel and in adjacent voxels (b). Proton 
MRSI spectra from voxels [squares in (a) and (b)] show abnormal increases in choline resonance intensities
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Fig. 13.12a,b. Proton brain MRI/MRSI examinations relative to two patients with cerebral autosomal dominant arteriopathy with 
subcortical infarcts and leukoencephalopathy (CADASIL) and mild (a) and severe (b) neurological impairment, respectively. 
Patients show similar white matter abnormalities on conventional MRI. In contrast, proton MRSI voxels localized in the deep 
white matter (squares) show metabolic changes which are independent of the degree of MRI white matter abnormalities and 
are very mild in the CADASIL patient with mild neurological impairment, and more pronounced in the CADASIL patient with 
severe clinical status

a b

Fig. 13.13a,b. Conventional MRI in transversal orientation (a) and the single voxel pro-
ton MRS spectrum of a patient with congenital muscular dystrophy (b). The volume 
of interest for spectroscopy is shown in the transverse MRI. The conventional MR 
image shows diffuse white matter hyperintensity, but the MR spectrum is normal. 
The patient, despite the diffuse cerebral white matter abnormalities, did not have CNS 
impairment
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13.5 
Conclusions

Brain MRS provides chemical-pathological infor-
mation that has the potential to improve both di-
agnostic classifi cation and management of patients 
with metabolic disorders affecting the brain white 
matter. Metabolic indices provided by proton MRS 
and MRSI could be sensitive indicators of early neu-
rological involvement, relevant to patients’ clinical 
status. A more extensive use of a combination of MR 
modalities including volumetric MRI, MRS and other 
nonconventional MR techniques might yield a more 
complete description of the dynamics responsible for 
pathological changes in this heterogeneous group of 
disorders and allow a more accurate evaluation of 
disease progression and response to therapy. A wider 
use of proton MRS techniques should be encour-
aged in clinical studies of patients with metabolic 
disorders.
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14.1 
Introduction

The conventional MRI techniques used in MS in gen-
eral are the sequences that are routinely used on a 
standard clinical MRI scanner. These typically in-
clude proton density (PD) and T2-weighted (T2W) 
spin-echo (SE) and fl uid-attenuated inversion re-

covery (FLAIR) sequences for lesion identifi cation, 
and gadolinium-enhanced T1-weighted imaging for 
identifying new lesion activity.

Despite the limitations of signal quality with the 
earliest MRI images (Young et al. 1981) of MS patients 
it was quickly recognized that MRI provided a valu-
able tool for identifying lesions within the brain that 
were similar in shape and location to plaques seen 
pathologically. Since then, MRI, both conventional 
and non-conventional techniques, has transformed 
all aspects of MS research and clinical practice.

14.2 
Technical Considerations

PD and T2W images are acquired simultaneously 
(double echo) with conventional SE techniques. 
Repetition times (TR) are long (2500–3000 ms), and 
lesion intensity increases with the longer echo time 
(TE) of the T2W (TE 80–120 ms) compared to PD 
(TE 15–40 ms) sequences (Fig. 14.1). Posterior fossa 
lesions are best seen on T2W images and periven-
tricular lesions best seen with PD images. Faster ac-
quisition sequences (fast or turbo spin echo) which 
allow additional signal averaging provide the ability 
to obtain thinner slices. This compensates for the 
occasional risk of missing smaller lesions due to the 
edge blurring associated with the shorter effective 
TE. Fast FLAIR is popular for periventricular and jux-
tacortical lesion identifi cation because of the excel-
lent suppression of cerebrospinal fl uid (CSF) partial 
volume effects (Rydberg et al. 1995). However, it may 
be less sensitive for some brainstem and spinal cord 
lesions (Filippi et al. 1996a; Gawne-Cain et al. 1997). 
Commonly used protocols range from 5 mm thick 
slices with 2.5 mm gaps to 3 mm contiguous slices. 
There is better reproducibility and slightly higher le-
sion volume detection using 3 mm rather than 5 mm 
slice thickness (Filippi et al. 1997; Rovaris et al. 
1998). The Consortium of MS Centers’ MRI Working 
Group recommends contiguous 3 mm slice thickness 
with no gap for clinical MRI protocols.



212 A. Traboulsee et al.

14.3 
Pathophysiology of MS

14.3.1 
Lesion Morphology and Distribution

Post-mortem studies have validated that the T2 le-
sions seen on MRI correlate with the typical plaques 
of MS seen on gross pathology (Stewart et al. 1986). 
The classic MRI appearance is typically multiple 
white matter lesions with periventricular predomi-
nance (Fig. 14.2). MS plaques appear as bright T2 
lesions because of the longer T2 relaxation times. 
However, the T2 lesions are not specifi c for plaque 
age, degree of myelin loss, amount of infl ammation 
and edema, or the degree of axonal loss (Barnes et 
al. 1991). Most lesions have an expanded extracellular 
space, and it is possible that T2W lesions overesti-
mate the extent of the pathology due to the edema, 
particularly with new infl ammation (Newcombe et 
al. 1991). Lipids have a relatively short T2 relaxation 
time, making them effectively invisible on conven-
tional MRI. Therefore, the lipid loss due to myelin 
sheath breakdown in demyelination probably does 
not directly contribute to the change seen on MRI. 
However, the loss of myelin lipid does create a more 
hydrophilic environment and the increased water 
content will lead to proton density increase and 
prolonged T1 and T2 relaxation times (increased in-
tensity lesions on PD/T2W and decreased intensity 
lesions on T1W sequences). Thus, other pathologies, 
such as infarcts, infection, tumors and infl ammation 
can produce similar MRI signal changes.

The most common location for MS lesions on MRI 
is periventricular and it would be unusual to have 
sparing of this region in MS. Lesions can occur in any 
CNS tissue where there is myelin, including the cor-
tex. However, most of these lesions are missed with 
conventional MRI due to similarities in signal inten-
sities of MS lesions and gray matter, and the partial 
volume effects of CSF within the adjacent sulci (Kidd 
et al. 1999). FLAIR sequences currently are preferred 
for the detection of cortical lesions (Boggild et al. 
1996). Dawson fi ngers refer to the oval, elongated 
lesions in the corona radiata and the centrum semi-
ovale. These lesions are oriented along subependymal 
veins that are perpendicular to the walls of the ven-
tricles, representing perivenular infl ammation that is 
a unique pathological feature of MS (Horowitz et 
al. 1989). These are best seen on sagittal PD/T2W or 
FLAIR images. The sagittal image is also useful for 
demonstrating lesions within the corpus callosum. 
Lesions are also often seen in the temporal lobes, at 
the gray-white matter junction (juxtacortical), brain-
stem and cerebellum. A fat-suppression technique 
improves the sensitivity to detect lesions within the 
optic nerves (Tien et al. 1991). Optic nerve involve-
ment was detected on MRI in 76% of 25 patients 
investigated, only 4 of whom had a history of optic 
neuritis (Davies et al. 1998).

Spinal cord lesions are most common in the cervi-
cal cord (Fig. 14.3) (Bot et al. 2002) and they tend to 
involve the posterior and lateral regions and occupy 
less than half the area of the cord on axial images 
(Thielen and Miller 1996). These lesions rarely ex-
tend beyond two vertebral segments (Tartaglino et 
al. 1995). Spinal cord lesions can be found in 50–90% 

Fig. 14.1a–c. PD (a), T2W (b) and FLAIR (c) axial brain images with small MS lesions

a b c
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of MS patients, and in one study of 68 patients, 38 had 
multiple lesions (56%) (Tartaglino et al. 1995).

Not all lesions are discrete on MRI. There are dif-
fuse changes throughout the normal-appearing brain 
tissues pathologically that can be investigated with 
non-conventional MRI techniques such as magneti-
zation transfer imaging (Ostuni et al. 1999), diffu-
sion-weighted imaging (Ciccarelli et al. 2001), MR 
spectroscopy (De Stefano et al. 2002), and myelin 
water imaging (Whittall et al. 2002). However, there 
can also be large, diffuse lesions visible on conven-
tional MRI with poorly defi ned boundaries (Fig. 14.4). 
These areas of dirty-appearing white matter (DWM) 

are most common around the ventricles, especially 
adjacent to the occipital horn. DWM can extend over 
several contiguous slices and was present in 17% of 
relapsing-remitting MS (RRMS) patients in one study 
(Zhao et al. 2000). The degree of tissue abnormali-
ties as determined with magnetization transfer imag-
ing within DWM appears to be intermediate between 
normal-appearing brain tissue and lesions (Ge et al. 
2003).

Fig. 14.2. Sagittal FLAIR brain image showing typical MS T2 
lesions

Fig. 14.4a,b. Dirty white 
matter (a PD image; b 
T2W image) refers to 
large diffuse areas of in-
creased T2 hyperintensity. 
Unlike typical T2 lesions, 
DWM has poorly defi ned 
borders, and often extends 
through several slices. It is 
seen in fewer than 20% of 
RRMS patients

Fig. 14.3a,b. Consecutive sagittal T2W images of MS lesions in 
the cervical spinal cord

a b

a b
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14.3.2 
Lesion Development

Serial MRI studies have provided unique insights into 
the pathogenesis of new MS lesion formation (Harris 
et al. 1991; Isaac et al. 1988; McFarland et al. 1992; 
Willoughby et al. 1989). MRI is ideally suited for 
evaluating the cycle of dynamic changes in vivo, by 
providing full coverage of the CNS in a reasonable 
time frame, and without the safety concerns of ra-
diation-based neuroimaging techniques. Perhaps the 
greatest impact of several MRI natural history studies 
is a better understanding of the degree of clinically 
silent MRI lesion activity that frequently occurs even 
during periods of clinical stability or remission.

14.3.3 
Gadolinium-Enhancing Lesions

New disease activity (infl ammation) can be detected 
by conventional MRI as gadolinium enhancement on 
the postcontrast T1W image, and as new and en-
larging T2W lesions on serial studies (see below). 
Gadolinium enhancement (Fig. 14.5) can precede 
new T2W lesions by hours or days (Miller et al. 
1988) and represents breakdown of the blood–brain 
barrier as proinfl ammatory T cells infi ltrate into the 
brain parenchyma (Nesbit et al. 1991). The enhance-
ment is more often solid and homogeneous with 
fresh lesions, particularly when they are small and 
may appear ring-like with lesions that are larger and 
several weeks old. Enhancement usually lasts 4 weeks 

with a gradual decline during the next 2 to 4 weeks 
(Kermode et al. 1990). It is extremely unusual for 
a MS lesion to have gadolinium enhancement be-
yond 3 months. This could help in distinguishing 
MS lesions from CNS tumors of the brain or spinal 
cord that can sometimes mimic early MS clinically. 
Gadolinium enhancement is sensitive to steroids and 
other antiinfl ammatory treatments. The majority 
of new T2W lesions will enhance with gadolinium. 
Preexisting T2W lesions can also enhance, indicating 
new activity, and in general newly enhancing lesions 
are seen twice as often as new T2 activity (new or 
enlarging T2W lesions). Higher (“double or triple”) 
doses of gadolinium, longer delays between injecting 
the gadolinium and acquiring the postcontrast T1W 
images, thinner slices and incorporating a magneti-
zation transfer sequence have been shown to increase 
the number of enhancing MS lesions as well as the 
intensity of some lesions (Filippi et al. 1996b; Silver 
et al. 1997). For clinical MRI scans, the Consortium 
of MS Centers MRI Working Group recommends a 
standard dose of gadolinium of 0.1 mmol/kg with a 
minimum delay of 5 min.

Although the heaviest plaque burden in MS is 
usually found in the periventricular regions, we have 
observed that only 20% of enhancing lesions are im-
mediately periventricular in distribution, 80% being 
nonperiventricular, 56% in the deep white matter and 
24% at the gray–white matter junction. This differ-
ence in distribution between acute and chronic le-
sions raises questions about the genesis and ultimate 
fate of these new and dynamic lesions seen on MRI 
(Lee et al. 1999).

Fig. 14.5. a Baseline axial brain PDW image with multiple T2 lesions. b The registered image 1 month latter demonstrating 
several new T2 lesions that developed in the absence of any new clinical symptoms. c Corresponding axial postcontrast T1W 
image showing gadolinium enhancement of the new lesions

a b c
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14.3.4 
T2W Active Lesions

New T2W lesions represent new infl ammation 
(Fig. 14.5). They increase in size during the acute 
phase mostly due to edema associated with infl amma-
tory infi ltrates, reaching their maximum size within 
4 weeks (Willoughby et al. 1989). The process is self-
limiting, and the lesions slowly decrease in size over 
the next 6 to 8 weeks as edema resolves and remyelin-
ation occurs. However, most lesions leave a smaller 
residual T2W lesion (Koopmans et al. 1989c).

14.3.5 
Lesion Reactivation and Accumulation

On average, MS patients will develop four or 
fi ve new MRI lesions per year with great variability 
amongst individuals (Paty 1988). Preexisting T2W 
lesions can reactivate with re-enhancement only, 
enlargement on T2W imaging, or both. The pathol-
ogy within the chronic lesion is probably maturing 
to include gliosis and axonal loss in addition to de-
myelination. Eventually, after many reactivations, le-
sions will fuse with adjacent lesions. Thus, what may 
have started out as several small lesions may end up 
forming one large confl uent lesion (Koopmans et al. 
1989b).

Annually there is net accumulation of new and 
enlarging lesions that increases the total T2 volume 
or burden of disease (T2 BOD) of 5 to 10% per year 
(Paty et al. 1994). However, the variability between 

individuals is enormous, and this is not normally dis-
tributed. Thus, median values are the preferred de-
scriptors when these are used as outcome measures 
in clinical trials. Monthly the T2 BOD can fl uctuate 
due to the changes in disease activity especially if the 
baseline BOD is rather small (Stone et al. 1995). It is 
valuable if not essential to see an increase in T2 BOD 
in placebo groups for internal validation of any quan-
tifi cation methodology.

14.3.6 
“Black Holes”

On the accompanying unenhanced T1W image, some 
T2 lesions may be isointense to surrounding white 
matter and therefore undetectable. However, some 
lesions will appear hypointense on the T1W (so-
called T1 hypointensity or “black hole”; Fig. 14.6). A 
proportion of these black holes are acute lesions that 
enhance when gadolinium is given and almost half of 
these will resolve slowly over months (Bagnato et al. 
2003). Those that do not enhance represent (1) sub-
acute or resolving lesions, and (2) chronic or stable 
lesions. We recommend that chronic black holes be 
defi ned as T2 lesions which are nonenhancing and 
hypointense T1W lesions, that persist for a minimum 
of 6 months after their fi rst appearance, and have a 
signal intensity on T1W images less than or equal to 
that of gray matter. The chronic T1W hypointense 
black holes are associated with greater tissue destruc-
tion and axonal loss (van Walderveen et al. 1999) 
compared to chronic, stable T2 lesions without a cor-

Fig. 14.6a–c. Chronic T1W hypointense lesions (black holes) are a subset of T2 lesions that do not enhance with gadolinium 
and have been present for at least 6 months. They are associated with greater tissue destruction and axonal loss than those 
T2 lesions that are isointense on T1W imaging. However, acute black holes can be commonly identifi ed with new lesions, and 
many will resolve within 6–12 months

a b c
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responding black hole. Furthermore, these lesions 
may have a better correlation with clinical disability 
because of their greater pathological specifi city for 
severe axonal loss (Truyen et al. 1996) and have been 
suggested as a potential outcome measure in clinical 
trials for the degenerative processes of MS (Filippi 
et al. 2000).

14.3.7 
Atrophy

Brain and spinal cord atrophy has been recognized 
in autopsy material from MS patients prior to the 
current widely available neuroimaging techniques. 
It is likely that axonal loss accounts for the irrevers-
ible and progressive clinical disability that occurs in 
MS (McDonald and Ron 1999) and atrophy is the 
result of axonal loss, in addition to myelin loss, and 
shrinkage due to gliosis. Thus, global brain atrophy is 
another important measure of the neurodegenerative 
component of MS (Miller et al. 2002).

An early CT study of 100 MS patients in 1978 dem-
onstrated atrophy as a feature of MS brains and also 
demonstrated that it was progressive in a small sub-
set of patients followed for up to 21 months (Cala et 
al. 1978). MRI studies have also shown that atrophy 
is common (Fig. 14.7), ranging from 47% to 100% of 
MS patients, depending on the population and tech-
nique (Filippi et al. 1998; Liu et al. 1999). It is more 
severe in patients with secondary progressive MS 
(SPMS) than RRMS (van Walderveen et al. 1998). 
It can be detected after a single attack of demyelin-
ation (clinically isolated syndrome, CIS) before the 
diagnosis of MS is made, and in the presence of only 
a small T2 lesion burden (Brex et al. 2000). Brain 

volume measurements are reliable and reproducible, 
with the majority of current techniques using MRI 
rather than CT data. Different methods have been 
used including: ventricular size (including linear 
measurements), corpus callosum area, measuring se-
lected brain slices, segmentation of the entire brain to 
calculate a normalized brain parenchyma fraction or 
volume (BPF/BPV), and spinal cord cross-sectional 
area. Each method has unique strengths and limita-
tions depending on the quality of the MRI data avail-
able, and the population being studied (Miller et al. 
2002).

Atrophy is progressive during the course of MS. 
Patients with RRMS tend to lose 17.3 ml/year of BPV 
compared to 23.6 ml/year for SPMS (Ge et al. 2000). 
Ventricles increase in size by 1.6 ml/year in MS com-
pared to 0.3 ml/year for control subjects, while the an-
nual rate of cerebral atrophy in the same study was of 
0.8% and 0.3%, respectively (Fox et al. 2000). Several 
other studies have shown similar annual rates of brain 
volume decrease in MS, ranging from 0.6% to 0.8% 
(Comi et al. 2001a; Rovaris et al. 2001; Rudick et al. 
1999). Brain volume changes, however, are complex 
and may also be affected by infl ammation, edema, 
and hydration. Furthermore, the use of high-dose 
intravenous steroids for an acute clinical relapse can 
temporarily decrease brain volumes (Hoogervorst 
et al. 2002), and it is possible that some of the dis-
ease-modifying therapies used in the treatment of 
MS could have a similar effect. There have been mixed 
reports of the relationships between the T2 BOD, T1 
black hole BOD, gadolinium activity and the degree 
of brain atrophy (Losseff et al. 1996a; Paolillo et 
al. 2000; Zivadinov and Zorzon 2002). This suggests 
that any relationship between these measures is par-
tial at best. Furthermore, this may indicate that the 

Fig. 14.7a,b. Compared to age-
matched controls (a), MS patients 
(b) tend to have less brain paren-
chyma volume, increased size of 
the ventricles, and increased CSF 
spaces (i.e. atrophy)a b
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pathological mechanisms underlying lesion forma-
tion are somewhat independent of the mechanisms 
leading to progressive tissue loss and atrophy.

14.4 
Diagnosis

MS is a chronic disease, and most, if not all, MS 
patients will have T2 lesions on their brain and/or 
spinal cord images at some point in their disease 
course. The majority of MS patients have attacks of 
neurological dysfunction and a minority will have a 
slow progressive early course (Lublin and Reingold 
1996). The clinical diagnosis requires two attacks or 
relapses consistent with demyelination of the central 
nervous system, and confi rmed by a physician with 
adequate knowledge of the disease (McDonald et 
al. 2001; Poser et al. 1984). However, the interval be-
tween attacks is often years and this leads to a period 
of uncertainty for many patients who have suffered 
a single attack of demyelination (CIS). Although this 
group of patients are at risk for developing MS (re-
current attacks of demyelination), they are not neces-
sarily destined to do so. The brain MRI fi ndings at 
the time of a single clinical attack (CIS) are perhaps 
the best predictor of developing clinical MS (Brex et 
al. 2002; Cole et al. 2000).

The Optic Neuritis Treatment trial was one the 
earliest studies to systematically follow patients from 
multiple centers after a single event of demyelination. 
Approximately 50% of patients had a baseline brain 
MRI that had one or more T2 lesions. An abnormal 
MRI was the best predictor of converting to clinically 
defi nite MS (CDMS) at 10 years, with 56% of that 
group developed CDMS, whereas only 22% of those 
patients with a normal brain MRI at baseline subse-
quently developing CDMS (Beck et al. 2003). Similar 
results have been found by several groups investigat-
ing the natural history of developing MS after CIS 
including O’Riordan et al. (1998) after 10 years of 
follow-up. Subsequently Brex et al. (2002) followed 
the natural history cohort of O’Riordan et al. for up 
to 14 years since the fi rst attack. This group included 
other typical forms of demyelination in addition to 
optic neuritis. In this population, approximately 88% 
of patients with an abnormal brain MRI at baseline 
converted to CDMS or laboratory-supported defi nite 
MS. However, only 19% of those with a normal ini-
tial brain MRI subsequently went on to MS. Although 
these studies differ in selection criteria and patients 
lost to follow-up, they support the prognostic value of 
early MRI abnormalities in MS.

The expanding knowledge of the predictive value 
of MRI in high-risk patients and that gained from the 
natural history of MRI changes in MS have led to a 
revision in the diagnostic criteria for MS proposed by 
an international panel of experts that met in London 
in 2000 (McDonald et al. 2001). In the appropriate 
clinical setting, MRI can support the diagnosis by 
providing additional evidence for disease dissemina-
tion that is separated in space and in time, especially 
in those patients who have only had the disease for a 
short period of time and lack suffi cient clinical evi-
dence to make the diagnosis. Table 14.1 summarizes 
how the MRI evidence required to support the diag-
nosis varies depending on the strength of the clini-
cal fi ndings. Table 14.2 illustrates the timing of serial 
MRI required to provide evidence for disease activ-
ity disseminated in time. The impact of using MRI in 
this manner is that patients can be diagnosed sooner 
with MS before they have new clinical symptoms. In 
a prospective natural history study of patients with a 
CIS, Dalton et al. found that only 20% of patients had 
had a second clinical attack at 2 years and met the 
Poser criteria, while 48% had a new clinically silent 
MRI activity and met the new international panel di-
agnostic criteria (Dalton et al. 2002). These patients 
included those with and without abnormalities on 
the baseline brain MRI. The specifi city of the new cri-
teria, compared to the traditional Poser criteria, was 
95% (Dalton et al. 2003).

How valid these MRI criteria would be in atypical 
MS populations such as pediatric MS is not known. 
Furthermore, the evolution of MRI lesions in other 
white matter diseases such as neuroborreliosis, CNS 
angiitis, and CNS lupus have not been systematically 
studied to determine the specifi city of these new di-
agnostic criteria. It is not uncommon to come across 
case series, such as with CNS involvement with 
Sjögren’s disease (De Seze et al. 2001) where the MRI 
appearance and the clinical evolution resemble MS. 
Therefore, it must be emphasized that MRI plays a 
supportive role in the diagnosis, in the appropriate 
clinical situation, and always at the exclusion of alter-
native diagnoses (McDonald et al. 2001).

In diagnostically uncertain cases, the addition 
of spinal cord imaging can be extremely useful. 
Although the incidence of spinal cord lesions in MS 
is lower than that of brain lesions (present in 50–90% 
of patients with CDMS), the combination of spinal 
cord lesions with an abnormal brain MRI can im-
prove the diagnostic confi dence when other diseases 
are under consideration (Lycklama et al. 2003). An 
abnormal spinal cord MRI does not occur in normal 
controls, even in the elderly, and is much less com-
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mon with ischemia and other neurological diseases 
(6%) (Bot et al. 2002). Currently, the other recom-
mended paraclinical tests used in the diagnosis of 
MS include cerebral spinal fl uid analysis and visual 
evoked potentials. Although they lack the sensitivity 
of MRI, they can be helpful when the MRI abnormali-
ties are indeterminate (McDonald et al. 2001).

Table 14.1. International Diagnostic Criteria for MS (McDonald et al. 2001) (RRMS relapsing-remitting MS; 
CIS monosymptomatic, clinically isolated syndrome consistent with demyelination; PPMS primary progressive 
MS)

Clinical evidence MRI evidence required to support diagnosis of MS

Clinical attacksa Physical signsb Dissemination in spacec Dissemination in timed

Two or more (RRMS) Two or more Not needed (but recom-
mended)

Not needed

Two or more (RRMS) One Required Not needed

One (CIS) Two or more Not needed Required

One (CIS) One Required Required

None (PPMS) One Requirede (and positive 
CSF)

Not needed (but helpful)

a Clinical attacks must be documented.
b Positive visual evoked potentials (delayed but well-preserved wave form) can substitute for one abnormal 

physical sign.
c MRI criteria for dissemination in space criteria in RRMS requires one of:

A. Two MRI lesions and positive CSF (oligoclonal IgG bands or elevated IgG index)
OR
B. Positive MRI by modifi ed Barkhof criteria requires three of the following four criteria (one spinal cord 
  lesion can substitute for one brain lesion, but a spinal cord lesion does not count as an infratentorial 
  lesion):
One or more gadolinium-enhancing lesions OR nine or more T2 lesions
One or more infratentorial lesions
One or more juxtacortical lesions
Three or more periventricular lesions

d MRI criteria for dissemination in time (Table 2).
e Dissemination in space criteria for MRI in primary progressive MS (PPMS) requires positive CSF and one of:
 Two or more spinal cord lesions
 Three or more brain lesions and one spinal cord lesion and positive visual evoked potentials
 Four or more brain lesions and one spinal cord lesion
 Four or more brain lesions and positive VEPs
 Nine or more T2 lesions (brain) only

Table 14.2. MRI evidence for dissemination in time

First scan 
(time since fi rst attack, months)

Follow-up scan requirements for dissemination in time 
(not required if a second clinical attack occurs)

Early (<3) Second scan ≥3 months after attack but 
<3 months after fi rst MRI

Gadolinium-enhancing lesion on 
second scan

Early (<3) Second scan ≥3 months after fi rst MRI New T2 or gadolinium-enhancing 
lesion on second scan

Delayed− (≥3, and no gadolinium-
enhancing lesions present)

Second scan ≥3 months after fi rst MRI New T2 or gadolinium-enhancing 
lesion on second scan

Delayed+ (≥3, and gadolinium-
enhancing lesion present)

Follow-up scan not required

MRI is not required for the diagnosis of MS. 
Nor are the individual lesions seen with conven-
tional MRI techniques specific to MS. However, 
the pattern and evolution of MRI lesions, in the 
appropriate clinical setting, has made MRI abnor-
mities important criteria for the early diagnosis 
of MS.
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MRI image (Pozzilli et al. 1992). The location of the 
lesions may also be important as seen in a study of 39 
MS patients where subcortical white matter disease 
was more strongly associated with cognitive dys-
function than total lesion load or cerebral atrophy 
(Damian et al. 1994). Modest associations can also be 
seen with regional atrophy measures, such as corpus 
callosum thinning (Edwards et al. 2001).

The poor correlation between MRI and clinical 
status is limited by the poor sensitivity of the clinical 
measures and by the inherent lack of tissue specifi c-
ity of T2W images. Chronic black holes are associated 
with greater tissue destruction and have the poten-
tial for improved correlations with disability scales. 
In small studies, the correlations between the T1W 
black holes and EDSS have been modest but higher 
than those seen with T2 BOD for the same population 
(Truyen et al. 1996). However, a lack of a standardized 
approach to measuring and defi ning chronic black 
holes may limit future studies (Barkhof et al. 1998).

Brain and spinal cord atrophy are believed to be 
a common fi nal pathway for the neurodegenera-
tive aspects of MS that relate to irreversible disabil-
ity. In general, correlations between global atrophy 
measures and disability have also only been modest 
(Miller et al. 2002). Regional atrophy of the spinal 
cord does tend to correlate better with disability. The 
cervical cord area measured using a technique with 
good reproducibility demonstrated a strong (r=−0.7) 
correlation between spinal cord area and disability 
measured by EDSS (Losseff et al. 1996b). At a mildly 
impaired EDSS of 3, the average cord area was reduced 
by 12% while at a severe level of disability (EDSS of 8) 
the average cord area was reduced by 35%. This may 
refl ect the inherent bias of the EDSS for mobility that 
is refl ected by spinal cord integrity.

Each MRI measure in isolation is only modestly 
correlated with clinical disability. This poor correla-
tion between clinical and conventional MRI measures 
has, in part, fueled the need to develop additional MRI 
techniques such as magnetization transfer imaging 
and magnetic resonance spectroscopy. Efforts to com-
bine multiple measures, including conventional and 
newer techniques, fail to fully explain the variance 
within a population’s disability scores (Traboulsee 
et al. 2003). On the one hand, this refl ects the lim-
ited nature of the EDSS scale which does not pre-
cisely quantify all aspects of clinical dysfunction. On 
the other hand, many T2 lesions are clinically silent 
and do not directly contribute to the disability, while 
functional reorganization may minimize the impact 
new lesions have on clinical disability. However, each 
of the conventional MRI measures reveals important 

14.5 
Clinical Correlations

14.5.1 
Relapses

Most new MRI lesions are neurologically silent. The 
ability of conventional MRI to detect these lesions 
in the absence of clinical symptoms has contributed 
(ironically) to its generally poor correlation with 
overall clinical disability. The factors that determine 
neurological expression are probably a combination 
of location and the intensity and nature of pathology 
in the active lesion. Most clinical relapses are asso-
ciated with new lesions on MRI (Smith et al. 1993; 
Thorpe et al. 1996) and RRMS patients can have 
new MRI lesions fi ve to ten times more frequently 
than clinical relapses. Thus, only one of ten MRI ac-
tive lesions hits an eloquent neurological tract and 
causes specifi c neurological symptoms to be identi-
fi ed as a clinical relapse. The severity of the patho-
logical process in that lesion will affect the severity 
of the symptoms being expressed. Lesions that occur 
in relatively nonspecifi c areas of the brain such as 
the frontal lobes and the temporal lobes probably 
cause very subtle cognitive and emotional changes 
without necessarily producing specifi c neurological 
syndromes. Clinical relapses typically decrease in fre-
quency with disease duration, and eventually most 
patients enter a phase of MS (SPMS) where progres-
sive neurological deterioration occurs usually in the 
absence of clinical relapses. However, these patients 
continue to have a variable frequency of new lesion 
activity (Koopmans et al. 1989a).

14.5.2 
Disability

Disability in MS can be transiently related to a clini-
cal relapse or the result of incomplete recovery from 
a relapse, or be independent of relapses as a slow, 
relentless process. Disability has been traditionally 
measured on the ten-point Kurtzke expanded dis-
ability status scale (EDSS) (Kurtzke 1983). This scale 
can have signifi cant inter- and intrarater variability, 
and tends to neglect cognitive dysfunction and fa-
tigue. In most studies, there are signifi cant but only 
modest correlations between EDSS and MRI active 
lesions and T2 BOD.

In contrast, cognitive abnormalities correlate well 
with the extent of involvement on the standard axial 
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and complimentary information that refl ects the pa-
thology of MS.

14.5.3 
Prognosis

MRI measures are rarely used for prognosis because 
of this poor correlation with clinical outcome factors. 
One exception is for those patients presenting with 
a CIS who are at high risk of developing MS. The 
presence of MRI lesions in these patients is a strong 
predictor of MS and the baseline number, volume of 
lesions and rate of increase of total lesion volume 
over fi ve years does have some prognostic value for 
future disability (Brex et al. 2002). A normal early 
scan also appears to predict a more benign course, 
although the numbers are quite small. However, for 
patients with established MS, the predictive value of 
new MRI lesions for short-term clinical outcomes 
such as relapses and disability remains poor (Kappos 
et al. 1999). A meta-analysis of 281 MS patients by 
Filippi (Filippi et al. 1995) found a signifi cant but 
weak correlation between the development of new 
or enlarging T2 lesions over 2 to 3 years and wors-
ening EDSS. It is possible that different mechanisms 
for disability dominate during different stages of 
the disease. There are several important long-term 
follow-up studies underway of patients with RRMS, 
originally enrolled in the pivotal interferon beta-1b 
and beta-1a clinical trials, that will include a com-
parison of their baseline MRI, with one obtained 7 to 
10 years after starting treatment. It may be possible 
to use the baseline MRI characteristics to determine 
patterns of abnormalities that predict response to 
therapy and long-term prognosis.

14.6 
Monitoring Treatment

Over the past decade there has been an increasing 
number of pivotal phase III clinical trials evaluating 
new therapies in MS. Conventional MRI measures 
of disease activity (new T2 and T1 gadolinium-en-
hancing lesions) and disease burden (T2 BOD and 
T1 hypointensities) have played an important role 
as a secondary outcome measures in the assessment 
and approval of these new treatments. The impact on 
new lesion activity varied from a suppression of less 
than 50% for new lesion formation or active scans 
compared to placebo for glatiramer acetate (Comi et 

al. 2001b) and interferon beta-1a 30 µg once weekly 
(Jacobs et al. 1996) to greater than 80% suppression 
for the higher dose interferons beta-1a (Li and Paty 
1999) and beta-1b (Paty and Li 1993). The higher 
dose and higher frequency interferons beta-1a and 
beta-1b also had the greatest impact on reducing 
the accumulation of T2 BOD, with up to 4 years of 
follow-up (Prisms Study Group 2001). This pat-
tern of response was consistent for drugs within the 
same class (interferon beta-1a and beta-1b) and with 
drugs that work by different mechanisms of action 
(glatiramer acetate).

The MRI measures were objectively quantifi ed, 
blinded, and could be standardized for multicenter 
studies using clinical MRI scanners that varied in fi eld 
strength, manufacturer, software and local expertise. 
Gadolinium-enhancing lesions, new T2 lesions and 
enlarging T2 lesions all represent new infl ammation. 
It might be considered redundant information to de-
tect all three types of lesions. However, it is useful to 
see a consistency in response across these measures, 
and in our experience, one measure may be more 
sensitive to a dose difference that would have been 
missed had only gadolinium-enhancing lesions been 
used (Li and Paty 1999). More recently, Wolinsky 
et al. have proposed a composite index of four MRI 
outcomes (contrast-enhancing lesion volume, T2 
BOD, T1 hypointensity volume and CSF volume) as 
a potential outcome measure (Wolinsky et al. 2000) 
which would need to be evaluated and validated.

New lesion activity as detected by MRI has been 
favored as the primary outcome measure for phase 
I and phase II clinical trials of promising new thera-
pies in MS. This is because it allows fairly rapid as-
sessment using fewer patient because of the relatively 
higher frequency of MRI activity compared to clini-
cal relapses. However, this could bias against the de-
velopment of agents that have a potentially greater 
impact on the neurodegenerative aspects of the dis-
ease rather than infl ammation.

Applying these results obtained from group or 
population outcomes from clinical trials to mak-
ing treatment decisions for the individual patient 
remains unproven. The poor correlation between 
clinical status and MRI measures, and the yet-to-be 
proven long-term prognostic value of MRI limits its 
use for monitoring treatment response. There is also 
tremendous individual variation in the response to 
treatment, with almost a similar spread in response 
between those who are on placebo and those who 
have been treated. On the other hand, most would 
agree that MRI is an in vivo measure of the pathology 
of MS: new MRI activity refl ects active infl ammation 
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and the accumulation of T2 burden, chronic black 
holes, and progressive brain and spinal cord atrophy 
likely refl ect worsening disease irrespective of the 
clinical status. What is required before they can be 
used and applied in the management of the individ-
ual is the validation of what these changes mean for 
the long-term outcome of the individual patient and 
how they are modifi ed and affected by treatment.

14.7 
Summary

Conventional MRI techniques include measures of 
new infl ammation (new and enlarging T2W lesions, 
gadolinium-enhancing T1W lesions), measures of 
acute and chronic disease (total T2 volume or BOD), 
and measures of degeneration (global brain and spi-
nal cord atrophy, and chronic black holes on T1W 
images). Combined, they provide a unique insight 
into the dynamics of MS lesion development and the 
long-term pathological consequences on CNS tissues. 
The limited clinical correlation refl ects, in part, the 
unique sensitivity of MRI to detect clinically silent 
disease. Although not required for the clinical di-
agnosis of MS, conventional MRI methods can be 
invaluable in establishing an earlier diagnosis. These 
techniques can also be standardized on routine clini-
cal MRI scanners and used in multicenter therapeu-
tic trials. Conventional MRI measures have become 
important outcome measures in clinical trials of new 
therapies for MS. It is likely that conventional MRI 
measures will be augmented, rather than replaced, by 
newer methods as the conventional methods refl ect 
the basic pathological processes of MS. However, ad-
ditional validation will be needed before they can be 
used to effectively monitor treatment response in the 
individual patient.
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15.1 
Introduction

Multiple sclerosis (MS) is the commonest chronic in-
fl ammatory demyelinating disease affecting the cen-
tral nervous system (CNS) of young adults in western 
countries, leading, in the majority of cases, to severe 
and irreversible clinical disability. Pathologically, the 
essential brain lesion in MS has always been con-
sidered the demyelinated plaques, which are widely 
distributed throughout the brain and spinal cord. The 
evolution of these lesions may be extremely variable 
in a given patient and between different patients.

The application of conventional magnetic reso-
nance imaging (cMRI) to the study of MS has greatly 
improved our ability to diagnose MS and to monitor 
its evolution. The sensitivity of T2-weighted MRI in 
the detection of MS lesions and that of post-contrast 
T1-weighted images to detect lesions with an in-
creased blood–brain barrier permeability associated 
with infl ammatory activity make it possible to dem-
onstrate the dissemination of MS lesions in space and 
time earlier than with clinical assessment and to de-
tect disease activity with an increased sensitivity with 
respect to clinical evaluation of relapses (McDonald 
et al. 2001). However, the magnitude of the relation-
ship between cMRI measures of disease activity or 
burden and the clinical manifestations of the disease 
is weak (Rovaris and Filippi 1999; Molyneux et al. 
2001). This clinical/MRI discrepancy is likely to be 
the result, at least partially, of the inability of cMRI 
to quantify the extent and to defi ne the nature of MS-
related tissue damage.

Pathological studies (Lumsden 1970; Kidd et al. 
1999; Peterson et al. 2001) have shown that MS is 
not exclusively a demyelinating disease and that de-
myelination alone is not suffi cient to explain the neu-
rological defi cits of the disease. There are compelling 
pieces of evidence that axonal damage is one of the 
main contributors to the clinical manifestations of 
the disease and to its clinical worsening over time. 
Pathologically, marked axonal transection in in-
fl amed MS lesions has been demonstrated by several 
authors (Ferguson et al. 1997; Trapp et al. 1998). The 
pathological heterogeneity of MS lesions, which can 
range from lesions which undergo a signifi cant remy-
elination after their acute formation to lesions with 
permanent axonal loss, has to be considered among 
the factors responsible for the limited ability of cMRI 
to provide an accurate picture of MS-related tissue 
damage. In addition, lesions located in the gray mat-
ter (GM) have also been described in MS (Lumsden 
1970; Kidd et al. 1999; Peterson et al. 2001). Although 
MS cortical lesions are characterized by the paucity 
of infl ammatory changes, they are associated with 
neuronal injury, including neuritic swelling, and den-
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dritic and axonal transections (Peterson et al. 2001). 
These lesions are usually missed on conventional T2-
weighted images because of their small size, their re-
laxation characteristics which result in poor contrast 
between them and the surrounding normal GM and 
because of partial volume effects with cerebrospinal 
fl uid. Another reason for the clinical/MRI discrep-
ancy in MS is the inability of cMRI to measure and 
quantify the presence and extent of normal-appear-
ing tissue damage. Post-mortem studies have shown 
subtle changes in the normal-appearing brain tissue 
(NABT) from MS patients, which include diffuse as-
trocytic hyperplasia, patchy edema, and perivas-
cular cellular infi ltration, as well as axonal damage 
(Allen and McKeown 1979; Evangelou et al. 2000; 
Bjartmar et al. 2001).

Modern quantitative MR techniques have the po-
tential to overcome some of the limitations of cMRI. 
Metrics derived from magnetization transfer (MT) 
(Filippi et al. 1999a) and diffusion-weighted (DW) 
(Filippi and Inglese 2001) MRI enable us to quan-
tify the extent and severity of structural changes 
occurring within and outside cMRI-visible lesions 
of patients with MS. Proton MR spectroscopy (1H-
MRS) (Filippi et al. 2001a) can add information on 
the biochemical nature of such changes. Functional 
MRI (fMRI) (Filippi and Rocca 2003) can provide 
new insights into the role of cortical adaptive changes 
in limiting the clinical consequences of MS structural 
damage.

This chapter provides an update of the current 
“state-of-the-art” of the application of structural, 
metabolic and functional MR-based techniques to 
the study of MS pathophysiology.

15.2 
MT MRI

The basic principles of MT MRI are described else-
where in this book. An example of a magnetization 
transfer ratio (MTR) map is shown in Fig. 15.1. On 
MTR maps, the degree of signal loss depends on the 
density of macromolecules in a given tissue, and low 
MTR values indicate a reduced capacity of the macro-
molecules in the CNS to exchange magnetization with 
the surrounding water molecules, refl ecting damage 
to myelin or to the axonal membrane. MT MRI has 
several advantages over cMRI in the assessment of 
MS. First of all, it provides quantitative information 
with a high specifi city to demyelination and axonal 
loss, the more disabling substrates of MS pathology. 
Secondly, it enables us to assess the “invisible” dis-
ease burden in the brain tissue which does not show 
macroscopic abnormalities on cMRI. Thirdly, with 
the application of MTR histogram analysis, it pro-
vides, from a single procedure, multiple parameters 
infl uenced by both the macro- and microscopic le-
sion burden, that might also be used as paraclinical 
measures of MS evolution, either natural or modifi ed 
by treatment.

A post-mortem study in MS (van Waesberghe et 
al. 1999) has provided the most compelling evidence 
that a marked reduction of MTR values in MS dis-
eased tissues indicates severe structural damage, by 
showing strong correlations of MTR values from MS 
lesions and normal-appearing white matter (NAWM) 
with the percentage of residual axons and the degree 
of demyelination. More recently, a study performed 
on human specimens has confi rmed the sensitivity 

a b

Fig. 15.1a,b. Axial magnetic resonance 
images from a patient with multiple 
sclerosis. The proton-density weighted 
scan (a) shows multiple lesions. On the 
magnetization transfer (MT) map (b), 
lesions appear as hypointense areas. 
The degree of hypointensity is related 
to a decrease in the MT ratio and in-
dicates damage to the myelin or to the 
axonal membranes
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of this technique towards the different pathologi-
cal substrates of the disease, by showing that MTR 
values of remyelinated lesions are higher than those 
of demyelinated lesions and lower than those of the 
NAWM (Barkhof et al. 2003).

15.2.1 
MT MRI Findings in Individual MS Lesions

The following are the main fi ndings obtained by the 
application of MT MRI for the study of individual 
MS lesions:
1.  New enhancing lesions are pathologically hetero-

geneous, as suggested by the demonstration that 
MTR values are higher: (a) in homogeneously 
enhancing lesions, which probably represent new 
lesions, than in ring-enhancing lesions, which may 
represent pre-existent, reactivated lesions (Silver 
et al. 1998); (b) in lesions enhancing on a single 
scan than in those enhancing on two or more serial 
scans (Filippi et al. 1998a); (c) in lesions enhanc-
ing after the injection of a triple dose of gado-
linium than in those enhancing after the injection 
of a standard dose (Filippi et al. 1998b).

2. MTR changes can be detected in NAWM before 
lesion formation (Filippi et al. 1998c; Goodkin 
et al. 1998; Pike et al. 2000; Fazekas et al. 2002).

3. Longitudinal studies have shown that, in new 
enhancing lesions, MTR drops dramatically 
when the lesions start to enhance and can show 
a partial or complete recovery in the subsequent 
1–6 months (Dousset et al. 1998; Filippi et al. 
1998a,b; Goodkin et al. 1998; Silver et al. 1998; 
van Waesberghe et al. 1998).

4. Established MS lesions are also heterogeneous, as 
shown by the demonstration of lower MTR values 
in hypointense lesions than in lesions that are 
isointense to NAWM on T1-weighted scans (van 
Waesberghe et al. 1998).

5. Average lesion MTR has been found to be lower 
in patients with relapsing-remitting (RR) MS than 
in those with clinically isolated syndromes (CIS) 
suggestive of MS (Filippi et al. 1999), whereas no 
differences have been found in cross-sectional 
studies between patients with RRMS and those 
with secondary progressive (SP) MS (Filippi et al. 
1999b) or between patients with SPMS and those 
with primary progressive (PP) MS (Rovaris et al. 
2001). However, longitudinal studies have shown 
a more severe and faster decline of average lesion 
MTR values in SPMS patients than in patients 
with other disease phenotypes (Rocca et al. 1999; 

Filippi et al. 2000a), consistent with the unfavor-
able clinical evolution of these patients.

15.2.2 
MT MRI Findings in NABT

The pathological abnormalities observed in the 
NAWM of MS patients (Allen and McKeown 1979; 
Evangelou et al. 2000; Bjartmar et al. 2001) have 
the potential to modify the relative proportions of 
mobile and bound protons in the affected tissue and, 
as a consequence, the corresponding MTR values. 
Therefore, MT MRI can show NABT microstructural 
abnormalities not detected when using conventional 
imaging. MT MRI analysis of the NABT can be per-
formed using either a region of interest (ROI) ap-
proach, or, alternatively, a histogram analysis. More 
recently, with the development of new techniques ca-
pable of automatically segmenting the NAWM and 
the NAGM, it has become possible to study these two 
tissue compartments separately.

The following are the main results obtained by the 
application of MT MRI to the study of the NABT of 
MS patients:
1. Using ROI-analysis, a reduction of MTR values 

has been shown in the NAWM of MS patients with 
all the major MS phenotypes (Filippi et al. 1995; 
Loevner et al. 1995). More recently, MTR changes, 
of a lower magnitude than those observed in T2-
visible lesions, have also been detected in the 
dirty-appearing white matter of MS patients (Ge 
et al. 2003).

2. The application of histogram analysis (Filippi 
et al. 1999b; Iannucci et al. 2000; Kalkers et 
al. 2001; Rovaris et al. 2001; Tortorella et al. 
2000; Traboulsee et al. 2002) to the study of the 
NABT and of the NAWM confi rmed and extended 
the previous fi ndings obtained with ROI analy-
sis, by showing that these abnormalities can be 
detected even in patients with CIS suggestive 
of MS (Iannucci et al. 2000; Traboulsee et al. 
2002), are more pronounced in SPMS and PPMS 
patients than in patients with the other disease 
phenotypes (Tortorella et al. 2000), and are 
similar between patients with SPMS and those 
with PPMS (Rovaris et al. 2001) (Fig. 15.2).

3. NABT MTR values tend to decline over time in all 
MS phenotypes, even if these changes seem to be 
more pronounced in SPMS patients (Filippi et al. 
2000a).

4. NABT MTR values are only partially correlated 
with the extent of macroscopic lesions and the 
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severity of intrinsic lesion damage (Tortorella 
et al. 2000), thus suggesting that NABT pathol-
ogy does not only refl ect Wallerian degeneration 
of axons traversing large focal abnormalities, but 
they may also represent small focal abnormalities 
beyond the resolution of conventional scanning 
and independent of larger lesions.

5. Using ROI (Cercignani et al. 2001) and histogram 
analysis (Cercignani et al. 2001; Ge et al. 2001, 
2002; Dehmeshki et al. 2003), MT MRI abnormal-
ities have also been shown in the NAGM of MS 
patients, including those with PPMS (Dehmeshki 
et al. 2003). As shown for the NABT, also NAGM 
changes are more pronounced in patients with 
SPMS than in those with RRMS (Ge et al. 2002).

Dehmeshki et al. 2001; Kalkers et al. 2001; 
Traboulsee et al. 2003). These correlations have 
been found to be stronger in patients with RRMS 
and SPMS than in other disease phenotypes 
(Dehmeshki et al. 2001; Kalkers et al. 2001).

2. Subtle MTR changes in the NABT (Rovaris et 
al. 1998; van Buchem et al. 1998) and in the 
cortical/subcortical (Rovaris et al. 2000) brain 
tissue are well correlated with the presence of 
neuropsychological impairment in MS patients. 
In addition, a multivariate analysis of several 
MRI and MT MRI variables, has demonstrated 
that average NABT MTR is more strongly associ-
ated to cognitive impairment in MS patients than 
the extent of T2-visible lesions and their intrinsic 
tissue damage (Filippi et al. 2000b).

3. MTR histogram parameters from the cerebellum 
and brainstem of MS patients are signifi cantly 
associated with impairment of these functional 
systems (Iannucci et al. 1999).

4. NAGM MTR metrics are correlated with the 
severity of clinical disability in patients with RR 
(Ge et al. 2001) and PP (Dehmeshki et al. 2003) 
MS.

5. Longitudinal studies (Iannucci et al. 2000; 
Santos et al. 2002; Rovaris et al. 2003) demon-
strated that MT MRI metrics are useful markers 
to monitor disease evolution. In patients at pre-
sentation with CIS, the extent of NABT changes 
has been found to be an independent predictor 
of subsequent evolution to clinically defi nite MS 
(Iannucci et al. 2000); whereas in patients with 
established MS, NAWM MTR reduction has been 
shown to predict the accumulation of clinical 
disability over the subsequent 5 years (Santos 
et al. 2002; Rovaris et al. 2003).

15.2.4 
MT MRI to Monitor Treatment Effi  cacy

MT MRI holds substantial promise to provide good 
surrogate markers for MS evolution (Filippi et al. 
2002a). As a consequence, several recent MS clinical 
trials have already incorporated MT MRI, with a 
view to assessing the impact of treatment on demy-
elination and axonal loss. MT MRI has been used in 
phase II and phase III trials for RRMS (injectable 
and oral interferon beta-1a, interferon beta-1b, and 
oral glatiramer acetate) and SPMS (interferon beta-
1b and immunoglobulins). In these phase III trials, 
MT MRI acquisition has been limited to highly-spe-
cialized MR centers and only subgroups of patients 

15.2.3 
Correlations with Clinical Manifestations 
and Disability

Due to its capability of quantifying the extent and 
the severity of tissue damage within T2-visible le-
sion and NABT, MT MRI is increasing the degree 
of correlation between MRI and clinical fi ndings, 
as summarized below:
1. Moderate to strong correlations between vari-

ous brain MTR histogram-derived metrics and 
the severity of physical disability have been 
shown by several studies (Iannucci et al. 1999; 

Fig. 15.2. Average MTR graphs of normal-appearing brain 
tissue from healthy controls (dotted line), primary progres-
sive (PP) multiple sclerosis (MS) (gray line) and second-
ary progressive (SP) MS (black line) patient groups. PPMS 
and SPMS patients had lower average brain MTR and MTR 
histogram peak height than healthy controls, suggesting a 
diffuse NABT damage
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(about 50–100 per trial) have been studied using 
this technique. Two phase II studies have shown 
that treatment with interferon beta-1b (Richert et 
al. 2001) or interferon beta-1a (Kita et al. 2000) fa-
vorably modifi es the recovery of MTR values which 
follows the cessation of gadolinium enhancement in 
newly-formed lesions from RRMS patients. On the 
contrary, Richert et al. (2001) did not fi nd any sig-
nifi cant difference in the MTR values of NAWM ROI 
before and during interferon beta-1b therapy, as well 
as in the parameters derived from whole brain MTR 
histograms (Richert et al. 1998) in RRMS patients. 
More recently, it has also been shown that treatment 
with interferon beta-1b does not affect the MTR loss 
seen in whole brain tissue and NAWM of patients 
with SPMS recruited in the European phase III trial 
(Inglese et al. 2003a).

15.3 
DW MRI

Diffusion is the microscopic random translational 
motion of molecules in a fl uid system. In the CNS, 
diffusion is infl uenced by the microstructural com-
ponents of tissue, including cell membranes and 
organelles. The diffusion coeffi cient of biological 
tissues (which can be measured in vivo by MRI) 
is, therefore, lower than the diffusion coeffi cient 
in free water and for this reason is named appar-
ent diffusion coeffi cient (ADC) (Le Bihan et al. 
1986). Pathological processes which modify tissue 

integrity, thus resulting in a loss or increased per-
meability of “restricting” barriers, can determine 
an increase of the ADC. Since some cellular struc-
tures are aligned on the scale of an image pixel, 
the measurement of diffusion is also dependent on 
the direction in which diffusion is measured. As a 
consequence, diffusion measurements can give in-
formation about the size, shape, integrity, and orien-
tation of tissues (Le Bihan et al. 1991). A measure 
of diffusion which is independent of the orientation 
of structures is provided by the mean diffusivity 
(MD), the average of the ADCs measured in three 
orthogonal directions. A full characterization of dif-
fusion can be obtained in terms of a tensor (Basser 
et al. 1994), a 3×3 matrix which accounts for the 
correlation existing between molecular displace-
ment along orthogonal directions. From the tensor, 
it is possible to derive MD, equal to the one third 
of its trace, and some other dimensionless indexes 
of anisotropy. One of the most used of these indices 
is named fractional anisotropy (FA) (Pierpaoli et 
al. 1996). A more detailed description of technical 
aspects of DW MRI is provided in another chapter 
of this book.

The pathological elements of MS have the po-
tential to alter the permeability or geometry of 
structural barriers to water molecular diffusion in 
the brain (Fig. 15.3). The application of DW MRI 
technology to MS is, therefore, appealing to provide 
quantitative estimates of the degree of tissue dam-
age and, as a consequence, to improve the under-
standing of the mechanisms leading to irreversible 
disability.

a cb

Fig. 15.3a–c. Axial magnetic resonance images from a patient with multiple sclerosis. The proton density-weighted scan (a) 
shows multiple lesions. On the mean diffusivity (MD) map (b), some of the lesions appear as hyperintense areas. The degree 
of hyperintensity is related to an increased MD and indicates a loss of structural barriers to water molecular motion. On the 
fractional anisotropy (FA) map (c), white matter pixels are bright because of the directionality of the white matter fi ber tracts. 
Dark areas corresponding to some of the macroscopic lesions indicate a loss of FA and suggest the presence of structural 
disorganization
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15.3.1 
DW MRI Findings in Individual MS Lesions

The following are the main fi ndings obtained by the 
application of DW MRI for the study of individual 
MS lesions:
1. Consistently with their pathological heterogene-

ity, T2-visible lesions are characterized by highly 
variable ADC, MD, and FA values (Horsfi eld et 
al. 1996; Droogan et al. 1999; Werring et al. 1999, 
2000a; Filippi et al. 2000c, 2001b; Cercignani 
et al. 2000, 2001; Rocca et al. 2000). In particu-
lar, ADC and MD values have been shown to be 
higher in T1-hypointense than in T1-isointense 
lesions (Droogan et al. 1999; Werring et al. 
1999; Filippi et al. 2000c, 2001b).

2. While FA values are consistently lower in enhanc-
ing than in non-enhancing lesions (Werring et 
al. 1999; Filippi et al. 2001b), confl icting results 
have been achieved when comparing ADC or 
MD between these two lesion populations. While 
some studies reported higher ADC or MD values 
in non-enhancing than in enhancing lesions 
(Droogan et al. 1999; Werring et al. 1999), 
others, based on larger samples of patients 
and lesions, did not report any signifi cant dif-
ference between the two lesion populations 
(Filippi et al. 2000c, 2001b). The heterogeneity 
of enhancing lesions has also been underlined 
by the demonstration that water diffusivity is 
markedly increased in ring-enhancing lesions 
when compared to homogeneously-enhanc-
ing lesions (Roychowdhury et al. 2000), or 
in the non-enhancing portions of enhancing 
lesions when compared with enhancing portions 
(Roychowdhury et al. 2000).

3. As for MT MRI, DW MRI changes have been shown 
in regions that will develop new lesions (Rocca et 
al. 2000; Werring et al. 2000a).

15.3.2 
DW MRI Findings in NABT

As for MT MRI, DW MRI analysis of regions that 
appear as “normal” on conventional imaging can be 
performed using either an ROI or histogram analysis. 
The major fi ndings derived by the application of DW 
MRI to the assessment of NABT pathology of MS 
patients are the following:
1. ROIs of the NAWM of MS patients have increased 

ADC or MD and decreased FA values when 
compared to the corresponding white matter 

from controls. However, these abnormalities are 
milder than those measured in T2-visible lesions 
(Horsfi eld et al. 1996; Droogan et al. 1999; 
Werring et al. 1999, 2000a; Filippi et al. 2000c, 
2001b; Cercignani et al. 2000, 2001; Rocca et al. 
2000; Ciccarelli et al. 2001).

2. MD and FA changes in the whole brain and in 
the NABT have been shown also using histogram 
analysis in all the major MS clinical phenotypes 
(Cercignani et al. 2000, 2001; Nusbaum et al. 
2000), including PPMS (Rocca et al. 2003a).

3. Using ROI (Cercignani et al. 2001) and histo-
gram analysis (Cercignani et al. 2001; Bozzali 
et al. 2002; Rovaris et al. 2002a), MD changes 
have been shown to involve also the NAGM of MS 
patients (Fig. 15.4). Consistently with their worse 
clinical evolution, these changes tend to be more 
pronounced in patients with the progressive forms 
of the disease (Bozzali et al. 2002; Rovaris et al. 
2002a), whereas no MD abnormalities have been 
detected in the NAGM and NAWM of patients 
with early RRMS (Griffi n et al. 2001).

4. In a 1-year follow up study, Caramia et al. (2002) 

Fig. 15.4. Mean diffusivity (MD) histogram of the normal-
appearing gray matter (NAGM) from a group of healthy 
controls (gray line) and a large sample of MS patients 
(black line). All MD histogram-derived metrics of the 
NAGM were signifi cantly different between healthy con-
trols and MS population, indicating the presence of struc-
tural damage of this tissue compartment

showed the development of MD abnormalities in 
the NAWM of CIS patients that evolved to defi -
nite MS. In an 18-month follow up study, Oreja-
Guevara et al. (2003) showed that NAGM changes 
in patients with RRMS worsen over time.
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15.3.3 
Correlations with Clinical Manifestations 
and Disability

The following are the major results obtained by the 
application of DW MRI to investigate the correla-
tions between structural brain changes and the clini-
cal manifestations of the disease:
1. While correlations between DW MRI fi ndings and 

MS clinical manifestations or disability were not 
found in some of the earliest studies (Horsfi eld 
et al. 1996; Droogan et al. 1999; Cercignani 
et al. 2000; Filippi et al. 2000c), with improved 
DW MRI technology and increased numbers of 
patients studied, correlations between DW MRI 
fi ndings and MS clinical manifestations or disabil-
ity are now emerging (Castriota Scanderbeg 
et al. 2000; Nusbaum et al. 2000; Cercignani et al. 
2001; Filippi et al. 2001b; Rovaris et al. 2002a).

2. In a large sample of MS patients, average lesion 
MD, but not average lesion FA, was found to be sig-
nifi cantly correlated, albeit moderately, with clini-
cal disability (Filippi et al. 2001b). Interestingly, 
in patients with SPMS a moderate and signifi cant 
correlation was found between average lesion MD 
or FA and disability (Castriota Scanderbeg 
et al. 2000; Filippi et al. 2001b), whereas no sig-
nifi cant correlation was found between disability 
and T2 lesion volume. On the contrary, a signifi -
cant correlation between disability and T2 lesion 
volume was found in patients with RRMS, where, 
in turn, there was no correlation between aver-
age lesion MD or FA and disability (Filippi et al. 
2001b). These fi ndings suggest that mechanisms 
leading to disability are likely to be different in 
patients with RRMS and SPMS.

3. DW MRI metrics of specifi c brain structures, such 
as the pyramidal tracts (Wilson et al. 2003) or the 
cerebellar peduncles (Ciccarelli et al. 2001) are 
strongly correlated with the impairment of these 
functional systems.

4. In patients with RRMS, a moderate correlation 
between cognitive impairment and NAGM MD 
histogram metrics has been shown (Rovaris et 
al. 2002b).

15.4  
1H-MRS

Water suppressed, proton MR spectra of normal 
human brain at long echo times reveal four major 

resonances:  one at 3.2 ppm from tetramethylamines 
(mainly from choline-containing phospholipids 
[Cho]), one at 3.0 ppm from creatine and phospho-
creatine (Cr), one at 2.0 ppm from N-acetyl groups 
(mainly NAA), and one 1.3 ppm from the methyl 
resonance of lactate (Lac). NAA is a marker of axonal 
integrity, while Cho and Lac are considered as chemi-
cal correlates of acute infl ammatory/demyelinating 
changes (Filippi et al. 2001a). 1H-MRS studies with 
shorter echo times can detect additional metabo-
lites, such as lipids and myoinositol (mI), which are 
also regarded as markers of ongoing myelin dam-
age. Additional technical information on 1H-MRS are 
given elsewhere in this book.

1H-MRS can complement cMRI in the assessment 
of MS patients, by defi ning simultaneously several 
chemical correlates of the pathological changes oc-
curring within and outside T2-visible lesions. An im-
munopathologic study (Bitsch et al. 1999) has shown 
that a decrease in NAA levels is correlated with axonal 
loss, while an increase in Cho correlates with the pres-
ence of active demyelination and gliosis.

15.4.1 
1H-MRS Findings in Individual MS Lesions

As shown by other non-conventional MRI techniques, 
1H-MRS can depict the heterogeneous pathological 
substrates of T2-visible MS lesions. The following are 
the major insights provided by the application of 1H-
MRS to the study of MS lesions:
1. 1H-MRS of acute MS lesions at both short and 

long echo times reveals increases in Cho and 
Lac resonance intensities (Davie et al. 1994; De 
Stefano et al. 1995a), which refl ect the releasing 
of membrane phospholipids and the metabolism 
of infl ammatory cells, respectively. In large, acute 
demyelinating lesions, decreases of Cr can also be 
seen (De Stefano et al. 1995a). Short echo time 
spectra can detect transient increases in visible 
lipids, released during myelin breakdown, and mI 
(Narayana et al. 1998). All these changes are usu-
ally associated with a decrease in NAA. After the 
acute phase and over a period of days to weeks, 
there is a progressive reduction of raised Lac 
resonance intensities to normal levels. Resonance 
intensities of Cr also return to normal within a 
few days. Cho, lipid and mI resonance intensities 
return to normal over months. The signal inten-
sity of NAA may remain decreased or show partial 
recovery, starting soon after the acute phase and 
lasting for several months (Arnold et al. 1992; 
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Davie et al. 1994; De Stefano et al. 1995a). Recov-
ery of NAA may be related to resolution of edema, 
increases in the diameter of previously shrunk 
axons secondary to remyelination and clearance 
of infl ammatory factors and reversible metabolic 
changes in neurons.

2. Chronic MS lesions are characterized by markedly 
reduced NAA/Cr peaks. These changes are more 
pronounced in severely hypointense MS lesions 
than in iso- or mildly hypointense lesions (van 
Walderveen et al. 1999) and in chronic lesions 
from patients with SPMS than in those from 
patients with benign MS (Falini et al. 1998).

3. Cho increase, probably refl ecting an altered myelin 
chemistry or the presence of infl ammation, and a 
decrease in NAA have been also shown in pre-
lesional NAWM (Narayana et al. 1998; Sarchielli 
et al. 1999; Tartaglia et al. 2002).

15.4.2 
1H-MRS Findings in NABT

1H-MRS also has the potential to provide information 
on MS pathological changes outside T2-visible lesions. 
The following are the main fi ndings obtained from the 
study of the NABT in MS patients using 1H-MRS:
1. Studies of limited and/or selected portions of the 

brain (Fu et al. 1998; Sarchielli et al. 1999; De 
Stefano et al. 2002) have shown that NAA reduc-
tion is not restricted to MS lesions, but also occurs 
in the NAWM. These changes are more severe in 
SPMS and PPMS patients than in those with RRMS 
(Fu et al. 1998; Suhy et al. 2000); however, they can 
be detected even in patients with no overt clinical 
disability (De Stefano et al. 2002) and in those in 
the early phase of the disease (De Stefano et al. 
2001). Diffusely elevated Cho and Cr concentra-
tions have also been described in the NAWM of 
RRMS (Inglese et al. 2003b) and PPMS (Suhy et 
al. 2000) patients.

2. The recent development of an unlocalized 1H-MRS 
sequence for measuring NAA levels in the whole 
brain (WBNAA) (Gonen et al. 1998) has shown the 
presence of marked axonal pathology in clinically 
defi nite MS (Gonen et al. 2000; Bonneville et al. 
2002) and in patients at the earliest clinical phases 
of MS (Filippi et al. 2003). Interestingly, no correla-
tion has been found between WBNAA concentra-
tions and T2-weighted lesion volumes in patients 
with RRMS (Bonneville et al. 2002) and in those 
at presentation with CIS (Filippi et al. 2003a). The 
lack of such a correlation is likely to be the result 

of the fact that T2-visible lesions represent just a 
small component of overall brain damage and calls 
for an accurate assessment of NABT pathology for 
a better understanding of MS pathophysiology.

3. Metabolite abnormalities, including decrease of 
NAA and Cho and increase of mI, have also been 
shown in the cortical GM of MS patients (Kapeller 
et al. 2001; Sarchielli et al. 2002; Sharma et al. 
2001; Chard et al. 2002), since the early phases 
of the disease (Chard et al. 2002), but not in CIS 
patients (Kapeller et al. 2002). These changes are 
more pronounced in patients with SPMS than in 
those with RRMS (Adalsteinsson et al. 2003). 
More recently, NAA reduction has also been dem-
onstrated in the thalamus of SPMS (Cifelli et 
al. 2002) and RRMS patients (Wylezinska et al. 
2003).

15.4.3 
Correlations with Clinical Manifestations 
and Disability

As already mentioned, axonal loss and/or dysfunc-
tion is likely to have a major role in the development 
of fi xed clinical disability in MS. In agreement with 
this notion, a post-mortem study (Bjartmar et al. 
2000) has shown a strong correlation between neuro-
logical impairment and both axonal density and NAA 
reduction in the spinal cord of patients with MS. The 
following are the main in vivo fi ndings obtained from 
the application of 1H-MRS to the understanding of 
MS-related disability:
1. Following an acute MS relapse, reversible decreases 

in NAA have been observed not only in macro-
scopic lesions responsible for the clinical symp-
tomatology (De Stefano et al. 1995b; Reddy et al. 
2000a), but also in the NAWM of the hemisphere 
contralateral to acute lesions (De Stefano et al. 
1999) (Fig. 15.5) and have been correlated with 
reversal of functional impairment.

2. In patients with RRMS, a longitudinal decrease 
over time of NAA/Cr in the NAWM correlates 
strongly with EDSS worsening (De Stefano et 
al. 1998; Fu et al. 1998), suggesting that progres-
sive axonal damage or loss may be responsible for 
functional impairment in MS. More recently, it 
has been demonstrated that brain axonal damage 
begins in the early stages of MS, develops more 
rapidly in the earlier clinical stages of the disease 
and correlates more strongly with disability in 
patients with mild than in those with more severe 
disease (De Stefano et al. 2001).
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3. NAA levels have also been quantifi ed in specifi c 
brain regions, whose damage has been related to 
the impairment of the corresponding functional 
systems. Davie et al. (1995) showed a signifi cant 
reduction of NAA concentration in the cerebellar 
WM of patients with MS and severe ataxia com-
pared with those having little or no cerebellar 
defi cits. Lee et al. (2000a) demonstrated an asso-
ciation between reduction of NAA in the internal 
capsule and selective motor impairment. Pan et 
al. (2001) found a relation between cognitive func-
tion and NAA levels in the periventricular WM. 
More recently, Gadea et al. (2004) found a rela-
tionship between attentional dysfunction in early 
RRMS patients and NAA/Cr values in the locus 
coeruleus nuclei of the pontine ascending reticu-
lar activation system.

15.4.4 
1H-MRS to Monitor Treatment Effi  cacy

Only four studies have been conducted to evalu-
ate the effect of disease-modifying MS treatments 
on 1H-MRS-derived parameters (Sarchielli et al. 
1998; Narayanan et al. 2001; Schubert et al. 2002; 
Khan et al. 2003). Using monthly 1H-MRS scans, 
Sarchielli et al. (1998) found that treatment with 
interferon beta-1a is associated with increased Cho 
peaks in spectra of lesions from RRMS patients, 
suggesting an increase in lesion membrane turnover 
during the fi rst period of treatment. Narayanan et 
al. (2001) found an increase of NAA/Cr in a small 
group of RRMS patients after 1 year of treatment 
with interferon beta-1b, suggesting a potential effect 
of treatment in preventing chronic, sublethal axonal 

Fig. 15.5. Proton brain MRI/MRSI examinations of a multiple sclerosis patient performed during the acute phase of the disease 
(left), 1 month later (center) and 6 months later (right). Conventional proton MRI examinations show a solitary demyelinating 
lesion that enlarges to involve most of the hemisphere 1 month later (top center), and then decreases in size on the examination 
at 6 months (top right). Volumes of interest for spectroscopy are shown by the dotted line in each transverse MRI. Averaged 
spectra from voxels located in normal-appearing white matter contralateral and homologous to the demyelinating lesion (small 
squares in top panels) are shown in the bottom panels. Note the decrease in the NAA/Cr resonance intensity 1 month after the 
acute phase of the disease (bottom center). Complete recovery of NAA/Cr intensity ratios occurred at 6 months (bottom right)
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injury. More recently, Schubert et al. (2002) showed 
a stability of metabolite concentration over time in 
patients with RRMS treated with interferon beta-
1b. Finally, Khan et al. (2003) showed an increase 
of NAA/Cr levels in lesions and NAWM of RRMS 
patients after 2 years of treatment with glatiramer 
acetate.

15.5 
Functional MRI

Although the resolution of acute infl ammation, re-
myelination, redistribution of voltage-gated sodium-
channels in persistently demyelinated axons, and 
recovery from sublethal axonal injury are all factors 
likely to limit the clinical impact of damaging MS pa-
thology (Waxman and Ritchie 1993; De Stefano 
et al. 1995b), other mechanisms have been recently 
recognized as potential contributors to the recovery or 
to the maintenance of function in the presence of ir-
reversible MS-related axonal damage. Brain plasticity 
is a well known feature of the human brain which is 
likely to have several pathologic substrates, including 
an increased axonal expression of sodium channels 
(Waxman 1998), synaptic changes, increased recruit-
ment of parallel existing pathways or “latent” connec-
tions, and reorganization of distant sites. All these 
changes might have a major adaptive role in limiting 
the functional consequences of axonal loss. The ap-
plication of fMRI to the study of the motor, visual and 
cognitive systems in patients with MS has provided 
new insights into the mechanisms contributing to the 
progressive clinical worsening of these patients.

Functional cortical changes have been demon-
strated in all MS phenotypes, using different fMRI 
paradigms. A study of the visual system (Werring 
et al. 2000b), in patients who had recovered from a 
single episode of acute optic neuritis (ON), demon-
strated that such patients had an extensive activation 
of the visual network compared to healthy volunteers. 
An altered brain pattern of movement-associated 
cortical activations, characterized by an increased re-
cruitment of the contralateral primary sensorimotor 
cortex (SMC) during the performance of simple tasks 
(Rocca et al. 2003b; Filippi et al. 2004a) (Fig. 15.6) 
and by the recruitment of additional “classical” and 
“higher-order” sensorimotor areas during the perfor-
mance of more complex tasks (Filippi et al. 2004a) has 
been demonstrated in patients with CIS. An increased 
recruitment of several sensorimotor areas, mainly lo-
cated in the cerebral hemisphere ipsilateral to the limb 

which performed the task has also been demonstrated 
in patients with early MS and a previous episode of 
hemiparesis (Pantano et al. 2002a). Interestingly, in 
patients with similar characteristics, but who pre-
sented with an ON, this increased recruitment in-
volved sensorimotor areas which were mainly located 
in the contralateral cerebral hemisphere (Pantano et 
al. 2002b). In patients with established MS and a RR 
course, functional cortical changes have been shown 
during the performance of visual (Rombouts et al. 
1998), motor (Lee et al. 2000b; Reddy et al. 2000a, 
2000b; Filippi et al. 2002b; Rocca et al. 2002a), and 

a

b

Fig. 15.6a,b. Relative contralateral primary sensory-motor cor-
tex (SMC) activation in patients at presentation with clinically 
isolated syndromes suggestive of multiple sclerosis during the 
performance of a simple motor task with the right hand in 
comparison to healthy volunteers (a). The scatterplot of the 
correlation between the relative activation of the contralateral 
primary SMC and whole brain N-acetyl aspartate concentra-
tions is shown in (b)
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cognitive (Staffen et al. 2002; Hillary et al. 2003; 
Parry et al. 2003) tasks. Movement-associated corti-
cal changes, characterized by the activation of highly 
specialized cortical areas, have also been described in 
patients with SPMS (Rocca et al. 2003c) during the 
performance of a simple motor task. Two fMRI studies 
of the motor system (Filippi et al. 2002c; Rocca et al. 
2002b) of patients with PPMS suggested a lack of “clas-
sical” adaptive mechanisms as a potential additional 
factor contributing to the accumulation of disability.

The results of all these studies suggest that there 
might be a “natural history” of the functional reorga-
nization of the cerebral cortex in MS patients, which 
might be characterized, at the beginning of the disease, 
by an increased recruitment of those areas “normally” 
devoted to the performance of a given task, such as 
the primary SMC and the supplementary motor area 
(SMA) in case of a motor task. At a later stage, bilateral 
activation of these regions is fi rst seen, followed by a 
widespread recruitment of additional areas, which are 
usually recruited in normal people to perform novel/
complex tasks. This notion has been supported by the 
results of a recent study (Filippi et al. 2004b), which 
has provided a direct demonstration that MS patients, 
during the performance of a simple motor task, activate 
some regions, that are part of a fronto-parietal circuit, 
whose activation occurs typically in healthy subjects 
during object manipulation (Filippi et al. 2004b).

15.5.1 
Correlations with Structural Tissue Damage

The following are the main fi ndings supporting the 
adaptive role of functional cortical changes in MS:
a) An increased cortical recruitment with increasing 

T2 lesion load has been shown in patients with 
relapsing (Lee et al. 2000a; Pantano et al. 2002a; 
Rocca et al. 2002a), SP (Rocca et al. 2003c) and 
PP (Rocca et al. 2002b) MS.

b) The severity of intrinsic T2-visible lesion damage 
has been found to modulate the activity of some 
cortical areas. A strongly increased recruitment 
of the primary SMC has been shown to be cor-
related with the severity of lesion damage of the 
corticospinal tracts, measured using T1-weighted 
images (Pantano et al. 2002b) and with the whole 
brain average lesion MT ratio and mean diffusiv-
ity (Rocca et al. 2002a).

c) The severity of NABT damage, measured using 1H-
MRS (Reddy et al. 2000b; Rocca et al. 2003b), MT 
MRI or DW MRI (Filippi et al. 2002c; Rocca et 
al. 2002a; Rocca et al. 2003c) is another important 

factor modulating movement-associated cortical 
reorganization, as shown by studies of patients 
with various disease phenotypes and different 
levels of disability (Reddy et al. 2000b), patients at 
presentation with CIS suggestive of MS (Rocca et 
al. 2003b) (Fig. 15.6), patients with RRMS and no 
clinical disability (Rocca et al. 2002a), and PPMS 
and SPMS patients with different degrees of clini-
cal involvement (Filippi et al. 2002c; Rocca et al. 
2003c).

d) Subtle GM damage may play a role in modulating 
cortical excitability, as demonstrated in patients 
with SPMS (Rocca et al. 2003c) and in patients 
with clinically defi nite MS and non-specifi c (less 
than three lesions) cMRI fi ndings (Rocca et al. 
2003d).

e) Finally, the demonstration of strong correlations 
between cortical activations and cervical cord 
damage, quantifi ed using MT MRI, in patients 
with PPMS (Filippi et al. 2002c), patients with 
a previous episode of acute myelitis of probable 
demyelinating origin (Rocca et al. 2003e), and 
patients with Devic’s neuromyelitis optica (Rocca 
et al. 2004) suggests that not only brain, but also 
spinal cord pathology can induce cortical changes 
with the potential to limit the functional impact of 
the disease.

15.5.2 
Correlations with Clinical Manifestations and 
Disability

Although the actual role of cortical reorganization on 
the clinical manifestations of MS remains unclear, the 
demonstration that MS patients may have a normal 
level of performance despite the presence of diffuse 
tissue damage suggests that cortical adaptive changes 
are likely to contribute in limiting the clinical con-
sequences of MS-related structural damage (Filippi 
and Rocca 2003). The most compelling evidence that 
cortical reorganization may have a role in recovery 
from axonal damage derives from the study by Reddy 
et al. (2000a), who followed a patient after the onset of 
an acute hemiparesis and a new, large demyelinating 
lesion located in the corticospinal tract with serial 1H-
MRS and fMRI exams. In this patient, clinical recovery 
preceded complete normalization of NAA and was 
accompanied by increased recruitment of ipsilateral 
primary SMC and SMA. In line with these fi ndings, in 
a group of patients who complained of fatigue when 
compared to matched non-fatigued MS patients, there 
was a reduced activation of a complex movement-as-
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sociated cortical/subcortical network, including the 
cerebellum, the rolandic operculum, the thalamus and 
the middle frontal gyrus (Filippi et al. 2002b). In these 
patients, a strong correlation between the reduction 
of thalamic activity and the clinical severity of fatigue 
was found, indicating that a less marked cortical re-
cruitment might be associated to the appearance of 
clinical symptomatology in MS. Preliminary work has 
shown that the pattern of movement-associated corti-
cal activations in MS is determined by both the extent 
of brain injury and disability and that these changes 
are distinct (Reddy et al. 2002).

15.6 
Conclusions

The application of modern MRI techniques to the as-
sessment of MS patients has considerably improved 
our understanding of MS pathophysiology and has 
provided new objective metrics that might be useful 
to monitor disease evolution, either in natural history 
studies or in treatment trials. However, none of the 
quantitative MR-based techniques considered, taken 
in isolation, is able to provide a complete picture of 
the complexity of the MS process and this should 
call for the defi nition of aggregates of MR quanti-
ties, thought to refl ect different aspects of MS pathol-
ogy, to improve our ability to monitor the disease. At 
present, longitudinal natural history data collected in 
large samples of MS patients using structural, meta-
bolic and functional MR techniques are needed to 
gain additional insight into MS pathobiology and on 
the actual value of modern MR technologies in the 
management of MS.
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16.1 
Introduction

Around the turn of the last century, several unusual 
demyelinating conditions were described, includ-
ing Devic’s disease (1894, neuromyelitis optica), 
Marburg disease (1906, acute multiple sclerosis, 
“encephalitis periaxialis diffusa”), Schilder disease 
(1912,  recognized as a childhood variant of Marburg 
encephalitis periaxialis diffusa by Schilder) and 

Balo disease (1928, “encephalitis periaxialis con-
centrica,” concentric sclerosis, recognized by Balo 
to be similar to Marburg and Schilder diseases). 
All except Devic’s disease were considered by the 
original authors to represent rare, acute, and/or 
severe variants of multiple sclerosis (MS).

Debate raged almost immediately as to whether 
these represented unique demyelinating disorders 
or MS variants as the original author had often 
contended. Since several of these original reports 
were only single cases it took some time before 
sufficient numbers of patients were accrued by 
other workers, with tissues reviewed by neuropa-
thologists at autopsy, to put these cases in proper 
perspective. Adding to the confusion was the fact 
that Schilder himself subsequently reported two 
more children with acute demyelinating disorders 
which he thought represented acute childhood MS, 
but which subsequently proved to be adrenoleuko-
dystrophy and subacute sclerosing panencephalitis 
(Prineas et al. 2002).

There are valid differences of opinion as to how 
rigidly these terms, especially “Devic” and “Balo”, 
should be applied. Some workers use these ep-
onymic designations when specific distribution 
patterns are predominantly, but not exclusively, 
present. An example of this would be the use of the 
term “Devic’s disease” for MS patients in whom the 
initial presentation was severe optic nerve and/or 
spinal cord disease, but who later in the course 
of the disease develop pathologically proven de-
myelinative plaques in other central nervous sys-
tem (CNS) sites. A second instance is the use of 
these terms when the key variant feature is only 
minimally or focally present. An example of this 
would be the use of “Balo disease” for cases of large 
acute demyelinating lesions that may contain one 
or more “rings” by neuroimaging studies only in 
a single lesion, as opposed to the original use of 
the term which required widespread multiple con-
centric ring formation throughout cerebral hemi-
spheres, as documented pathologically at autopsy. 
A final difference is those experts who favor use of 
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these terms to denote certain stereotypic sites of 
involvement irrespective of co-existent disorders. 
An example of this would be the use of “Devic’s 
disease” for spinal cord and optic nerve lesions in 
autoimmune disorders or cancer.

Today, based on neuropathology and imaging, 
Marburg (acute MS), Schilder (large coalescent, 
usually childhood, MS with exclusive cerebral 
hemispheric involvement), and Balo (alternating 
concentric rings of myelin loss and preservation in 
MS) are accepted as variants of MS. Devic’s disease 
(as defi ned by exclusive spinal cord and optic nerve 
involvement) on the other hand, from both an im-
aging and neuropathology perspective is less confi -
dently categorized today as an MS variant, but if it 
is, it likely lies on the far-side of the spectrum of MS 
(Table 16.1).

All these variants result in diagnostic diffi culty 
and errors disproportionate to their incidence. A few 
additional points are worth noting:

1) The initial clinical presentation of these MS 
variants is usually severe and rapidly progres-
sive, making the differential diagnostic list 
broad.

2) Making the diagnosis at the very initial phases of 
any of these diseases (when the neuroradiologist 
is most likely to be confronted with the disorder 
by imaging studies) is virtually impossible. Only 
passage of time and evolution of clinical features 
of the disease, biopsy, or even autopsy provide the 
fi nal and correct diagnosis.

3) All these MS variants are rare and heteroge-
neous within each category due to differing uses 
of the terms, as noted above. Although correct 
diagnosis is always desirable, in actuality, treat-
ment decisions are more often guided by anec-
dote and desperation than by evidence-based 
studies.

4) Despite these diffi culties, from a research perspec-
tive, these MS variants as “outliers” do provide 
important material with which to address ques-
tions related to variant host response, mechanisms 
of remyelination or barriers to remyelination, and 
issues surrounding new hypotheses of MS classifi -
cation (Lucchinetti et al. 2000).

This chapter will attempt to outline the unique 
versus the overlapping clinical, pathological, and 
neuroimaging features of Marburg, Schilder, Balo, 
and Devic types of MS. Acute tumefactive demyelin-
ating lesions will also be briefl y discussed under the 
acute MS section.

16.2 
Devic’s Neuromyelitis Optica

16.2.1 
General Features

Devic’s neuromyelitis optica (DNO), originally de-
scribed in 1894 (Devic 1894) is an infl ammatory de-
myelinating disease with features that overlap with MS 
(Cree et al. 2002; de Seze et al. 2003; Weinshenker 
2003). However, in contrast to the other MS variants 
discussed below, DNO has come to be understood as 
more distinct than similar to MS, based on clinical, 
pathological, immunological and imaging criteria.

The key clinical features of DNO include acute vi-
sual loss, often bilateral, and acute transverse myelitis, 
with the visual and spinal cord signs and symptoms 
often presenting nearly simultaneously (O’Riordan 
et al. 1996; de Seze et al. 2003; Wingerchuk et al. 
1999). Despite striking and classic demyelination in 
the optic nerve and spinal cord, patients with “pure” 
DNO do not develop neurologic signs or symptoms or 
demyelination in other regions of the CNS; the brain 
remains normal or shows at most non-specifi c fi nd-
ings in the white matter on follow-up MRI (Filippi et 
al. 1999; Mandler et al. 1993; O’Riordan et al. 1996; 
Fazekas et al. 1994).

Many series of DNO patients suggest that visual 
symptoms usually precede spinal symptoms, but the 
reverse is not uncommon. Severe visual symptoms 
with blindness may become total and permanent 
within a few days and bilateral optic neuritis is most 
common. This contrasts with MS where bilateral op-
tic neuritis is relatively uncommon and the initial 
visual compromise is usually limited and reversible 
(Weinshenker 2003). In patients who present with 
visual system diffi culties, transverse myelitis charac-
teristically develops within a few weeks, with severe 
paraplegia, sensory loss with a distinct level, and 
sphincter disturbances. Fixed weakness from onset, 
rather than improvement over time after the initial 
event, is the typical course. This contrasts with MS 
where weakness is frequently reversible in the early 
stages and the spinal cord presentation is that of 
only partial transverse myelitis. The interval separat-
ing the visual and spinal syndromes may be hours, 
days, or weeks, but in most cases is within 3 months. 
However, cases with a 2- or more year separation have 
been described. As no single criterion is specifi c for 
DNO, diagnostic criteria have been developed based 
on multiple factors, including MRI (Wingerchuk 
and Weinshenker 2003; Wingerchuk et al. 1999; 
de Seze et al. 2002).
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Table 16.1. Classical features of the MS variants compared to relapsing MS

Relapsing MS Devic’s NMO Balo’s concentric scle-
rosis

Schilder’s disease Acute (Marburg) 
MS

Age Childhood to adult Childhood to adult Childhood to adult Predominantly 
children 

Childhood to adult; 
typically in young 
adult

Typical 
course

First events often 
subclinical

Early defi cits mostly 
reversible

Relapsing early, then 
progressive in >50%

Acute onset

Nearly synchronous 
myelopathy and 
optic neuropathy 
(either fi rst)

Fixed and severe 
defi cits with each 
attack

Monophasic or 
relapsing

Symptoms suggesting 
mass may occur

Typical lesions (one or 
few) at presentation, 
may suggest mass

Rarely can occur 
during course of typical 
relapsing MS

By MRI more common 
and more benign

Historically acute, 
severe but highly vari-
able and MS-like

Headache, vomit-
ing seizures, visual 
problems (cortical 
blindness or bilat-
eral optic neuritis)

No prodrome

Variable

Acute onset, poorly 
responsive, death 
not uncommon 
within weeks or 
months

Typically mono-
phasic

MRI Brain and cord with 
multifocal lesions, in 
brain periventricular
>peripheral white

Spinal cord short 
segments (<2 in 
height)

Partial transverse 
involvement 

No T1-hypointensity, 
acute or chronic

Brain normala

Spinal cord swollen, 
diffuse, transverse, 
long vertical pathol-
ogy

Near full transverse 
involvement

May show T1-
hypointensity (acute 
and chronic) 

Lamellar lesions in iso-
lation or accompanying 
typical MS-like lesions

Lamellar pattern at 
autopsy (not expected 
in vivo)

Large (3×2 cm), 
bihemispheric 
brain white matter 
lesions may show 
edge enhancement

Multifocal dif-
fuse white matter 
lesions in brain or 
brainstem

CSF OCB, in most OCB uncommon
>100 WBC; neutro-
phils common 

Insuffi cient studies Normal or not 
typical for MS

OCB may be absent 
in acute illness

Pathology Demyelination 
with variable, but 
lesser, axonal injury; 
lesions of differing 
ages often detected 
at autopsy; most 
old lesions well 
demarcated from 
surrounding white 
matter; periven-
tricular, subpial, 
gray-white junction 
plaques typical

Demyelination and 
necrosis with severe 
axonal injury and 
cavitation; damage 
predominantly or 
exclusively in optic 
nerve and spinal 
cord, often affected 
long segments of 
cord

Concentric zones of 
normal myelin alternat-
ing with demyelination, 
leading to a mosaic 
pattern of myelin 
damage in cerebral 
hemispheric white 
matter; histology may 
suggest aberrant remy-
elination

Severe myelin 
loss; large, well 
demarcated, 
bilateral white 
matter plaques 
involving cerebral 
hemispheric white 
matter, with fewer 
brainstem, cerebel-
lar, and spinal cord 
lesions

Severe acute myelin 
loss with numerous 
LFB-positive mac-
rophages; few if any 
old lesions; most 
lesions in cere-
bral hemispheres; 
lesions may be 
poorly demarcated 
due to acute nature

a 
Brain MRI may reveal non-specifi c white matter foci.

OCB, oligoclonal bands
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The clinical course following presentation with 
DNO is variable. The disorder may be mono-
phasic without recurrent attacks (but with fi xed 
defi cits) or the patient may experience multiple 
severe relapses with step-wise neurologic dete-
rioration (Weinshenker 2003; Wingerchuk and 
Weinshenker 2003; Fardet et al. 2003). DNO may 
also follow an acute progressive and fatal course, 
with patients suffering respiratory failure and death 
related to cervical myelitis (Wingerchuk and 
Weinshenker 2003). Rarely there can be complete 
clinical recovery without relapse. Prognosis is poor 
compared to classic MS, with most patients demon-
strating severe visual loss or inability to ambulate 
without assistance within 5 years of onset.

The early literature suggested that DNO was the 
predominant demyelinating disease in parts of Asia, 
where MS is relatively rare. There is now evidence 
from studies in Japan and elsewhere that many cases 
classifi ed as DNO might better be classifi ed as MS 
with disproportionate optic and spinal cord involve-
ment. Nevertheless, DNO is still rare in these Asian 
countries compared to MS, and is even more rare in 
North America and Europe (Kuroiwa 1985a). An in-
teresting co-association of DNO has been described 
with autoimmune and connective tissue disease, in-
cluding systemic lupus erythematosus and Sjögren 
syndrome (de Seze et al. 2002; O’Riordan et al. 1996; 
Weinshenker 2003; Cree et al. 2002).

Early and correct diagnosis of DNO is important 
as current treatment recommendations vary from 
those for MS (Weinshenker 2003). Treatment of 
DNO with beta-interferon or glatiramer acetate has 
been described after an initial misdiagnosis of MS, 
but azathioprine may be the treatment of choice to 
suppress attacks (Mandler et al. 1998). DNO may 
respond to plasma exchange when steroid therapy 
fails (Keegan et al. 2002). DNO in the presence of 
anticardiolipin antibodies has been treated with an-
tiplatelet and anticoagulant drugs (Karussis et al. 
1998). 

16.2.2 
Neuropathology 

DNO is characterized pathologically by considerably 
more tissue destruction and loss of axons than is seen 
in typical MS, with necrotizing demyelination in the 
spinal cord and optic nerves. The tissue involvement 
often extends over numerous spinal cord segments. 
In early cases the cord may be swollen, simulating a 
tumor, whereas in late stages there may be consid-

erable shrinkage of the cord and cavitation due to 
the tissue destruction. DNO may show a greater B 
cell component, more prominent eosinophilic and 
neutrophilic infi ltrates, complement activation, and 
vascular fi brosis, all rare in typical MS, along with 
the more MS-like features including T cell infi ltrates 
and the presence of macrophages (Lucchinetti et 
al. 2002). Depending on how one defi nes the entity, 
the remainder of the CNS shows little or no demyelin-
ative disease. The cerebrospinal fl uid, in contrast to 
MS, reveals a pleocytosis of >50 leukocytes, is often 
neutrophilic, and in most cases there is absence of 
oligoclonal bands.

16.2.3 
Imaging

The conventional MRI findings in the spinal cord 
in DNO differ from those in typical MS (Fig. 16.1). 
In DNO lesions of the spinal cord tend to be large, 
often exceeding three segments in height, across 
the full thickness of spinal cord on axial views. 
Both the gray and white matter and central cord 
may be abnormal, and the spinal cord may show 
striking swelling (O’Riordan et al. 1996; Filippi 
et al. 1999). This contrasts to the typical appear-
ance of MS by MRI (Lycklama et al. 2003), where 
there is typically partial and asymmetric involve-
ment observed on axial images, the vertical extent 
is usually two segments or less, and spinal cord 
swelling is relatively mild if present at all in the 
acute stages.

In acute MS the spinal cord is rarely if ever hy-
pointense on T1-weighted images (Gass et al. 1998), 
while in DNO the cord may be diffusely hypointense. 
Chronic T1-hypointensity (T1-black holes) are nota-
bly absent in MS (Gass et al. 1998; Lycklama et al. 
2003), but occur in DNO, probably related to tissue 
necrosis. In DNO, there may be longitudinally ex-
tensive and central enhancement of the spinal cord 
(Weinshenker 2003).

Cord atrophy does occur frequently in MS, but 
most often by visual criteria is localized and seg-
mental (Simon 2000; Lycklama et al. 2003). In DNO, 
cord atrophy may be readily apparent, may be dif-
fuse and prevalent (beyond the acute stages) when 
measurements are made (Filippi et al. 1999). These 
neuroimaging changes perfectly parallel the known 
neuropathological features described above. Imaging 
fi ndings in the optic nerve or chiasm, including T2-
hyperintensity, swelling or enhancement, do not dis-
tinguish DNO from typical MS.
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While there is some variation depending on the 
criteria used to make the diagnosis of DNO, there 
is good evidence that the majority of cases will be 
characterized by a normal brain MRI at presenta-
tion (Wingerchuk et al. 1999; Wingerchuk and 
Weinshenker 2003; Mandler et al. 1993; de Seze 
et al. 2003; O’Riordan et al. 1996; Fazekas et al. 
1994; Filippi et al. 1999). When T2-hyperintensities 
are seen in the brain, they tend to be non-specifi c, for 
example not abutting the ventricular surfaces, and 
without accompanying T1-hypointensity, either acute 
or chronic. On follow-up, cases of “pure” DNO do not 
tend to accumulate new T2-hyperintensities, in con-
trast to typical MS where new lesions are frequent and 
most often subclinical (Filippi et al. 1999).

Magnetization transfer imaging studies have 
provided further support for the concept of DNO 
as a more limited neuroanatomical disorder in con-
trast to typical MS. The magnetization transfer ra-
tio (MTR) of focal non-specifi c brain lesions when 
they do occur in DNO is only mildly abnormal and 
considerably less abnormal than in MS. The MTR-
based measures of normal-appearing white mat-
ter (NAWM) is normal in DNO, in contrast to the 
NAWM in MS which is consistently abnormal even 
in the relatively early stages of disease (Filippi et 
al. 1999). In keeping with a more severe spinal cord 
pathology, the MTR of spinal cord is signifi cantly 
more abnormal in DNO than in typical MS (Filippi 
et al. 1999).

a c

e

b

d f

Fig. 16.1a-f. Devic’s neuromyelitis optica. A relapsing spinal cord presentation included an episode with severe long segment, 
diffuse spinal cord involvement as seen on T2-weighted MRI (a), with corresponding T1-hypointensity (b), fi ndings not as-
sociated with classic MS. On axial T2-weighted MRI (c), the cervical cord lesion is large, symmetric, and crosses the midline. 
The brain MRI in Devic’s neuromyelitis optica is typically normal as shown here (d), but can include non-specifi c T2-hyperin-
tensities. In MS, on T2-weighted sagittal images, the spinal cord lesion is often vertically oriented, but <2 segments in height. 
Involvement as seen on axial T2-weighted axial images (f) is classically asymmetric, corresponding to the clinical fi nding of 
partial transverse myelitis
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16.2.4 
Diff erential Diagnosis

Depending on the initial presentation (spinal or op-
tic), the differential diagnosis by imaging includes 
(for spinal presentations) transverse myelitis, acute 
disseminated encephalomyelitis (ADEM), including 
post-vaccination, viral and other infectious etiologies, 
and neoplasm. An abnormal brain MRI with typical 
demyelinating lesions in the cerebral hemispheres, 
cerebellum, and brainstem, and consistent laboratory 
fi ndings makes MS more likely. Vascular insults and 
collagen vascular disease are not always separable 
from DNO without supporting laboratory or histori-
cal information. With an optic neuritis presentation, 
especially if unilateral, imaging fi ndings are non-spe-
cifi c and the differential diagnosis will include optic 
neuritis from MS if the brain MRI is positive. 

16.3 
Acute MS (Marburg Type)

16.3.1 
General Features

Rarely, an acute, idiopathic, infl ammatory demy-
elinating disease may be relatively unresponsive to 
conventional therapy (corticosteroids), resulting in 
death or severe residual defi cits, and may then be 
classifi ed as acute MS of the Marburg type. Death 
may occur in weeks to months, either from severe 
widespread cerebral lesions or acute involvement of 
the lower brainstem or upper cervical cord (Mendez 
and Pogacar 1988). Patients who survive the acute 
presentation may be left with signifi cant defi cits or 
may develop severe exacerbations.

It must be acknowledged, however, that some pa-
tients who present with a large acute tumefactive de-
myelinative lesion that prompts biopsy, later go on to 
exhibit a classic chronic relapsing/remitting course 
of typical MS. These cases should perhaps not be con-
sidered “pure” Marburg type MS although at the time 
the patient presents the outcome may not be at all 
clear. For the individual patient, the diffi culty is that 
at the time of clinical presentation there are no good 
predictors for whether he or she will follow a fulmi-
nant rapidly fatal course after biopsy, develop mild or 
severe MS, or even develop MS at all, despite several 
years follow-up (Kepes 1993). It has been suggested 
that some patients who present with acute tumefac-
tive demyelinating lesions prompting biopsy might 

actually have disorders intermediate between MS 
and large coalescent ADEM (Kepes 1993). Hence, the 
appellation “Marburg” is best applied to severe, acute 
MS that meets both clinical and pathological criteria 
of a monophasic illness and may best be defi ned by 
its malignant course and acute, severe demyelination 
(Bitsch et al. 1999; Poser et al. 1992).

While poorly responsive to corticosteroids (the fi rst 
line of therapy), there are suggestions that patients 
with Marburg-type MS may benefi t from plasma ex-
change (Weinshenker 1999). Cases have also been 
described with response to combined corticosteroid 
and mannitol therapy (Giubilei et al. 1997).

Recently, Marburg MS has been hypothesized to 
be the result of a pre-existing abnormality of myelin 
basic protein in a developmentally immature (less 
cationic) form (Wood et al. 1994; Beniac et al. 1999). 
Alternatively, Marburg type of demyelination may 
simply lie at the severe, acute end of the clinical spec-
trum of MS (Coyle 2000), possibly refl ecting factors 
related to a host response.

16.3.2 
Neuropathology

In most patients who succumb, demyelinative lesions 
are usually all of the same acute age. The distribution 
of lesions is similar to typical MS, but there is a predi-
lection for lesions to occur in the cerebral hemispheres, 
including near the gray-white matter junction. Virtually 
no older plaques can be identifi ed at neuropathologi-
cal examination, paralleling the patient’s rapid clinical 
downhill course. This is in contradistinction to typical 
MS where the demyelinative lesions at autopsy are usu-
ally remote and/or show differing ages of myelin break-
down. The latter is assessed by several types of special 
stains, the most common of which is the histochemical 
stain for myelin (Luxol fast blue, LFB) with a periodic 
acid Schiff (PAS) counterstain. This stain allows distinc-
tion between very recently phagocytosed myelin within 
macrophages, which is as yet undigested and retains 
its LFB-positivity, versus myelin that has been broken 
down to neutral lipids in macrophages (PAS-positivity) 
as a result of a more advanced and subacute process. 
In Marburg type of acute MS, abundant LFB-positive 
macrophages are seen throughout the hypercellular de-
myelinative lesions. Acute MS shows less chronic glio-
sis, more edema, and even partial bands of preserved 
myelin (see description of Balo type in Sect. 16.4) than 
typical relapsing/remitting MS cases that come to au-
topsy. More abundant perivascular infl ammation may 
also be present than is seen in typical MS.
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16.3.3 
Imaging

The classic MRI appearance is that of a fi rst presenta-
tion with large, often confl uent, lesions, sometimes 
involving the brainstem but more commonly affect-
ing cerebral hemispheric white matter. Lesions may 
show enhancement and perilesional edema is often 
present. If a single lesion is the initial presentation of 
MS, the neuroimaging characteristic may be diffi cult 
to distinguish from a neoplasm.

16.3.4 
Diff erential Diagnosis

The differential diagnosis at the time of presentation 
includes ADEM (Schwarz et al. 2001), which may 
be favored by an appropriate accompanying history 
of vaccination or recent viral or other infectious ill-
ness. If blood is present in the lesion at neuroimaging 
studies, the rare Hurst’s disease (acute hemorrhagic 
leukoencephalitis) may also be a consideration, a 
disorder generally considered to represent a hyper-
acute form of perivenous encephalomyelitis (ADEM). 
Infectious and autoimmune diseases can usually be 
excluded by clinical and laboratory features or by 
neuropathology of the biopsy or at autopsy.

The diffi culty with biopsies of tumefactive MS is 
that they may overlap with Marburg MS or be inter-
mediate between ADEM and classic MS (Giang et 
al. 1992; Kepes 1993). While classic ADEM is distin-
guishable from classic MS by the presence of mul-
tifocal, small perivenous demyelinative lesions in 
ADEM, this feature is not generally present in acute 
demyelinative lesions that prompt biopsy. There are 
no morphological features in these biopsy specimens 
of single tumefactive demyelinative lesions that reli-
ably predict whether the patient will go on to subse-
quently develop MS.

16.4 
Balo’s Concentric Sclerosis

16.4.1 
General Features

Balo’s concentric sclerosis (BCS) might be best char-
acterized as a relatively rare expression of pathology 
that might be entirely within the classifi cation of MS. 
The original case of Balo was that of acute disease, 

with death within 3 and a half months after onset in 
a 23-year-old male, prompting Balo himself to con-
sider the disorder he described as a variant of acute 
MS; he named this process encephalitis periaxialis 
concentrica, paralleling the name given several years 
earlier by Marburg to acute MS (Balo 1928; Kuroiwa 
1985a).

BCS by defi nition shows a peculiar pattern of pa-
thology in cerebral hemispheric white matter con-
sisting of a concentric, mosaic, or fl oral confi guration 
of alternating bands of white matter whose basis is 
relatively preserved myelination alternating with re-
gions of demyelination (Fig. 16.2).

The literature refl ects two extremes of BCS – the 
earlier (pre-MRI) neuropathology literature is based 
primarily on autopsy material from cases after an 
acute, monophasic, fulminant disease process. In the 
autopsy BCS series, disease typically progresses over 
weeks to months, with severe disability or death as 
the typical outcome. Clinical symptoms typically in-
clude headache, aphasia, cognitive or behavioral dys-
function, and/or seizures.

In contrast, the MRI-era literature tends to refl ect 
a far greater range of disease, from focal BCS lesions 
co-existing with typical MS-like lesions, but also ac-
knowledging cases with a fulminant course ending in 
death. The more “benign” BCS has been described as 
monophasic with resolution of pathology and clinical 
fi ndings over time, and as MS-like with a multipha-
sic but self-limited course, and responsive to therapy 
(Spiegel et al. 1989; Ng et al. 1999; Louboutin and 
Elie 1995; Sekijima et al. 1997; Karaarslan et al. 
2001).

Fig. 16.2. Classic Balo’s concentric sclerosis as a white mat-
ter lesion with partly myelinated and demyelinated bands 
arranged in concentric and mosaic patterns. Section stained 
with Luxol fast blue. [From Yao et al. (1994)]
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The explanation for the pre-MRI and MRI era 
dichotomy is not known. One possibility may lie 
with a more detailed explanation of the pathological 
features of acute MS. Acute Marburg type MS often 
shows partial bands of preserved myelin at patho-
logical examination, as explained above. Such cases 
with limited banding are classifi ed as acute MS by 
neuropathologists, but might be considered as hav-
ing “focal or limited Balo rings” based on imaging. 
Acute tumefactive demyelinative lesions with a few 
alternating bands of intact and damaged myelin may 
be the lesions that account for the diagnosis of “Balo 
rings” by MRI in some patients.

Co-existence of BCS lesions with typical MS-like 
(non-concentric) lesions has also been recognized in 
the neuropathology literature (Itoyama et al. 1985; 
Moore et al. 1985). BCS lesions have been found 
very rarely to develop after a typical relapsing-remit-
ting course of typical MS (Moore et al. 2001), and 
Balo-like band pattern lesions have been described 
along the periphery of acute MS plaques (Moore et 
al. 2001).

While the early literature emphasized BCS within 
the cerebral hemispheric white matter of the brain, 
this process also occurs within the optic chiasm and 
spinal cord, and BCS lesions can occur in the brain-
stem and cerebellum (Itoyama et al. 1985; Moore et 
al. 1985). 

16.4.2 
Neuropathology

While much of the literature of BCS was interpreted 
as indicating that the abnormal bands (intermingled 
with normal bands) were the result of partial re-
myelination, more recent evidence suggests that the 
abnormal bands are more often areas of early demy-
elination alternating with preserved myelin (Yao et 
al. 1994). In some well documented cases there does 
appear to be remyelination of previously demyelin-
ated fi bers (Moore et al. 1985). BCS-like features, 
without the full blown BCS macroscopic pathology 
have also been described along the surface of chronic 
active MS plaques (Moore et al. 2001), suggesting 
that this pathology may not be characteristic of a 
separate disease, but refl ects a variation in pathology 
or host response.

The mechanism(s) responsible for this peculiar 
pathology remain a mystery. Balo postulated a “leci-
thinolytic enzyme” centrifugally spreading from the 
center of a lesion (Kuroiwa 1985). A more recent 
hypothesis is based on downregulation of local de-

myelination by CD8 suppressor T-cells (Moore et al. 
2001; Traugott et al. 1983), in both typical MS and 
BCS lesions, as might occur as well through cytokine 
action (Moore et al. 2001; Canella and Raine 1995). 
The suppression of demyelination along the surface 
of a lesion, surrounded by an external zone of activ-
ity and demyelination, and a sequential repeat of the 
process might then result in the repetitive alternating 
lamellae characteristic of BCS (Moore et al. 2001).

16.4.3 
Imaging

With the introduction of MRI, the literature regard-
ing BCS has evolved. BCS is currently described as 
consisting of a range appearances, from classic large 
BCS lesions in isolation associated with a fulminant 
clinical course, to cases in which the BCS pattern of 
focal lesions co-exists with typical MS-like lesions 
(Chen et al. 1996; Yao et al. 1994; Iannucci et al. 
2000; Ng et al. 1999). There is also increasing recog-
nition of borderline BCS-like lesions with only a few 
lamellae or rings. The co-existence and development 
of BCS lesions within typical MS lesions, though rare, 
is likely more common than development of only 
classic large BCS lesions throughout both cerebral 
hemispheres.

BCS lesions are readily identifi ed on proton or T2-
weighted images, but the concentric pattern may also 
be apparent on T1-weighted images (Fig. 16.3). There 
are reports of contrast enhancement in BCS, with al-
ternating bands of enhancement and non-enhance-
ment, the enhancing regions thought to correspond 
to zones of demyelination. Synchronously enhanc-
ing, sequentially enhancing, and transiently enhanc-
ing rings have been reported (Iannucci et al. 2000; 
Sekijima et al. 1997; Chen 2001;Chen et al. 1999; Ng 
et al. 1999; Bolay et al. 1996; Caracciolo et al. 2001; 
Kastrup et al. 2002) (Fig. 16.4).

By both imaging and neuropathology, most studies 
suggest a chronologic progression of rings, with the 
most recent pathology along the periphery. In some 
cases a more synchronous process has been sug-
gested, possibly associated with a very rapid tempo of 
lesion progression, not unlike that of chronic active 
lesions in classic MS, where ongoing demyelination 
may occur along a lesion’s perimeter (Moore et al. 
2001; Sekijima et al. 1997; Ng et al. 1999).

In the few cases of BCS studied to date with MR 
spectroscopy, the principal metabolite ratios and 
other abnormal peaks (from lipid and lactate) 
are those observed from typical large MS lesions 
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(Karaarslan et al. 2001; Kim et al. 1997; Chen et al. 
2001). Based on a series of large concentric lesions in 
four patients in Taipei, Taiwan, with 2- to 23-month 
follow-up Chen et al. (2001) reported an increase in 
the choline-to-creatine ratio, a decrease in the N-ace-
tyl aspartate-to-creatine ratio, and increased lactate. 
On follow-up, there was a return toward normal ra-

tios and values. Lipid peaks were seen in early lesions, 
similar to those observed in MS by short echo time 
MR spectroscopy (Davie et al. 1994).

With increased sensitivity of MRI to Balo-like 
patterns in vivo, one of the diffi cult and intriguing 
questions is concerned with the defi nition of BCS. 
For example are lesions with only a few or one to two 

Fig. 16.3a,b. Balo’s concentric sclerosis. (a) A 52-year-old man presenting with acute left hemiparesis, ataxia and agitation. 
Sagittal T1-weighted image shows concentric rings, the lesion had peripheral enhancement (not shown). (b) A 48-year-old 
man developed acute sensorial aphasia 4 days before admission, the coronal fl uid-attenuated inversion-recovery (FLAIR) series 
shows bilateral lesions, one with many rings in the left temporo-parietal lobe, and two right hemisphere lesions, one with few 
rings, one more classically MS-like along the ventricular surface. [From Karaarslan et al. (2001)]

Fig. 16.4a,b. Balo’s concentric sclerosis. A 56-year-old woman with a 2-week history of progressive weakness, the axial T2-
weighted MRI shows a left parietal and right frontal subcortical lesion, and small right periventricular lesions (a). The axial post-
contrast T1-weighted image (b) shows concentric enhancement of the left lesion, arcuate enhancement of the right subcortical 
lesion, and enhancement at right angle to the ventricle surface in the smaller right periventricular lesion. Follow-up at 12 months 
showed regression but the laminated appearance remained on T2-weighted imaging (not shown). [From Ng et al. (1999)]

a b

a b
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16.4.4 
Diff erential Diagnosis

Classic large and potentially mass-like BCS lesions may 
be confused with neoplasm or abscess, but when their 
appearance is equivocal, the course when followed by 
imaging should suggest a resolving (non-malignant) 
process. MR spectroscopy may also support the diag-
nosis of a demyelinating process (Chen et al. 2001).

rings representative of BCS (Fig. 16.5), and its corre-
sponding pathology, or are these better characterized 
as relatively rare presentations of the common demy-
elination characteristic of typical MS? Does identifi -
cation of a minimal BCS pattern contain prognostic 
information, information relevant to discussions of 
subtypes of MS pathology or information relevant to 
optimal therapy?

16.5 
Schilder’s Disease

16.5.1 
General Features

Schilder’s disease, also known as diffuse myelinocla-
stic sclerosis, is a rare demyelinating disorder that is 
essentially a diagnosis of exclusion as its clinical and 
MRI appearance may overlap with inherited metabolic 
disorders of myelin, particularly adrenoleukodystro-
phy. Schilder’s original three cases, under the umbrella 
of an entity known as encephalitis periaxialis diffusa, 
described in 1912, 1913, and 1924 were subsequently 
found to be three different disorders: myelinoclastic 
diffuse sclerosis (the 1912 case), adrenoleukodystro-
phy (the 1913 case), and subacute sclerosing panen-
cephalitis (SSPE) (the 1924 case) (Poser 1985).

A practical defi nition proposed by Poser (1985) 
includes the following components: (1) a subacute 
or chronic myelinoclastic disorder with one or two 
roughly symmetrical plaques at least 2×3 cm in two 
of three dimensions; (2) involvement of the centrum 
semiovale; (3) these being the only lesions based on 
clinical, paraclinical or imaging fi ndings; (4) adreno-
leukodystrophy must be excluded.

Schilder’s disease in its classic sense is acute MS 
that occurs in childhood. Analogous to other MS vari-
ants discussed above, both “pure” forms and “transi-
tional” forms have been described. “Pure” forms pre-
dominate in childhood and have plaques confi ned 
to the cerebral white matter. “Transitional” forms af-
fected a broader age range of adolescents and adults 
and show large cerebral plaques combined with more 
typical MS plaques elsewhere (Prineas et al. 2002).

Disease duration is highly variable. In the 70 cases 
collected by Poser (1957) the mean duration was 
6.2 years, ranging from 3 days to 45 years, but dura-
tion was less than 1 year in 40%. The clinical course 
is diverse, but widespread white matter involvement 
usually produces subacute or chronic mental and 
neurological deterioration, spastic paresis, convul-
sion, and involvement of vision and hearing. Pure 
psychiatric forms have been described. Increased 
intracranial pressure, headache, and vomiting may 
suggest a mass lesion. The cerebrospinal fl uid may 
be normal with only a slight elevation of protein or 
cell count. Treatment with corticosteroids and cyclo-
phosphamide has been successful in some instances. 
Cases considered to be Schilder’s disease at onset may 
follow a downhill progressive course or go on to de-
velop relapsing/remitting disease. As noted above in 
the discussion of acute MS, it is not possible to deter-

Fig. 16.5a,b. Balo’s concentric sclerosis pattern with few rings. 
Biopsy-proven infl ammatory demyelinating process consis-
tent with Balo’s concentric sclerosis. T2-weighted image (a) 
shows two concentric zones of abnormal intensity. Post-con-
trast T1-weighted image (b) shows multiple concentric rings 
of enhancement. [From Caracciolo et al. (2001)]

a

b
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mine prognosis. In general, however, early age onset 
often results in severe neurological defi cits.

16.5.2 
Neuropathology

The defi ning feature of Schilder’s disease is sharply 
demarcated, giant coalescent plaques of demyelin-
ation, usually involving the majority of bilateral 
cerebral hemispheric white matter. Histologically, 
the features of Schilder’s disease are nearly identi-
cal to MS. Using the eponymic designation more 
broadly to include cases of all ages that show mas-
sive bilateral cerebral white matter disease affecting 
the centrum semiovale, “Schilder’s disease” is not 
distinguishable from severe MS. Indeed, in a study 
of 22 cases of MS compared to two of Schilder’s 
disease, no differences could be found (Gallucci 
et al. 2001). The histological features, however, that 
linked Schilder’s fi rst MS case with his subsequent 
misdiagnosed two further cases (adrenoleukodys-
trophy and SSPE as noted above), however, was the 
prominent non-neoplastic lymphocytic cuffi ng in 
all three disorders. Even today, these three condi-
tions may be included in the differential diagnosis 
by neuropathologists for large, infl ammatory de-
myelinating diseases found at biopsy or autopsy. 
Normal ratios of very long chain fatty acids and 
absence of involvement of the peripheral nervous 
system exclude adrenoleukodystrophy.

16.5.3 
Imaging

Imaging reveals large, bihemispheric lesions (Eblen 
et al. 1991; Mehler and Rabinowich 1988) of white 
matter that may show enhancement at the perimeter 
(Fig. 16.6). Unfortunately these lesions can also be 
similar by neuroimaging studies to adrenoleuko-
dystrophy or possibly acute disseminated encepha-
lomyelitis (Fernandez-Jaen et al. 2001;Valk and 
van der Knaap 1989). The lesions occurring in two 
hemispheres may be bridged by abnormal signal in 
the corpus callosum. Frank necrosis and cavitation 
may also occur.

16.5.4 
Diff erential Diagnosis

Myelinoclastic diffuse sclerosis remains a rare disor-
der with few cases meeting rigorous diagnostic crite-
ria (Coyle 2000). Cases coming to biopsy must be dis-
tinguished from tumor, abscess, or ADEM (Hynson 
et al. 2001; Nejat and Eftekhar 2002; Kotil et al. 
2002; Kurul et al. 2003) although as noted above, this 
is often only possible after histological assessment. 
As expected, the differential diagnosis for Schilder’s 
disease is very similar to that for other acute forms of 
MS, such as Marburg type. The additional disorder in 
the differential diagnosis in children and adolescents 
is inherited metabolic disorders of demyelination.

Fig. 16.6a,b. Schilder’s disease. A 10-year-old male presented with headache, vomiting, ataxia and foot drop. The MRI reveals 
multiple large hemispheric (predominantly T2-hyperintense) lesions (a) with ring enhancement (b). Adrenoleukodystrophy was 
excluded, and neuropathology fi ndings were consistent with Schilder’s disease. (Courtesy of John Strain MD, The Children’s 
Hospital, Denver)

a b
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17.1 
Introduction

The fi rst clinical descriptions of patients with “acute 
disseminated encephalomyelitis” (ADEM) originate 
from the begin of the 20th century. In a summary 
of these early case reports, McAlpine concluded in 
1931 that ADEM typically occurs after an infection 
or immunization, but may also arise spontaneously. 
He further pointed out that the course of the disease 
is short, the mortality low, and, in contrast to the 
“disseminated sclerosis”, the disease is monophasic 
(McAlpine 1931). Unfortunately, today, more than 
70 years after McAlpine’s landmark publication, a 
more detailed and precise defi nition of ADEM is still 
not available.

Although the number of case reports and small 
case series has increased to date, generally accepted 
diagnostic criteria for the diagnosis ADEM have 
not been established. It remains debatable whether 
ADEM is a distinct disease entity or a subform of 
multiple sclerosis (MS). Because many neurolo-
gists, encouraged from the results of the CHAMPS 
(Jacobs et al. 2000) and ETOMS (Comi et al. 2001) 
trials, now tend to treat patients with a suspected 
MS already after the fi rst clinical manifestation, it 
is of particular importance to identify those pa-
tients with a monophasic disease who would not 
need an improper, expensive and potentially haz-
ardous preventive immunomodulatory medica-
tion. Applying the novel McDonald diagnostic cri-
teria for MS (McDonald et al. 2001), in many of 
the patients previously diagnosed with ADEM, the 
diagnosis of MS could be made already during the 
fi rst episode of symptoms using the clinical and 
MRI fi ndings usually present in these patients. To 
complicate these diagnostic qualms even further, 
the discrimination of ADEM from other acute de-
myelinating syndromes such as “acute MS of the 
Marburg type”, Schilder’s diffuse sclerosis, Devic’s 
neuromyelitis optica, or Hurst syndrome frequently 
is elusive. Because there have been no large system-
atic studies, the previous attempts for a classifi ca-
tion of these syndromes depended on hypotheses 
and empirical clinical evidence only. Most authors 
agree that “Marburg disease” should be subsumed 
under ADEM, and the Hurst syndrome constitutes 
the most severe variant of ADEM. 

The aim of this chapter is to give an overview of 
the neuroradiological features of ADEM. Because 
ADEM and its complex diagnostic problems cannot 
be understood on radiological grounds only, we also 
briefl y review the clinical symptoms, pathological 
and laboratory fi ndings. We will show that during 
the initial presentation of the patients there is a wide 
range of overlapping clinical symptoms and radio-
logical fi ndings with MS, and today, the diagnosis of 
ADEM can only be established with certainty after a 
long symptom-free follow-up.
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17.2 
Epidemiology

ADEM is an uncommon disease. Accurate epidemio-
logical fi gures do not exist. Miller et al. (1956) esti-
mated the incidence of a parainfectious ADEM after 
acute measles infection to be 1:1000. However, these 
and other results from studies originating from the 
pre-MRI era must be interpreted with caution be-
cause, at this time, the diagnostic possibilities were 
hardly adequate. Before the introduction of MRI, an 
acute demyelinating disease could only be presumed 
from the patients’ history and clinical fi ndings; a defi -
nite diagnosis was only possible after a brain biopsy 
or autopsy. Because mild or transient symptoms 
rarely justify a brain biopsy, it can be presumed that 
severe or even lethal courses are overrepresented in 
the studies from the pre-MRI era. This is also the 
reason for the previously frequently held opinion that 
ADEM is a severe disease with a high mortality.

Supposedly, the incidence of ADEM is higher than 
previously assumed because the disease may be clini-
cally completely asymptomatic or the symptoms are 
mild and transient, and further diagnostic proce-
dures are not performed. 

The incidence of ADEM is probably highest in 
children and declines with increasing age. In pa-
tients older than 40 years, ADEM is rare (Wang et al. 
1996). However, few single patients with ADEM over 
70 years have been described. As a rule of thumb, in 
patients over 40 years, the diagnosis of ADEM should 
be established only with great caution. 

The occurrence of postinfectious and postvaccinal 
ADEM is not confi ned to populations with a high in-
cidence of MS (Modi et al. 2001; Murthy et al. 1999). 
Unfortunately, there are no systematic studies com-
paring the incidence of ADEM between countries 
with a high incidence of MS and countries where 
indigenous MS is virtually absent. However, the rate 
of “idiopathic” ADEM without preceding infection or 
vaccination seems to be higher in the European and 
North American countries than in Brazil (Reis et al. 
1999) and India (Murthy et al. 1999). The develop-
ment of MS after the diagnosis of ADEM is also un-
common in these countries.

17.3 
Etiology

In the majority of patients, an infection, or, rarely, a 
vaccination, precedes the onset of symptoms. This 

is particularly true for children: in 62 of 84 chil-
dren an infection or vaccination preceded the onset 
of ADEM (Tenembaum et al. 2002). In contrast, in 
adults ADEM occurs more often spontaneously. The 
interval between infection and onset of symptoms is 
variable. Typically, the time interval is between 2 days 
and 4 weeks.

ADEM is associated with a large number of differ-
ent, in particular viral, infections. The most common 
trigger is an unspecifi c upper respiratory tract infec-
tion. Many other viral infections have been reported: 
Coxsackie, HHV-6, EBV, HSV, CMV, HIV, HTLV-1, 
varicella, measles, mumps, and rubella. Arguably, the 
non-viral encephalomyelitis in HIV-infected patients 
with the “common variable immunodefi ciency syn-
drome (CVID)” is a variant of ADEM (Happe and 
Husstedt 2000). 

Compared with the reports on viral infections and 
ADEM, associations with bacterial or parasitic infec-
tions are much more infrequent. Fairly often, an asso-
ciation with intracellular bacteria has been described, 
above all with Mycoplasma. Anecdotally, ADEM 
has been reported after infections with Chlamydia, 
Leptospira, Legionella, Rickettsia, Streptococcus and 
Salmonella.

Given the enormous number of vaccinations, 
ADEM should be considered as a very rare compli-
cation [for an overview, see Stratton et al. (1994)]. 
Although the association between vaccination and 
ADEM may be purely coincidental in some patients, 
especially in children, in single patients, a causal 
association is obvious. A high rate of postvaccinal 
ADEM (0.83%) has been reported after vaccinations 
against rabies with Semple rabies vaccine produced 
on neural cell cultures. In developing countries, 
these sera are still in use due to lower production 
costs. 

Apart from vaccinations and infections, ADEM 
has been associated with gold therapy, live lamb cell 
injection, parenteral therapy with herbal extracts 
(Schwarz et al. 2000), transplantation, bee sting and 
after accidental inoculation with guinea pig brain 
 tissue.

17.4 
Pathophysiological Hypotheses

The pathophysiology of ADEM has not yet been 
fully elucidated. There is only the general agreement 
that autoimmune mechanisms may play a key role 
in postvaccinal and parainfectious ADEM. In idio-
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pathic ADEM, a genetic disposition (Idrissova et 
al. 2003) or other unidentifi ed factors may also be 
present. Furthermore, it is unclear to which extent 
the pathophysiological mechanisms in ADEM are 
homogeneous or the same as those found in pa-
tients with MS. In recent years, convincing evidence 
has been accumulated that in MS there are several 
subgroups with differing pathophysiological mecha-
nisms (Lucchinetti et al. 2000).

Autoreactive T-lymphocytes against myelin anti-
gens (in particular, myelin basic protein and myelin 
oligodendrocytic glycoprotein) might contribute 
to the demyelinating process (Antel and Owens 
1999). In patients with ADEM, autoreactive myelin 
basic protein T cells clones have been found (Pohl-
Kappe et al. 1998). The mechanisms, by which 
these autoreactive T-cells are activated outside the 
CNS, are unknown. Under normal circumstances, 
the blood–brain barrier prevents contact between 
T-cells and myelin antigens. Therefore, an initial 
damage of the blood–brain barrier could be postu-
lated. Structural homologies between microbial an-
tigens and autoantigens of the myelin antigens may 
also switch on the autoimmune reaction in ADEM 
(Jorens et al. 2000). 

Following the invasion of auto-reactive T-lympho-
cytes into the brain tissue, secondary infl ammatory 
processes are initiated by the mass of pro-infl am-
matory cytokines, activation of macrophages, and 
interaction with B-lymphocytes secreting immuno-
globulins into the CSF compartment (Martino et al. 
2002). Compared with the cellular immunoreaction, 
humoral mechanisms probably are of minor impor-
tance for the progression of the pathological process. 
Antibodies against gangliosides (GM1, GD1a) can 
be found. However, it is still unknown which of the 
various infl ammatory mechanisms found in MS and 
ADEM are epiphenomena or causative, and which 
ones have possible desirable or, alternatively, delete-
rious effects. 

Relying on pathological fi ndings of a predomi-
nantly perivascular localized demyelination (“dis-
seminated vasculomyelinopathy”), Reik (1980) hy-
pothesized that at the beginning of the pathological 
cascade, deposits of circulating antigen–antibody 
complexes in the vessel wall cause initial, local dam-
age to the blood–brain barrier, expose myelin an-
tigens, thus initiating the autoimmune reaction to 
myelin antigens. However, except for some single 
observations, this hypothesis could not be substan-
tiated in patients with ADEM (Tachovsky et al. 
1976).

17.5 
Pathological Findings

Demyelinating lesions can be found in the white mat-
ter of the entire CNS. The gray matter, usually the 
deep cortical layers and the basal ganglia, may also 
be affected. The macroscopic examination may reveal 
small perivascular gray discolorations. The histologi-
cal work-up shows multifocal, disseminated infl am-
matory infi ltrates with predominant demyelination, 
typically located around small and medium-sized 
venous vessels (“perivenous encephalomyelitis”), oc-
casionally accumulating to large lesions (Hart and 
Earle 1975). The infl ammatory infi ltrates primarily 
consist of lymphocytes, but may also exhibit a mixed 
picture with lymphocytes, neutrophils, and microg-
lia/macrophages. Small perivascular hemorrhages 
may be present. A more or less pronounced reactive 
astrocytic proliferation is usually found. Frequently, 
there are additional subpial and subependymal small 
demyelinating areas. Patients with an acute hemor-
rhagic leukencephalitis (“Hurst syndrome”), in ad-
dition to the above-mentioned hallmarks of ADEM, 
show multiple hemorrhagic necrotizing foci, joining 
up to large lesions (Hurst 1941).

17.6 
Clinical Symptoms

The neurological symptoms are unspecifi c and vary 
enormously, depending on the size and location of 
the demyelinating lesions. It is not possible to estab-
lish the diagnosis of ADEM on clinical grounds only. 
Fever is commonly recognized as a typical fi nding in 
patients with ADEM, but is present only in a minority 
of patients. Fever is more often found in children and 
in adults with a fulminant clinical course (Hynson 
et al. 2001). Meningism is another infrequent clinical 
sign, also associated with a severe clinical picture. In 
children, loss of consciousness of a variable degree 
until deep coma is more frequently observed (Anlar 
et al. 2003; Hynson et al. 2001; Tenembaum et al. 
2002). In adults, loss of consciousness is uncommon. 
Patients with large space-occupying supratentorial 
or extensive lesions in the brainstem occasionally 
require intensive care therapy, intubation and arti-
fi cial ventilation. In a few patients, aphasia or sei-
zures, ranging from single focal fi ts to a status epi-
lepticus, have been described. In MS patients, these 
clinical symptoms are not common, but not entirely 
exceptional. Remarkably, many patients present with 
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behavioral abnormalities such as psychomotor slow-
ing, slight to moderate personality changes and psy-
chiatric symptoms occasionally imitating an acute 
psychosis (Nasr et al. 2000).

Spinal symptoms are present in a minority of pa-
tients. However, in general, even an isolated myelitis 
may be diagnosed as ADEM. There are no reasons 
for the assumption that different pathophysiologi-
cal mechanisms are present in patients with an acute 
postinfectious myelitis. Poser (1989) suggested es-
tablishing the diagnosis of ADEM only if a complete 
transverse myelitis is present, but not in patients with 
partial spinal symptoms suggesting MS. However, 
there is no scientifi c evidence from radiological or 
clinical studies to support this empirical categoriza-
tion.

A similar problem arises in patients with optic 
neuritis. Most authors agree that a unilateral optic 
neuritis should not be diagnosed as ADEM, even if it 
occurs after an infection. In contrast, bilateral optic 
neuritis is a characteristic fi nding in ADEM.

To complicate the attempts of a clinical classifi -
cation even further, ADEM may occur in combina-
tion with demyelinating diseases of the peripheral 
nervous system. Anecdotally, an association with 
Guillain-Barré syndrome has also been reported 
(Nadkarni and Lisak 1993).

17.7 
Cerebrospinal Fluid

CSF fi ndings in patients with ADEM are variable. 
Therefore, the main reason for a lumbar puncture is 
to exclude other possible diagnoses. Apart from the 
conventional CSF parameters, a meticulous micro-
biological and serological examination of both CSF 
and blood for markers of infection with neurotropic 
viruses (HSV, EBV, CMV, VZV, HHV-6, HIV, JCV, 
 measles, Coxsackie and enteroviruses, in endemic 
regions central European encephalitis), Borrelia spp. 
and lues is warranted. 

In many patients, the lumbar puncture is com-
pletely unremarkable. However, in the majority of 
patients, the CSF is abnormal. The protein content 
is slightly to moderately raised. In particular in pa-
tients with severe clinical symptoms, the protein con-
tent may be markedly raised, indicating a disturbed 
blood–brain barrier.

In most patients, a slight lymphocytic pleocytosis 
is found. Leukocyte counts over 100 leukocytes per 
microliter are infrequent and usually associated with 

a severe clinical course. In these patients, a severe 
blood–brain barrier disruption is mostly present.

Although lymphocytes predominate, in some pa-
tients, a polymorphonuclear pleocytosis with a higher 
proportion of granulocytes is present. These patients 
require a meticulous search for other differential di-
agnoses, in particular infectious encephalitis.

CNS-specifi c oligoclonal IgG production is mostly 
absent. However, an oligoclonal IgG synthesis does 
not exclude the diagnosis of ADEM. Although it is fre-
quently postulated that patients with a CNS-specifi c IgG 
production bear a greater risk for the progression to MS, 
there is not enough data to support this hypothesis.

The CSF content of myelin basic protein (MBP) may 
be raised in ADEM. It has been speculated that this 
fi nding may differentiate ADEM from MS (Nishikawa 
et al. 1999). Recently, Berger et al. (2003) reported that 
the presence of serum antibodies to myelin oligoden-
drocyte glycoprotein (MOG) and MBP in patients with 
a clinically isolated syndrome suggestive of MS pre-
dicts the interval to conversion to clinically defi nite 
MS. To date, the clinical signifi cance of these antibod-
ies in ADEM remains uncertain.

17.8 
Therapeutic Options and Prognosis

There are no randomized, controlled studies in 
ADEM. The natural evolution of the disease is not 
known because after the diagnosis has been estab-
lished, nearly all patients receive immunosuppressive 
therapy. However, spontaneous complete remission is 
possible. In patients with none or minor symptoms a 
wait-and-see strategy is justifi ed. In analogy with the 
management of acute exacerbations in MS patients, 
iv methylprednisolone is generally considered as the 
standard fi rst choice of therapy. Already 50 years ago, 
Miller (1953) reported a rapid improvement after 
infusion of adrenocorticotropic hormone. Now, there 
is an overwhelming body of evidence from prospec-
tive case series and numerous single reports that cor-
ticosteroids rapidly improve even severe symptoms 
in the majority of patients. After discontinuation of 
the corticosteroid therapy, a relapse is not uncommon 
(Anlar et al. 2003; Gupte et al. 2003). If corticoids 
fail, immunoglobulins are an option. Most authors 
recommend a dosage which has been shown to be ef-
fective in patients with idiopathic thrombotic purpura 
(0.4g/kgBW per day over 5 days). Alternatively, plasma 
separation in various protocols (e.g. fi ve treatments 
every other day) can be employed.
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In individual patients with a fulminant onset of 
severe clinical symptoms, favorable results have been 
published after high-dose therapy with cyclophos-
phamide even after the failure of standard methyl 
prednisolone therapy.

Therapeutic recommendations are summarized in 
Table 17.1. It has to be emphasized that these recom-
mendations are based on “educated guesses” rather 
than “evidence-based” trials. 

undertaking. The term “multiphasic ADEM”, for which 
an acronym has already been coined (MDEM), is prob-
lematic, and its use should not be encouraged. These 
patients usually fulfi ll all criteria for MS, using either 
the Poser (Poser et al. 1983) or the McDonald crite-
ria (McDonald et al. 2001). However, particularly in 
children after an infection-associated ADEM, a second 
episode after months to years which shows all charac-
teristic signs of ADEM is not uncommon (Anlar et 
al. 2003; Hynson et al. 2001; Tenembaum et al. 2002). 
Most of these relapses occur within the fi rst weeks up 
to a few months after the fi rst episodes. Tenembaum 
et al. (2002) observed in their large study that 10% of 
all 84 patients with ADEM developed a second episode. 
These children seem not to be at risk to develop a typical 
MS in later life. However, Rust et al. (1997) published 
contradicting results: in their study, 17 of 121 children 
initially diagnosed with ADEM later developed various 
forms of MS. Tenembaum et al. (2002) argued that MS 
is unlikely in patients in whom the episodes are clearly 
associated with a preceding infection or immunization. 
Yet, this point remains unsatisfactory because also in MS 
patients, febrile infections frequently trigger a relapse. 
In contrast to pediatric studies, adults with the initial 
diagnosis of ADEM have a higher risk to develop MS. In 
our own series, 14 of 40 adult patients with the initial di-
agnosis of ADEM developed MS (Schwarz et al. 2001).

17.10 
Diff erential Diagnosis

Because well-defi ned diagnostic criteria are absent, 
ADEM is a diagnosis which can only be made after 
the exclusion of several other diseases with similar 
symptoms and radiological fi ndings. Table 17.2 gives 

Table 17.1. Empirical therapy of ADEM

(1) In patients with minor or no symptoms, consider a 
“wait-and-see” strategy

(2) Initial standard therapy: 0.5 g methylprednisolone iv/day 
over 5 days

(3) If methylprednisolone iv is successful, but moderate to 
severe symptoms are still present after 5 days, continue 
methylprednisolone orally, starting with 100 mg/day and 
tapering over 4 weeks

(4) If (2) is unsuccessful or if contraindications for corti-
costeroids are present: immunoglobulins (0.4 g/kg BW 
per day over 5 days). Alternatively: plasma separation 
(second choice due to a higher rate of complications)

(5) If (4) is unsuccessful: cyclophosphamide (bolus 1 g iv, may 
be repeated at 4-week intervals depending on blood cell 
count and clinical symptoms)

Patients with large space-occupying lesions may 
develop a critical raise of the intracranial pressure. 
In single cases, decompressive surgery has also been 
performed. In addition to the craniectomy, Takata et 
al. (1999) employed therapeutic hypothermia, an op-
tion which might be theoretically sound, but which has 
not yet been used in a suffi cient number of patients to 
draw any defi nite conclusion on its clinical effi cacy.

In general, the prognosis of ADEM is favorable. 
Roughly 70% of all patients recover fully or nearly 
completely (Hynson et al. 2001; Schwarz et al. 2001; 
Tenembaum et al. 2002). This is true even for pa-
tients who present in a poor clinical state. However, 
fulminant clinical courses may lead to severe residual 
defi cits or may even be lethal. Mild cognitive defi cits 
escaping the standard neurological examination can 
persist even in patients in whom the MRI has nor-
malized completely (Hahn et al. 2003).

17.9 
The Problem of Relapsing or Multiphasic ADEM

The proportion of patients with “multiphasic” ADEM 
depends on the diagnostic criteria employed. Some au-
thors differentiate even between “relapsing” and “multi-
phasic” ADEM which, in our opinion, is a quite elusive 

Table 17.2. Differential diagnosis of ADEM

• Multiple sclerosis (plus variants)
• Cerebral lymphoma
• Infectious encephalitis
 Viral: EBV, CMV, HSV1+2, JCV, HIV, HHV-6, FSME, HTLV, 

enteroviruses, measles, SSPE
    Bacterial: Tropheryma whipplei, Mycoplasma, Listeria, 

Brucella spp.
    Fungal (e.g., Histoplasma spp.)
• Other autoimmune diseases
    Vasculitis (e.g., Behçet’s disease, panarteritis nodosa)
    Sarcoidosis
• Porphyrias
• Leukodystrophies
• Mitochondrial disorders (e.g., MELAS)
• Myelinolysis after electrolyte imbalances (e.g., central pon-

tine myelinolysis) 
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an overview of the most important differential di-
agnoses.

In clinical practice, the differentiation between 
ADEM and viral encephalitis or CNS lymphoma 
can be challenging. The clinical symptoms as well as 
the CSF results may be identical. Moreover, in some 
forms of viral encephalitis (e.g. CMV, PML, enterovi-
ruses, HIV, HHV-6), MRI shows focal lesions indis-
tinguishable from those found in ADEM. Therefore, 
an extensive microbiological examination of the CSF 
with serological tests and PCR for antigens of neu-
rotropic viruses is necessary. However, the microbio-
logical work-up is limited, because only the most fre-
quent and important viruses can be analyzed, and in 
addition, these analyses are usually expensive. Thus, 
routinely, only those infections were searched for 
which a specifi c therapy is available (Herpesviruses 
and HIV). In addition, many viral infections can 
only be diagnosed with certainty after approximately 
2 weeks, when a second examination reveals a signifi -
cant rise of the specifi c antibodies. 

Some patients present with ambiguous CSF and MRI 
fi ndings which make a clear differentiation between 
ADEM and a cerebral lymphoma impossible (Schwarz 
et al. 2002). Both diseases require different immediate 
emergency treatment. Unfortunately, in both diseases, 
corticosteroids usually lead to a rapid remission of the 
clinical and MRI abnormalities, and therefore, an im-
provement after steroid therapy does not clarify the di-
agnosis. Whenever a cerebral lymphoma is suspected, a 
brain biopsy should be performed. This is particularly 
important because after initiation of steroid treatment 
for suspected ADEM, the pathological diagnosis of 
a lymphoma can be diffi cult due to the regression of 
the lymphoma which can render the histopathologi-
cal changes diffi cult to interpret. PCR-based analysis 
of immunoglobulins in the CSF is a highly sensitive 
means for identifying clonal B-cell responses, and pro-
vides additional criteria for the differentiation between 
acute demyelinating diseases of the CNS (monoclonal 
B-cell populations) and CNS lymphoma (polyclonal B-
cell populations) (Wildemann et al. 2001).

17.11 
Neuroradiology

17.11.1 
Computed Tomography

MRI is the radiological gold standard for the di-
agnosis of ADEM. However, in many patients with 

unexplained neurological symptoms, a CT is fi rst 
performed. In the CT, hypodense lesions, usually in 
the subcortical white matter, but occasionally also in-
volving the cortex, the basal ganglia or brainstem, can 
be found, sometimes with enhancement after admin-
istration of contrast medium (Lukes and Norman 
1983). Large lesions may have a space-occupying ef-
fect, imitating a brain tumor. Of course, the CT ab-
normalities are unspecifi c and offer a wide range of 
possible diagnoses. Moreover, in many patients with 
ADEM, CT fi ndings may be completely normal. 

17.11.2 
Magnetic Resonance Imaging

Nowadays, without an MRI, the diagnosis of ADEM 
cannot be established. MRI serves not only to con-
fi rm the presence of demyelinating lesions, but also 
to exclude other diagnoses. Compared with CT, MRI 
enables a better differentiation from other diseases 
and has a high sensitivity which can be equal to 
100% (Tenembaum et al. 2002). However, the lesions 
may develop over the course of several days after the 
onset of the clinical symptoms, and therefore, the 
initial MRI may be unremarkable. In a small case 
series, Honkaniemi et al. (2001) reported on three 
patients with ADEM in whom the initial MR scans 
showed no abnormalities until several weeks after 
the onset of the disease. Höllinger et al. (2002) 
found no MRI abnormalities at all in a few patients 
diagnosed with ADEM which led them to the un-
usual conclusion that MRI should not be consid-
ered mandatory in adult ADEM, and an EEG should 
be performed instead because of the higher rate of 
abnormal fi ndings. However, these case reports are 
the exception. Generally, a completely normal MRI 
makes the diagnosis of ADEM improbable. In most 
patients, cranial MRI demonstrates multiple lesions 
of various size and shape, predominantly in the white 
matter of the hemispheres, the cerebellum and the 
brainstem (for an overview, see Table 17.3). In MRI 
theses lesions are hyperintense on T2-weighted im-
ages and hypo- to isointense on T1-weighted images 
(Figs. 17.1, 17.2) (Kesselring et al. 1990; O’Riordan 
et al. 1999; Singh et al. 1999). However, MRI fi ndings 
in ADEM have a high variability. Although most pa-
tients have multiple, disseminated lesions, a solitary 
lesion is not uncommon (Figs. 17.3, 17.4). In prin-
ciple, the lesions in ADEM cannot be differentiated 
with certainty from those in MS. A few radiological 
fi ndings suggest – but are in no way defi nitive proof 
– ADEM. In contrast to MS, the basal ganglia and 
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Table 17.3. MRI fi ndings in ADEM: results from fi ve case series

Dale et al. 
(2000)

Hynson et al. 
(2001)

Tenembaum et 
al. (2002)

Murthy et al. 
(2002)

Schwarz et al. (2001)

Number with MRI (%) 32 (91) 31 (100) 70 (94) 15 (83) 26 (100)
Only confi rmed ADEM

Population Pediatric Pediatric Pediatric Pediatric Adult

Lesion site (%)

    White matter 91 90 Not stated 93 100

    Periventricular 44 29 Not stated 60 54

    Corpus callosum Not stated 29 Not stated 7w 23

    Subcortical/deep 91 80 Not stated 93 38

    Cortical gray matter 12 Not stated Not stated 80 8

    Brainstem 56 42 Not stated 47 57

    Cerebellum 31 Not stated Not stated 13 31

    Thalamus 41 32 13 (bilateral) 27 15 (includes basal ganglia)

    Basal ganglia 28 39 Not stated 20 15 (includes thalamus)

    Spinal cord Not stated 67 Not stated 71 Not stated

Number with gadolinium 
enhancement (%)

Not stated 8 (29) 10 (37) 7 (47) 20 (95)

Number with follow-up 
MRI (%)

19 (59) 8 (26) Not stated 14 (93) 20 (77)

MRI follow-up in years 
(range)

0.2–9 Not stated Not stated 0.2–2 0.04–1.5

Original brain lesion 
change (%)

    Complete resolution 37 ? Not stated 7 30

    Partial resolution 53 6 Not stated 57 55

    Unchanged 10 ? Not stated 21 0

    New lesions 0 3 (all clinical 
relapses)

0 14 (all within 8 
weeks)

15 (no clinical relapses)

the thalami are more often affected, and the lesions 
of ADEM are typically located in the subcortical 
white matter, and sometimes involve the cortex. A 
further criteria which has been claimed to be helpful 
for the radiological differentiation between MS and 
ADEM is the predominant infratentorial location 
of the lesions, which are frequently found within 
the brainstem and cerebellar peduncles. Although 
this sign is habitually emphasized, it is probably 
of no particular diagnostic value since infratento-
rial lesions are also characteristic for MS. Moreover, 
the total lesion load does not differentiate between 
ADEM and MS, although it has sometimes been sug-

gested, that a very high lesion load would be indica-
tive for ADEM. 

There is only a weak association between the ini-
tial MRI, clinical fi ndings, and the long-term prog-
nosis. Even patients with a high lesion load may re-
cover completely. Tenembaum et al. (2002) tried to 
establish an MRI classifi cation into four MRI groups 
(small lesions, large lesions, additional bithalamic 
involvement, acute hemorrhagic encephalomyelitis). 
However, there was no association found between 
these MRI subgroups and long-term disability.

Some patients have confl uent demyelinating le-
sions, often with a striking space-occupying effect, 
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resembling a brain tumor (Fig. 17.5). It remains dis-
putable whether these fi ndings indicate a distinct dis-
ease or merely a subgroup of ADEM (Kepes 1993).

Patients with a fulminant clinical course (Hurst 
syndrome) have lesions with a pronounced perifo-
cal brain edema and a central area of necrosis, typi-
cally with a hemorrhagic transformation. In these 
patients, the most important clinical as well as ra-
diological differential diagnoses are brain abscess or 
glioblastoma.

The incidence of spinal lesions in ADEM has not 
yet been systematically evaluated. In most patients, 
spinal lesions occur together with cerebral lesions. 

However, there are patients with isolated spinal le-
sions diagnosed as having ADEM (Baum et al. 1994; 
Kesselring et al. 1990). The lesions seen on the spi-
nal MRI are not specifi c and do not allow a clear dif-
ferentiation from other causes of myelitis such as MS 
or infections (Simon 2000; Singh et al. 1999). Some 
authors proposed that, compared with MS, the spinal 
lesions in ADEM extend over more segments of the 
cord and their diameter exceeds the half of the cord. 
This speculation is still unproven. 

The previously held opinion that all lesions in 
ADEM appear simultaneously and, therefore, show a 
uniform contrast enhancement, has not yet been con-

a c

e

b

d

Fig. 17.1a–e. A few days after unspecifi c signs of a systemic viral infection, this 32-year-old woman developed dysarthria, gait 
ataxia, and double vision. The lumbar puncture revealed 16 lymphocytes/µl. The MRI showed several lesions in the cerebel-
lum and cerebellar peduncles (arrows), which are hyperintense in the T2-weighted images (a) and hypointense in the native 
T1-weighted images (b). After administration of gadolinium, there was a ring-shaped enhancement (c). The FLAIR images (d) 
and T2-weighted images (e) showed the diffuse supratentorial involvement
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fi rmed in CT studies (Atlas et al. 1986). In the major-
ity of patients with multiple lesions, at one single point 
of time, non-enhancing as well as enhancing lesions 
are present (Singh et al. 2000). The ratio between en-
hancing and non-enhancing lesions could be a use-
ful criteria for the diagnosis of ADEM; however, this 
has not been evaluated yet. The pattern of contrast 
enhancement is not specifi c. Nodular, diffuse nodu-
lar, amorphous, gyral, spotty, and ring-like patterns 
of contrast enhancement have all been described. 
Recently, the ring-like pattern of contrast enhance-
ment has been suggested as an important criteria 
for the differentiation between lymphoma (complete 
ring enhancement) and demyelinating lesions (“open 
ring sign”) (Masdeu et al. 2000). However, in patients 
with MS and ADEM, the contrast enhancement can 
also have the appearance of a complete ring (Lim et 
al. 2003). Therefore, the diagnostic value of the “open 
ring sign” is questionable. 

Systematic short-time interval follow-up ex-
aminations have only been undertaken in a few 
selected patients (Honkaniemi et al. 2001). In 
most patients under therapy, at least a partial, 
rapid remission of size and number of the lesions 
can be seen. In ADEM, the lesions can disappear 
completely (O’Riordan et al. 1999). However, in 
some patients, new lesions may appear even after 
clinical recovery (Honkaniemi et al. 2001). There 
are also patients with new lesions at follow-up ex-
aminations without new clinical symptoms. It is 
not known whether these patients have a greater 
risk for the development of a clinically definite 
MS. Because of the lack of larger prospective, sys-
tematic MRI follow-up studies, a statement on the 
point of time of the appearance of these new le-
sions cannot be made. It has been repeatedly noted 
that new lesions predominantly appear within the 
first 4 weeks after the onset of symptoms.

a

c

b

d Fig. 17.2a–d. A 38-year-old man with chronic 
pleural empyema and pathologically con-
fi rmed ADEM. The CSF revealed 23 leuko-
cytes/µl. Some of the cells were lymphocytes 
with marked signs of transformation, thus, 
initially, cerebral lymphoma was suspected. 
A CNS-specifi c IgG production was found. 
The MRI showed multiple disseminated 
infratentorial (b; proton-weighted MRI, ar-
row) and supratentorial lesions. The supra-
tentorial lesions were partly periventricular 
(a; FLAIR sequence, arrow), partly located in 
the deep (c; proton-weighted MRI, arrow) or 
subcortical (c; arrowhead) white matter. The 
lesions showed diffuse (d; T1-weighted, ar-
row) or ring-shaped (d; arrowhead) contrast 
enhancement



264 S. Schwarz and M. Knauth

Fig. 17.3a-d. Images from a 47-year-old 
woman with spontaneous ADEM. Her 
mother suffers from MS. The initial 
MRI, 1 day after onset of a moderate 
hemiparesis, demonstrated a single le-
sion, which was hyperintense on T2-
weighted images (a) with a ring-shaped 
halo, showing contrast enhancement in 
the center (b; T1-weighted, arrow). After 
10 days of treatment with high-dose 
corticoid therapy, the size of the lesion 
increased (c), but contrast enhancement 
disappeared (d). The CSF was normal, 
as well as an extensive search for dif-
ferential diagnosis. In the subsequent 
course, the clinical symptoms disap-
peared completely. Two years later, the 
clinical as well as the MRI fi ndings re-
main normal

Fig. 17.4a,b. This 40-year-old woman was suffering from a subacute progressive weakness in the right hand. The CSF was 
normal. The T2-weighted images showed a single lesion with a hypointense margin in the left precentral gyrus (a; arrow) with 
massive enhancement, slightly off the center of the lesion (b; T1-weighted images, after gadolinium). Initially, a brain abscess 
or metastasis were suspected. However, systemic signs of infection were absent, and a meticulous search for a tumor was nega-
tive. The patient refused a brain biopsy. The symptoms resolved spontaneously. Two years later, the patient is asymptomatic; 
the MRI reveals a very small residual lesion

a b

a

c

b

d
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17.11.3 
New MRI Techniques

Because of the above outlined shortcomings of con-
ventional MRI to achieve a defi nite diagnosis of 
ADEM, more specifi c methods that can potentially 
separate ADEM and other white matter diseases from 
MS are warranted. Currently, none exists. Hopefully, 
new MRI methods and the use of novel contrast agents 
such as small iron oxide particles might improve the 
diagnostic specifi city of MRI in the future. 

Using magnetization transfer and diffusion tensor 
MRI, Inglese et al. (2002) demonstrated in a small, 
heavily selected sample of patients after ADEM that, 
in contrast to a control group of patients with MS, 
the normal appearing brain tissue and spinal cord are 
spared from the pathological changes. All MR studies 
were performed after the acute phase of the disease. 
These results are in agreement with those of a recent 
MR follow-up study in which diffuse brain atrophy 
was detectable already within a 3-month period in 
untreated patients with an active relapsing remitting 
MS (Hardmeier et al. 2003). These studies offer the 
perspective that short-term MRI follow-up studies 
could separate the patients with MS from those with 
monophasic ADEM in whom an immunomodulatory 
long-term treatment would be improper.

There are only sparse reports on MR spectroscopy 
in ADEM. Bizzi et al. (2001) presented a patient with 

ADEM who showed transient low levels of NAA on 
the initial MR spectroscopic imaging during the acute 
phase which normalized after clinical recovery. Unlike 
other demyelinating diseases, choline levels remained 
normal in all stages of the disease. Harada et al. (2000) 
compared the differences in water diffusion and lac-
tate production in two patients with ADEM and acute 
necrotizing encephalopathy. In these two patients, the 
diffusion of brain water indicated the reversibility of 
neuronal impairment whereas the extent of lactate 
production did not correlate with the prognosis. 

17.12 
Variant of MS or Distinct Disease Entity?

The differentiation between ADEM and MS remains 
an unsolved issue. Possibly, in the future, new MRI 
techniques and innovative serological markers such 
as the presence of antimyelin antibodies may help 
to identify those patients with a monophasic disease 
who do not require preventive treatment already af-
ter the fi rst episode of symptoms due to a demy-
elinating CNS syndrome and who could reliably be 
assured that they do not need to live with a possibly 
devastating disease.

Since the time of the fi rst review on ADEM in 1931 
(McAlpine 1931), it has, so far unsuccessfully, been re-

Fig. 17.5a,b. Within a few days of disease onset, this 30-year-old woman developed Broca aphasia, moderate sensorimotor 
hemiparesis, and slight personality changes. A history of infection or vaccination was absent. The MRI revealed peri- and su-
praventricular large hypointense lesions on the T2-weighted images (a) with diffuse contrast enhancement (b; T1-weighted). 
Initial treatment with methylprednisolone was ineffective. After interval therapy with cyclophosphamide, a remission of the 
symptoms was achieved. After 2 years, only slight neuropsychological defi cits are still present

ba
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peatedly tried to identify reliable criteria for the differ-
entiation between ADEM and MS. The larger follow-
up examinations generally show a varying rate up to 
one third of all patients initially diagnosed with ADEM 
who later develop MS (Hynson et al. 2001; Rust et al. 
1997; Schwarz et al. 2001). Moreover, terms such as 
Marburg disease, acute MS, multiphasic ADEM, which 
were often used as synonyms to ADEM, add to the 
confusion. Table 17.4 summarizes frequently assumed 

criteria to distinguish the two diseases. However, it has 
to be emphasized that none of these unspecifi c crite-
ria are evidence-based. Thus, these criteria may only 
provide hints toward the correct diagnosis. During or 
immediately after the fi rst episode of a demyelinating 
CNS disease, a defi nite diagnosis of ADEM is probably 
not possible. So far, the differentiation between ADEM 
or the fi rst symptom of an MS can only be ascertained 
after a longer follow-up.

Table 17.4. Empiric criteria for the differentiation between ADEM and MS. These points should be acknowledged as relative 
criteria only. Exceptions are common. There are no well-established criteria for the diagnosis of ADEM vs. MS. Specifi city 
and sensitivity of none of these points have been evaluated in a prospective study

ADEM MS

Age Highest incidence in children Onset in childhood possible, but uncommon

Symptoms Various neurological symptoms
May be oligo- or asymptomatic
Rapid onset
Bilateral optic neuritis
Transverse myelitis
In children: fever, meningism, stupor

Frequently oligosymptomatic
Unilateral optic neuritis
Partial transverse myelitis

History Preceding infection or immunization Preceding infection possible, but infrequent

CSF May be normal; often slight to moderate lymphocytic 
pleocytosis
Oligoclonal IgG synthesis usually absent

Slight to moderate lymphocytic pleocytosis
Oligoclonal IgG synthesis mostly detectable

Course Acute onset
Monophasic
Favorable long-term prognosis

Relapsing or progressive
Long-term prognosis dubious

MRI Multiple, diffuse, symmetrically distributed lesions in 
the supra- and infratentorial white matter
Typically subcortical
Involvement of the basal ganglia possible
No new lesions or atrophy during the long-term follow-up

Often unilateral, asymmetric lesions
Typically periventricular
Involvement of the basal ganglia rare
New lesions and atrophy during the long-term 
follow-up
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18.1 
Introduction

Magnetic resonance imaging (MRI) has opened a 
new window on the visualization of abnormalities 
associated with white matter diseases in the brain. 
The contribution of MRI with regard to delineat-
ing such disorders in the spinal cord is even more 
impressive considering the fact that MRI has been 
the fi rst technique to allow for a direct and detailed 
in vivo evaluation of morphological abnormalities of 
the spinal cord at all. Of course, MRI of the spinal cord 
still poses technical diffi culties and may thus be more 
variable in quality than MRI of the brain. Not all pulse 
sequences which contribute to our understanding of 
cerebral disorders can easily and equally be applied 
to this region of the body. The small size of the cord, 
its position within the dural sac surrounded by pul-
sating cerebrospinal fl uid (CSF), and the motion of 
the body and its organs during the examination are 
all factors that may degrade image quality and have 
to be considered in the examination protocol. Also 

signal intensities and resulting contrasts between tis-
sue classes generated by conventional sequences are 
somewhat different from the brain due to the specifi c 
texture of the cord. This is also relevant for the detec-
tion of lesions within the cord and necessitates the 
choice of appropriate sequences. A recent review ad-
dressed these technical aspects of spinal cord imag-
ing especially with regard to multiple sclerosis (MS) 
as the most frequent demyelinating disease of the 
spinal cord (Lycklama et al. 2003).

Applying these techniques, characteristic MRI 
fi ndings can be elicited for a distinction between the 
various demyelinating disorders of the cord and their 
separation from other diseases which may also affect 
the spinal cord (Fazekas and Kapeller 1999; Bot 
et al. 2002). Herein we concentrate especially on the 
patterns which are typically seen with the different 
so-called idiopathic infl ammatory demyelinating 
disorders (Weinshenker and Miller 1998). Despite 
obvious specifi cs, it needs to be emphasized that the 
interpretation of MRI abnormalities must always take 
place in the context of clinical fi ndings and, where 
necessary, together with other biological (e.g. CSF) 
and electrophysiologic investigations (Transverse 
Myelitis Consortium Working Group 1999). In 
addition to primarily diagnosis-related issues, we 
also review current possibilities for a quantitation of 
spinal cord damage from demyelinating diseases es-
pecially in relation to function, and we speculate on 
future prospects for the evaluation of this important 
part of the central nervous system by MRI.

18.2 
Multiple Sclerosis

Multiple sclerosis most commonly causes distinct le-
sions within the spinal cord (Fazekas et al. 1999; Bot 
et al. 2004). These lesions typically occupy less than 
half of the cross-sectional area of the cord and affect 
both white and grey matter (Tartaglino et al.1995; 
Thielen and Miller 1996).
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With advancing disease focal MS lesions may merge 
to larger areas of high signal intensity (Fig. 18.4). A 
small proportion of MS patients also show only dif-
fuse abnormalities of the spinal cord (Lycklama et 
al. 1997; Bot et al. 2004). These abnormalities consist 
mostly of a subtle increase of signal intensity on pro-
ton-density-weighted images and have been observed 
especially in patients with high disability and a pri-
mary progressive course of the disease (Lycklama 
et al. 1998). MRI–histopathological correlations have 
shown that both diffuse and focal signal hyperin-
tensities in the spinal cord correspond primarily to 
demyelination (Nijeholt et al. 2001). Axonal dam-
age, however, appears to occur largely independent of 
intramedullary T2-hyperintensities (Bergers et al. 
2002a). This may also explain why a large proportion 
of spinal cord lesions obviously remain asymptom-
atic and can at least partly account for reportedly dis-
appointing correlations between clinical symptoms 
and imaging fi ndings on conventional MRI of the 
spinal cord (Kidd et al. 1993; Lycklama et al. 1998; 
O’Riordan et al. 1998; Brex et al. 1999). 

Some investigators have found a prevalence of up 
to 30-40% of spinal cord lesions in patients with a 

clinically isolated syndrome suggestive of MS, i.e. at 
the fi rst clinical presentation of the disease, and even 
in those presenting with optic neuritis (O’Riordan 
et al. 1998; Brex et al. 1999). In patients with es-
tablished MS, the prevalence of intramedullary le-
sions increases to 80% and higher (Bot et al. 2004). 
Including diffuse cord changes, probably more than 
90% of MS patients have some form of spinal involve-
ment at some point in their disease (Lycklama et al. 
1998).

In later stages of MS and with advanced disabil-
ity spinal cord atrophy becomes readily apparent as 
well. Volume changes of the spinal cord, although 
occurring much earlier, can otherwise be reliably 
established only by the use of exact measurement 
techniques as described below. Distinct focal areas 
of cord atrophy are rarely seen except following re-
covery from very large MS lesions. Different from the 
brain, spinal cord lesions also do not evolve into so-
called black holes, i.e. cystic lesions within the cord 
are not seen in typical MS. It is also common for the 
signal hyperintensity of spinal cord MS lesions to 
decrease over time, and together with the shrinkage 
of the lesion, causes them to disappear, or at least to 

Fig. 18.1a–e. Patient with a second episode of spinal cord symptoms. A sensory level and gait ataxia correspond to an acute lesion 
at T10 which shows minimal swelling on T2 (b) and faint contrast enhancement (c). The lesion affects primarily the centre of 
the cord and the posterior tracts in a wedge-shaped manner (d,e). An old lesion at C3/C4 is barely seen (a)
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Fig. 18.2a–c. Patient with 
relapsing–remitting mul-
tiple sclerosis (MS). Multiple 
hyperintense intramedullary 
lesions without mass effect on 
T2-weighted fast-spin-echo 
images (a,b). One of the le-
sions shows contrast enhance-
ment (c)

Fig. 18.3a–d. Unusually large 
intramedullary lesion with 
marked oedema (a) and con-
trast enhancement (c,d) in a 
patient who subsequently de-
veloped clinically defi nite MS

a b c

a b

c d
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become very diffi cult to detect on routine follow-up 
scanning (Fig. 18.2).

Formal integration of spinal cord MRI fi ndings in 
MS into current diagnostic criteria may still be viewed 
as suboptimal (McDonald et al. 2001; Bot et al. 2004; 
Miller et al. 2004). Earlier limitations regarding 
MRI examinations of the spinal cord at a high resolu-
tion with reproducibly good quality and a paucity of 
data regarding the diagnostic and prognostic value 
of the demonstration of MS lesions in the cord made 
the International Panel simply state that “one spinal 
cord lesion can be substituted for one brain lesion” 
(McDonald et al. 2001). Whether this substitution 
simply is additive to the number of total brain lesions 
or could also serve to fulfi l the requirement of an in-
fratentorial lesion, as defi ned by Barkhof ’s criteria, 
remains unclear. Similarly, the proposed diagnostic 
criteria for primary progressive MS have remained 
somewhat vague (Thompson et al. 2000; McDonald 

et al. 2001) but recognise the higher specifi city of spi-
nal cord lesions compared with brain lesions, as they 
do not occur with ageing per se (Thorpe et al. 1993). 
In addition to previous recommendations on the role 
of spinal cord MRI in the algorithm for MS diagno-
sis, which focussed primarily on the need to rule out 
other disorders (Fazekas et al. 1999), recent data also 
confi rm a higher probability to prove disease dis-
semination in space by such examination. In a cohort 
of 104 patients with newly diagnosed MS, Bot et al. 
(2004) found that substitution of one spinal cord le-
sion for one brain lesion increased the sensitivity of 
the McDonald’s dissemination in space criteria from 
66 to 85%, and it reached 94% when allowing for an 
unlimited substitution of brain lesions by spinal cord 
lesions. In a more selective manner such contribution 
has already been reported previously for patients 
with suspected MS, but no or only very few cerebral 
lesions (Thorpe et al. 1996b). Whether evidence for 
spinal cord lesions also conveys some prognostic in-
formation is still a matter of debate (Lycklama et 
al. 2003).

18.2.1 
Acute Disseminated Encephalomyelitis

By defi nition, acute disseminated encephalomyelitis 
(ADEM) is a monophasic demyelinating disorder 
which usually follows a viral infection (Wingerchuk 
2003) or vaccination. Children are more frequently 
affected than adults. The MRI fi ndings in the brain 
consist of multiple, frequently large lesions with 
perifocal oedema and contrast enhancement as evi-
dence of their acute nature. Lesions can involve the 
cerebral white matter as well as the basal ganglia, the 
brain-stem and cerebellum and, according to their 
appearance and distribution, have been categorized 
into different patterns including a haemorrhagic 
variant (acute haemorrhagic encephalomyelitis; 
Tenenbaum et al. 2002). As part of the central ner-
vous system, the spinal cord can also be involved. 
In comparison with MS, ADEM lesions of the spi-
nal cord are typically larger and more oedematous 
(Fig. 18.5).The clinical presentation following a po-
tentially triggering event and the absence of oligo-
clonal bands should point towards such a diagnosis. 
A corresponding MRI of the brain with multiple, 
exclusively acute-appearing lesions is also very sug-
gestive of ADEM (Fig. 18.5).The notion that normal-
appearing brain white matter of ADEM patients is 
truly unaffected (Inglese et al. 2002), while in con-
trast more severe damage is found in the basal gan-

Fig. 18.4 Confl uence of 
intramedullary lesions 
in a patient with sec-
ondary progressive MS
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glia (Holtmannspötter et al. 2003), may also help 
to differentiate ADEM from MS. In individual cases, 
however, this may still be diffi cult, at least in the early 
stages (Dale et al. 2000; Tenenbaum et al. 2002). 
Contrast enhancement needs not to occur absolutely 
simultaneously in all lesions caused by ADEM. At the 
same time, contrast enhancement of both lesions 
in the brain and spinal cord is not uncommon for 
MS, as mentioned previously (Thorpe et al. 1996a). 
With more advanced MS, however, there is almost 
always a larger proportion of non-enhancing lesions, 
with some appearing as T1 hypointensities or so-
called black holes, that strongly argue against ADEM. 
Nevertheless, in many instances clinical and imaging 
follow-up is necessary to make a fi nal diagnosis from 
the absence of further disease activity, although it is 
known that a second bout of ADEM may also occur 
(Tenenbaum et al. 2002).

18.2.2 
Neuromyelitis Optica

Neuromyelitis optica (NMO), or Devic’s syndrome, 
is a severe form of idiopathic infl ammatory demy-
elinating disease and is increasingly considered as 
a separate entity (Weinshenker 2003). The specifi c 
features include its topographic restriction to the op-
tic nerve and spinal cord, and a greater attack sever-
ity than MS (Wingerchuk et al. 1999). This is also 
refl ected by much more extensive spinal cord lesions 
on MRI than those seen in MS (Fig. 18.6). These le-
sions usually involve large segments of the cord with 
diffuse swelling and extensive contrast enhancement. 
The necrotising character of this type of demyelin-
ation is also evidenced in the post-acute phase by 
the frequent occurrence of cystic areas within the 
cord together with severe focal or diffuse atrophy as 

Fig. 18.5a–f. Patient presenting with rapidly progressing multifocal neurological symptoms shortly after an upper respiratory 
tract infection. Multiple hyperintense intramedullary lesions were seen on T2-weighted scans of the spinal cord (a) and tended 
to markedly enhance following the application of Gd-DTPA (b). A similar but more diverse lesion pattern was also seen on MRI 
of the brain (c,d T2-weighted scans; e,f corresponding contrast-enhanced scans). The patient fully recovered and for the next 
years experienced no further bouts of disease, supporting the diagnosis of acute disseminated encephalomyelitis

a b e
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indicators of extensive tissue destruction (Figs. 18.6, 
18.7).

In terms of disease evolution, it is important to 
note that NMO can have both a monophasic and 
a relapsing course. In a review of 70 patients with 
NMO at the Mayo Clinic, patients with a monopha-
sic course usually presented with rapidly sequential 
index events with moderate recovery. Two thirds of 
patients, however, presented with an extended inter-
val between index events followed within 3 years by 
clusters of severe relapses isolated to the optic nerves 
and spinal cord. In these patients severe disability 
developed in a stepwise manner; thus, a prolonged 
interval between damage to the spinal cord and op-
tic nerves does not rule against a diagnosis of NMO 
(Wingerchuk et al. 1999).

Absence of brain MRI changes is a hallmark fi nd-
ing of NMO and part of the diagnostic criteria for 
this disorder [30]. Unaffected brain white matter has 
also been shown in one study using magnetisation 

transfer (Filippi et al. 1999). Non-specifi c abnormali-
ties, however, do not preclude a diagnosis of NMO.

18.3 
Transverse Myelitis

Acute transverse myelitis can be caused by a number 
of bacterial, viral, fungal or parasitic infections, 
by connective tissue diseases, such as sarcoidosis, 
Behçet’s disease, Sjögren’s syndrome, systemic lu-
pus erythematosus, antiphospholipid syndrome, 
and mixed connective tissue disease, and can be the 
presenting feature of NMO and less likely also of 
MS (Transverse Myelitis Consortium Working 
Group 2002). In rare cases no aetiology can be de-
fi ned, and it may therefore be suggested to group 
such disorders under the umbrella of the idiopathic 
infl ammatory demyelinating disorders as well. Some 

Fig. 18.6a–d. A 25-year-old patient with recurrent spastic paraparesis and complete visual loss of the left eye. The 
mid-thoracic spinal cord is diffusely swollen and hyperintense (a). Slight enhancement after application of contrast 
material surrounding and above intramedullary areas with signal isointense to cerebrospinal fl uid consistent with 
necrotising infl ammation (b–d). Magnetic resonance imaging of the brain was normal and there was no evidence 
of oligoclonal bands

a b d

c
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reports and our own experience suggest a similarity 
of spinal cord abnormalities with those observed in 
NMO. This has been especially true for patients with 
relapsing acute transverse myelitis (Fig. 7; T. Seifert 
et al., submitted). Support for this hypothesis comes 
from the fact that some of the patients with relapsing 
transverse myelitis subsequently also developed optic 
neuritis but otherwise showed a normal or at least 
non-specifi c MRI of the brain (Katz and Ropper 
2000). Marked infl ammatory CSF changes and the ab-
sence of oligoclonal bands are also more commonly 
found in this type of spinal cord disorder than with 
MS (Transverse Myelitis Consortium Working 
Group 2002).

18.3.1 
MRI Evaluation of Spinal Cord Damage 
in Relation to Function

Spinal cord lesions do correlate with spinal cord 
symptoms as shown in cross-sectional and follow-
up studies (Thorpe et al. 1996a; Lycklama et al. 
1998); however, the relationship between a patient’s 
symptoms and spinal cord fi ndings frequently re-
mains limited. The reasons for this are manifold. As 
in the brain, conventional MRI cannot serve to grade 
the severity of axonal destruction within lesions or 

Fig. 18.7 Patient with recurrent transverse my-
elitis. Note the swelling and enhancement of the 
cervical portion of the spinal cord as evidence 
of acute infl ammation in comparison with the 
atrophic thoracic portion with diffuse signal ab-
normality from previous infl ammation

display other factors which may impact on function-
ing also at non-morphological levels (Caramia et al. 
2004). In addition, it is even more diffi cult to quantify 
the total extent of damage in the spinal cord than in 
the brain. This has also been seen in histopathologi-
cal comparisons where the actual spinal cord damage 
was frequently much more pronounced than would 
have been expected from imaging alone (Bergers et 
al. 2002b). Finally, quantifi cation of tissue loss, i.e. of 
spinal cord atrophy, is also not satisfactory by visual 
analysis. For this reason it has been attempted to 
use various MRI metrics for the global description 
of spinal cord damage from demyelinating diseases, 
especially in MS.

Much work has been done on the measurement 
and longitudinal follow-up of spinal cord atrophy 
(Zivadinov and Bakshi 2004). Measuring the cross-
sectional size of the spinal cord, however, always has 
to be performed at the exactly same cervical level, 
and various technical problems may cause signifi cant 
variance in the measurements. With the appropriate 
techniques, however, longitudinal follow-up can show 
small but statistically signifi cant decreases in spinal 
cord area (Stevenson et al. 1998) and a relatively 
strong relationship between degree of spinal cord at-
rophy and EDSS values has been reported (Losseff 
et al. 1996). Especially in primary progressive MS, 
atrophy measurements may be more important in 
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relation to function than those of lesion volumes 
(Ukkonenen et al. 2003).

In the brain, magnetisation transfer imaging (MTI) 
has shown the capability of detecting white matter 
abnormalities not accessible with conventional MRI 
(Filippi 2003). It was therefore speculated that this 
technique should also allow delineation of diffuse 
changes of the spinal cord from and independent of 
focal abnormalities. First studies in relatively small 
cohorts of patients confi rmed that the cervical cord 
of MS patients had lower MTR values than those of 
controls (Inglese et al. 2002). Histogram analyses, 
however, showed that compared with control sub-
jects patients with relapsing, -remitting MS had simi-
lar cervical cord MTR histogram-derived measures, 
whereas those with primary progressive and second-
ary progressive MS had abnormal MTR histograms 
(Filippi et al. 2000). More importantly, the cervical 
cord MTR histogram parameters were independent 
predictors of loco-motor disability. A further study 
confi rmed that MTR metrics do not differ between 
primary and secondary progressive MS, and they also 
appear to be independent of the cerebral lesion load 
(Rovaris et al. 2000, 2001).

With technical advances it has also become pos-
sible to apply diffusion-weighted MRI (DWI) to 
the spinal cord (Bammer et al. 2002; Clark and 
Werring 2002). A preliminary study assessed 
water diffusion in seven cord lesions of three MS 
patients with loco-motor disability and found in-
creased diffusivity compared with healthy volun-
teers (Weeler-Kingshott et al. 2002); however, 
for the individual patient no useful contribution 
can yet be expected from DWI, and especially in the 
early phase of MS only very subtle changes appear 
detectable (Mezzapesa et al. 2004). The develop-
ment of techniques which allow to incorporate trac-
tography into spinal cord MRI may be an important 
next step. Currently, DWI of the spinal cord still 
faces signifi cant technical challenges that can limit 
the reproducibility of quantitative measurements. 
Specifi cally, motion of the patient and the cord it-
self, and the inhomogeneous magnetic environment 
within and around the spinal column, can cause del-
eterious artefacts.

Magnetization transfer imaging and DWI promise 
to provide complementary biophysical information 
about microstructural changes of the spinal cord. 
While MT is more targeted to the chemical–struc-
tural environment of the myelin sheath, DWI probes 
for potential changes in the micro-environment that 
may impair or facilitate the mobility of protons. In 
combination or individually these two biophysical 

mechanisms can help to provide insight and improve 
contrast beyond conventional MRI methods.

Recent technological developments in MR hard-
ware, especially improved radio-frequency (RF) coils 
and higher fi eld strengths, have furthered MRI’s ca-
pability to image the spinal cord at highest spatial 
resolution. At numerous centres, neuroimaging is 
currently migrating from 1.5 to 3 T or even higher, 
trying to capitalize on the increased signal strength 
afforded by the stronger magnetic fi eld. Here, es-
pecially for the spinal cord, the excessive signal-to-
noise ratio can be invested in greatly improved spa-
tial resolution. In combination with dedicated spine 
arrays, this strategy allows imaging of the entire spi-
nal cord at once and at a higher spatial resolution, 
which should defi nitely impact diagnostic sensitivity 
and also specifi city.

One issue associated with higher fi eld strength that 
has to be kept in mind is the increased energy deposi-
tion in the patient’s body, especially when transmitting 
with the large-body-volume coil. This can have major 
implications for pulse sequences with relatively high 
RF duty cycles, such as MT sequences. Fortunately, if 
only the spine needs to be imaged, its unique location 
in the body allows for the use of transmit/receive coils 
which demonstrate much fewer problems with energy 
deposition. Thus far, only little has been reported on 
the overall benefi ts of using higher magnetic fi elds in 
demyelinating diseases, especially when focused on 
the spinal cord. One should also be aware that the T1 
relaxation times of semi-solid tissues changes with 
fi eld strength, while CSF remains almost unchanged; 
therefore, certain adaptations in pulse sequence are 
mandatory to maintain contrast properties, and the 
altered relaxation properties should be kept in mind 
when interpreting/comparing studies performed at 
different fi eld strengths.

18.4 
Conclusion

Magnetic resonance imaging of the spinal cord pro-
vides characteristic patterns of abnormalities in dif-
ferent demyelinating diseases. It has to be recognised, 
however, that other aetiologies may mimic these ab-
normalities and have to be considered in the dif-
ferential diagnosis as described elsewhere (Fazekas 
and Kapeller 1999; Bot et al. 2002). On the other 
hand, the recognition of spinal cord abnormalities as 
a consequence of demyelinating diseases makes an 
important contribution to their diagnosis. Future de-
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velopments also promise to generate insights beyond 
these diagnostic contributions in terms of informa-
tion relevant for function and repair.
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19.1 
Introduction

The principal disease that will be discussed here will 
be optic neuritis, which is the prototypical demyelin-
ating disease of the optic nerve and has been studied 
in most detail. Other conditions such as neuromyelitis 
optica and sarcoidosis will be considered principally 
in terms of the optic nerve imaging features that help 
in diagnosis. Magnetic resonance imaging (MRI) of 
the optic nerves presents many technical diffi culties 
which will be discussed. 

19.2 
Technical Aspects of Optic Nerve Imaging

Magnetic resonance imaging of the optic nerve pres-
ents many challenges (Barker 2000), principally due 
to:
1) Its small size and tortuosity
2) Its mobility
3) The surrounding cerebrospinal fl uid (CSF) sheath
4) Orbital fat
5) The bones of the orbital canal and air–fl uid inter-

faces from the adjacent sphenoid and ethmoid 
sinuses

The optic nerves are approximately 40–50 mm long 
and 3–5 mm in diameter (Sadun 1998; Tamraz 1994; 
Williams et al. 1989). Resolution of the small struc-
tures or lesions contained within the nerves is depen-
dent upon the voxel size. If the voxel size is too large 
then resolution will be impaired due to partial volume 
effects (i.e. mixing of signal from neighbouring struc-
tures). The voxel size can be reduced by increasing the 
matrix size; however, if the voxel size is too small then 
there may not be enough signal resolved to produce 
an image because the signal-to-noise ratio (SNR) is re-
duced. Resolution and SNR can be increased by increas-
ing the acquisition time or by increasing the magnetic 
fi eld strength. Increasing the magnetic fi eld strength, 
however, will increase the longitudinal relaxation time 
of the tissue being imaged, also potentially leading to 
increased acquisition time. There is also the possibil-
ity of more susceptibility artefacts (see later) from sur-
rounding tissues at higher fi eld strengths leading to 
worsening of the SNR (Horsfi eld 2000). Signal aver-
aging can also improve the SNR and thereby improve 
the resolution, again at the expense of increased ac-
quisition time (Barker 2000). Increasing acquisition 
time will lead to more movement artefact, particularly 
in the mobile optic nerve. Fast imaging techniques are 
therefore required to give high SNR with an acceptable 
acquisition time (Gass et al. 1995).

The optic nerves are surrounded by a CSF-fi lled 
nerve sheath and, in the orbit, by lipid (Sadun 1998; 
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Williams et al. 1989). Due to its high proton density 
(PD) lipid typically gives high signal intensity on both 
T1- and PD/T2-weighted imaging (Fig. 19.1). CSF 
gives high signal intensity on PD- and T2-weighted 
imaging. This may cause problems due to obscuring 
the edge of the optic nerves and hence CSF suppres-
sion may be desirable. In certain circumstances, how-
ever, the bright CSF may assist in identifi cation of the 
nerve (Barker 2000).

19.2.1 
Artefacts

There is also a considerable potential for artefact in 
optic nerve imaging, more so than in the brain. The 
most important sources of artefact with possible so-
lutions are discussed below.

19.2.1.1 
Chemical Shift Artefacts

As has been discussed, the optic nerves are sur-
rounded by lipid in the orbits. Chemical shift ar-
tefacts can occur at lipid-water boundaries. Due to 
their differing chemical environments protons in 
lipid have a lower precession frequency than protons 
in water. The lipid protons are therefore misregis-
tered relative to the water protons in the frequency 
encoding direction (Soila et al. 1984). This can lead 
to decreased signal where the lipid is displaced away 
from water and high signal where lipid and water 
overlap. This chemical shift artefact is more promi-
nent at higher fi eld strengths (Barker 2000). High 
signal and chemical shift artefacts from orbital fat 
can be suppressed using short tau inversion recovery 
(STIR) imaging (Johnson et al. 1987) or a frequency-
selective fat saturation excitation pulse prior to imag-
ing time (Gass et al. 1995).

19.2.1.2 
Motion Artefacts

Motion in a structure causes image blurring in the 
direction of movement and “ghost” artefacts in the 
phase-encoding direction due to the signal being re-
constructed over and over. The major motion problem 
in optic nerve imaging is random motion due to eye 
movements. On ocular movement the intra-orbital por-
tion of the optic nerve shifts against the direction of 
gaze with an increasing extent from the relatively fi xed 
posterior part at the orbital apex anteriorly (Liu et al. 
1992). Motion artefacts can be reduced by using fast im-
aging techniques with multiple signal acquisitions and 
signal averaging or by using gradient echo (GE) rather 
than spin echo techniques because a 180° refocusing 
pulse is not required in GE imaging (mobile protons 
may have moved before the 180° pulse has been applied) 
(Barker 2000; Taber et al. 1998). Subjects undergoing 
optic nerve imaging can also be encouraged to relax, 
close their eyes and avoid deliberate eye movements.

19.2.1.3 
Susceptibility Artefacts

Susceptibility artefacts occur at interfaces between dif-
ferent tissues, due to the different magnetic proper-
ties of the tissues. It is more apparent at higher fi eld 
strengths and can cause rapid dephasing of spins with 
signal loss and mismapping artefacts (Hashemi and 
Bradley Jr 1997). It is a particular problem in the 
canalicular portion of the optic nerves due to the bony 
cavity of the optic canal and air from the adjacent 
sphenoid and ethmoid sinuses. Metals, particularly 
iron, can cause a lot of image distortion and subjects 
should be carefully screened for metal in clothing be-
fore imaging commences. Susceptibility artefacts can 
be reduced by using spin echo rather than GE or echo-
planar imaging (EPI) because the spin echo sequence 
includes a refocusing pulse (Barker 2000).

Imaging of the optic nerves is therefore a trade-
off between imaging time, resolution, SNR and the 
amount of artefact induced.

19.3 
MRI in the Diagnosis of 
Demyelinating Diseases

Optic neuritis can usually be diagnosed on its clinical 
features (Hickman et al. 2002b). The principal use 
of MRI is in assessing the brain for asymptomatic le-
sions which gives an indication of the risk of subse-

Fig. 19.1. Axial PD-weighted fast spin echo image demonstrat-
ing optic nerve anatomy

Globe
Optic nerve
Orbital fat
Sphenoid sinus
Optic canal
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quent development of multiple sclerosis (MS) (Optic 
Neuritis Study Group 1997). If there is doubt about 
the diagnosis, in particular if a compressive lesion is 
suspected then optic nerve, MRI is very useful. In optic 
neuritis, it will usually demonstrate the lesion, either 
with conventional or gadolinium-enhanced imaging 
(Fig. 19.2). It will also demonstrate, in most cases, any 
compressive lesions (Fig. 19.3).

In neuromyelitis optica (Devic’s disease) high sig-
nal and enhancement may be seen in both optic nerves 
(Eggenberger 2001), usually in combination with a 
long confl uent spinal cord lesion extending over a num-
ber of vertebral segments (Fardet et al. 2003; Filippi et 
al. 1999). Optic nerve sheath enhancement may be seen 
in cases of sarcoidosis, optic perineuritis, or optic nerve 
sheath meningioma (Fig. 19.4) (Atlas and Galetta 
1996; Carmody et al. 1994; Purvin et al. 2001). This fea-
ture has also been reported in demyelinating optic neu-
ritis (Atlas and Galetta 1996) and we have witnessed 
it occurring in several of our own cases.

19.4 
Conventional MRI Studies in Optic Neuritis

MRI provides a valuable opportunity for in vivo 
study of the pathological evolution of optic neuri-

tis and, by inference, other central nervous system 
infl ammatory/demyelinating lesions with clinical 
and electrophysiological correlation. There follows 
a summary of the studies and pulse sequences used 
in optic neuritis.

19.4.1 
STIR Imaging

The fi rst imaging technique used to investigate op-
tic neuritis was the STIR sequence. In a study of 
37 patients following an episode of optic neuritis 
using STIR imaging, lesions were detected in 84% 
of symptomatic nerves and 20% of asymptomatic 

Fig. 19.3a,b. Coronal (a) and sagittal (b) gadolinium-enhanced T1-weighted image from a patient with a left-sided sphenoid-
wing meningioma (arrow in both images) causing a left optic neuropathy, initially diagnosed clinically as optic neuritis

Fig. 19.4. Optic nerve sheath enhancement (arrow)

Fig. 19.2a,b. Fat-saturated proton-density fast spin echo image of acute right-sided optic neuritis (a). Gadolinium-enhanced 
fat-saturated T1-weighted image from the same patient (b). The diseased optic nerve is indicated by an arrow in both images

a b

a b
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nerves (Miller et al. 1988). Slow (>4 weeks for vi-
sion to improve to 6/9) or poor (<6/9 at 6 months) 
visual recovery was associated with longer lesions 
(mean number of abnormal 5-mm coronal slices 
3.50 versus 1.84, p<0.01), although there was no 
correlation between lesion length and latency or 
amplitude of the P100 response of the visual evoked 
potential (VEP). Of 15 patients with lesions involv-
ing the optic canal, 11 (73%) also had a poor recov-
ery which was thought to be due to compression of 
the swollen optic nerve within the tight confi nes 
of the bony canal. These fi ndings were confi rmed 
by Dunker and Wiegand (1996). They exam-
ined 22 patients acutely and again after a mean of 
4.7 years (range 2.5–8 years) with STIR MRI of the 
optic nerves. Lesions less than 17.5 mm long either 
acutely or chronically were correlated with com-
plete visual recovery (visual acuity >20/25, no visual 
fi eld, colour vision or contrast sensitivity defect). 
Intracanalicular lesions correlated with incomplete 
visual recovery (visual acuity >20/25 but other defi -
cits present).

Kakisu et al. (1991) demonstrated that, although 
the lesion length on STIR was not correlated with pat-
tern-reversal VEP fi ndings in the acute phase, there 
was a signifi cant correlation in the chronic phase 
(r=0.68, p<0.005). There was, however, no correlation 
between lesion length and visual acuity.

High signal in the optic nerves following optic 
neuritis usually persists  despite improvements in vi-
sion and VEP fi ndings (Youl et al. 1996) and may be 
seen in MS in the absence of acute attacks of optic 
neuritis (Davies et al. 1998).

19.4.2 
Fat Saturated Fast Spin Echo Imaging

For optic nerve imaging with fat saturation the 
fast spin echo (FSE) sequence allows for increased 
resolution and image quality with an acceptable ac-
quisition time. In a study comparing STIR with fat-
saturated FSE, lesions were detected in 18 out of 21 
symptomatic optic nerves with acute optic neuritis 
using STIR compared with 20/21 using FSE (Gass 
et al. 1996). Mean lesion length was 15.4 mm on 
STIR images and 17.3 mm on FSE images. Using fat-
saturated FSE dual echo imaging is possible giving 
both PD- and T2-weighted images from the same 
acquisition if appropriate TEefs are chosen (Barker 
2000). 

19.4.3 
Combined Fat and Water Suppression Imaging

On FSE and, particularly the lower resolution STIR, 
CSF gives high signal which may obscure the signal 
from the optic nerves (Gass et al. 1996). It is possible 
to suppress the signal from CSF using fl uid-attenuated 
inversion recovery (FLAIR) techniques. The FLAIR se-
quence uses an inversion pulse with a long inversion 
time for CSF suppression which increases the acquisi-
tion time. For optic nerve imaging fat saturation and 
fast acquisitions are required, hence a combined selec-
tive partial inversion recovery pre-pulse with a FLAIR 
sequence and FSE acquisition (SPIR-FLAIR) has been 
developed to try to achieve these aims (Jackson et al. 
1998). SPIR-FLAIR was compared with both SPIR and 
STIR imaging in the assessment of optic neuritis. Both 
SPIR-FLAIR and SPIR detected lesions in all 21 symp-
tomatic optic nerves imaged whereas STIR imaging 
detected only 20/21. Lesion lengths were also longest 
on the SPIR-FLAIR images (17.2 mm on SPIR-FLAIR, 
15.8 mm on SPIR and 13.8 mm on STIR, p<0.01) even 
though the in-plane resolution was less than with SPIR 
imaging. 

19.5 
New Pulse Sequences and Methods 
of Analysis in Optic Neuritis

Although the above conventional MRI techniques are 
sensitive in detecting the lesions of optic neuritis there 
is a lack of pathological specifi city to allow prediction 
of the chronological age of these lesions. This is be-
cause oedema, demyelination, axonal loss and gliosis 
all cause high signal on T2-weighted images (Miller 
et al. 1998). As has been discussed, imaging of the optic 
nerves is particularly limited by issues of poor resolu-
tion. Increasing the SNR requires very large increases 
in acquisition time. Using conventional imaging tech-
niques at present is therefore limited by the technology 
available (Horsfi eld 2000). The only pointers to age 
the lesion have been a subjective impression of optic 
nerve swelling in the acute phase and atrophy in the 
chronic phase (Gass et al. 1996; Jackson et al. 1998; 
Kapoor et al. 1998; Miller et al. 1988). Other tech-
niques have been developed which are able to study the 
optic nerves in order to understand better the patho-
physiology of optic neuritis. These have principally 
been applied in brain imaging in MS but, with recent 
technological advances, optic nerve imaging using 
these techniques has also been possible.
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19.5.1 
Gadolinium “Enhancement”

Dimeglumine gadopentetate (gadolinium-DTPA) is 
the most common contrast agent used in MRI as 
gadolinium is a paramagnetic substance. In areas of 
acute infl ammation where there is blood vessel wall 
leakage gadolinium will accumulate and show up as 
high signal on T1-weighted imaging due to shorten-
ing of T1. Optic nerve imaging imposes some con-
straints due to the need for fat suppression. If STIR 
imaging is used then the signal from gadolinium is 
also suppressed hence a drop in signal is indicative 
of acute infl ammation and gadolinium “leakage” 
rather than gadolinium enhancement (Brown and 
Semelka 1999). In a study of 18 patients with acute 
optic neuritis (2 with bilateral simultaneous disease) 
STIR imaging was performed before and after injec-
tion of 0.02mmol/kg gadolinium (Youl et al. 1991). 
Ten of the patients (one with bilateral simultaneous 
optic neuritis) had MRI twice, once a mean 6.4 days 
(range: 2–13 days) after onset of symptoms and again 
a mean 27.8 days (range: 20–32 days later). Clinical 
and electrophysiological examination was also per-
formed at each occasion. Of the 31 examinations 
in total, gadolinium leakage was seen in 6/6 lesions 
where the time since onset of optic neuritis was less 
than 7 days, in 7/8 lesions where time since onset 
was 7–13 days but in only 5/17 lesions where the 
age of the lesion was at least 14 days. Gadolinium 
leakage in the hyper-acute phase was associated with 
decreased visual acuity, pain on eye movement, a rela-
tive afferent pupillary defect, swelling of the optic 
disc (p=0.001 for each clinical feature compared with 
the asymptomatic optic nerves) and decreased am-
plitude of the P100 component of VEP (p<0.001). 
There was a trend for patients with longer lesions to 
have worse visual acuity (acuity <6/9 in 4/5 patients 
with gadolinium leakage on ≥3 slices, compared with 
4/8 studies with leakage on 1–2 slices, p=0.1). In those 
patients who had a follow-up MRI, gadolinium leak-
age had ceased in 9/11 symptomatic optic nerves. 
This was associated with an improvement in all the 
above clinical features and increased P100 amplitude 
(p=0.02) compared with the fi rst examination. It was 
concluded that acute infl ammation is associated with 
conduction block in the optic nerve and that resolu-
tion of infl ammation plays an important role in the 
recovery process. 

A recent report confi rmed that gadolinium en-
hancement is a consistent feature of acute optic 
neuritis and that the lesion length had clinical sig-
nifi cance at presentation (Kupersmith et al. 2002). 

In this retrospective series 101/107 (94%) symptom-
atic optic nerves demonstrated enhancement follow-
ing gadolinium on fat saturated T1-weighted imag-
ing. Optic nerves with ≥17 mm enhancing segment 
on axial images had poorer baseline Snellen visual 
acuity (p=0.02), Humphrey 24-2 threshold perim-
etry (p=0.009) and colour vision on Ishihara plates 
(p=0.01). Canalicular involvement was associated 
with poorer colour vision (p=0.04). The location and 
length of the initial lesion, however, was not predic-
tive of the degree of visual recovery in the 93 patients 
(68 treated with corticosteroids) with clinical follow-
up after 6 months.

Triple-dose (0.3 mmol/kg dimeglumine gadopen-
tetate) gadolinium increases the sensitivity for detect-
ing enhancing lesions in MS by 66%–75% compared 
with the use of single-dose gadolinium (Filippi et 
al. 1996, 1998; Silver et al. 1997). In a serial study 
of patients with acute optic neuritis imaged with a 
triple dose gadolinium-enhanced fat-saturated T1-
weighted spin echo sequence the symptomatic lesion 
was identifi ed in 27 out of 28 cases (Hickman et al. 
2002c). The lesion length correlated signifi cantly with 
both baseline logarithm of the minimal angle of reso-
lution (logMAR) visual acuity (r=0.38, p=0.044) and 
30-2 Humphrey mean deviation (r=0.57, p=0.002) at 
baseline in agreement with the previous studies and 
suggesting that acute infl ammation causes conduc-
tion block in the optic nerve. The median duration of 
enhancement was 63 days (range 0–113 days). After 
1 year 30-2 Humphrey mean deviation was related to 
the initial lesion length (parameter estimate -0.09dB, 
95% confi dence intervals: 0.01, 0.20, p<0.05), but not 
duration of enhancement (Hickman et al. 2003b). 
Use of triple-dose gadolinium may therefore improve 
the ability to predict prognosis for recovery although 
the correlation was only modest.

19.5.2 
Optic Nerve Size

Optic nerve size can be judged on MRI both subjec-
tively and objectively. 

19.5.2.1 
Optic Nerve Swelling

Optic nerve swelling, suggesting the presence of 
acute infl ammation and oedema, on STIR MRI was 
reported in three out of 37 cases (8%) of acute optic 
neuritis (Miller et al. 1988). It had been thought to 
be a rare occurrence in optic neuritis and if swelling 



284 S. J. Hickman and D. H. Miller

was present then a glioma or meningioma should be 
suspected (Cornblath and Quint 1997). However, 
in a further study of acute optic neuritis using STIR 
imaging, swelling was reported in 12 out of 40 cases 
(40%) with, and in four out of 26 cases (15%) with-
out canalicular involvement (Kapoor et al. 1998). 
Also, using formal measurement of optic nerve size 
with callipers from the intraorbital optic nerve on 
hard copy STIR images from ten patients, Youl et 
al. (1996) reported that the mean area of symptom-
atic optic nerves with acute optic neuritis (mean 
disease duration 6 days) was 20.0 mm2 compared 
with 14.4 mm2 for asymptomatic contralateral op-
tic nerves (p=0.001). After a mean follow-up period 
of 28 days the mean area of the symptomatic optic 
nerves had decreased to 15.5 mm2 (p=0.01) whereas 
the asymptomatic optic nerves had a mean area 
of 14.1 mm2 (p=not signifi cant [n.s.]). Both visual 
acuity and VEP amplitudes improved on follow-up, 
although VEP latencies showed no signifi cant im-
provement. This suggested that resolution of acute 
infl ammation was associated with resolution of optic 
nerve swelling.

19.5.2.2 
Optic nerve atrophy

An expected end result of demyelination and axonal 
loss is atrophy of tissue. Measurement of atrophy may 
help in the quantifi cation of the amount of tissue de-
struction and help in studies investigating disability 
in MS. There have been many studies of brain atro-
phy in MS using MRI (Losseff et al. 1996; Simon et 
al. 1999). Being able to quantify the degree of optic 
nerve atrophy following optic neuritis would be use-
ful since optic neuritis is a model for the effects of 
lesions in MS. This is technologically very demanding 
for the reasons outlined above.

Youl et al. (1996) also studied 22 patients with 
a mean disease duration of 60 days. Optic nerve 
mean area in both symptomatic and asymptomatic 
nerves was 16.8 mm2. After a mean of 405 days the 
patients were re-imaged. The mean area of symp-
tomatic nerves decreased to 12.8 mm2 (p<0.001) 
and the asymptomatic nerves to 16.3 mm2 (p=n.s.). 
This was despite improvement in visual acuity, VEP 
amplitude (p=0.03) and VEP latency (p=n.s.) in the 
affected eyes. The STIR sequence Youl et al. (1996) 
used had the disadvantages of low resolution (pixel 
size 1.2×0.6 mm), the presence of high signal from 
CSF obscuring the edge of the optic nerve and the 
inclusion of optic nerve sheath leading to an overes-
timation of optic nerve area.

The combined CSF and fat suppression of SPIR-
FLAIR imaging has allowed optic nerve atrophy to be 
detected qualitatively following optic neuritis. Inter-
observer assessment of optic nerve size was 1.0 using 
a weighted Cohen κ test for SPIR-FLAIR compared 
with 0.85 for SPIR and 0.61 for STIR (sequences which 
were not CSF suppressed) (Jackson et al. 1998).

Inglese et al. (2002) imaged 30 patients with re-
lapsing-remitting and secondary progressive MS 
who had had a previous episode of optic neuritis. A 
T1-weighted spin echo sequence was used. The mean 
volume of the optic nerves was calculated from the 
mean areas from 11 slices using a local threshold-
ing segmentation technique. The mean volume was 
93.3 ml in 18 age-matched controls, 89.2 ml for clini-
cally healthy nerves from patients (n=18), 89.4 ml for 
diseased optic nerves with visual recovery to at least 
20/25 (n=20), 79.0 ml for diseased optic nerves with 
vision worse than 20/25 (n=22) (p=0.002, versus op-
tic nerves with good recovery) and 82.0 ml for optic 
nerves from patients with Leber’s hereditary optic 
neuropathy (LHON) (n=20). Optic nerve volume 
from MS patients was correlated with both visual acu-
ity (rS=0.39, p=0.01) and VEP P100 latency (rS=–0.31, 
p=0.05). The functional signifi cance of optic nerve 
atrophy was therefore apparent although the correla-
tions were modest. The volumes of optic nerves from 
MS patients with poor recovery were similar to those 
from patients with LHON, a condition where axonal 
loss has been demonstrated histologically (Saadati 
et al. 1998).

In a study of 17 patients who had had a previous 
single episode of unilateral optic neuritis Hickman 
et al. (2001) evaluated a coronal-oblique fat saturated 
short echo fast fl uid attenuated inversion recovery 
(sTE fFLAIR) sequence for the measurement of optic 
nerve area. This sequence has potential advantages as 
it is CSF and lipid suppressed with low T2-weighting. 
The mean cross-sectional area of the intra-orbital 
portion of both optic nerves was 11.2 mm2 in diseased 
eyes, 12.9 mm2 in the contralateral eyes (p=0.006 com-
pared with the diseased eye) and 12.8 mm2 in con-
trols (p=0.03 compared with the patients’ diseased 
eyes) (Fig. 19.5). There was a signifi cant negative cor-
relation between disease duration and the size of the 
diseased optic nerve (r=-0.59, p=0.012). 

At 1 year follow-up in a subgroup of patients, some 
years following the acute event in many, it was dem-
onstrated that the mean area of diseased optic nerves 
decreased from 11.1 mm2 to 10.2 mm2 (p=0.01). 
Baseline visual acuity (p=0.02), decreased VEP ampli-
tudes (rS=0.65, p=0.02) and increased VEP latencies 
(rS=–0.61, p=0.04) were associated with optic nerve 
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mean area (Hickman et al. 2002a). The fi ndings of 
these studies suggest that atrophy develops in a focal 
demyelinating lesion, it may evolve over several years, 
and may have functional signifi cance. The continu-
ing atrophy may be due to ongoing axonal loss in a 
persistently demyelinated lesion, or Wallerian degen-
eration following axonal damage during the acute 
infl ammatory phase of the disease.

19.5.3 
Magnetization Transfer Imaging

Magnetization transfer (MT) imaging provides a 
means by which tissues can be examined in more 
detail, going beyond the T1 and T2 characteristics. 
Use of MT allows the hitherto invisible bound water 
such as is held in myelin sheaths to be examined 
and provides a means of increasing contrast. It also 
provides a means of producing quantitative images 
by calculating the degree of exchange between bound 
and free protons. If images are produced of the same 
slice both with and without an MT pre-pulse the MT 
ratio (MTR) can be calculated which is an indication 
of the amount of signal reduction that has occurred 
due to the MT pulse. The higher the MTR, the greater 
the reduction in signal and hence the greater the 
bound water pool is. 

From studies in MS (Filippi 1999) it is thought 
that low MTR results from a decreased capacity for 
exchange due to oedema, demyelination and gliosis. 
Axonal loss combined with demyelination results in 
even greater falls in MTR. Remyelination can result 
in restoration of MTR. It is not an absolute measure 
but is dependent on the amplitude and frequency 
offset of the MT pulse as well as the time delay be-
tween the MT pulse and the excitation pulse. It also 
varies between imagers and in the same imager due 

to coil non-uniformity, thus requiring accurate re-
positioning of patients in serial studies. Analysis of 
the images to give the MTR can be done in two ways. 
The conventional approach is to examine a region-
of-interest (ROI) placed manually or using semi-au-
tomated techniques. This is useful when examining a 
particular tissue or a lesion. An alternative approach 
is to generate histograms containing information 
from all the pixels in the tissue to be examined. This 
can give an indication of the global burden of disease 
and can detect subtle changes in what appears to be 
normal tissue. The optic nerve is small and therefore 
imaging does not produce enough voxels for mean-
ingful histogram analysis. An ROI-based approach is 
therefore required. 

In a study of 39 patients with acute optic neuri-
tis and 50 controls (selected from patients having 
brain imaging for other indications) Boorstein et 
al. (1997) placed eight pixel ROIs in the intraorbital 
portions of optic nerves on MT images. The MTR 
was 41.1 percent units (pu) in control optic nerves, 
30.6 pu in 22 optic nerves in which either a high sig-
nal lesion was present on T2-weighted images or con-
trast-enhancement was seen and 36.3 pu in 12 of the 
remaining 18 patients who had no high signal lesion 
but who demonstrated a reduction in MTR. MTR was 
therefore more sensitive than conventional imaging 
at detecting abnormalities in affected optic nerves 
although no clinical or electrophysiological correla-
tions were presented.

Thorpe et al. (1995) imaged six controls and 20 pa-
tients between 3 months and 16 years following optic 
neuritis (fi ve of whom had MS, three with both eyes 
affected). One slice was acquired in the intraorbital 
portion of each optic nerve incorporating a lesion 
where possible. The MTR was recorded from a four 
pixel ROI placed in the centre of the nerve. The mean 
MTR was 49 pu in controls, 48 pu in clinically unaf-
fected nerves and 42 pu in affected nerves (p<0.005 
versus unaffected nerves and control nerves). The 
MTR was correlated with VEP whole fi eld latency 
(rS=–0.554, p<0.01) but not Snellen visual acuity. 
Lesion length on T2-weighted FSE images was cor-
related with visual acuity (p<0.02). The negative cor-
relation between MTR and VEP latency supports the 
idea that some of the MTR reduction may be due to 
demyelination. The lack of correlation of MTR with 
clinical measures was concordant with the complex 
relationship between demyelination and vision that 
had previously been shown in VEP studies of optic 
neuritis (Halliday et al. 1973). 

In addition to the optic nerve atrophy measure-
ments in MS described above, Inglese et al. (2002) 

Fig. 19.5. sTE fFLAIR image demonstrating left optic nerve 
atrophy (arrow) following optic neuritis
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also measured MTR in the optic nerves using a four 
pixel ROI from the whole length of the optic nerve 
from a two-dimensional GE sequence. The mean 
MTR was 35.3 pu in 18 age-matched controls, 35.1 pu 
for clinically healthy nerves (n=18), 34.6 pu for dis-
eased optic nerves with visual recovery to at least 
20/25 (n=20), 29.6 pu for diseased optic nerves with 
vision worse than 20/25 (n=22) (p<0.001, versus op-
tic nerves with good recovery) and 30.2 pu for optic 
nerves from patients with LHON (n=20). When MTR 
was correlated with clinical and electrophysiological 
tests opposite results to Thorpe et al. were obtained. 
MTR correlated with visual acuity (rS=0.49, p=0.01) 
but not VEP P100 latency (rS=–0.10). A possible ex-
planation for the latter fi nding was that this cohort 
was biased towards those with a limited visual recov-
ery, over 50% having a visual acuity worse than 20/25. 
Axonal loss in the optic nerve may have been more 
pronounced in this group.

In a study of 29 patients with acute optic neuritis 
with 21 followed serially up to 1 year using a three-
dimensional GE sequence, the mean MTR, defi ned 
using threshold-based segmentation, at baseline was 
47.3 pu compared with 47.9 pu (from healthy contra-
lateral optic nerves (p= n.s.) (Hickman et al. 2004). 
The diseased optic nerve MTR declined over time 
with a nadir at about 240 days at a mean MTR value 
of 44.2 pu, consistent with demyelination and axonal 
damage. The late nadir compared with studies of MS 
lesions may have been due to slow clearance of my-
elin debris. Subsequently, diseased optic nerve MTR 
appeared to rise, possibly due to remyelination: af-
ter 1 year the diseased optic nerve mean MTR was 
45.1 pu, although the difference was not signifi cant 
compared with the nadir value. Time-averaged VEP 
central fi eld latency was shorter by 6.1 ms (95% con-
fi dence intervals 1.5, 10.7, p=0.012) per 1-pu rise in 
time-averaged diseased optic nerve MTR, supporting 
the idea that MTR can give an indication of the de-
gree of demyelination/remyelination in a lesion.

19.5.4 
Diff usion-Weighted Imaging

Diffusion of water molecules in vivo is affected by the 
structure of the tissue. In white matter tracts, of which 
the optic nerve is an example, the structure is in the 
form of tightly packed axons. Diffusion occurs pref-
erentially along the orientation of the axons. In the di-
rection orthogonal to the axons, cellular membranes 
act as barriers to the water molecule, hindering and 
restricting the process of water diffusion. Because of 

the complexity of the diffusion mechanism in tis-
sue in vivo the measurements are dependent on the 
observation time, hence the term “apparent diffusion 
coeffi cient” (ADC) was introduced to indicate this 
dependency and its difference from the free diffusion 
coeffi cient of water. The directional dependence of 
the ADC in vivo is called anisotropy and is one of 
several parameters which can be derived from the 
diffusion tensor (Basser et al. 1994). If the white mat-
ter tracts are disrupted or the permeability of axonal 
membranes is increased then the ADC will increase 
and the fractional anisotropy (FA), a measure of the 
alignment of tissues, will decrease. 

Studies in MS have revealed increased ADC val-
ues and decreased FA values in both lesions and nor-
mal appearing white matter (Ciccarelli et al. 2001; 
Filippi et al. 2001; Filippi and Inglese 2001). DWI 
of the optic nerves presents many challenges due to 
the reasons outlined above. The following issues need 
to be principally addressed: the need for high resolu-
tion whilst minimising susceptibility distortions; the 
need to reduce CSF and lipid contamination; and the 
need to minimise misregistration problems.

To sample the full diffusion tensor it is necessary 
to acquire a minimum of seven images: one with-
out any diffusion weighting and six with diffusion 
weighting applied along six non-collinear directions 
(Basser and Pierpaoli 1998). This makes it very sen-
sitive to motion occurring between each acquisition. 
Ideally, one would wish to implement a registration 
algorithm capable of correcting the possible variable 
spatial position of the ON. An alternative is to acquire 
several images with the same diffusion weighting and 
average them after reconstruction to determine the 
central position of the optic nerve, with the drawback 
of longer acquisition times. Hence, most DWI stud-
ies of optic nerve have concentrated on measuring 
the ADC along fewer directions (rather than the full 
diffusion tensor) as fewer acquisitions are required 
(Freeman et al. 1998; Iwasawa et al. 1997; Wheeler-
Kingshott et al. 2002).

Iwasawa et al. (1997) studied the optic nerves with 
a spin-echo sequence and cardiac gating for a single 
slice through the orbital optic nerve. Three acquisi-
tions were performed with the diffusion gradients in 
the x, y and z directions, respectively. Due to motion 
artefacts the ADC could only be measured in the y and 
z directions, and not always reliably then. The ADC 
was measured from a 1-mm diameter circular ROI 
placed in the centre of the nerve. In seven controls the 
mean ADC was 982 × 10–6mm2 / s in the y  direction 
and 1559 × 10–6mm2 / s in the z direction. In four 
nerves with acute optic neuritis the mean ADC was

b
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843 × 10–6mm2 / s in the y direction and  941 × 
10–6mm2/s in the z direction. In nine nerves with 
previous optic neuritis the mean ADC was 1560 ×
10–6mm2 / s in the y direction and 4180×10-6mm2/s 
in the z direction (p<0.001 versus controls and acute 
optic neuritis).

EPI is a fast multi-echo imaging technique similar 
to FSE which uses no spin echoes during data acqui-
sition but acquires gradient echoes (Warach et al. 
1998). It allows for high resolution with high SNR but 
at the expense of susceptibility and chemical shift 
artefacts. For optic nerve DWI a fat- and CSF-sup-
pressed zonal oblique multi-slice EPI (ZOOM-EPI) 
has been recently developed (Wheeler-Kingshott 
et al. 2002). This sequence uses a limited fi eld-of-view 
along the phase-encoding direction, shortening the 
echo train length, which reduces susceptibility arte-
facts and therefore image distortions. In a pilot study, 
ZOOM-EPI DWI was carried out on three controls. 
After off-line post-processing with magnitude signal 
averaging and noise correction the mean ADC from 
the optic nerves as a combination of the x, y and z 
gradients could be calculated over the length of the 
optic nerves and was found to be 1058 (SD 101)×
10-6mm2/s in the three subjects measured.

Recently, Chabert et al. (2002) developed an axial 
fast spin-echo acquisition which could measure the 
ADC and FA in individual eyes. In four volunteers the 
mean diffusivity was 1670 (SD 450)×10–6mm2/s with 
a mean FA of 0.59 (SD 0.08), refl ecting strong anisot-
ropy in the nerve. The fi bre directions followed the 
expected nerve fi bre directions on anisotropy maps. 
The sequence was free of susceptibility artefacts; 
however, it was neither fat- nor CSF-suppressed.

DWI offers the potential to offer more pathologi-
cally specifi c imaging with measures that are thought 
to be sensitive to changes in nerve structure, particu-
larly axonal disruption. Further application of DWI 
in both patients acutely affected by, and recovering 
from, optic neuritis would be of interest. The func-
tional signifi cance of any changes measured would 
need to be elucidated with reference to clinical and 
electrophysiological tests.

19.6 
Optic Nerve MRI in Treatment Monitoring

There has been only one study of the use of optic 
nerve imaging in treatment monitoring. Based on the 
observation that long and canalicular lesions on STIR 
were associated with a poorer prognosis (Miller 

et al. 1988), a prospective study was designed to as-
sess whether stratifi cation of patients may assist in 
targeting corticosteroids to those patients who might 
be predicted to have a worse outcome (Kapoor et 
al. 1998). A total of 66 patients with acute unilateral 
optic neuritis had their optic nerves imaged with 
the STIR sequence. They were then randomized to 
receive either 1 g/day intravenous methylpredniso-
lone (IVMP) for 3 days or placebo. Patients were 
stratifi ed into those with short or long (≥3 involved 
coronal slices) lesions. The presence of canalicular 
involvement was also noted. Patients with longer le-
sions tended to present earlier (mean 8.4 versus 12.1 
days, p<0.05); however, there was no correlation be-
tween initial visual acuity and initial lesion length. 
Treatment with IVMP was not associated with im-
proved visual outcome at 6 months in those patients 
with long or canalicular lesions and treatment did 
not affect 6-month lesion length on repeat imaging. 
An association between initial canalicular involve-
ment and poor recovery was not seen; however, af-
ter 6 months canalicular involvement was seen in all 
16 patients with a poor visual recovery compared 
with only 31 out of 45 patients with a good recovery 
(p<0.01).

A subsequent reanalysis of the data was performed 
to measure orbital optic nerve mean area (Hickman 
et al. 2003a). At 6 months following randomization 
optic nerve area was 17.4 mm2 in healthy optic nerves 
and 16.4 mm2 in all diseased optic nerves (p=0.02). 
The mean area of diseased optic nerves at 6 months 
in the IVMP group was 15.9 mm2 compared with 
16.9 mm2 in the placebo group (p=0.19 for a test of 
no difference between the two groups in the ratio 
6-month diseased/6-month healthy optic nerve area 
and p=0.92 for the ratio 6-month diseased nerve 
area/baseline diseased nerve area). It was concluded 
that acute treatment with a course of IVMP did not 
prevent the subsequent short-term development of 
optic nerve atrophy following acute optic neuritis. 

19.7 
Conclusion

While optic nerve MRI presents many challenges, it 
can be a useful tool in diagnosing optic neuritis, or 
in ruling out other conditions that might mimic optic 
neuritis, particularly compressive lesions (Hickman 
et al. 2002b). Conventional and enhanced imaging 
studies suggest that longer lesions and canalicular 
involvement may be associated with a poorer out-
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come; however, these observations have not been 
universally seen.

Optic nerve swelling occurs in acute optic neuritis 
followed by the development of optic nerve atrophy 
that was not prevented by acute treatment with IVMP 
in the one study to investigate this. In patients imaged 
some years from an attack of optic neuritis worsening 
optic nerve atrophy was associated with poorer vi-
sion. Optic nerve MT imaging and DWI offer the po-
tential for more pathologically specifi c imaging. With 
current technology spectroscopy in the optic nerves 
has not been possible due to their small size and the 
surrounding CSF and orbital fat. There has been only 
one trial to date in optic neuritis incorporating op-
tic nerve imaging. In future treatment trials of novel 
agents including remyelination therapy, optic nerve 
imaging, incorporating the newer sequences, would 
be useful in assessing the response to treatment in 
conjunction with clinical and electrophysiological 
measures.
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20.1
Introduction

Vasculitis is defi ned as an infl ammation of the vessel 
wall with or without the presence of vessel wall necro-
sis. This condition may involve the central nervous 
system (CNS), peripheral nervous system (PNS), or 
both. The term “primary nervous system angiitis” is 
reserved for a vasculitic process restricted only to the 
CNS. In addition, systemic symptoms, such as fever, 
malaise, rash, myalgias, arthritis, arthralgias, and 
single or multi-organ involvement, usually are not 
present. Secondary nervous system vasculitides may 
involve both the CNS as well as the PNS (Table 20.1). 

They are associated with systemic involvement and 
occur in the setting of an identifi able cause such as an 
infectious or infl ammatory process, connective tissue 
disorder, malignancy, drug, or toxin.

20.2
Primary Angiitis of the 
Central Nervous System

Primary angiitis of the central nervous system 
(PACNS) is a unique clinicopathological condition 
characterized by infl ammation of blood vessels with 
or without vessel wall necrosis restricted to the CNS. 
In this disorder, both cerebral and meningeal vessels 
may be affected. This disease entity is more com-
monly seen involving the brain; however, a number 
of cases involving the spinal cord have been reported 
(Campi et al. 2001b; Cupps et al. 1983; Giovanini 
et al. 1994). Although the etiology is unclear, it is 
not known to be secondary to a systemic process. 
A hypothesis relating to a viral cause has been sug-
gested by some investigators (Reyes et al. 1976).

Our knowledge of this disease process is greatly 
limited due to its rarity. The lack of multi-center, ran-
domized, controlled therapeutic trials further hinders 
our understanding of the treatment modalities for 
this condition. In addition, our current understand-
ing of the disease process is derived from a collec-
tion of small case series and individual case reports. 
Further confounding the data, neurodiagnostic stud-
ies rather than histological confi rmation from brain 
and/or meningeal tissue were used to make the diag-
nosis of PACNS in these previous case series.

Primary angiitis of the CNS is most often observed 
in the fourth to sixth decade; however, a number of 
pediatric cases have also been reported (Gallagher 
et al. 2001; Giovanini et al. 1994; Lanthier et al. 2001; 
Katsicas et al. 2000; Matsell et al. 1990; Moore and 
Richardson 1998; Nishikawa et al. 1998; Stone et 
al. 1994). Men and women are thought to be equally 
affected (Moore and Richardson 1998); however, a 
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female:male ratio of 4:3 has been reported (Hajj-Ali 
et al. 2000). This condition is rarely diagnosed given 
the non-specifi c symptoms frequently reported.

The earliest report of PACNS dates back to 1922 
when Harbitz (1992) reported two patients pre-
senting with complaints of worsening headaches, 
hallucinations, confusion, and ataxia. A previously 
unreported cerebral vasculitis was identifi ed in these 
patients on post-mortem examination of the brain and 
meninges. Newman and Wolf (1952) fi rst identifi ed 
a granulomatous angiitis based on histopathologi-
cal fi ndings observed; however, it was Cravioto and 
Feigin (1959) who delineated the clinicopathological 
syndrome of granulomatous angiitis after evaluating 
two cases involving a non-infectious granulomatous 
angiitis with a predilection for both leptomeningeal 
and intraparenchymal arteries. This disease entity 
has also been referred to as an isolated angiitis of the 

CNS (IAC; Moore 1994). It is important to emphasize 
that PACNS is synonymous with IAC and granuloma-
tous angiitis of the nervous system (GANS); however, 
the term PACNS and IAC are preferred as the pres-
ence of granulomata composed of multinucleated 
giant cells and epithelioid cells are not consistent 
fi ndings histologically (Younger et al. 1997). The 
terms PACNS and IAC also emphasize the restriction 
of involvement rather than its histopathology. There 
have been instances in which limited involvement 
outside of the CNS has occurred; however, these are 
rare and the term PACNS is preferred.

Regardless of the nomenclature, this condition 
is associated with a high degree of morbidity and 
mortality, if left untreated. In the past, PACNS was 
viewed as uniformly fatal; however, with aggressive 
immunosuppressive therapy the overall prognosis 
has improved. Yet, there is still much to be learned 
regarding this condition given the limited number of 
cases, heterogeneity of the disease process, and lack 
of specifi c physical exam fi ndings or serological tests. 
In addition, data comparing treatment effi cacy as 
well as long-term follow-up information providing 
insight into the natural history of the disease process 
are lacking.

20.3
Histopathology

The etiology and pathogenesis of PACNS remains 
unknown; however, the histopathological features 
have been well described (S. Coons 2003, personal 
communication; Kolodny et al. 1968; Koo and 
Massey 1988; Langford 2003; Lie 1992; Moore and 
Cupps 1983; Reik et al. 1983; Siva 2001; Vanderzant 
et al. 1988). Variability exists with respect to the pat-
tern of histological change and presence of infl am-
matory cell types seen, suggesting that multiple eti-
ologies may be responsible for the development of 
PACNS. The pathological mechanism, by which some 
histopathological features are present in some cases 
but not in others, has not been elucidated.

In PACNS, both small- and medium-size leptomen-
ingeal, cortical, and subcortical arteries may be involved, 
in addition to veins and venules; however, arteries 
are more frequently involved than veins (Siva 2001; 
Vanderzant et al. 1988). Systemic vasculitides also can 
involve all vessel sizes but with a different histopatho-
logical picture observed (Langford 2003). Transmural 
involvement of the vessel wall is commonly seen with 
dense infi ltration of infl ammatory cells, primarily lym-

Table 20.1. Primary and secondary angiitis of the nervous 
system.

Primary
 – Primary angiitis of the central nervous system
  (isolated angiitis of the CNS, granulomatous angiitis of 

the CNS).

Secondary

Drug induced
 – Amphetamines
 – Cocaine
 – Ephedrine
 – Heroin

Systemic diseases
 – Systemic lupus erythematosis
 – Churg-Strauss syndrome
 – Polyarteritis nodosa
 – Wegener’s granulomatosis 
 – Behset’s disease
 – Sarcoidosis

Malignancy related
 – Hodgkin’s lymphoma
 – Non-Hodgkin’s lymphoma
 – Leukemia
 – Metastatic disease

Infectious causes
 – Mycobacterium tuberculosis
 – Treponema pallidum
 – Cocciodes immitis
 – Borrelia burgdoferi
 – Toxoplasma gondii
 – HIV
 – CMV
 – VZV
 – Herpes simplex virus
 – Hepatitis B, C
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phocytes and larger mononuclear cells (Vanderzant 
et al. 1988). In addition, involvement of the ventricular 
vessels has been reported in the past (Reik et al. 1983). 
Segmental infl ammation and necrosis involving the 
small leptomeningeal and parenchymal blood vessels 
is more commonly seen; however larger vessels may at 
times be involved (Moore and Cupps 1983).

Fibrin thrombosis has also been reported 
(Vanderzant et al. 1988). Kolodny et al. (1968) 
reported a higher predilection for leptomeningeal 
involvement compared with parenchymal vessels. The 
experience of Barrow Neurological Institute supports 
this observation. The surrounding brain parenchyma 
may also demonstrate areas of both gross and micro-
scopic ischemic and hemorrhagic infarction in evolving 
stages in addition to reactive astrocytosis (Kolodny et 
al. 1968). The presence of reactive changes in the sur-
rounding brain parenchyma is not a consistent fea-
ture. In addition, loss of myelin with or without axonal 
degeneration may also be present (S. Coons, pers. 
commun.). The infl ammatory infi ltrate is comprised of 
macrophages, lymphocytes, multinucleated giant cells, 
and plasma cells, with or without the presence of granu-
lomata (Moore and Cupps 1983). The focal, segmental, 
and heterogeneous nature of the disease process may 
lead to patchy granulomata formation as well as areas 
free of granuloma. A necrotizing vasculitis may be seen 
along side a non-granulomatous PACNS (Lie 1992). 
Necrotic changes within granulomata and presence of 
eosinophils are usually not observed (Koo and Massey 
1988). Focal and segmental involvement is not limited 
solely to brain parenchyma and meninges, but can also 
be present in the spinal cord.

Aside from the standard pathological techniques 
utilizing a variety of stains, other techniques are also 
available to determine the presence of PACNS. The 
role of electron microscopy is yet to be determined 
in the diagnosis of PACNS; however, it is useful for 
assessing the presence of viral inclusion particles. 
Immunofl uorescence is useful in detecting the pres-
ence of infectious agents but is of little value in the 
diagnosis of PACNS.

20.4
Immunological Mechanisms

The primary events that initiate this disease process 
remain unknown at present. In addition, the immuno-
logical mechanisms that result in the histopathological 
changes seen in PACNS are not completely understood. 
In some cases an immune complex-mediated process 

is responsible for damage to the intimal surface of 
blood vessels and cell-mediated immune mechanisms, 
as is suggested by the presence of granulomata. This 
is also supported by the presence of a lymphomono-
nuclear cell infi ltrate seen in addition to endothelial 
cell proliferation (Moore 1995).

20.5
Clinical Presentation

Nearly every neurological symptom has been reported 
at least once in cases of PACNS (Calabrese et al. 
1997). Headache and confusion are the most common 
presenting symptoms. Hemiparesis, language diffi cul-
ties (expressive and receptive aphasia), hemisensory 
loss, cranial nerve abnormalities, and seizures may 
also be observed during the disease process. Myelo-
pathic symptoms may also be seen as a result of spinal 
cord involvement (Giovanini et al. 1994). In addition, 
patients may also present with symptoms correlating 
with diffuse white matter disease (Finelli et al. 1997). 
Visual disturbances and hallucinations have also been 
reported (Cravioto and Feigin 1959; Nurick et al. 
1972). Focal and multi-focal abnormalities occur in 
more than 80% of cases (Moore and Cupps 1983) with 
focal seizures reported in approximately 5% of cases 
(Moore and Richardson 1998). Some cases present-
ing with intracranial hemorrhage have also occurred 
(Kumar et al. 1997; Yasuda et al. 1993). In the case 
series by Duna et al. (1995), CNS hemorrhage was 
documented in 11% (18 of 168) of patients studied.

Diffuse neurological dysfunction is seen in aggressive 
cases with resultant coma and death. In PACNS, systemic 
symptoms, such as fever, rash, arthralgias, myalgias, 
or arthritis, are usually not observed. When systemic 
symptoms are present, the focus must be directed 
towards a systemic disease process with secondary CNS 
involvement. The progression of symptoms may vary 
greatly in cases of PACNS owing to the heterogeneity of 
the natural history of the disease. There are no specifi c 
symptoms pathognomonic for PACNS.

20.6
Benign Angiopathy of the 
Central Nervous System 

Reports of a benign angiopathy of the CNS (BACNS) 
have been proposed as a subset of PACNS in pre-
viously published studies (Bettoni et al. 1994; 
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Calabrese et al. 1993; Hajj-Ali et al. 2002; Snyder 
and McClelland 1978). These patients differ with 
respect to their clinical presentation, requirements 
for long-term immunosuppression, and prognosis.

Calabrese et al. (1993) fi rst proposed the existence 
of patients with PACNS who had a more “benign” 
course compared to individuals with pathologically 
documented granulomatous angiitis of the CNS. Their 
course was described as monophasic rather than pro-
gressive. It was observed that they were primarily 
females (female:male ratio 4.3:1) who presented most 
commonly with complaints of headache with or with-
out the presence of a focal neurological defi cit. In addi-
tion, cerebrospinal fl uid (CSF) studies were normal 
to mildly abnormal along with fi ndings on cerebral 
angiogram consistent with vasculitis. Moreover, these 
individuals required less immunosuppressive treat-
ment than traditionally used. Although the underly-
ing pathogenesis was not clearly understood, revers-
ible vasoconstriction or vasospasm was proposed as 
the most likely cause of BACNS as compared with an 
infl ammatory process in PACNS.

An evaluation of 16 cases of presumed BACNS 
without histological confi rmation was reported by 
Hajj-Ali et al. (2002). Angiographic follow-up data 
on 10 of 16 cases were analyzed, in addition to clinical 
outcomes as assessed by phone interview utilizing the 
Barthel index and a specifi cally designed cognitive 
index (Hajj-Ali et al. 2002). Results showed improve-
ment in all repeat cerebral angiograms obtained after 
treatment had consisted of varying courses of gluco-
corticoids, calcium channel blockers, and cytotoxic 
medications. Clinical recovery was seen in 94% of 
cases. No deaths were reported; however, there was a 
6% relapse rate observed. In those patients evaluated 
by the Barthel index, there was no lasting disability 
in 71% of cases. A different outcome was reported by 
Woolfenden et al. (1998) who published retrospec-
tive data on 10 patients with angiographically defi ned 
PACNS. They concluded that these patients neither 
had a benign outcome nor monophasic course.

Further data are needed to determine if such a 
distinct group of patients exist. The presumed patho-
logical mechanisms underlying this proposed sub-
type is still lacking. It is noteworthy that the cases 
included in the study by both Calabrese et al. (1993) 
and Hajj-Ali et al. (2002) lacked histopathological 
confi rmation. In previously published studies, a fair 
amount of patients who underwent brain biopsy for 
presumptive PACNS were found to have other diag-
noses (Alrawi et al. 1999; Chu et al. 1998).

At our institution, we feel that a form of “benign” 
angiopathy or angiitis is a misnomer as there usually 

is nothing benign about the patient’s clinical presen-
tation or course. More studies are needed to deter-
mine whether in fact there is a separate subgroup 
and, if so, its natural history and pathogenesis.

20.7
Diagnostic Studies

20.7.1
Serological Tests

No specifi c serological diagnostic test(s) exist for 
PACNS. Instead, a comprehensive serological work-
up is performed to exclude other disorders. Recom-
mended tests include a complete blood count, com-
prehensive metabolic panel including liver function 
tests, and C-reactive protein. Erythrocyte sedimen-
tation rate (ESR), a common serological marker 
assessed in the PACNS, is usually negative. The ESR 
was found to be positive in 8–35% in two studies 
(Calabrese and Mallek 1988; Lie 1992). Patients 
should also be evaluated for connective tissue dis-
orders (e.g., anti-nuclear antibody, anti-neutrophil 
cytoplasmic antibody). Depending on the clinical 
context, human immunodefi ciency virus (HIV), 
hepatitis, syphilis, Lyme disease, and sarcoidosis also 
need to be considered in the differential diagnosis.

20.7.2
Cerebrospinal Fluid Analysis

In general, CSF studies are important in the diag-
nosis of PACNS. Abnormal CSF profi les are seen in 
80–90% of pathologically documented cases of PACNS 
(Calabrese et al. 1997). Characteristically, a mono-
nuclear pleocytosis with or without increased protein 
levels are seen (Oliveira et al. 1994; Vollmer et al. 
1993). A previous report of 40 cases of pathologically 
proven PACNS demonstrated moderately to markedly 
elevated protein levels, and normal or mild decreased 
glucose levels (Vollmer et al. 1993). Oligoclonal 
bands and increased IgG synthesis may also be pres-
ent. Oliveira et al. (1994) suggested that following the 
plasmatic albumin transudation and intrathecal IgG 
synthesis profi les may be a reliable marker for moni-
toring the disease process and therapeutic response. 
The appropriate stains, cultures, and studies [herpes 
simplex virus–polymerase chain reaction (HSV–PCR), 
Cocciodes immitis, syphilis, etc.] should be performed 
to evaluate for the presence of infectious etiologies.
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Fig. 20.1 a Axial brain fl uid-attenuated inversion recovery (FLAIR) FSEIR magnetic resonance imaging (MRI) scan of a patient 
with primary angiitis of the central nervous system (PACNS) demonstrates high-signal abnormality involving the cortex and 
subcortical white matter of the right frontal lobe, anterior temporal lobe, and right insular region. b Sagittal T2-weighted MRI 
scan of the cervical cord demonstrates a region of high-signal abnormality involving the anterior cervical cord at C5 in a 
patient with PACNS

a b

20.7.3
Brain Computed Tomography

Computed tomography (CT) of the brain is abnormal 
in up 67% of cases (Siva 2001). This imaging modality, 
however, is not sensitive in the diagnosis of PACNS. 
Findings may include areas of low signal intensity 
suggestive of an ischemic event. Intraparenchymal or 
subarachnoid hemorrhage are uncommonly seen but 
have been reported. CT is also valuable during instances 
when magnetic resonance imaging (MRI) cannot be 
performed or is unavailable.

Stone et al. (1994) compared the diagnostic sen-
sitivities of CT, lumbar puncture and magnetic reso-
nance imaging in 20 patients with angiographically 
proven PACNS (ages ranging from 7-72 years). Of the 
17 patients who underwent brain CT, 11 were found 
to be abnormal with 35% of cases failing to demon-
strate any signifi cant abnormality. They concluded 
that CT is a useful diagnostic tool when used as an 
adjunct with CSF studies.

20.7.4
Magnetic Resonance Imaging

Magnetic resonance imaging  of the brain and spinal 
cord has been proven to be valuable in the evalu-

ation of PACNS (Fig. 20.1). Although abnormalities 
seen are not pathognomonic for PACNS, this non-
invasive and reproducible technique is sensitive to 
parenchymal changes regardless of the size of ves-
sels involved by a vasculitic process (Harris et al. 
1994). Patients who fail to demonstrate abnormalities 
on MRI are unlikely to manifest changes on angiog-
raphy or brain biopsy suggestive for PACNS. Cases 
have been reported, however, in which patients with 
angiographically proven PACNS have had negative 
brain CT and MRI scans (Greenan et al. 1992; Stone 
et al. 1994).

In their review of six patients (two biopsy proven) 
with PACNS, Campi et al. (2001) reported discrete 
or diffuse supra- and infratentorial lesions involv-
ing the deep and subcortical white matter (Campi 
et al. 2001a). This is consistent with other reported 
cases of PACNS (Ehsan et al. 1995; Greenan et al. 
1992; Scully 1989). The lesions in PACNS are usu-
ally enhancing in up to 90% of cases. In addition to 
the brain, enhancement has been noted in the Vir-
chow-Robin spaces and spinal cord (cervical and 
thoracic segments). Other authors have reported a 
predominance of white matter involvement on T2-
weighted images suggestive of demyelinating disease 
(Alhalabi and Moore 1994). Non-specifi c scat-
tered focal and linear areas of high-signal abnormal-
ity involving the brainstem, cerebellum, and cere-
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bral white matter has also been seen in addition to 
areas of recent infarction (Koo and Massey 1988; 
Shoemaker et al. 1994). Leptomeningeal enhance-
ment with modest parenchymal involvement has also 
been reported (Negeshi and Sze 1993). Johnson et 
al. (1989) reported a case of granulomatous angiitis 
masquerading as a mass lesion with MRI fi ndings 
revealing bilateral high signal intensity parieto-
occipital lesions extending across the splenium of the 
corpus callosum. Idiopathic granulomatous angiitis 
of the CNS was also reported as manifesting as dif-
fuse white matter disease in a patient presenting with 
progressive spastic paraparesis (Finelli et al. 1997).

Harris et al. (1994) studied the utility of MRI as 
a screening tool in 92 patients who underwent angi-
ography for “exclude vasculitis” as the indication. The 
MRI data from 70 of the 92 patients were evaluated. 
Of the 92 patients studied, 11 patients were found 
of have intracranial vasculitis, 8 of which displayed 
abnormalities on angiography. The MRI data was 
available on 9 of the 11 cases, with all 9 demonstrat-
ing signifi cant abnormalities. The authors advocated 
that brain MRI be performed in patients with sus-
pected intracranial vasculitis. They concluded that 
a negative MRI was more valuable than a negative 
angiogram when trying to exclude the possibility of 
an intracranial vasculitis.

Currently, there are no MRI fi ndings that are 
pathognomonic for PACNS; however, this modality 
is excellent in monitoring the natural history of the 
disease in addition to utilizing it as a tool for assess-
ing for the presence of a treatment response (Ehsan 
et al. 1995).

20.7.5
Cerebral Angiography

Angiography is reportedly the most sensitive diag-
nostic modality available for the diagnosis of PACNS, 
although it is variable with respect to abnormali-
ties seen (Alhalabi and Moore 1994; Ferris and 
Levine 1973; Leeds and Goldberg 1971; Moore 
1995). Sensitivities do vary based on the study 
reviewed. A retrospective review of 30 consecutive 
patients who underwent brain biopsy and/or cerebral 
angiography for the evaluation of PACNS revealed 
that cerebral angiography had a sensitivity and 
positive predictive value (PPV) of <30% (Duna and 
Calabrese 1995). Vollmer et al. (1993) reported 
56% of 41 angiograms were abnormal in biopsy-
proved cases of idiopathic granulomatous angiitis of 
the CNS; however, only 27% (11 of 41) of these cases 

demonstrated fi ndings thought to be diagnostic of 
vasculitis. On the other hand, a sensitivity of 89% was 
achieved with angiography by Alhalabi and Moore 
(1994) when retrospectively evaluating angiograms 
in 19 patients.

Angiography identifi es large and medium-sized 
vessel abnormalities suggestive of vasculitis, but fi nd-
ings cannot unequivocally establish the diagnosis for 
PACNS, and a distinction between primary and sec-
ondary causes of vasculitis cannot be made based on 
the data. The angiographic abnormalities of PACNS 
cannot be differentiated from secondary causes of 
angiitis of the CNS; these include, among others, 
infectious causes (Engelter et al. 2002; Lehrer 
1966; Mackenzie et al. 1981; Rabinov 1963; Ramos 
and Mandybur 1975; Rosenblum and Hatfi eld 
1972; Walker et al. 1973), neoplasms (Giang 1994; 
Greco et al. 1976), collagen vascular diseases (Liem 
et al. 1996; Trevor et al. 1972), illicit drugs (Gertner 
and Hamlar 2002; Giang 1994; Glick et al. 1994; 
Margolis and Newton 1971), and other causes that 
may mimic a CNS vasculitis (Behcet’s disease; Siva 
et al. 2001), Moya-moya disease (Coakham et al. 
1979), fi bromuscular dysplasia (Houser and Baker 
1968), vasospasm, atherosclerosis (Ferris and 
Levine 1973), radiation injury, hypertensive vascu-
lopathy, sickle cell anemia (Merkel et al. 1978), atrial 
myxoma embolism (Marazuela et al. 1989), refrac-
tory dermatomyositis (Regan et al. 2001), and medi-
cation toxicity (Berlit 1994; Giang 1994; Regan et 
al. 2001; Rumbaugh et al. 1971; Siva 2001).

Unlike magnetic resonance angiography (MRA), 
conventional angiography is an invasive procedure 
with associated risks. Previously published complica-
tion rates vary depending on the institution at which 
the procedure is performed. The complication rate 
at our institution following the evaluation of 1000 
prospectively studied consecutive cases performed 
on 688 patients revealed a 1% overall incidence for a 
neurological defi cit and a 0.5% incidence of a persis-
tent defi cit (Heiserman et al. 1994). The complica-
tions observed were seen in patients with a history of 
a cerebrovascular accident, transient ischemic attack, 
or carotid bruit (Heiserman et al. 1994).

Focal and/or multifocal segmental involvement of 
both small and medium-sized leptomeningeal and 
parenchymal blood vessels are angiographic fi ndings 
seen in PACNS (Fig. 20.2). More commonly, single 
areas of focal abnormality are observed in a number 
of vessels rather than extensive areas of involvement 
on a single vessel (Alhalabi and Moore 1994). Also 
seen are vascular occlusions, collateral vessel forma-
tion, and prolonged circulation time (Alhalabi and 
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Moore 1994; Lie 1992). Aneurysms have also been 
identifi ed (Nishikawa et al. 1998). Abnormalities 
observed on angiography do not always correlate 
with signifi cant fi ndings observed on MRI of the 
brain, likely owing to the extent of involvement of 
smaller vessels.

Alhalabi and Moore (1994) compared retro-
spective angiograms in 19 patients with PACNS along 
with prospective angiograms during the course of 
the disease. They noted areas of segmental narrow-
ing were reversible if treatment was instituted early 
in the course of the disease. The initial areas of seg-
mental narrowing were hypothesized to be secondary 
to infl ammation and vasospasm. They also observed 
that areas of narrowing increased over time and that 
later in the course of the disease they were less likely 
to resolve. They suggested that serial angiography 
may be used to guide immunosuppressive therapy.

Although the sensitivity is highly variable, angi-
ography provides another modality to help diag-
nose PACNS; however, brain and meningeal biopsies 
remain the gold standard for diagnosis.

20.7.6
Brain Biopsy

Histopathological confi rmation by leptomeningeal 
and brain parenchymal biopsy remains the gold 
standard for the diagnosis of PACNS. Brain biopsy is 
the most specifi c diagnostic modality in PACNS. The 
optimal technique is wedge cortical biopsy with lep-

tomeningeal tissue which permits better histological 
defi nition and a reduction in artifact (Moore 1989). 
Considerable debate exists as to whether stereotac-
tic biopsy is as effective as open-wedge biopsy in 
the diagnosis of PACNS, although the experience of 
Alrawi et al. (1999) demonstrated no signifi cant dif-
ference between these two approaches.

There are several retrospective studies which 
have calculated the specifi city to be between 60 and 
97% (Alrawi et al. 1999; Chu et al. 1998; Duna and 
Calabrese 1995). A false-negative rate of approxi-
mately 10% has been previously reported in premor-
tem biopsies (Calabrese et al. 1993). False-positive 
results are rare and may occur in the setting of lym-
phoproliferative disease. Histological confi rmation is 
necessary for a defi nitive diagnosis; however, the data 
must be correlated with the clinical history and infor-
mation obtained from other diagnostic tests. Cases 
of PACNS with the presence of concomitant cerebral 
amyloid angiopathy have been reported in the past 
which may complicate the pathological diagnosis 
in some patients (Fountain and Eberhard 1996; 
Riemer et al. 1999; Schwab et al. 2003).

In addition to verifying the presence of a vasculitic 
process, the biopsy is also necessary to exclude other 
conditions that may affect the intracranial vascula-
ture and mimic vasculitis. These include demyelin-
ating conditions [acute disseminated encephalomy-
elitis (ADEM), multiple sclerosis]; infections (HIV 
[Nogueras et al. 2002], cytomegolovirus [CMV], 
herpes zoster, progressive multifocal leukoencepha-
lopathy, Creutzfeldt-Jakob disease, Coxsackie A9, 

Fig. 20.2 a Angiogram of the left common carotid artery (lateral view) demonstrates diffuse irregularity involving the distal 
branches of the middle cerebral and posterior cerebral artery (arrows). No branch occlusions are observed. b Angiogram of the 
posterior circulation reveals diffuse irregularity involving the distal posterior cerebral artery branches bilaterally

a b
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brain abscess, Cocciodes immitis); reaction to vari-
ous toxic substances (heroin, cocaine, amphetamine 
use); neoplasia (lymphoma, malignant histiocytosis, 
metastatic small cell carcinoma); sterile infarction; 
and sarcoidosis.

Biopsy material should be examined with routine 
and special stains in addition to tissue cultures to 
exclude other diagnoses. It is of benefi t to examine 
tissue by electron microscopy to identify the pres-
ence of viral inclusions or ultrastructural abnormali-
ties that may be present.

Brain biopsy often is deferred due to concern for 
potential complications surrounding the procedure 
as well as the possibility of a false-negative result. The 
morbidity of the procedure has been reported to be 
3.3% by Chu et al. (1998) and a similar morbidity rate 
of 4.9% was observed by Alrawi et al. (1999) in their 
analysis of 61 consecutive biopsy patients.

The site of the biopsy should be determined by 
location of active lesions observed on MRI. Biopsy 
of a radiographically abnormal region increases the 
sensitivity of the procedure and diagnostic accuracy 
is enhanced by sampling both the leptomeninges 
and cortical and subcortical tissues (Calabrese et 
al. 1992; Chu et al. 1998; Parisi and Moore 1994). 
Data from Alrawi et al. (1999) contradict this data as 
all identifi ed cases of PACNS contained brain paren-
chyma involvement and only 77% demonstrated 
involvement of the leptomeninges. It is important 
to note, however, that sampling of the leptomenin-
ges allows for the diagnosis of processes other than 
PACNS. The optimal location for biopsy would be 
a site of active disease on MRI, providing it is in a 
non-sensitive area of the brain; otherwise, sampling 
the anterior lip of the non-dominant temporal lobe is 
preferred and least harmful to the patient. Due to the 
focal and segmental nature of PACNS, biopsy results 
may vary with only 66–75% of biopsies being diag-
nostic (Siva 2001).

Duna and Calabrese (1995) reported results of 
15 brain biopsies (7 stereotactic and 8 via craniot-
omy) in the diagnosis of PACNS. The sensitivity was 
53%, specifi city 87%, PPV 80%, and negative predic-
tive value (NPV) 70%. One false-positive result was 
observed in a patient who was subsequently diag-
nosed with CNS lymphoma. Of the four true-positive 
biopsies, one demonstrated vasculitic changes in the 
cortex alone, one in the leptomeninges alone, and the 
other two with both parenchymal and leptomenin-
geal involvement (Duna and Calabrese 1995). A 
low sensitivity of 36% was observed in the report 
published by Alrawi et al. (1999). A specifi c diagno-
sis, however, was observed in 75% of the cases. This 

highlights the value of brain biopsy in not only iden-
tifying cases of PACNS but also those processes that it 
may mimic (Alrawi et al. 1999). The low sensitivities 
observed in both of these studies suggest that a nega-
tive biopsy result does not rule out the possibility of 
PACNS.

A retrospective analysis of 25 patients, 10 treated 
with immunosuppressive medications and 15 
untreated, with PACNS were studied to assess the 
prognosis of those patients who had a negative brain 
biopsy (Alreshaid and Powers 2003). The addition 
of immunosuppressive therapy did not signifi cantly 
enhance the outcome of these patients compared with 
the untreated group. Patients were stratifi ed into two 
groups; “good”, if the patient was residing at home; 
and “poor” if the patient resided in an extended-care 
facility or died. However, one should be cautioned 
that treatment regimens were not disclosed in this 
report and no specifi c treatment criteria were noted 
for those who received therapy. Additionally, it was 
not clear if other medical or social factors infl uenced 
their results.

20.7
Other Diagnostic Modalities

The role of positron emission tomography (PET), 
single-photon-emission computed tomography 
(SPECT), magnetic resonance spectroscopy (MRS), 
and transcranial doppler (TCD) is still undetermined 
(Ritter et al. 2002). These diagnostic modalities 
are neither sensitive nor specifi c in the diagnosis of 
PACNS.

Table 20.2 contains modifi ed diagnostic criteria 
recommended by Moore (1989) for the diagnosis of 
PACNS.

Table 20.2. Antemortem diagnostic criteria for primary angi-
itis of the central nervous system modifi ed from Moore (1989, 
1998).

1. Clinical features consistent with recurrent, multifocal, or 
diffuse disease

2. Exclusion of an underlying systemic infl ammatory process 
or infection

3. Neuroradiographic studies - cerebral angiography demon-
strating fi ndings supporting the diagnosis of a vasculopathy

4. Brain biopsy to establish the presence of vascular infl am-
mation and exclude infection, neoplasia or alternate causes 
of vasculopathy

5. A CSF study consistent with CNS infl ammation (pleocytosis, 
increased protein) and excluding infection and neoplasia
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20.8
Treatment

Currently, the optimal treatment regimen for PACNS 
is not clearly delineated. To date, there have been 
no multicenter, randomized, or placebo-controlled 
studies investigating the effi cacy of varying treat-
ment regimens. This is most likely due to the paucity 
of documented cases. Our understanding and clinical 
approach therefore is based primarily on anecdotal 
experience and data from previously published indi-
vidual case reports and modest case series. In general, 
there is agreement that the underlying pathogen-
esis of this condition is neuro-immunological, and 
thus treatment is directed towards modulating the 
immune system. Because of the clinical, radiological, 
and histopathological heterogeneity, it can be argued 
that the optimal treatment for one patient may not 
be as effi cacious for another.

PACNS in previous years was viewed as uniformly 
fatal. There are now newer methods of modulating 
the patient’s immune system, and with this availabil-
ity the prognosis has become more favorable. At pres-
ent, standard treatment recommendations include 
the use of high-dose corticosteroids and immuno-
suppressive agents. Azathioprine, methotrexate, and 
antiplatelet treatment for maintenance therapy have 
also been used in the past (Craven and French 
1985; Griffi n et al. 1973; Oliveira et al. 1994; Siva 
2001; Zivkovic and Moore 2000). The role of IVIg, 
plasmapheresis, the interferons, and monoclonal 
antibody therapy in PACNS remains unclear.

Currently, it is generally agreed upon that aggres-
sive immunotherapy should be instituted in cases 
where progressive neurological decline is present. 
This is with the understanding that an attempt to 
confi rm the diagnosis of PACNS by histopathology, 
as well as conventional diagnostic modalities, has 
been made, and that other causes for the present-
ing symptoms have been investigated and ruled out. 
This approach is also advocated by other investiga-
tors (Calabrese et al. 1997). The optimal duration 
of treatment is not clearly established. Recommenda-
tions for a treatment period of 6–12 months after the 
clinical symptoms have stabilized have been made, 
although there is no conclusive evidence to support 
this (Calabrese 1995; Moore 1994). Treatment 
duration should be guided by patient response to 
therapy and current clinical status.

Most commonly, the treatment regimen used in 
PACNS includes high-dose methylprednisolone at a 
dose of 1000 mg/day for 3–7 days followed by oral 
prednisone at 60 mg/day with slow taper. The expe-

rience with cyclophosphamide in the treatment of 
PACNS has been extensively reported (Barron et al. 
1993; Fountain and Lopes 1999; Mandybur and 
Balko 1992; Moore 1989; Riemer et al. 1999; Siva 
2001; Woolfenden et al. 1998). Cyclophosphamide, 
oral or intravenous, is administered concomitantly 
with steroids at a dose of 2.0–2.5 mg/kg day–1. If 
intravenous therapy is selected, pulsed intravenous 
cyclophosphamide (500–1000 mg/m2) can be admin-
istered every second week for the fi rst 6 weeks fol-
lowed by monthly intervals.

Reviewing fi ve patients with biopsy-proven 
PACNS, Moore (1989) recommended for the initial 
6 weeks of therapy a regimen of prednisone at 40–
60 mg/day combined with cyclophosphamide, dose 
of 100 mg/day (Moore 1989). Oral prednisone alone 
at a dose of 40–100 mg/day has also been advocated 
in a report by Crane et al. (1991) in their review of 11 
patients with angiographically proven IACNS. Of the 
11 patients studied, 10 achieved clinical remission fol-
lowing this regimen of steroid therapy alone. Cupps 
et al. (1983) reported four cases of biopsy proven (1) 
and unproven (3) PACNS. The single biopsy-proven 
case involved isolated spinal cord involvement as 
no brain abnormalities were identifi ed. Sustained 
clinical remission was achieved with a combination 
of cyclophosphamide and alternate-day prednisone 
therapy in all patients (Cupps et al. 1983). The suc-
cessful use of the prednisone and cyclophosphamide 
combination has also been seen in pediatric patients 
(Lanthier et al. 2001; Barron et al. 1993). Lanthier 
et al. (2001) reported on two pathologically proven 
cases of IACNS. One case was successfully treated 
with a regimen of prednisone 2 mg/kg day–1 and 
cyclophosphamide 2 mg/kg day–1, the other with 
prednisone alone. The patient who received cyclo-
phosphamide in addition to steroids remained symp-
tom free for 6 years after discontinuation of therapy. 
A successful response was achieved in a 12-year-old 
patient with cerebral angiogram presumed IACNS 
with monthly pulse cyclophosphamide (750 mg/m2) 
for 6 months followed by treatment every 3 months 
for 1 year (Barron et al. 1993).

The most sensitive as well as specifi c modality 
for monitoring the response to treatment in PACNS 
continues to be investigated. At present, serial brain 
MRI scans is the most sensitive means of monitoring 
disease progression. This imaging modality has been 
utilized in the past by other investigators to monitor 
both disease progression and response to treatment 
(Ehsan et al. 1995). Serial cerebral angiograms have 
also been used to assess the effi cacy of the treatment 
regimen utilized (Alhalabi and Moore 1994; Stein 
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et al. 1987). Some authors have proposed the use of 
subsequent serial CSF profi les as a guideline for 
monitoring disease activity and response to therapy 
(Oliveira et al. 1994). There have been, however, no 
reports of repeat histopathological analysis to assess 
therapeutic success. Since PACNS is such a heteroge-
neous disorder, it is unclear if repeat analysis of the 
leptomeninges or brain parenchyma would provide 
conclusive evidence of therapeutic success, since a 
lack of non-infl ammatory fi ndings may represent 
disease suppression rather than cure.

Further investigations are necessary to not only 
determine the optimal therapeutic regimen for 
PACNS, but also to prevent treatment complications. 
The sequelae of short- and long-term steroid use are 
well known. Cyclophosphamide has several well-
known side effects primarily related to bone marrow 
suppression (Bradley et al. 1989). Riemer et al. 
(1999) reported on a single case of PACNS that was 
treated for 5 years with cyclophosphamide (cumula-
tive dose 100 g). The patient ultimately died of cyclo-
phosphamide-induced myelodysplastic syndrome. 
Post-mortem evaluation revealed vascular scarring 
and amyloid angiopathy; however, evaluation of the 
brain parenchyma revealed the absence of infl amma-
tion (Riemer et al. 1999).

Ideally, a national database encompassing patients 
with biopsy-proven and unproven PACNS, and their 
response to treatment, may help to defi ne the optimal 
treatment regimen for this disorder.

20.9
Prognosis

The prognosis for patients with PACNS is variable 
due to the heterogeneity of the disease process with 
respect to progression and response to treatment. 
In addition, the natural history of the disease and 
long-term outcomes, for the most part, are unknown. 
Clearly important in improving the overall outcome 
is the rapid defi nitive diagnosis of PACNS with insti-
tution of appropriate treatment.

20.10
Case Discussion

The following case seen at this institution exempli-
fi es the heterogeneity of PACNS, both clinically and 
pathologically, and the inherent diffi culties in diag-

nosis and treatment. Some of the histopathological 
fi ndings described here are unique and have not yet 
been reported in cases of PACNS.

A previously healthy right-handed 31-year-old 
man with no signifi cant medical history initially pre-
sented with complaints of headache and transient 
right arm and leg weakness which began 7 days prior. 
His headache was described as being constant and 
unremitting with sharp pain located bi-frontally.

His general medical examination was unremark-
able. No focal fi ndings were observed on neurological 
examination. A complete blood count (CBC), com-
prehensive metabolic panel (CMP), including liver 
function tests, erythrocyte sedimentation rate (ESR), 
C-reactive protein (CRP), urine toxicology screen 
(U-TOX), serum protein electrophoresis (SPEP), 
extended anti-nuclear antibody panel (ANA), com-
plement level, serum amino acids, and lactate level, 
were ordered and found to be within normal limits. 
On CSF analysis his opening pressure was 17 cm H20, 
RBC 1/mm3, nucleated cells 11/mm3 (88% lympho-
cytes, 4% polymorphonuclear cells), glucose 74 mg/
dl, and protein 35 mg/dl. The CSF cultures were 
negative for growth. The CSF cytology was negative 
for malignant cells and herpes simplex virus–poly-
merase chain reaction (HSV–PCR) test was negative.

An electroencephalogram (EEG) demonstrated 
focal slowing of the background rhythm over the left 
hemisphere. No electrographic seizure events or epi-
leptiform activity were observed. An MRI of the brain 
demonstrated non-contrast enhancing, diffusion-
negative T2 signal hyperintensities involving the left 
frontal and temporal lobe regions (Fig. 20.3a,b).

The patient was treated with high-dose methyl-
prednisolone (1 g/day) for 3 days and was discharged 
to home where he completed a 15-day course of acy-
clovir. Improvement of his symptoms was reported at 
the time of discharge.

One month later, the patient returned to the hospi-
tal with complaints of language diffi culty. He reported 
“mixing up” his words during conversation. He also had 
complaints of increased headache, confusion, muscle 
aches, fatigue, and left thumb twitching lasting sec-
onds to minutes. Neurological examination was again 
found to be non-focal. A CBC, CMP, ESR, and CRP were 
again ordered and found to be within normal limits. 
Coagulation studies and rheumatoid factor were also 
found to be within normal limits. Repeat CSF analy-
sis revealed nine nucleated cells per cubic millimeter 
(74% polymorphonuclear cells, 17% lymphocytes), 
RBC 0/mm3, glucose 74 mg/dl, and protein 58 mg/dl. 
The CSF cultures and HSV–PCR were negative. The 
CSF lactate was within normal limits.
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Fig. 20.3 a Axial brain FLAIR MRI image demonstrates cortical and 
subcortical high-signal abnormalities involving the left inferior 
frontal lobe, left posterior frontal lobe, and left temporal lobe. b 
Axial brain MRI T1-weighted image with gadolinium. No contrast 
enhancement is observed. c Axial brain FLAIR MRI image dem-
onstrates left frontal lobe, medial parietal lobe, and left occipital 
lobe high-signal abnormalities. d Right temporal lobe high-signal 
abnormality on axial FLAIR MRI imaging. e Axial brain FLAIR MRI 
scan demonstrates new region of confl uent high-signal abnormal-
ity involving the cortex and subcortical white matter of the right 
frontal lobe, right anterior temporal lobe, and right insular region
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The patient underwent a repeat EEG with focal 
background slowing observed over the left fronto-
temporal region. No discrete electrographic seizure 
events were captured and no epileptiform activity 
was observed. A repeat MRI of the brain with gado-
linium demonstrated non-contrast-enhancing and 
diffusion-negative T2-hyperintensities involving the 
left frontal, temporal, and occipital lobes (Fig. 20.3c). 
The patient underwent the same treatment course as 
his previous hospitalization with modest improve-
ment of his symptoms and was discharged.

Two months following his second discharge from 
the hospital, the patient presented after a general-
ized tonic–clonic seizure preceded by reports of 
automatisms and abdominal discomfort. He also had 
complaints of right ear numbness and fullness, left 
forearm numbness, chest discomfort, and right hemi-
spheric headaches. Neurological examination again 
was non-focal. An HIV test was ordered which was 
negative. Serological tests were ordered once again 
(p-antineutrophil cytoplasmic antibody, c-antineu-
trophil cytoplasmic antibody, extended ANA panel, 
serum lactate, Lyme disease serologies, CRP) and 
found to be normal. He underwent a muscle biopsy 
to exclude the possibility of a mitochondrial disor-
der. Histological evaluation of the muscle architec-
ture revealed normal fi ndings. A four-vessel cerebral 
angiogram was normal with no signs of vasculitis 
observed. Magnetic resonance imaging revealed 
abnormalities now involving the right hemisphere 
with marked improvement of T2-hyperintensities 
observed previously involving the left hemisphere 
(Fig. 20.3d,e).

A stereotactic biopsy of the right frontal region 
was performed. Histopathology revealed lympho-
cytic invasion of both the meninges and vascula-
ture (Fig. 20.4a–d). The surrounding parenchyma 
was significant for areas of infarction. There were 
no signs of hemorrhage observed. Staining of the 
cortex with von Kossa was positive, demonstrating 
spiculated calcium deposits throughout infarcted 
brain tissue (Fig. 20.4e). This was further con-
firmed by electron microscopy studies which had 
been performed initially to determine the pres-
ence of fungal and viral inclusion particles. Elec-
tron microscopy of brain tissue was negative for 
any infectious process. The sampled tissue was, 
however, significant for areas of dystrophic calci-
fication in addition to abnormal calcium depos-
its adjacent to dendrites (Figs. 20.5, 20.6). Dys-
trophic calcification was also observed involving 
the mitochondria (Fig. 20.5c,d). Although the role 
of calcium in cell injury has been greatly studied, 

this finding has not been described or previously 
reported in cases of vasculitis involving the CNS 
(Trump et al. 1980).

The patient was treated with daily oral prednisone 
(60 mg/day with slow taper over 1 year) and cyclo-
phosphamide (2 g IV every month for 6 months fol-
lowed by infusions once every 2 months) with good 
result. Azathioprine was also added to his treatment 
regimen. He continued on phenytoin and lamotrig-
ine for his seizures. Since completing the treatment 
regimen, the patient has remained symptom free for 
18 months. Serial MRI scans of the brain have dem-
onstrated signs of encephalomalacia but no progres-
sion of disease or areas of increased T2-signal abnor-
mality.

20.11
Conclusion

Physicians are faced daily with the challenges of accu-
rately diagnosing patients by employing the current 
diagnostic criteria, recommended structural neu-
roimaging techniques, and/or guidelines put forth 
by ad hoc committees, consensus groups, and data 
from large, multicenter, placebo-controlled studies. 
A comprehensive understanding of the approach 
to PACNS from the etiology to optimal treatment is 
currently not clearly defi ned. This is a rare disorder 
that represents a unique diagnostic challenge for 
the neurologist given the lack of uniformity with 
respect to the clinical presentation, radiological and 
histopathological fi ndings, and the varying natural 
history of the disease. This condition is restricted to 
the CNS with no signs of systemic involvement and 
biopsy of the brain parenchyma and leptomeninges 
is paramount in the diagnosis. A delay in the diagno-
sis and proper treatment of the disorder may cause 
increased morbidity and death. Current treatment 
strategies should be initiated aggressively, but only 
after confi rmation of the diagnosis has been made. 
The diagnosis should not be made based on any 
single study. Instead, historical, clinical, serologi-
cal, radiological, and histopathological correlation 
is needed for an accurate diagnosis. It is only by this 
approach that appropriate treatment interventions 
can be instituted in a timely manner to increase the 
likelihood of a better outcome. Future studies may 
focus on the genetic predilection for this condi-
tion which may provide insight into its pathogen-
esis and varied clinical course as well as treatment 
response.
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Fig. 20.4 a The cerebral cortex is edematous with numerous parenchymal mononuclear cells. Focal marked perivascular mono-
nuclear cuffi ng is also present (hematoxylin–eosin stain, original magnifi cation ×200). b Histopathological slide of brain tissue 
demonstrating numerous perivascular mononuclear cells. Abundant small lymphocytes reactive for the T-cell marker CD-3 
are seen. Diaminobenzidine and hematoxylin–eosin stain (original magnifi cation, ×400). c Many of the perivascular cells are 
reactive for CD-68, a marker for monocytes, macrophages, and microglia. In addition, numerous CD-68 reactive cells are seen 
throughout the brain parenchyma. Diaminobenzidine and hematoxylin–eosin stain (original magnifi cation ×200). d Histo-
pathological slide of meninges demonstrating scattered small lymphoid cells (hematoxylin–eosin stain, original magnifi cation 
×200). e Numerous coarse black granules of calcium are scattered throughout the parenchyma (von Kossa, original magnifi ca-
tion ×400)
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Fig. 20.5 a Low magnifi cation (Bar=20µm) electron micrograph. Lumen (L) of this gray matter venule contains numerous leu-
cocytes, one of which (white arrow) is attached to the endothelium in the process of emigration. The perivascular space (PVS) 
exhibits numerous infl ammatory cells (black arrows). The PVS as well as the extracellular spaces are signifi cantly widened 
consistent with vasogenic edema. The highly disorganized neuropil contains numerous calcium deposits; a few are shown 
with black arrowheads. b The lumen (arrow) of this microvessel is compromised due to endothelial hypertrophy. Perivascular 
infl ammatory cells with long processes encircle the vessel. Extensive arrays of dilated rough endoplasmic cisternae (arrowheads) 
are fi lled with a fi ne granular material. Ultrastructurally these cells appear as plasma cells. Gitter (foam) cells (G) also occupy 
the perivascular space. c Neuropil debris consists of neural processes, two of which contain calcium deposits. One deposit is 
localized within the matrix of a mitochondrion; arrow identifi es the outer mitochondrial membrane. Among the cellular debris 
an intact axon-dendritic synaptic contact is seen; arrowhead identifi es the post-synaptic specialization of the dendrite. In the 
axon terminal, a cluster of clear round synaptic vesicles are near the presynaptic membrane. Bar = 0.5 µm. d A mitochondrion 
with a calcium deposit can be seen (arrow). The post-synaptic membrane (arrowhead) is the only remains of this disintegrated 
dendrite. A neural element below the right arrow contains calcium deposits in the form of thin spicules (see Fig. 20.6c) that 
appear free (non-membrane bound) within the cytoplasm. Bar = 0.5 µm 
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Fig. 20.6 a A macrophage is in the process of phagocytizing a neural process containing a calcium 
deposit. Bar= 1.5 µm. A higher magnifi cation of the boxed area is shown in inset b which dem-
onstrates macrophage pseudopods (arrows) engulfi ng the calcium deposit. Bar = 0.5 µm. These 
deposits appear to be composed of thin spicules (~6nm in diameter) which radiate outwardly at 
the periphery of the deposit. (inset C) Bar = 100 nm

a

b c
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Reports on the prevalence of SLE range from 1:2000 
to 1:4000 and estimations of the female to male ratio 
vary from 5:1 to 10:1. Systemic lupus erythematosus 
is more common in people of Hispanic, African, or 
Asian descent. (Ainiala et al. 2001; Brey et al. 2002; 
Cervera et al. 2003). Genetic factors may contrib-
ute to the development of SLE as is suggested by the 
observed 25% concordance in identical twins (Giles 
and Isenberg 2001).

Systemic lupus erythematosus has a wide variety 
of possible presentations and for classifi cation pur-
poses a patient is considered to have SLE if at least 4 
of the 11 criteria listed in Table 21.1 are positive. The 
mortality in SLE has decreased over the last couple of 
decades. In a literature-based study by Urowitz and 
Gladman (2000) published survival rates were col-
lected from 1955 through 1999, showing an increase in 
5-year survival from 50 to of 91%. A recent longitudi-
nal study of 1000 patients over 10 years by (Cervera 
et al. 2003) found a survival rate of 92%; however, 
with this increase in survival due to better treatment 
options, these studies also revealed increased mor-
bidity due to serious side effects of drugs such as ste-
roids and cytostatic agents.

21.1.2
NPSLE

Many SLE patients develop neurological or psychi-
atric symptoms during the course of the disease, 
with reported percentages as high as 75%. Brey et 
al. found a striking discrepancy between the per-
centage of SLE patients (28%) that met the accepted 
neurological criteria for the diagnosis of SLE based 
on current criteria by the American College of Rheu-
matology (Tan et al. 1982) and the percentage of 
SLE patients (80%) that met the more recently devel-
oped diagnostic criteria for neuropsychiatric (NP) 
syndromes associated with SLE using the neuropsy-
chiatric SLE (NPSLE) case defi nitions (Brey et al. 
2002; Table 21.2) In this context, diagnostic defi ni-
tions for NPSLE as well as exclusion criteria have 
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21.1
SLE and NPSLE

Systemic lupus erythematosus (SLE) is an autoim-
mune disease characterized by a relapsing and remit-
ting course and symptoms based on multi-organ 
involvement. These symptoms are mainly caused by 
infl ammation of connective tissues due to the presence 
of antibodies directed against various self-epitopes.
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Table 21.1 The “1997 revised” criteria (From Tan et al. 1982)

Malar rash Fixed erythema, fl at or raised, over the malar eminences, tending to spare to nasolabial folds

Discoid rash Erythematous raised patches with adherent keratotic scaling and follicular plugging. 
 Atrophic scarring may occur in older lesions

Photosensitivity Skin rash as a result of unusual reaction to sunlight, by patient history or physician observation

Oral ulcers Oral or nasopharyngeal ulceration, usually painless, observed by physician

Arthritis Nonerosive arthritis involving two or more peripheral joints, characterized by tenderness, swelling, 
 or effusion

Serositis a) Pleuritis-convincing history of pleuritic pain or rubbing heard by a physician or evidence of pleural   
  effusion OR
 b) Pericarditis-documented by ECG or rub or evidence of pericardial effusion

Renal disorder a) Persistent proteinuria greater than 0.5 g per day or greater than 3+ if quantitation not performed
 b) Cellular casts: may be red cell, hemoglobin, granular, tubular, or mixed

Neurological  a) Seizures, in the absence of offending drugs or known metabolic derangements, e.g., uremia, 
disorder  ketoacidosis, or electrolyte imbalance
 b) Psychosis, in the absence of offending drugs or known metabolic derangements, e.g., uremia, 
  ketoacidosis, or electrolyte imbalance

Hematological a) Hemolytic anemia, with reticulocytosis, or
disorder b) Leukopenia, <4000/mm3 total on two or more occasions, or
 c) Lymphopenia, <1500/mm3 on two or more occasions
 d) Thrombocytopenia, <100,000/mm3 in the absence of offending drugs)

Immunological Anti-DNA: antibody to native DNA in abnormal titer or anti-Sm: presence of antibody to Sm nuclear   
disorder antigen or positive fi nding of antiphospholipid antibodies based on:
  1) An abnormal serum level of IgG or IgM anticardiolipin antibodies
  2) A positive test result for lupus anticoagulant using a standard method
  3) A false-positive serological test for syphilis known to be positive for at least 6 months and confi rmed  
   by Treponema pallidum immobilization or fl uorescent treponemal antibody absorption test. 
   “Standard” methods should be used in testing for the presence of antiphospholipid

Antinuclear An abnormal titer of antinuclear antibody by immunofl uorescence or an equivalent assay at any point in 
antibody time and in the absence of drugs known to be associated with “drug-induced” lupus syndrome

been described. In patients with, for example, chorea, 
it is mandated that conditions such as Huntington 
disease and Wilson disease and medication associ-
ated with chorea be excluded (Huizinga et al. 2001; 
The American College Of Rheumatology 1999). 
Brey et al. also found a large contribution of NP man-
ifestations to the overall SLE disease activity index 
(SLEDAI) and SLE damage index (SDI) suggesting 
that nervous system manifestations are an important 
source of both acute and chronic morbidity in SLE 
patients (Brey et al. 2002). The SLEDAI is a validated 
model of experienced clinicians’ global assessments 
of disease activity in lupus. It represents the consen-
sus of a group of experts in the fi eld of SLE research 
(Bombardier et al. 1992). The SDI records damage 
occurring in patients with SLE regardless of its cause 
(Gladman et al. 1996).

The NPSLE patients can be subdivided into primary 
and secondary NPSLE. In 40% of cases NPSLE is the 
consequence of secondary causes such as metabolic 
derangement based on SLE damage to organs other 
than the brain or due to side effects of drug treatment. 
These conditions are known as secondary NPSLE. In 

the remaining 60% of cases the symptoms are ascribed 
to primary SLE involvement of the brain, which is 
referred to as primary NPSLE (Rood et al. 1999).

Primary NPSLE can be divided into focal and dif-
fuse disease. The focal disease is strongly associated 
with the occurrence of thrombo-embolic events. Dif-
fuse primary NPSLE is an elusive group of neurologi-
cal, psychiatric, and cognitive symptoms (Bosma et 
al. 2002) comprising conditions such as aseptic men-
ingitis, demyelination syndrome, seizures, cognitive 
dysfunction, headache, chorea, mood disturbances, 
myelopathy, cranial neuropathy, anxiety disorders, 
psychosis, and disorientation (Huizinga et al. 2001). 
Often no abnormalities are found on conventional 
neuro-imaging techniques in this group.

It is often unclear whether SLE patients with NP 
symptoms should be treated, and if so, what kind 
of treatment should be used. Diagnosing primary 
NPSLE is a dilemma since symptoms (Table 21.2) are 
non-specifi c and because a reliable diagnostic test is 
lacking. Despite the strict ACR case-defi nitions and 
the extensive research, primary NPSLE is still a diag-
nosis per exclusionem.
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21.1.2.1
Pathology

Reports on histopathological fi ndings in NPSLE are 
scarce. Bland vasculopathy of arterioles and capil-
laries is the most common fi nding and is associated 
with micro-infarction, most frequently observed in the 
cerebral cortex and brain stem. This vasculopathy is 
characterized by evidence of necrosis of the vessel wall, 
extravasations of fi brin and red blood cells, together 
with endothelial cell proliferation, hypertrophy, and 
the appearance of fi brin thrombi. Despite incidental 
perivascular cuffi ng of arterioles or venules, a true vas-
culitis, defi ned as nuclear debris and erythrocytes in 
the vessel wall, is not frequently demonstrated as a his-
tological fi nding in NPSLE; however, very few studies 
are present from patients with acute symptomatology. 
So, the frequency of vessel involvement during acute 
symptoms in NPSLE is not exactly known. Rood et al. 
identifi ed 65 case reports of patients with a histopatho-
logical description and acute symptoms in literature 
from 1966 to 1999 (Rood et al. 2001). In 20 cases there 
was infection, in 10 cases micro-infarcts and thrombo-
embolic processes, and in 10 cases cerebral vasculi-
tis. In conclusion, cerebral vasculitis is described in 
histopathological material obtained in patients with 
acute pathology. With regard to general histopathol-
ogy studies, these series often describe patients with 
a history of NPSLE and thus the time course of the 
pathological changes with regard to symptomatology 

is diffi cult to assess. In such studies the presence of 
vasculitis is relatively rare (Ellis and Verity 1979; 
Hess 1997; Johnson and Richardson 1968; West 
1994; Zvaifl er and Bluestein 1982).

Although both infl ammatory and thrombotic pro-
cesses have been presumed to underlie the observed 
histological changes, the etiology of these fi ndings is 
still unknown. Still, it is clear that complement, anti-
bodies, thrombosis, and cytokines each have their 
part in the development of NPSLE.

Focal NPSLE can be explained by either a throm-
botic event in a large vessel or by multiple events in 
small vessels. The fi rst option is strongly associated 
with the presence of antiphospholipid antibodies 
(aPL). Antiphospholipid antibodies form a separate 
category within the group of auto-antibodies, and 
their presence may give rise to the development of 
thrombo-embolic disease, antiphospholipid syn-
drome (APS), cardiac lesions, fi bromuscular dyspla-
sia, vasculitis, and atherosclerosis. Antiphospholipid 
syndrome was fi rst described in patients with SLE 
(secondary APS) but may occur in the absence of any 
other disorder (primary APS; Scolding and Joseph 
2002). In the second option, vasculopathy of small 
vessels is the most likely cause. Thrombotic events, 
causing infarction with focal clinical signs, can be 
seen with conventional imaging techniques. On the 
other hand, when NP symptoms are due to events 
in small vessels, there often is a “clinico-radiologi-
cal paradox”, i.e., a lack of abnormalities on conven-

Table 21.2 The 1999 ACR standardized nomenclature system for NPSLE 

Central nervous system Peripheral nervous system

Aseptic meningitis Acute infl ammatory demyelinating polyra-  
 diculopathy (Guillain-Barré syndrome)

Cerebrovascular disease Autonomic disorder, mononeuropathy 
 (single or multiplex)

Demyelinating syndrome Myasthenia gravis

Headache (including migraine and Neuropathy (cranial)
benign intracranial hypertension)

Movement disorder (chorea) Plexopathy

Myelopathy Polyneuropathy

Seizure disorders –

Acute confusional state –

Mood disorders –

Psychosis –

Anxiety disorder –

Cognitive dysfunction –

(The American College of Rheumatology nomenclature and case defi nitions for 
neuropsychiatric lupus syndromes 1999)
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tional MR images despite the presence of even severe 
symptoms.

It is much more diffi cult to incorporate the different 
observations in diffuse NPSLE into a single model. Vas-
culopathy is the most common abnormality at autopsy 
(Ellis and Verity 1979; Hess 1997; Johnson and 
Richardson 1968; West 1994). This vasculopathy can 
be caused by the presence of autoantibodies and/or 
circulating cytokines activating the endothelial vessel 
walls in the brain. (Belmont et al. 1996; Carvalho et 
al. 1999; Clancy et al. 2001; Hess 1997; Renaudineau 
et al. 2002). This process may induce activation of 
infl ammatory cells leading to adherence of neutrophils 
and platelets to the activated vascular wall, occlusion of 
small vessels, and release of toxic mediators (Belmont 
et al. 1996). These changes may lead to hypoperfusion 
(Chen et al. 2002a,b; Colamussi et al. 1995; Emmi et 
al. 1993; Huang et al. 2002; Kao et al. 1999a; Nossent 
et al. 1991; Waterloo et al. 2001) and increased per-
meability of the blood-brain barrier (BBB). Antineu-
ronal antibodies may gain access to the brain through 
the breached BBB (Rood et al. 2001; Zvaifl er and 
Bluestein 1982) or they may develop de novo beyond 
the BBB in brain tissue (Rekvig and Nossent 2003). 
The activity of antineuronal antibodies may give rise 
to hypometabolism, neuronal loss, demyelination, and 
eventually atrophy (Bosma et al. 2000a,b; Brooks et al. 
1997; Chinn et al. 1997; Griffey et al. 1990; Kao et al. 
1999a,b; Otte et al. 1997; Sailer et al. 1997; Weiner 
et al. 2000b).

The mechanism of diffuse NPSLE probably also 
applies to cases with focal NPSLE without abnormal-
ities on conventional imaging modalities. In these 
patients it is less likely that a thrombo-embolic pro-
cess is the cause of the symptoms. In a large group of 
NPSLE patients markers indicating neuronal damage 
were markedly increased compared with SLE patients 
without NP symptoms (Trysberg et al. 2003). These 
fi ndings agree with quantitative neuroimaging stud-
ies, showing loss of cerebral tissue in diffuse NPSLE 
(Bosma et al. 2000a,b). Furthermore, it has been 
shown in six patients that markers of neural damage 
normalize in CSF after treatment with cyclophospha-
mide (Trysberg et al. 2003).

21.1.2.2
Antibodies

Antibodies play a crucial role in the pathogenesis of 
SLE. A study by Arbuckle et al. describes the sequen-
tial development of autoantibodies years before SLE 
becomes clinically evident (Arbuckle et al. 2003). 
These authors suggest a model in which there are at 

least three phases. The fi rst phase includes the asymp-
tomatic persons without SLE autoantibodies. In the 
second phase, defi ned as benign autoimmunity, there 
are laboratory changes without corresponding clinical 
manifestations. Antinuclear, anti-Ro (intracytoplas-
matic), Anti-La (lymphocytotoxic antibodies), or aPl 
antibodies are most likely to be present during this 
phase. The third phase, defi ned as pathogenic autoim-
munity, is characterized by the presence of the more 
ominous autoantibodies anti-double-stranded DNA 
(anti-dsDNA), anti-Sm (intranuclear RNA molecules), 
and anti-nuclear ribonucleoprotein antibodies. During 
this stage prominent signs and symptoms appear.

The best proof that antibodies mediate pathology 
is the transfer of maternal autoantibodies crossing 
the placenta, causing neonatal lupus erythematosus 
(NLE). Given the fact that clinical signs and symp-
toms, such as cognitive deterioration, are extremely 
diffi cult to assess in newborns, neuroimaging stud-
ies have been performed. Neuroimaging abnormali-
ties, similar to those seen in adults with NPSLE, have 
indeed been found. These abnormalities often resolve 
spontaneously after the maternal antibodies gradu-
ally disappear from the infant circulation. A correla-
tion with clinical signs has not been observed in NLE 
(Prendiville et al. 2003).

In NPSLE, associations have been observed 
between NP symptoms and the presence of aPl 
antibodies as well as with anti-ribosomal-P protein 
antibodies (Baraczka et al. 2002; Sabet et al. 1998; 
Sanna et al. 2003b; Teh et al. 1993; Weiner et al. 
2000a); however, these fi nding have been refuted as 
often as they have been confi rmed and a clear cor-
relation with NP symptoms remains to be estab-
lished (Hanly et al. 1993; Tzioufas et al. 2000). 
More recently, neuronal antibodies have been found 
in NPSLE patients that act against the N-methyl-
D-aspartate (NMDA) receptor NR2 (Kotzin and 
Kozora 2001). Activation of this receptor is known 
to play an important role in memory and cognitive 
function (Scherzer et al. 1998).

In addition to anti-endothelial antibodies 
(Belmont et al. 1996; Carvalho et al. 1999; 
Renaudineau et al. 2002), anti-cardiolipin antibod-
ies have been implicated in activation of endothe-
lial cells (Hess 1997). Furthermore, aPLs have been 
found to be associated with epilepsy (Herranz et al. 
1994) as well with other CNS manifestations of SLE 
and MRI abnormalities (Sanna et al. 2003b; Toubi 
et al. 1995; Whitelaw et al. 1999). IgG and IgA (aCL) 
have been found to be associated with deterioration 
of cognitive function in SLE patients (Hanly et al. 
1999; Menon et al. 1999).
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Lai and Lan report intrathecal aPl antibody syn-
thesis, suggesting an association with CNS involve-
ment in a subset of patients (Lai and Lan 2000). 
Other authors have also proposed direct effects of 
aPL antibodies on CNS tissue, possibly by binding to 
neurons or glial cells and disrupting their function 
(Sanna et al. 2003a); however, these fi ndings were 
not confi rmed in another study (Jedryka-Goral et 
al. 2000).

21.1.2.3
Cytokines

Cytokines play an important role in activation and 
maintenance of the immune response (Bruyn 1995). 
Elevated levels of interferon (IFN) alpha have been 
found in SLE patients, and showed an association 
with psychotic episodes in SLE in a small group of 
patients (Shiozawa et al. 1992). These fi ndings have 
recently been confi rmed by the fi nding of a markedly 
increased expression of genes activated by interferon 
(alpha, beta, and gamma). This signature of elevated 
expression is found in 80% of SLE patients and seems 
to be related with the more severe forms of the dis-
ease involving multiple organs including the brain 
(Baechler et al. 2003).

Vallin and co-workers found that DNA and anti-
dsDNA antibody immune complexes, both circulating 
in SLE patients, are capable of inducing production 
of IFN alpha (Vallin et al. 1999). IFN alpha induces 
B cells to differentiate into dendritic cells. Dendritic 
cells are professional antigen-presenting cells and 
stimulate T and B cells by presenting circulating 
apoptotic cells and nucleosomes in SLE as antigens 
to T cells (Blanco et al. 2001); thus, via the dendritic 
cells, IFN alpha maintains the immune reaction and 
causes elevated levels of DNA and anti-dsDNA anti-
body immune complexes in SLE.

21.1.2.4
Complement and Immune Complexes

The complement system plays an important role in 
inducing lysis in target cells, opsonization (coating) of 
target cells, and in attracting phagocytes. It can react 
directly with certain microorganisms or act together 
with antibodies to enhance phagocytosis. Decreases of 
complement level are associated with increased renal 
and hematological disease activity in SLE patients. Ho 
and co-workers also found a decrease in anti-dsDNA 
before SLE fl ares, with a frequent decrease during 
relapses, suggesting deposition in the tissue possibly 
together with complement (Ho et al. 2001a,b).

Pickering and Walport reviewed (a) the effects 
of rare genetic defi ciencies in the complement C1q 
causing SLE, (b) SLE causing activation and con-
sumption of C1q, and (c) the fact that autoantibodies 
against C1q are commonly found in SLE. Based on 
these observations the authors suggested that com-
plement plays a benefi cial role in SLE (Pickering 
and Walport 2000).

Observations in NLE have identifi ed that maternal 
antibodies are able to induce the typical MR abnor-
malities. The mechanism by which antibodies medi-
ate this phenomenon is unknown (Prendiville et 
al. 2003). One has to assume that in some way the BBB 
is affected by activation of endothelial cells. Subse-
quently, antibodies pass the BBB and lead to brain 
damage either by binding to cell surface receptors 
and subsequently affecting cell function or by induc-
ing antibody-dependent cell-mediated cytotoxicity 
(ADCC). Alternatively, immune-complex deposition 
can lead to disturbance of the BBB; immune-com-
plex deposition has indeed been found in the choroid 
plexus (Boyer et al. 1980). The choroid plexus has 
fenestrated capillaries in analogy to a glomerulus; 
however, tight junctions in the cerebral microvascula-
ture, between endothelial cells as part of the BBB, are 
a unique feature and make it unlikely that immune 
complexes could be trapped there (Hess 1997).

As mentioned previously, true vasculitis, charac-
terized by infi ltration of the vessel wall by infl amma-
tory cells, is found at autopsy in only 10% of patients 
with NPSLE, whereas vasculopathy of small vessels 
(without infi ltration by infl ammatory cells) is the 
most common fi nding in NPSLE (Ellis and Verity 
1979; Hess 1997; Johnson and Richardson 1968; 
West 1994). Furthermore, the spectrum of symp-
toms of NPSLE is not reproduced by any of the other 
vasculitides. Activation of endothelium (Belmont 
et al. 1996) is possibly suffi cient to permit passage of 
antibodies through the BBB, whereas infl ammatory 
cells only pass in few cases.

It is likely that several pathways or mechanisms in 
the immune system lead to vascular edema and stroke 
as well as direct damage to the CNS via infl ammatory 
mechanisms. The challenge remains to characterize 
the different lesions seen on MRI and elucidate the 
etiology and the evolution of these fi ndings.

21.1.2.5
Treatment

The NPSLE patients with more severe manifestations, 
whether diffuse or focal, usually require high-dose 
corticosteroids. Patients with refractory or pro-
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gressive symptoms benefi t from intravenous pulse 
methylprednisolone or cytotoxic therapy. In patients 
with aPl antibodies and manifestations secondary to 
thrombosis, antiplatelet drugs and anticoagulation 
appear benefi cial (Brown and Swash 1989; West 
1996). An international survey confi rmed that this 
is common practice among 59 SLE centers (Tincani 
et al. 1996).

Common pitfalls are: assessing whether psycho-
sis is based on steroid side effects or based on SLE 
activity; assessing whether cognitive dysfunction 
and organic brain syndrome result from previous 
or acute disease activity; and assessing whether 
NP symptoms are due to infarctions related to 
APS or based on other autoimmune phenomena 
(West 1994). With the advent of advanced imaging 
techniques some headway has been made in filling 
these pitfalls, as discussed later in this chapter.

Experimental treatment of NPSLE includes high-
dose chemotherapy with autologous stem-cell trans-
plantation (Hermosillo-Romo and Brey 2002a,b; 
Traynor and Burt 1999).

In summary, anticoagulation is indicated in APS to 
prevent thrombotic events and corticosteroids can be 
used to lower infl ammation and reduce the immune 
response. Immunosuppressive agents lower T- and B-

cell responses as well as lower the levels of antibodies 
(Bruyn 1995). There is evidence that with reduction 
of mortality, the morbidity is increasing due to the 
negative long-term effects of treatment (Urowitz 
and Gladman 2000).

21.2
General Diagnostics

21.2.1
Serum

As is shown by items 10 and 11 in the ACR criteria 
(Table 21.1), laboratory investigations are an essen-
tial part of the evaluation of SLE patients (Hochberg 
1997; Tan et al. 1982). The term antinuclear antibod-
ies (ANAs) comprises all antibodies that are directed 
against components of cell nuclei. Examples of such 
antibodies are listed in Table 21.4. Although ANAs are 
sensitive for SLE they are not specifi c: most patients 
with ANAs do not have SLE, but most people with SLE 
have ANAs (Egner 2000). Also, “ANA-negative SLE” 
has been reported (Bohan 1979). Furthermore, drugs 
can induce development of ANAs. In about 10% of 

Table 21.3 Symptomatic and immune modulating treatment of NPSLE manifestations (Hermosillo-Romo and Brey 2002a)

Neuropsychiatric manifestation Symptomatically Immune modulating treatment

Seizures Antiepileptic therapy Corticosteroids can be considered
Delirium No specifi c symptomatic therapy Effective treatment of extraneural disease
Psychosis Antipsychotic medications Effective treatment of extraneural disease
Cerebral vasculopathy Anticoagulation or antiplatelet agents  1. High-dose corticosteroids
 in selected cases 2. Cytotoxic immunosuppressives
  3. A combination of both
Stroke 1. Anticoagulation Effective treatment of extraneural disease
 2. Antiplatelet agents
Transverse myelopathy No symptomatic treatment High-dose corticosteroids in general with  
  cytotoxic immunosuppressives
Cognitive dysfunction No symptomatic treatment Effective treatment of extraneural disease
Anxiety and depression 1. Psychotherapy Effective treatment of extraneural disease
 2. Cognitive behavior therapy
 3. Supportive type therapy
 4. Biofeedback
 5. Pain control
 6. Anti-depressive agents
 7. Anxiolytics
Drug-induced aseptic meningitis Withdrawal and avoidance of offending drugs No specifi c immuno-modulating therapy
  Corticosteroids can be considered
Headaches Migraine treatments Treatment of extraneural disease activity
 Anti-platelet agents
Movement disorders Dopamine antagonists Corticosteroids with anticoagulation if they  
  are related to antiphospholipid antibodies

Symptomatic treatment includes treatment of secondary causes, such as drugs; infections and metabolic problems related to 
kidney and liver dysfunction and electrolyte disturbances
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SLE-like conditions, the disease is drug induced and 
potentially reversible. The presence of drug-induced 
ANAs is more common than the presence of SLE. 
Frequency and possible clinical associations of anti-
bodies are listed in Table 21.4.

Auto-antibodies, including ANAs, are found in 
sera of SLE patients long before the diagnosis is made 
(Arbuckle et al. 2003); however, there is no single 
serological diagnostic test for detecting NPSLE and 
laboratory fi ndings always have to be combined with 
neuroimaging techniques (Hanly 1998; Weiner et 
al. 2003).

Several studies were aimed at assessing correla-
tions between the presence of antibodies and cogni-
tive defi cits or MRI fi ndings in NPSLE. In some stud-
ies correlations were found between neuropsychiatric 
symptoms and the presence of anti-ribosomal-P pro-
tein antibodies in NPSLE (Teh et al. 1993; West et al. 
1995) In other studies these fi ndings were not found 
(Hanly et al. 1993).

The measurement of complement antigenic levels 
and functional activity in serum is commonly used as 
a marker of disease in SLE. During active SLE, serum 
complement activity is reduced. Typically C1q, C2, 
and C4 levels are low and especially in patients with 
severe disease levels of C3 are also low; however, in 
individual patients levels of C4 may also remain low 
when the SLE patient is well (Lloyd and Schur 1981; 
Pickering and Walport 2000).

Erythrocyte sedimentation rate is another sensi-
tive but non-specifi c indicator of disease activity in 
SLE, and it is slow to refl ect changes in disease activ-
ity. C-reactive protein (CRP) has a short half-life 
and rapidly refl ects acute infl ammation. A high CRP 
can distinguish bacterial infection from active SLE, 
where the CRP is usually low, although CRP may also 
be elevated in severe lupus serositis (Egner 2000).

Wais et al. found ongoing systemic immuno-infl am-
matory activity measured with a variety of cytokines, 
adhesion molecules, and other infl ammatory mark-
ers in SLE patients. They also observed a correlation 

between these serological markers and renal disease 
activity in SLE patients; however, no correlations were 
found with mucocutaneous, musculoskeletal, or neuro-
logic disease activity, suggesting different pathogenic 
mechanisms for these forms of SLE (Wais et al. 2003).

In conclusion, although in SLE patients increased 
concentrations of autoantibodies are observed during 
stages of active disease, the very frequent occurrence 
of serologically active but clinically quiescent disease 
does not justify treatment on the basis of rising titers. 
Moreover, it is uncertain if serological testing permits 
differentiating between NPSLE and other causes of 
neuropsychiatric symptoms. Therefore, it is crucial to 
interpret serological results in a clinical context.

21.2.2
Cerebrospinal Fluid

Routine cerebrospinal fl uid (CSF) analysis is useful 
in all SLE patients with a change in neurological 
status. A major advantage of examining the CSF in 
SLE patients presenting with NP disease is that it per-
mits excluding infections. Unspecifi c fi ndings such as 
elevated white blood cells and protein occur in up 
to one-third of patients with active NPSLE (Hanly 
1998; Mccune and Golbus 1988; West 1994); how-
ever, pleiocytosis in the absence of infection should 
raise the suspicion of acute NPSLE, requiring a more 
aggressive therapy (West 1994).

In a study by West et al. patients with diffuse 
or complex presentations were more likely to have 
elevated CSF index, oligoclonal bands, and CSF anti-
neuronal antibodies (West et al. 1995). In a small 
group of patients with SLE psychosis Shiozawa et al. 
found elevated levels of interferon alpha in the CSF 
(Shiozawa et al. 1992).

In a recent study, signifi cantly increased levels of 
cytokines, IL-6 and IL-8, were found in NPSLE patients 
as compared with SLE patients without cerebral 
involvement. In addition, increased concentrations of 

Table 21.4 Frequency of serological positivity in SLE. ACA anticardiolipin antibody, dsDNA double-stranded DNA, ITP idio-
pathic thrombocytopenic purpura, MCTD mixed connective tissue disease, RNP ribonuclear protein (From Egner 2000) 

Antibody target Positive at any stage of Possible clinical association      
 the disease (any assay; %)

dsDNA 30–70 Nephritis, disease activity
Sm 20–40 Rarely seen outside SLE
RNP 40–60 MCTD/overlap features
Ro 10–15 Sjögren’s skin involvement/congenital heart block
Ribosomal P0, P1, P2 5–10 Neuropsychiatric SLE, disease activity
Histone 30 Drug-induced SLE, idiopathic SLE, disease activity
ACA 40–50 Risk of thrombotic complications/fetal loss/ITP
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neuronal degradation products, neurofi lament trip-
let protein (NFL), and glial fi brillary acidic protein 
(GFAP), were found in CSF. The NFL and GFAP had rel-
atively high positive and negative predictive values for 
CNS involvement in SLE, suggesting that these markers 
could possibly be useful tools for diagnosis and moni-
toring of NPSLE patients (Trysberg et al. 2003).

In summary, CSF analysis can contribute to the 
diagnostic evaluation of NPSLE; however, additional 
longitudinal data are needed to confi rm the specifi c-
ity (86%) and sensitivity (100%) observed by West 
and colleagues when CSF analysis is used in com-
bination with the determination of serum antiribo-
somal-P antibodies (West et al. 1995; West 1996).

21.2.3
Neuropsychiatric Testing

In an unselected group of SLE patients, using neu-
ropsychiatric testing, unspecifi c defects in cognition 
were observed in 66% of patients. Cognitive impair-
ment is not only found in 80% of NPSLE patients, 
but also in 42% of SLE patients with no prior CNS 
symptoms (Carbotte et al. 1986). The higher preva-
lence of cognitive impairment in NPSLE patients com-
pared with SLE patients has been confi rmed by some 
(Monastero et al. 2001) but not by others (Hanly et 
al. 1992). This discrepancy may be due to differences 
in patient selection and case defi nition, as is suggested 
by the wide range of prevalence (21–66%) of impaired 
cognition in other studies (Hanly and Liang 1997).

In two longitudinal studies, no relationship was 
observed between the degree of cognitive impair-
ment and disease activity (Carlomagno et al. 2000; 
Waterloo et al. 2002). In another study, cognitive 
impairment was associated with more severe disease 
presentation, but not with specifi c organ involvement 
or organ damage (Gladman et al. 2000). Some authors 
observed a specifi c pattern of cognitive impairment 
in NPSLE, comprising loss of immediate memory, 
concentration or complex attention, and psychomo-
tor speed (Fisk et al. 1993; Hanly and Liang 1997; 
Loukkola et al. 2003). In summary, NPT is a sensi-
tive and inexpensive tool that permits detecting cog-
nitive dysfunction in SLE patients (Bruyn 1995).

21.2.4
EEG and QEEG

Conventional EEG has a limited value for the diag-
nostic work-up of NPSLE patients. The non-specifi c 

fi nding of abnormal slow wave activity in about 20% 
of SLE patients suggests a global involvement of the 
brain (Bruyn 1995; Sibbitt et al. 1999); however, 
no correlations have been observed between con-
ventional EEG and neuropsychological assessment. 
Waterloo et al. reported that sensitivity of EEG 
for brain involvement in SLE ranges from 33 to 85% 
(Waterloo et al. 1999). EEG is sensitive for seizure 
disorders, large lobar infarcts, CNS hemorrhage, and 
movement disorders.

Quantitative (QEEG) utilizes parametric statis-
tics to compare EEG measures obtained from an 
individual patient with those obtained from an age-
regressed database of normal individuals, and is free 
of cultural and ethnic biases. Reported sensitivity of 
QEEG is 87% and specifi city is around 75% for detect-
ing brain involvement in SLE. QEEG is more sensitive 
than EEG and QEEG abnormalities have been shown 
in 87% of defi nite NPSLE patients, 74% of probable 
NPSLE patients, and 28% of SLE without NP symp-
toms. In a study of 52 SLE patients by Ritchlin et al. 
QEEG was more sensitive than conventional MRI in 
detecting NP symptoms and was able to differentiate 
between different neuropsychiatric manifestations 
(Ritchlin et al. 1992); however, these results were 
achieved using extensive effort to prevent artifact 
selection during on-line registration and during off-
line EEG epoch selection.

Although QEEG is more specifi c than EEG through 
its quantitative nature, it has a high false-positive rate. 
Also, it does not differentiate between active NPSLE 
and confounding factors such as idiopathic epilepsy, 
unrelated cognitive disorders, drug effects, primary 
affective disorders, and metabolic encephalopathy. 
Still, QEEG may contribute to diagnosing NPSLE by 
confi rming the presence of a seizure disorder, deter-
mining brain abnormality when other methods fail, 
or confi rming brain death (Bruyn 1995; Sibbitt et 
al. 1999).

21.3
Imaging Diagnostics

21.3.1
Computed Tomography

Computed tomography (CT) of the brain has been 
found to be abnormal in 29–59% of patients with 
NPSLE (Sibbitt et al. 1999). In a study by Gonzalez-
Scarano, the most common CT fi nding in a series 
of 29 NPSLE patients was sulcal enlargement, either 
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with or without ventricular enlargement, which was 
most prominent in patients with either psychosis or 
dementia. In addition, infarcts and intracranial hem-
orrhages were observed in this study (Gonzalez-
Scarano et al. 1979). Jacobs and co-workers found 
no abnormalities on CT in a group of 13 NPSLE 
patients (Jacobs et al. 1988). Computed tomography 
is particularly insensitive for pathology underlying 
non-focal presentations such as seizures, confusional 
states, major depression, and cognitive disorders 
(Sibbitt et al. 1989); therefore, CT should only be 
considered as a primary approach when MRI is not 
tolerated, unavailable, or contraindicated (Sibbitt et 
al. 1999).

21.3.2
Digital Subtraction Angiography

Since a true CNS vasculitis is rare in NPSLE (Ellis and 
Verity 1979; Hess 1997; Johnson and Richardson 
1968; West 1994), digital subtraction angiography 
(DSA) has no place in the primary diagnostic evalu-
ation of NPSLE. It is often normal in NPSLE and it 
is rarely necessary due to the availability of other 
vessel imaging modalities (Sibbitt et al. 1999); how-
ever, in the few cases where a true CNS vasculitis is 
suspected, DSA may still be indicated (Pomper et al. 
1999; Wasserman et al. 2001). Still, due to its limited 
resolving power of about 500 µm, and since in CNS 
vasculitis vessels with a smaller diameter are affected, 
DSA has a limited sensitivity for detecting this condi-
tion (Wasserman et al. 2001; Yuh et al. 1999a).

21.3.3
Single-Photon Emission Computed Tomography

Using single-photon emission computed tomog-
raphy (SPECT), cerebral blood fl ow (CBF) can be 
measured following injection of radiolabeled trac-
ers. The SPECT scans are often abnormal in SLE and 
NPSLE patients, indicating the presence of regional 
cerebral blood fl ow (rCBF) abnormalities. The most 
common fi nding in these patients is patchy hypo-
perfusion. Huang and colleagues found the parietal 
lobe to be the most common and the cerebellum the 
least common location of hypoperfusion in a group 
of 78 NPSLE and SLE patients (Huang et al. 2002). 
A correlation of left parietal and occipital hypoper-
fusion with cognitive defi cits (short-term memory 
and visuospatial intelligence) has also been found 
(Sabbadini et al. 1999).

There is some controversy about the usefulness 
of SPECT in the evaluation of NPSLE patients. Some 
authors argue that SPECT is a good diagnostic tool, 
showing clear associations between SPECT abnor-
malities and clinical symptoms (Chen et al. 2002b; 
Huang et al. 2002; Rubbert et al. 1993). Others, how-
ever, found no correlation between neuropsychiatric 
signs and SPECT, and feel that SPECT has no added 
value to other imaging techniques (Emmi et al. 1993; 
Nossent et al. 1991; Oku et al. 2003; Waterloo et al. 
2001). The non-specifi city of SPECT is further illus-
trated by the following observations: fi rstly, it does 
not permit differentiating irreversible stroke from 
reversible neurological abnormalities; secondly, it 
cannot distinguish new brain lesions from old ones; 
thirdly, it is diffi cult to differentiate active NPSLE 
from confounding disorders such as chronic cogni-
tive dysfunction, primary headache, primary seizures, 
primary depression, and established cerebrovascular 
disease (Kovacs et al. 1995).

In summary, hypoperfusion is a common fi nding 
on SPECT scans in patients with NPSLE. The SPECT 
is not useful in daily clinical practice and adds little to 
the diagnostic work-up of NPSLE patients due to low 
specifi city of the observed abnormalities.

21.3.4
Positron Emission Tomography

Using positron emission tomography (PET), glucose 
uptake, brain oxygen consumption, and CBF can be 
measured. The PET examinations are often abnormal 
in patients with SLE, showing multiple focal defects 
in oxygen uptake, glucose uptake, and CBF (Holman 
1993; Kao et al. 1999a). Parieto-occipital hypome-
tabolism is the most conspicuous fi nding in NPSLE 
patients with non-focal neurological and psychiatric 
symptoms (Otte et al. 1997; Weiner et al. 2000b).

In SLE patients, PET may detect abnormalities 
when other imaging modalities fail to do so. In a 
group of SLE patients with normal MRI fi ndings, 
Kao and co-workers found decreases in glucose 
metabolism and in regional CBF (rCBF) in patients 
with severe NPSLE, while normal glucose metabolism 
with decreases in rCBF were observed in SLE patients 
with and without NP symptoms (Kao et al. 1999a,b). 
In another study an increase in glucose metabolism 
was found in the striatum in a group of nine NPSLE 
patients. This was attributed to an infl ammatory pro-
cess based on neuronal antibodies directed against 
the caudate and subthalamic nuclei. It was suggested 
that this phenomenon may impair inhibitory signals 
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in the brain, leading to diffuse symptoms, and nota-
bly chorea (De Jong et al. 1999).

Although PET is a sensitive technique to detect 
cerebral changes in NPSLE, it lacks specifi city. Con-
founding disorders, such as primary headache, 
primary affective disorders, primary seizures, and 
non-SLE cognitive disorders may also give rise to 
abnormalities (Sibbitt et al. 1999). Furthermore, an 
anatomical image (MRI/CT) is required to identify 
obvious focal lesions or old lesions not related to the 
present condition which results in PET abnormalities. 
Based on these limitations combined with the lim-
ited availability of this technique, PET is not a routine 
investigation for clinical use in NPSLE patients (Kao 
et al. 1999b; Sibbitt et al. 1999).

21.3.5
Conventional Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) plays an impor-
tant role in the diagnostic work-up of SLE patients 
with NP symptoms. The MRI may help differentiating 
secondary NPSLE from primary NPSLE by detecting 
abnormalities that are not directly caused by SLE 
involvement of the CNS such as brain abscesses, pro-
gressive multifocal leukoencephalopathy, and mycotic 
aneurysms (Sibbitt et al. 1999). Furthermore, MRI 
may reveal abnormalities in primary NPSLE. The most 
common MRI fi ndings in NPSLE are small punctate 
focal hyperintensities [on T2-weighted or fl uid-atten-
uated inversion recovery (FLAIR) images] in the sub-
cortical white matter (WM; 15–60%; Fig. 21.1) and 
cerebral atrophy (Fig. 21.2). In addition, ventricular 
dilatation, cerebral infarcts (Fig. 21.3), periventricu-
lar and deep WM hyperintensities (Fig. 21.4), and 
gray matter hyperintensities have also been reported 
(Chinn et al. 1997; Fierro et al. 1999; Gonzalez-
Crespo et al. 1995; Karassa et al. 2000; Sabbadini 
et al. 1999; Sibbitt et al. 1989; Sibbitt et al. 1999; 
Sibbitt Jr. et al. 2003). In NPSLE, abnormalities in 
the basal ganglia and infratentorial compartment 
are infrequently found, and when they are encoun-
tered they are not correlated with clinical activity 
(Gonzalez-Crespo et al. 1995; Hachulla et al. 
1998; Ishikawa et al. 1994; Karassa et al. 2000).

Small focal WM hyperintensities are found mainly 
in subcortical WM, especially in the frontoparietal 
regions, but are also seen elsewhere in the brain 
(Chinn et al. 1997; Friedman et al. 1998; Ishikawa et 
al. 1994; Jacobs et al. 1988; Jarek et al. 1994; Mccune 
et al. 1988; Sibbitt et al. 1989; Sibbitt et al. 1994). 
Sometimes, these lesions extend in both gray and 

WM (Mccune et al. 1988; Moritani et al. 2001). The 
signifi cance of focal WM lesions in NPSLE remains 
unclear, since WM abnormalities are also present 
in 20% of the normal population under 50 years, 
increasing to 90% for healthy subjects over 70 years 
(Yetkin et al. 1993).

Reports on the prevalence of global atrophy in 
NPSLE vary widely (11–82%) probably due to the 
subjective nature of the methods used for measuring 
global atrophy and differences in patient populations 
(Brooks et al. 1997; Davie et al. 1995; Fierro et al. 
1999; Gonzalez-Crespo et al. 1995; Lim et al. 2000; 
Mccune et al. 1988; Sabbadini et al. 1999). In an 

Fig. 21.1 Small punctate focal hyperintensities in the subcor-
tical white matter on a fl uid-attenuated inversion recovery 
(FLAIR) image in a 74-year-old patient with acute primary 
neuro-psychiatric systemic lupus erythematosus (NPSLE)

Fig. 21.2 Widening of sulci, indicative of cerebral atrophy in a 
36-year-old patient with inactive chronic primary NPSLE
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unselected group of SLE patients, atrophy was only 
related with age and not with a peculiar clinical pre-
sentation of SL (Taccari et al. 1994).

Although in NPSLE patients MRI abnormali-
ties are found more frequently than in SLE patients 

without NP symptoms, a considerable number of 
patients with fl orid NPSLE have no abnormalities on 
conventional MRI scans (Davie et al. 1995; Fierro 
et al. 1999; Gonzalez-Crespo et al. 1995; Ishikawa 
et al. 1994; Jacobs et al. 1988; Mccune et al. 1988; 

Fig. 21.4 Periventricular and deep white matter hyperintensities in a 55-year-old patient with active chronic primary NPSLE

Fig. 21.3 Cerebral infarction in the posterior circulation in a 36-year-old patient with inactive chronic primary NPSLE
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Sabbadini et al. 1999; Sailer et al. 1997; Sanna et 
al. 2000). Reported estimates of normal brain appear-
ance on MRI vary from 11 to 69% of NPSLE patients. 
In particular, conventional MRI tends to be normal in 
patients with diffuse, non-focal, neurological symp-
toms (Bell et al. 1991; Gonzalez-Crespo et al. 1995; 
Jacobs et al. 1988; Mccune et al. 1988; Sabbadini et 
al. 1999; Sailer et al. 1997; Sibbitt et al. 1989).

The question as to whether the clinical symptoms 
in NPSLE are caused by the observed abnormali-
ties on MRI, is a challenging one (Jarek et al. 1994; 
Mccune et al. 1988). Among NPSLE patients with-
out active NP symptoms chronic lesions may be 
observed in 25–50% of the cases. The prevalence of 
these lesions increases with increasing duration of 
disease and with a history of NPSLE (Brooks et al. 
1997; Friedman et al. 1998; Hachulla et al. 1998; 
Jarek et al. 1994; Rozell et al. 1998). Acute lesions 
can sometimes be differentiated from chronic lesions 
by the lack of discrete borders, intermediate intensity 
on T2-weighted images, their intermediate size, their 
lacy and fi lamentous pattern, their peculiar location 
often following the gray–white matter junction along 
the sulci and gyri assuming a semilunate structure, 
the presence of overlying or adjacent gray matter 
hyperintensity, their possible resolution on follow-
up studies, and enhancement following gadolinium 
administration (Mccune et al. 1988; Sibbitt et al. 
1989; Sibbitt et al. 1995). Furthermore, active lesions 
in NPSLE are reported to be visible on T2-weighted 
images with increased signal intensity and can be 
located in both white and gray matter (Friedman 
et al. 1998; Rozell et al. 1998; Sibbitt et al. 1989; 
Sibbitt et al. 1995; Sibbitt et al. 1999). In particular, 
extensive bilateral WM abnormalities suggestive of 
edema can be found in cerebral hemispheres, brain-
stem, and cerebellum, and they may be associated 
with hypertension, benign intracranial hyperten-
sion (pseudotumor cerebri), and other clinical signs 
of active NPSLE (Sibbitt et al. 1989; Sibbitt et al. 
1999). Acute lesions may have a good anatomical cor-
respondence with newly acquired dysfunction and 
may be reversible with corticosteroid therapy. Fur-
thermore, focal and punctuate high-intensity lesions 
in both white and gray matter have been found in 
patients with generalized seizures, and these lesions 
tend to resolve rapidly (Bell et al. 1991; Mccune 
et al. 1988; Sibbitt et al. 1989; Sibbitt et al. 1995; 
Sibbitt et al. 1999).

Associations have been found between the number 
of WM lesions and the presence of NP symptoms in 
SLE patients and disease indices for NPSLE and SLE 
(Sailer et al. 1997; Sanna et al. 2000; Sibbitt Jr. et 

al. 2003; Taccari et al. 1994); however, other stud-
ies found no association between small punctuate 
focal lesions in periventricular and subcortical WM 
and the presence of NP symptoms (Baum et al. 1993; 
Gonzalez-Crespo et al. 1995; Ishikawa et al. 1994; 
Jacobs et al. 1988; Sabbadini et al. 1999; Stimmler 
et al. 1993). Several studies have also reported revers-
ible and irreversible lesions without clinical improve-
ment (Bell et al. 1991; Gonzalez-Crespo et al. 1995; 
Griffey et al. 1990; Jacobs et al. 1988; Mccune et 
al. 1988; Sabbadini et al. 1999; Sibbitt et al. 1989; 
Stimmler et al. 1993). Reversible WM lesions were 
thought to represent edema, water fi lled dilated 
perivascular spaces, gliosis, demyelination, or tissue 
damage due to infl ammatory vasculopathic insults 
to small vessels, resulting in breakdown of the BBB 
(Bell et al. 1991; Gonzalez-Crespo et al. 1995; 
Sabbadini et al. 1999; Sibbitt et al. 1989).

In another study, areas of increased signal, in 
subcortical WM, deep WM and gray matter did 
not improve after steroid treatment, suggesting 
(micro)infarcts or residual tissue injury (Bell et al. 
1991; Gonzalez-Crespo et al. 1995; Hachulla et 
al. 1998; Jacobs et al. 1988; Provenzale et al. 1996; 
Sibbitt et al. 1989). Reversibility of gray matter 
lesions in association with clinical improvement has 
also been described in other studies (Aisen et al. 
1985; Karassa et al. 2000; Mccune et al. 1988).

21.4
Advanced MRI Techniques

21.4.1
Relaxation Time Measurements

Several studies have shown that quantitative T2 mea-
surements extend the utility and sensitivity of con-
ventional MR imaging for evaluating NPSLE. The T2 
relaxation time of white and gray matter is increased 
in active and chronic NPSLE patients (Miller et al. 
1989; Petropoulos et al. 1999; Sibbitt et al. 1995). 
Furthermore, patients with diffuse neurological man-
ifestations demonstrated a longer T2 in gray matter 
than other NPSLE patients, suggesting acute cere-
bral edema, associated with elevated disease activity 
(Sibbitt et al. 1995). In a study by Petropoulos 
et al., the authors also found a higher gray matter 
spin–spin T2 relaxation time in patients with severe 
NPSLE than in patients with mild NPSLE, indicat-
ing the presence of cerebral edema in patients with 
major active disease (Petropoulos et al. 1999). Cere-
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bral edema could refl ect the breakdown of the BBB 
in an area of focal injury, resulting in entrance of 
pathogenic antineuronal autoantibodies, and induce 
generalized cytotoxic cerebral edema (Sibbitt et al. 
1995).

21.4.2
Magnetization Transfer Imaging

Magnetization transfer imaging (MTI) is a quantita-
tive MRI technique: a technique aimed at providing 
meaningful gray values per pixel rather than pro-
viding images with useful contrasts (qualitative MRI 
techniques). In other words, MTI provides quanti-
tative information on brain tissue that refl ects its 
histological composition. In MTI this quantitative 
information is obtained by using a radio-frequency 
pre-pulse that reduces magnetization of the protons 
that are bound to macromolecules. Since in biologi-
cal tissues there is a permanent exchange of protons 
between a compartment comprising these macro-
molecule-bound protons, and a compartment of free 
water protons, the reduced magnetization is trans-
ferred to the free water pool. In the free water pool 
the reduced magnetization can be measured, because 
the free water pool of protons is exploited in MRI to 
obtain tissue signal (Van Buchem and Tofts 2000). 
The amount of magnetization transfer between the 
two pools can be measured by performing an MRI 
sequence with and one without the saturation pre-
pulse, by calculating the difference of the resulting 
images on a pixel-by-pixel basis, and by expressing 
that difference in a ratio, the magnetization transfer 
ratio (MTR).

The MTR is affected by tissue factors: the concen-
tration; the surface chemistry; and the biophysical 
dynamics of macromolecules. In the brain MTR can 
be reduced due to dilution or destruction of macro-
molecules (Bosma et al. 2000b; Huizinga et al. 2001). 
Reduced MTR values have been observed in the brain 
in a number of neurodegenerative disorders, such as 
multiple sclerosis and Alzheimer’s disease (Filippi 
et al. 2000; Van Buchem et al. 1998; Bozzali et al. 
2001; Van Der Flier et al. 2002). In several studies it 
was demonstrated that MTR values better refl ect the 
underlying histological changes than conventional 
MRI sequences. In addition, it was shown that MTR 
measurements are more sensitive to the presence of 
disease than conventional sequences, since abnormal 
MTR values can be observed in brain areas with a 
normal appearance on conventional MRI (Bosma et 
al. 2000b; Rovaris et al. 2000).

The MTR data can be analyzed regionally, by 
assessing the mean MTR in regions of interest, or it 
can be used to provide more global information on 
the brain. One way to obtain a more global MTR anal-
ysis of the brain is by generating MTR histograms 
of large tissue volumes, such as the whole brain. In 
normal individuals, MTR histograms of the brain are 
characterized by the presence of a single, sharp peak, 
indicating that the brain is homogeneous in terms of 
MTR characteristics.

Using MTR histogram analysis of the whole brain, 
Bosma and co-workers found differences between 
primary NPSLE patients without active NP symp-
toms at the time of scanning and without signifi cant 
abnormalities on conventional MRI, on the one hand, 
and SLE patients without NP symptoms and normal 
controls, on the other. In NPSLE patients the histo-
gram peak was lower and wider, which refl ected loss 
of homogeneity in brain structure, probably due to 
demyelination (Bosma et al. 2000b). In another study 
by the same group, primary NPSLE patients were also 
shown to have abnormal MTR histograms during 
episodes of active NP symptoms. Furthermore, MTR 
histograms of NPSLE patients with past and active 
episodes of NP differed: in patients with active dis-
ease a shift of the histogram to higher values was 
observed. This shift was attributed to an early stage 
of demyelination that is characterized by breakdown 
of myelin molecules into multiple smaller fragments 
(Bosma et al. 2000a).

The MTR parameters showed no correlation with 
age, SLE duration, or time elapsed since the fi rst 
occurrence of neuropsychiatric symptoms. This sug-
gests that the damage detected by MTR is not accu-
mulated in a gradually progressive way, but rather in 
a relapsing-remitting pattern. In other words, prob-
ably brain damage is acquired during the episodes of 
clinically active disease (Bosma et al. 2002).

Volumetric MTR parameters seem to refl ect func-
tionally relevant brain damage. Bosma and co-work-
ers assessed correlations between volumetric MTR 
parameters and measures of clinical functioning in 
a group of primary NPSLE patients, again without 
signifi cant abnormalities on conventional MRI. They 
found signifi cant correlations between MTR parame-
ters, on the one hand, and measures of cognitive, psy-
chiatric, and neurological functioning, on the other 
(Bosma et al. 2002).

Demonstrating MTI differences between groups 
of patients does not imply that this technique con-
tributes to diagnosing an individual new patient 
who is suspected to have the disease. In a study 
by Dehmeshki et al. multiple discriminant analy-
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sis (MDA) was used to improve classifi cation of 
patients as active NPSLE, chronic NPSLE, non-
NPSLE, multiple sclerosis, and healthy control based 
on MTR histograms. Using MDA, the conventional 
and arbitrary histogram descriptives, such as peak 
height and mean MTR, are no longer used, but the 
whole histogram shape is taken into account. In 
this preliminary study it was shown that combin-
ing MDA with MTR histogram analysis individual 
patients were classifi ed correctly in almost all cases 
(Dehmeshki et al. 2002).

21.4.3
Magnetic Resonance Spectroscopy

Proton magnetic resonance spectroscopy (1H-MRS) 
and phosphorus MRS (31P-MRS) can be used to show 
a wealth of metabolic substances such as choline 
(Cho), N-acetylaspartic acid (NAA), creatine (Cr), 
lactate (Lac), inositol (Ins), glutamate (Glu), and glu-
tamine (Gln). The MRS can reveal the presence of sig-
nifi cant organic brain injury, anaerobic metabolism, 
and possibly the activity of NPSLE; however, it cannot 
be used to diagnose NPSLE (Sibbitt et al. 1999). A 
relationship between neurometabolite derangement 
and cognitive dysfunction in chronic NPSLE has been 
found (Bosma et al. 2002; Brooks et al. 1999).

One of the metabolites detected by 1H-MRS is 
NAA, which can be used for detection and measure-
ment of brain injury not detectable by other neuro-
imaging methods. The NAA is located almost entirely 
in neurons and presents the highest peak in 1H-MRS 
(Sibbitt et al. 1997; Sibbitt et al. 1999). Its function 
is unknown, but reduced levels have been found in 
many diseases, suggesting neuronal injury or death. 
The NAA is reduced in patients with a prior history 
of NPSLE as well as in patients with active NPSLE 
(Huizinga et al. 2001; Sibbitt et al. 1997). In NPSLE 
patients, NAA is reduced in normal-appearing WM, 
gray matter, and focal lesions (Axford et al. 2001; 
Brooks et al. 1997; Brooks et al. 1999; Chinn et al. 
1997; Davie et al. 1995; Friedman et al. 1998; Handa 
et al. 2003; Leeds and Kieffer 2000; Sibbitt et al. 
1994; Sibbitt et al. 1997).

The cause of decreased NAA levels in NPSLE is 
not clear. On the one hand, associations between IgG 
aPL and decreased levels of NAA have been observed, 
suggesting a thrombo-embolic origin (Sabet et al. 
1998); on the other, NAA is also decreased in patients 
without signs of thrombo-embolic disease.

Cho is a neuronal metabolite and its peak refl ects 
phosphocholine, glycerophosphocholine, and cho-

line. Increased Cho may be a measure of membrane 
breakdown, myelinolysis, and infi ltration of infl am-
matory cells (Chinn et al. 1997; Davie et al. 1995; 
Friedman et al. 1998; Lim et al. 2000). Elevated levels 
of Cho (Axford et al. 2001; Brooks et al. 1997; Lim et 
al. 2000; Sabet et al. 1998) have been found in NPSLE 
patients, suggesting disease activity or reactive brain 
infl ammation; however, other studies do not confi rm 
this observation (Davie et al. 1995; Sibbitt et al. 
1994), but this can be attributed to the lack of acute 
lesions in the subjects enrolled.

The presence of Lac in the brain has not been 
observed in NPSLE (Brooks et al. 1997; Handa et 
al. 2003; Sibbitt et al. 1997). This could be due to 
the fact that the concentration of Lac is below the 
detection level of MRS (Soher et al. 1996); however, 
apart from cases with overt stroke, extensive anaero-
bic metabolism does not seem to be a fundamental 
characteristic of NPSLE. From this one can conclude 
that, although NPSLE may be primarily a disease of 
cerebral vascular injury, disturbed fl uid dynamics 
and neurotoxin release may also be as important as 
ischemic processes (Handa et al. 2003; Sibbitt et 
al. 1997; Sibbitt et al. 1999). So, hypoperfusion, as 
detected by SPECT, may not be the primary process 
in NPSLE, but rather a secondary one.

31P-MRS also provides a wealth of metabolic data; 
however, due to its limited availability and the pre-
liminary nature of 31P-MRS studies in NPSLE, it has 
still to be viewed as a research technique (Sibbitt et 
al. 1999). A good measure of tissue energetics can be 
obtained through ATP, phosphocreatine (PCr), and 
inorganic phosphate. Decreased levels of ATP and 
PCr have been found in deep WM in NPSLE patients. 
These abnormalities have been shown to be revers-
ible with high-dose corticosteroid therapy (Griffey 
et al. 1990). In the same study, regions of the brain in 
some patients that were normal on conventional MRI 
demonstrated profound depletion of ATP and/or PCr 
on 31P-MRS. Decreased high-energy phosphates in 
the brain of NPSLE patients may be a refl ection of a 
diffuse metabolic derangement associated with SLE 
that is independent of the reversible high-intensity 
lesions present on MRI (Griffey et al. 1990).

21.4.4
Diffusion-Weighted Imaging

Diffusion-weighted imaging (DWI) is another quan-
titative MRI method. One of the quantitative param-
eters that can be derived from DWI is the apparent 
diffusion coeffi cient (ADC). The ADC refl ects diffu-
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sivity of protons in tissue. In highly structured tissue, 
such as the brain, movement of protons is limited 
by multiple barriers, such as the myelin sheaths. 
In diseases that are associated with loss of tissue 
structure, such as demyelinative diseases, diffusivity 
of the brain tissue increases, which is refl ected in 
elevated ADC values. On the other hand, abnormally 
decreased ADC values can also be encountered. Pro-
tons located in the interstitium experience more dif-
fusivity than those located within the cells. Cytotoxic 
edema, which accompanies the early stage of a brain 
infarct, is characterized by an increase of the intra-
cellular compartment at the expense of the extracel-
lular compartment. Consequently, this gives rise to 
decreased diffusivity and ADC values.

Similar to MTR histograms, histograms can also 
be generated based on DWI studies. Bosma et al. per-
formed DWI in primary NPSLE patients and healthy 
controls without signifi cant abnormalities on con-
ventional brain MRI (Bosma et al. 2003). The ADC 
histograms of NPSLE patients differed form those of 
controls. The histogram peak was lower and wider, 
and mean ADC values were higher in NPSLE patients, 
refl ecting loss of uniformity and increase in brain dif-
fusivity. In the same study, no abnormalities sugges-
tive of cytotoxic edema were found. The observations 
from this study support the data from studies using 
MTR and MRS, in that in NPSLE structural damage 
is much more widespread than expected from con-
ventional MRI.

Moritani et al. observed areas of hyperintensity 
on DWI and increased ADC representing vasogenic 
edema in a series of 20 SLE patients with neurologi-
cal abnormalities. Some of these lesions resolved 
partially and some completely following treatment. 
In four patients, a hyperintense focus on DWI asso-
ciated with a decreased ADC representing an acute 
infarction was observed (Moritani et al. 2001).

21.4.5
Perfusion-Weighted Imaging

Tracer bolus passage studies, such as perfusion-
weighted imaging (PWI), allow mapping CBF without 
radiation exposure (Sibbitt et al. 1999). Borrelli et 
al. found 13 hypoperfused areas in 10 of 20 NPSLE 
patients using PWI; however, PWI showed fewer hypo-
perfused areas than did SPECT (43 hypoperfused areas 
in 17 of 20 patients; Borrelli et al. 2003). So far, PWI 
has been used little in NPSLE research; however, it has 
been suggested that in the diagnostic work-up PWI 
can exclude a CNS vasculitis (Yuh et al. 1999b).
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changes and, consequently, will not be addressed. In 
addition, the CNS damage associated with vasculitis 
due to the use of illicit drugs such as amphetamines 
will not be reviewed. On the other hand, the MR fi nd-
ings that can be observed besides the white matter 
damage in antiphospholipid antibody syndrome will 
be reviewed. Finally, after a brief account on post-
infective angiitis, we shall review the wide spectrum of 
lesions beyond the white matter in sarcoidosis.

Conventional brain MR imaging is here considered 
the usual protocol that includes T1-weighted, proton 
density-weighted and T2-weighted (with and with-
out inversion recovery RF pulse to attenuate the CSF 
signal) sequences, T1-weighted images after admin-
istration of intravenous gadolinium chelates (at equi-
librium) and MR angiography. In addition, the MR 
imaging fi ndings in the optic nerve and spinal cord 
will refer to the usual techniques, namely T1-weighted 
and fat-suppressed T2-weighted images and contrast-
enhanced, fat-suppressed T1-weighted sequences for 
the optic nerve, and T1-weighted, T2-weighted and 
contrast-enhanced, T1-weighted sequences for the 
spinal cord.

22.2.1
Systemic Vasculitides

22.2.1.1
Behçet’s Disease

Behçet’s disease (BD) is a systemic infl ammatory dis-
ease of unknown aetiology that typically affects young 
adults in Japan, the Middle East and the Mediterranean 
area (Inaba 1989) along the ancient Silk Route. Since 
there is no specifi c laboratory or pathological feature, 
the diagnosis of BD rests entirely on clinical fi ndings 
and should satisfy the criteria fi xed in 1989 by an inter-
national study group (Lancet). These include recurrent 
oral ulcerations, plus at least two of the following four 
features: recurrent genital ulcerations, uveitis, positive 
pathergy test, and one of the skin lesions among ery-
thema nodosum, pseudofolliculitis and papulopustu-
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22.1
Introduction

Many non-multiple sclerosis (MS) infl ammatory dis-
eases of the central nervous system (CNS) can cause a 
multifocal white matter damage of the brain similar to 
that of MS. In many of them, however, the damage is 
not confi ned to the white matter. Two of the latter con-
ditions, namely systemic lupus erythematosus (SLE) 
and primary angiitis of the CNS, are dealt with in other 
chapters herein (Van Buchem: neuro-SLE; Okuda: pri-
mary angiitis of the CNS). Herein, we shall review the 
conventional MR imaging features of the CNS (brain, 
optic nerve and spinal cord) lesions besides white 
matter in some of the systemic vasculitis–including 
Behçet’s disease, Sjögren syndrome and polyarteritis 
nodosa–which can help in the differential diagnoses 
of the white matter multifocal lesions (Miller et al. 
1987). Other systemic angiitis including rheumatoid 
arthritis (Bekkelund et al. 1995), giant cell arteri-
tis, and Wegener disease, albeit capable of producing 
brain damage, usually do not determine white matter 
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lar lesions. Neurological complications of BD occur in 
10–49% of cases, usually after other manifestations of 
the disease (Inaba 1989).

Brain

The most common MRI fi ndings in BD are focal 
white matter and grey matter lesions in the cerebral 
hemispheres and brainstem that can enhance after 
intravenous contrast administration, when examined 
in the acute phase (Kocer et al. 1999; Cellerini et 
al. 2003). A predilection was noted for the mesodien-
cephalic junction, with a distribution pattern similar 
to that of the intra-axial veins, suggesting that in BD 
the vasculitis is predominantly perivenular (Kocer 
et al. 1999). In some instances, the mesodiencephalic 
lesion may present as a large pseudo-tumoral lesion 
that rapidly resolves after corticosteroids (Kermode 

et al. 1989) (Fig. 22.1). In a minority of patients intra-
parenchymal haemorrhagic lesions can be detected 
(Al Kawi 1991; Kocer et al. 1999), possibly refl ect-
ing a more necrotizing type of vasculitis, and these 
appear as hypointense areas due to deoxyhaemoglo-
bin in the acute phase and due to haemosiderin in the 
chronic phase, when they are combined with overt 
atrophy (Fig. 22.2).

Thrombosis of the intracranial dural sinuses is 
another neurological presentation of BD and was 
emphasized as a common occurrence in one series 
(Wechsler et al. 1993). However, this was not con-
fi rmed in other series (Kocer et al. 1999; Cellerini 
et al. 2003). Interestingly, intracranial dural thrombo-
sis generally affects younger individuals and does not 
occur in BD patients with multifocal brain lesions, 
and vice versa (Akman-Demir et al. 1999). The MRI 
features are similar to those in idiopathic intracra-

a b c

d e f

Fig. 22.1a–f. Behçet’s disease. Large pseudotumoral mesodiencephalic lesion in a 34 year-old-man. Axial T2-weighted images at 
clinical presentation (a, b) show a large hyperintense lesion in the right thalamo-capsular region and cerebral peduncle. Axial 
T1-weighted images (c, d) after intravenous administration of a gadolinium chelate demonstrate two small peripheral foci of 
contrast enhancement within the lesion (arrows a, b) and mild mass effect (b). Axial T2-weighted images obtained 3 months 
after corticosteroid therapy (e, f) show almost complete resolution of the signal change.
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Fig. 22.2a–d. Behçet’s disease. Multiple intra-parenchymal haemorrhages in a 40-year-old woman. Coronal T2*-weighted images 
(a–d) obtained 7 years after clinical onset of neurological symptoms in a patient with BD demonstrate multiple hypointense 
foci in the subcortical white matter (arrows in a, c and d) consistent with old haemorrhagic lesions and thinning of the cerebral 
peduncles (b)

a b

c d

Fig. 22.3a,b. Behçet’s disease. Optic nerve damage in a 37-year-old woman. Coronal STIR images show hyperintensity and slight 
swelling of the left optic nerve (arrows) extending from the intracranial (a) to the mid-orbital (b) portion. Reprinted from Salvi 
et al. 1999

a b
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nial venous thrombosis (Condor and Jarosz 2002) 
(Fig. 22.3) and include intra-parenchymal haem-
orrhages with a lobar distribution, haemorrhagic 
infarcts in areas not corresponding to arterial terri-
tories, and signal changes in the thrombosed sinuses 
that are different depending on the time elapsed 
between thrombosis and imaging, the MR sequence 
and the fi eld strength of the magnet. Combination 
of MR imaging and MR angiography is always rec-
ommended in the case of suspicion of dural sinus 
thrombosis, especially in the acute phase, when the 
thrombus may exhibit low signal in T2-weighted 
images due to deoxyhaemoglobin formation and 
hence be indistinguishable from the normal fl ow-
related signal void.

Optic Nerve

BD can affect the optic nerve and represent the fi rst clin-
ical evidence of the disease (Salvi et al. 1999). The MR 
imaging features are similar to those of MS and other 
secondary vasculitis affecting the optic nerve (Sklal et 
al.1996) and are better appreciated with fat-suppressed 

T2-weighted images. They consist of increased signal 
intensity of one or both optic nerves (Fig. 22.4) and of 
contrast enhancement if the examination is performed 
in the acute phase (Kocer et al. 1999).

Spinal Cord

The spinal cord is involved in less than 20% of 
patients with BD and clinical signs of neurological 
involvement (Shakir et al. 1990). The cervical and 
thoracic segments can be affected, and MRI shows 
extensive lesions that exhibit contrast enhancement 
in the acute phase (Fig. 22.5) and almost completely 
resolve after steroid treatment (Mascalchi et al. 
1998a; Kocer 1999).

22.2.1.2
Sjögren Syndrome

Primary Sjögren syndrome (SS) is most frequently 
a connective tissue disease (Lafi tte 2002), and its 
diagnosis rests on the clinical fi ndings of xerosto-
mia and xerophthalmia, positive lacrimal or minor 

Fig. 22.4a–e. Behçet’s disease. Spinal cord damage 
in a 35-year-old woman. Sagittal T2-weighted 
image at presentation (a) shows an irregular, 
sharply defi ned area of increased signal in the 
spinal cord from T6 to T8. Axial T2-weighted 
images (b, c) show increased signal of the left 
half of the cord at T7 (b) and of the entire cross-
section of the cord except the posterior columns 
at T7–T8 (c). Sagittal T1-weighted image after 
intravenous administration of a gadolinium 
chelate (d) shows moderate patchy enhance-
ment of the lesion. Sagittal T2-weighted image 
(e) 5 months after clinical onset and treatment 
with corticosteroids shows a normal spinal cord. 
Reprinted from Mascalchi et al. 1998a

a
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salivary gland biopsy and high titres of antinuclear 
and anti-SSA (Ro) and anti-SSB (La) antibodies. Neu-
rological complications can occur in up to one-third 
of patients with primary SS, sometimes representing 
the clinical onset of the disease. Although peripheral 
nervous system involvement predominates (Lafi tte 
et al. 2001), brain, optic nerve and spinal cord damage 
may be demonstrated by MRI.

Brain

Brain lesions in primary SS consist of nonspecifi c, mul-
tifocal white matter lesions that can be observed in 
patients with focal neurological defi cit, psychiatric or 

cognitive dysfunction alone, or in absence of any clini-
cal sign or symptom of CNS dysfunction (Alexander 
et al. 1988; Pierrot et al.1993; Lafi tte 2002). No 
other brain lesion besides the multifocal white matter 
changes have so far been documented with MRI.

Optic Nerve

In primary SS, optic nerve involvement is dis-
tinctly rare and usually symptomatic (Tesar et al. 
1992; Kadota et al. 2002). In the only reported case 
(Kadota et al. 2002), the MRI features were indistin-
guishable from those of other optic nerve vasculitis 
(Sklar et al. 1996)

a b

c

Fig. 22.5a–c. Behçet’s disease. Thrombosis of the right transverse sinus 
(subacute phase) in a 23-year-old woman. Axial T1-weighted (a) and coro-
nal T2-weighted (b) images demonstrate abnormal hyperintensity in the 
right transverse sinus suggestive of endoluminal thrombus. The diagnosis is 
confi rmed by phase-contrast MR angiography (axial view) (c), which shows 
lack of fl ow in the right transverse and sigmoid sinuses
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Spinal Cord

Three variants can be recognized: (1) acute myeli-
tis indistinguishable from acute transverse myelitis 
(Manabe et al. 2000; de Seze et al. 2001); (2) chronic 
myelitis similar to that observed in chronic MS (de 
Seze et al. 2001); and (3) tractopathy refl ecting 
peripheral nervous involvement (Mori et al. 2001). 
The latter is the consequence of sensory neuronopa-
thy and consists of diffuse hyperintensity of the pos-
terior columns in T2*-weighted images of the spinal 
cord, better appreciated in the cervical segment. Also, 
this MRI fi nding is nonspecifi c and can be observed 
in other diseases causing chronic deafferentation 
such as Friedreich’s ataxia (Mascalchi et al. 1994).

Interestingly, in many cases of primary SS the 
spinal cord damage is combined with optic nerve 
involvement (de Seze et al. 2001; Mochizuchi et al. 
2000) featuring a neuromyelitis optica (Devic) syn-
drome as in other systemic vasculitides such as SLE.

22.2.1.3
Polyarteritis Nodosa

Polyarteritis nodosa (PAN) is a rare disease that affects 
middle-aged subjects and is characterised by focal, 
segmental necrotising vasculitis of small and medium-
sized arteries. The nervous system is usually involved 
in the form of mononeuritis multiplex, but ischaemic 
or haemorrhagic strokes and subarachnoid haem-
orrhages secondary to rupture of aneurysms, which 
more commonly involve the renal, hepatic and visceral 

arteries, occur in 20–40% of patients, usually after the 
initial diagnosis is made (Reichhart et al. 2000)

Multifocal white matter lesions were observed in 
18% of patients with PAN reviewed by Reichhart et 
al. (2000) (Fig. 22.6). No case of optic nerve or spinal 
cord damage has been reported so far.

Brain

Small infarcts in the deep cerebral hemisphere or 
brainstem related to thrombotic microangiopathy 
along penetrating arteries, rather than to vasculitis, 
are the most common MRI features besides white 
matter damage in PAN (Provenzale and Allen 
1996; Reichhart et al. 2000).

Large infarcts and intra-parenchymal haemor-
rhages are less common (Provenzale and Allen 
1996; Reichhart et al. 2000; De Reuck 2003). On 
conventional MRI, infarcts show the usual appear-
ance of well-defi ned areas of increased signal in T2-
weighted images, with a delay of several hours from 
the clinical onset (Fig. 22.6). Lesion contrast enhance-
ment refl ecting damage of the blood–brain barrier 
can be observed a few days after onset.

22.2.2
Antiphospholipid Antibody Syndrome

Antiphospholipid antibody syndrome (APS) is 
characterised by arterial or venous thrombosis 
and pregnant morbidity in the presence of anti-

a b c

Fig. 22.6a–c. Polyarteritis nodosa. Midbrain infarct in an 18-year-old-man. Axial T2-weighted image (a) demonstrates an irregu-
lar but well-defi ned focal area of hyperintensity in the left midbrain 5 days after stroke. Axial T1-weighted image after intra-
venous administration of a gadolinium chelate (b) shows mild peripheral enhancement of the lesion. In axial proton density 
image (c), small hyperintense foci are visible in the peritrigonal white matter. The patient underwent catheter angiography, 
which enabled diagnosis of periarteritis nodosa by revealing a typical small aneurysm in the renal arteries
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cardiolipin antibodies and/or lupus anticoagulant. 
Thrombocytopenia may be part of the syndrome 
(Harris 1986; Trent et al. 1997; Funauchi et al. 
1997). APS can occur as either a primary disor-
der or be secondary to a connective tissue dis-
ease, most frequently SLE (Provenzale et al. 1996; 
Sanna et al. 2003).

APS is considered among the immunomediated 
non-MS diseases of the CNS but is not a vasculitis. 
In fact neuropathological examination indicates 
that the pathogenesis of the cerebral vasculopathy 
responsible for the cerebral white matter lesions is 
non-infl ammatory and is associated with reactive 
endothelial hyperplasia and thrombosis of small 
arterioles (Westerman et al. 1992). The clinical and 
laboratory diagnostic criteria were defi ned by an 
international committee (Wilson et al. 1999).

Recently, APS has emerged as an important cause 
of stroke in children and young adults, responsible 
for either arterial or venous thromboses (Takanashi 
et al. 1995; Kim et al. 2000; Heller et al. 2003). More-
over, subclinical CNS involvement in the form of mul-
tifocal cerebral white matter lesions mimicking MS is 
demonstrated by MRI in up to about 40% of patients 
with primary and secondary APS (Provenzale et al. 
1996; Kim et al. 2000) (Fig. 22.7).

Brain

Large and small infarcts in children and young adults 
show the usual appearance on conventional MRI 
(Takanashi et al. 1995; Kim et al. 2000) (Fig. 22.8). 

Also in the context of strokes in children, diffusion 
MR imaging has an established role for a more rapid 
detection of cerebral ischaemia (Gadian et al. 2000).

Haemorrhagic infarcts and intra-parenchymal 
haemorrhages are demonstrated by conventional 
MRI as areas exhibiting low signal intensity in T2-
weighted images, due to the paramagnetic proper-
ties of deoxyhaemoglobin in the acute phase, and 
high signal intensity in T1-weighted images, due 
to extracellular methaemoglobin in the subacute 
phase. Their identifi cation should promote evalua-
tion of the patency of the arterial or venous vessels 
with MR angiography, especially to rule out pos-
sible concomitant dural sinus thrombosis (Kim et 
al. 2000).

Cortical atrophy was reported as an additional 
fi nding in APS (Kim et al. 2000), but this is nonspe-
cifi c, representing a possible effect of chronic steroid 
therapy as in SLE.

Optic Nerve

The MRI features of optic neuropathy in APS that 
is nonspecifi c resemble that in other form of  “optic 
neuritis” (Besabs et al. 2001) (Fig. 22.7).

Spinal Cord

Spinal cord damage can be observed in patients with 
APS as primary clinical manifestation of the disease. 
In some instances it shows the typical MRI features 
of spinal cord infarction (Hasegawa et al. 1993). 

a b

Fig. 22.7a,b. Primary antiphospholipid syndrome. Cerebellar infarct in a 26-year-old woman. Sagittal T1-weighted (a) and coro-
nal T2-weighted (b) images demonstrate a small focal area of signal change in the right cerebellar hemisphere in the territory 
of the right anterior cerebellar artery
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In other cases, the features are less distinctive and 
resemble those that can be observed in other sys-
temic vasculitis.

22.2.3
Post-infective Angiitis

Although infective vasculitis can complicate the 
course of syphilis (meningovascular syphilis), tuber-

culosis (tuberculous meningitis), as well as fungal or 
bacterial (H. infl uenzae, staphylococcal, pneumococ-
cal) meningeal infections, these conditions generally 
do not determine multifocal white matter damage 
and, as such, they will not be reviewed here. On the 
other hand, several viral infections–namely, chicken-
pox, measles, rubella and smallpox–can be followed 
by usually monophasic, multifocal white matter and 
grey matter damage (acute disseminated encephalo-
myelitis) that is addressed elsewhere in this book.

A peculiar case of post-infection vasculitis is 
the syndrome of herpes zoster ophthalmicus with 
delayed contralateral hemiparesis (Eidelberg et al. 
1986). This association is rare and based upon the 
usual temporal evolution (fi rst herpes ophthalmicus, 
second headache and hemiplegia) and the demon-
stration of viral particles in the smooth muscle cells 
of the media and varicella-zoster virus antigens in 
the media of the affected leptomeningeal vessels. Its 
pathogenesis is assumed to result from direct inva-
sion of arterial walls via viral spread along the intra-
cranial branches of the trigeminal nerve.

MR imaging demonstrates typical infarcted lesions 
with variable distribution in the anterior, middle and 
posterior cerebral arteries (Fig. 22.9).

22.2.4
Neurosarcoidosis

Sarcoidosis is a multisystem granulomatous disease, 
usually presenting with hilar adenopathy, pulmo-
nary infi ltration, and skin, eye and CNS involvement 
(Fig. 22.10). Very rarely, neurosarcoidosis may present 

Fig. 22.8a,b. Primary antiphospholipid syndrome. White matter and optic nerve damage in an 8-year-old girl. Coronal proton 
density image (a) shows a focal white matter lesion in the left occipital lobe. Coronal STIR image (b) demonstrates hyperinten-
sity of the left optic nerve in its posterior intraorbital portion

a b

Fig. 22.9 Midbrain infarct due to zoster angiitis in a 42-year-
old man. Axial T2-weighted image obtained 6 months after 
right hemiparesis, which came 3 weeks after left zoster oph-
thalmicus, shows a focal area of signal change and mild thin-
ning of the left cerebral peduncle
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Fig. 22.10a–e. Neurosarcoidosis. Hilar 
adenopathy, white matter and optic nerve 
damage and extra-axial mass in a 38-year-
old woman. Chest X-ray at presentation (a) 
shows typical hilar adenopathy (arrows). 
Coronal STIR image (b) demonstrates 
increased signal in the left optic nerve. 
Axial proton-density-weighted images 
demonstrate a focal lesion near the roof of 
the left lateral ventricle (c) and a focal area 
of increased signal (arrow) adjacent to the 
right transverse sinus (d). The latter cor-
responds to a small extra-axial enhanced 
mass (arrow) in an axial T1-weighted 
image obtained after intravenous admin-
istration of a gadolinium chelate (e)

a

b

c e

d

in the absence of systemic involvement, and in such 
cases it requires biopsy for the diagnosis (Seltzer 
et al. 1991; Cipri et al. 2000; Bode et al. 2001). Most 
of the CNS lesions in sarcoidosis are markedly sen-
sitive to steroids (Lexa and Grossman 1994). How-
ever, considering this phenomenon, an indirect clue 
of neurosarcoidosis can delay the correct diagnosis 
in patients presenting with other steroid-responsive 
lesions, in particular tumours including lymphoma 
and germ cell tumour (Mascalchi et al. 1998b).

Brain

Multifocal, cerebral white matter damage indistin-
guishable from that seen in MS is common in neuro-
sarcoidosis (Miller et al. 1988; Lexa and Grossman 
1994) (Fig. 22.10). Although not specifi c, a key fea-
ture indicating sarcoidosis as the possible underlying 
substrate of the white matter lesions is diffuse focal 
leptomeningeal or dural enhancement better demon-
strated by MRI after intravenous contrast administra-
tion (Sherman and Sherry 1990; Khaw et al. 1991; 
Seltzer et al. 1991). Additional features that should 

raise suspicion of neurosarcoidosis include (Seltzer 
et al. 1991; Lexa & Grossman 1994): extra-axial 
contrast-enhancing masses mimicking meningioma 
(Fig. 22.10), intra-axial enhancing masses, periven-
tricular enhancement, enlarged pituitary stalk, and 
enhancing nerve roots. All lesions, in particular their 
contrast enhancement, typically regress with steroid 
therapy (Lexa and Grossman 1994).

Optic Nerve

Optic nerve and chiasma are typical sites of CNS 
involvement in neurosarcoidosis (Bode et al. 2001; 
Carmody et al. 1994). Enlargement of optic nerve and 
chiasma, associated with signal changes (Fig. 22.10) 
and contrast enhancement, is seen in the acute phase, 
and this regresses with steroid treatment. Atrophic 
optic nerve is observed in the chronic phase.

Spinal Cord

Spinal cord involvement in neurosarcoidosis is 
extremely rare (Seltzer et al. 1991; Lexa and 
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Grossman 1994). In the few available descriptions it 
was associated with extensive intramedullary lesions 
exhibiting contrast enhancement and was diffi cult to 
differentiate from an intramedullary neoplasm.

22.3
Conclusions

In addition to the multifocal white matter damage 
mimicking MS in secondary vasculitis and APS, the 
lesions include infarcts, haemorrhages, thrombosis 
of the intracranial dural sinuses and damage of the 
optic nerve and spinal cord of uncertain pathophysi-
ology. It is noteworthy that the MRI features of these 
lesions are specifi c, and, hence, the differential diag-
nosis relies completely on the integration of clinical 
and laboratory fi ndings.

The spectrum of lesions in neurosarcoidosis is 
wide, but coexistence of multifocal cerebral white 
matter lesions with meningeal enhancement or intra-
axial or extra-axial contrast-enhancing masses should 
raise suspicions that this condition is present. How-
ever, lacking systemic manifestations of the disease, 
diagnosis of neurosarcoidosis still requires biopsy.
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23.1 
Introduction

Systemic immune-mediated diseases (SID) can affect 
the central nervous system (CNS), either as the onset 
clinical manifestation or as a late complication in the 
context of a multiple organ involvement (Calabrese 
et al. 1997; Fieschi et al. 1998). Among SID, systemic 
lupus erythematosus (SLE), Behçet disease (BD), 
small-vessel vasculitides (SVV) and primary an-
tiphospholipid antibody syndrome (APS) may often 
have a fl are-like clinical course which closely resem-
bles that of multiple sclerosis (MS) and, therefore, be 
considered in the differential diagnosis of this latter 
condition.

Numerous studies reported that conventional, T2-
weighted brain magnetic resonance imaging (MRI) 
is sensitive for detecting CNS lesions in patients with 
SID (Miller et al. 1987; Coban et al. 1996; Liem et 
al. 1996; Provenzale and Allen 1996; Gumà et al. 
1998; Hachulla et al. 1998). A wide spectrum of 
non-specifi c MRI abnormalities has been described 
in these patients, including cerebral infarctions, 
brain atrophy, dural sinus thrombosis and, more 
rarely, hemorrhages or meningeal involvement. In a 
signifi cant proportion of patients with SID, however, 
multiple brain white matter lesions mimicking those 
due to MS can be the only MRI-visible abnormali-

ties (Miller et al. 1987; Nadeau 1997; Triulzi and 
Scotti 1998) (Fig. 23.1). Unfortunately, the limited 
pathological specifi city of the latter fi ndings hampers 
their diagnostic accuracy, as well as their prognostic 
value and relevance in the work-up of SID patients.

Quantitative MR-based techniques, such as mag-
netization transfer (MT) MRI, diffusion-weighted 
(DW) MRI and magnetic resonance spectroscopy 
(MRS), make it possible to obtain information about 
white matter damage with increased pathological 
specifi city over T2-weighted sequences (Miller et 
al. 2003). In addition, all these techniques have the 
ability to assess and quantify the extent of white 
matter pathology beyond the resolution of conven-
tional MRI, e.g. in the so-called normal-appearing 
white matter (NAWM). NAWM pathology seems to 
be a relevant contributor to the neurological impair-
ment in patients with MS (Miller et al. 2003) and 
its accurate assessment might also be useful for the 
differential diagnosis between SID and other CNS 
diseases, as well as for a better understanding of the 
mechanisms leading to CNS dysfunction in the for-
mer conditions.

This chapter reviews the contributions of conven-
tional and modern MRI techniques to the in vivo in-
vestigation of white matter pathology in SID.

23.2 
Conventional MRI

Between 30% and 70% of patients with SLE develop 
neuropsychiatric complications (NSLE) during the 
course of the disease. In NSLE patients, brain MRI is 
abnormal in 40%–60% of cases (Csépàny et al. 2003; 
Jennings et al. 2004), but the observed fi ndings are 
not disease-specifi c, the commonest being cerebral 
infarcts, brain atrophy and multiple, MS-like white 
matter lesions. The prevalence of brain MRI abnor-
malities in patients with BD and CNS involvement 
(NBD) varies between 30% and 86% (Akman-Demir 
et al. 1999; Coban et al. 1996; Gerber et al. 1996; Lee 
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et al. 2001). Most frequently, these abnormalities con-
sist of brainstem and basal ganglia lesions that may 
shrink or disappear at follow-up (Lee et al. 2001). In 
20%–40% of NBD cerebral white matter is diffusely 
involved (Akman-Demir et al. 1999; Lee et al. 2001). 
Among patients with SVV, only a minority of those 
with Wegener granulomatosis (WG) may show some 
degree of brain MRI abnormalities (Provenzale and 
Allen 1996), although the prevalence of clinical CNS 
involvement ranges between 22% and 54% of cases 
(Fieschi et al. 1998). Focal infarcts are the common-
est MRI abnormalities described in APS, but brain 
atrophy and diffuse, T2-hyperintense white matter 
lesions can also be found in a high percentage of cases 
(Hachulla et al. 1998; Ijdo et al. 1999; Weingarten 

et al. 1997). Moreover, recent reports found that up to 
20% of MS patients with brain MRI fi ndings highly 
suggestive for this disease (Ijdo et al. 1999; Karussis 
et al. 1998) can be consistently positive for antiphos-
pholipid antibodies, thus suggesting the possibility of 
a concomitant diagnosis of MS and APS.

It is worthy noting that, in SID patients, the use 
of fast fl uid-attenuated inversion recovery (fFLAIR) 
sequences, which are known to be more sensitive 
than conventional T2-weighted MRI for detecting 
lesions in the brain of patients with infl ammatory 
or demyelinating diseases of the CNS (Maubon et 
al. 1998), does not seem to increase the sensitivity 
of brain scanning for the detection of white matter 
abnormalities (Rovaris et al. 2000a). Among the po-
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Fig. 23.1a–i. Axial pro-
ton density-weighted 
spin echo (a, d, g), T2-
weighted spin echo (b, 
e, h) and post-contrast 
T1-weighted spin echo 
(c, f, i) images of the 
brain obtained from 
patients with NSLE (a–c), 
WG (d–f) and relaps-
ing-remitting MS (g–i) 
just above the roof of 
the lateral ventricles. 
The pattern of T2-visible 
abnormalities is similar 
for the three patients, al-
though fewer lesions can 
be seen on the images 
from the patient with WG 
(d, e) than on those from 
the patients with MS 
and NSLE. [Reproduced 
with permission from 
Rovaris et al. (2000b)]
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tential explanations for this fi nding, the pathological 
heterogeneity of white matter damage in SID also has 
to be considered. Brain pathology in SID may range 
from infl ammation to acute and chronic ischaemia, 
which can be secondary to vessel thrombosis or vas-
culitis. Small chronic infarcts can appear isointense 
to normal tissue on fFLAIR scans, and, therefore, go 
undetected when using this sequence.

White matter abnormalities detected on T2-
weighted and post-contrast T1-weighted MRI of 
the brain have a limited diagnostic specifi city for 
SID. Several studies (Boumpas et al. 1990; Deodhar 
et al. 1999; Mascalchi et al. 1998; Mok et al. 1998; 
Morrissey et al. 1993; Provenzale et al. 1994; 
Salmaggi et al. 1994; Yoshioka et al. 1996) have sug-
gested that MRI abnormalities in the cord of patients 
with SID are well correlated with ongoing symptoms 
of myelopathy and that they can completely disap-
pear after steroid or immunosuppressive treatment 
(Boumpas et al. 1990; Lee et al. 2001; Mascalchi et 
al. 1998; Rovaris et al. 2000c; Salmaggi et al. 1994; 
Yoshioka et al. 1996). On the other hand, spinal cord 
MRI abnormalities can be detected in up to 90% 
of MS patients (Lycklama à Nijeholt et al. 1998; 
Miller et al. 1998; Rocca et al. 1999), often without 
a concomitant clinical involvement, and the presence 
of such lesions may increase the confi dence when di-
agnosing MS at its clinical onset (Fazekas et al. 1999). 
Against this background, the detection of MRI-visi-
ble white matter pathology in the cord might provide 
useful information for the work-up of patients with 
CNS disturbances, especially when a differential diag-
nosis between SID and MS has to be made. In a cross-
sectional study of 44 patients with SID (Rovaris et 
al. 2002), of whom 48% had had clinical manifesta-
tions of CNS involvement, cervical cord MRI scans 
were always found to be normal, whereas brain MRI 
revealed white matter lesions in 52% of the cases. The 
application of standardized criteria for brain MR im-
age interpretation (Barkhof et al. 1997), which were 
originally developed for predicting the evolution to 
established MS in patients at presentation with clini-
cally isolated neurological syndromes suggestive of 
MS, yielded an accuracy of about 85% in differentiat-
ing SID from age-matched MS patients and, by using 
the presence or absence of cervical cord MRI lesions 
as a dichotomized criterion, a correct re-classifi ca-
tion of 77% of MS patients and two SLE patients who 
were misclassifi ed based upon their patterns of brain 
abnormalities was possible (Rovaris et al. 2002). The 
additional value of cord MRI in the differentiation 
of MS from SID and other neurological diseases of 
ischaemic etiology has been emphasized by another 

study (Bot et al. 2002), where asymptomatic cord le-
sions were found in 92% of MS and 6% of non-MS pa-
tients and the concomitant evaluation of both brain 
and cord MRI fi ndings achieved a 95% diagnostic ac-
curacy (Fig. 23.2). Both these studies (Bot et al. 2002; 
Rovaris et al. 2002) confi rm that conventional MRI 
patterns of brain white matter damage related to SID 
do not have a clear-cut diagnostic value and they also 
underpin the importance of a careful interpretation 

a

b

Fig. 23.2a,b. Brain and spinal cord MR images in a patient with 
MS (a) and in a patient with Sjögren disease associated with 
clinical CNS dysfunction (b). Brain images fulfi ll diagnostic 
criteria for MS in both cases. However, sagittal cord images 
reveal the presence of diffuse abnormalities in the cervical 
tract and one focal lesion in the thoracic tract of the patient 
with MS, whereas no abnormalities can be seen in the patient 
with Sjögren disease. [Reproduced with permission from Bot 
et al. (2002)]
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of MRI fi ndings based on a comprehensive image 
evaluation, which should consider, on the one hand, 
the radiologist’s opinion and, on the other, the appli-
cation of standardized criteria. 

Several studies have investigated whether the con-
ventional MRI patterns of white matter pathology 
in SID patients may correlate with their clinical or 
immunological status and, therefore, have a value as 
paraclinical outcomes to monitor the disease evolu-
tion.

The severity of neuropsychological dysfunction in 
SLE patients seems to be associated with the presence 
of cerebral infarcts (Waterloo et al. 2001) rather 
than with the overall burden of white matter lesions 
(Kozora et al. 1998; Sailer et al. 1997). The limited 
functional relevance of T2-visible white matter ab-
normalities is also consistent with their weak cor-
relation with neuroimaging correlates of brain me-
tabolisms (Sailer et al. 1997; Waterloo et al. 2001). 
On the other hand, however, it has been found (Bell 
et al. 1991; West et al. 1995) that NSLE patients with 
non-focal psychiatric symptoms more frequently 
show an MRI pattern of multiple white matter abnor-
malities and have higher titers of antineurofi lament 
antibodies than those with focal CNS disturbances. 
Two recent studies of NSLE patients also reported a 
signifi cant relationship of MRI fi ndings with the pres-
ence of antiphospholipid antibodies (Csèpàny et al. 
2003) and the levels of biochemical markers of axonal 
damage in the cerebrospinal fl uid (Trysberg et al. 
2003). These fi ndings suggest that, in NSLE, different 
pathogenic mechanisms may be responsible for brain 
tissue damage, including both vasculopathic and im-
mune-mediated neuronal injury, and underpin the 
need of MRI-derived measures with higher patholog-
ical specifi city to monitor the disease course and its 
response to treatment. In patients with NBD, conven-
tional MRI patterns of CNS involvement do not seem 
to have a clear-cut prognostic value (Akman-Demir 
et al. 1999; Lee et al. 2001), even though the presence 
of brainstem lesions, together with other clinical and 
laboratory characteristics, make it possible to iden-
tify those patients with a poorer clinical outcome 
(Akman-Demir et al. 1999). In a study of patients 
with SVV (Mattioli et al. 2002), the presence of 
multiple white matter MRI abnormalities was fre-
quently associated with subclinical cognitive impair-
ment. Admittedly, caution must be exercised when in-
terpreting MRI data from the latter study (Mattioli 
et al. 2002), which were obtained from a small sample 
of patients. However, the observation that less than 
15% of cognitively impaired SVV patients in this se-
ries had a normal brain MRI (Mattioli et al. 2002) 

may indicate that the presence of MRI-visible white 
matter lesions signifi cantly increases the possibility 
for an SVV patient to have neuropsychological im-
pairment. 

23.3 
Magnetization Transfer MRI

MT MRI has several advantages over conventional 
T2- and T1-weighted MRI for the in vivo structural 
investigation of CNS disorders. First, it provides in-
formation with a high pathological specifi city. Low 
magnetization transfer ratio (MTR) indicates a re-
duced capacity of the molecules in the brain tissue 
matrix to exchange magnetization with the sur-
rounding (MRI-visible) water molecules and is as-
sociated with severe demyelination and axonal loss 
(Brochet and Dousset 1999). Secondly, MT MRI 
enables us to assess the “invisible” disease burden in 
the normal-appearing brain tissue (NABT). Thirdly, 
MT MRI can provide, from a single procedure, mul-
tiple parameters infl uenced by both the MRI-visible 
and MRI-undetectable disease burden. They are ob-
tained after the automated creation of MTR maps, 
where the signal intensity of each pixel represents 
its MTR value. The analysis can then be done on a 
region-of-interest (ROI) basis or more globally using 
MTR histograms (van Buchem et al. 1996).

An ROI-based study comparing MT MRI fi ndings 
from 21 patients with MS and nine with SLE showed 
that the average MTR values of T2-visible white mat-
ter lesions and NAWM in the brain were signifi cantly 
lower for the former group (Campi et al. 1996). In the 
same study, MTR values from the NAWM of SLE pa-
tients were found not to differ from those of healthy 
controls. Using histogram-based analysis, an MT MRI 
study of 44 patients with SID, of whom 15 with SLE, 
nine with NSLE, fi ve with BD, nine with WG and six 
with APS, was also conducted (Rovaris et al. 2000b). 
Ten patients with MS served as a control group. T2-
weighted brain MRI abnormalities were found in all 
MS cases and in 52% of patients with SID, for whom 
a white matter lesion pattern indistinguishable from 
that of MS was observed in 40% of cases. MS pa-
tients had signifi cantly lower lesion MTR than SLE 
and WG patients; NSLE had signifi cantly lower le-
sion MTR than SLE patients. MS patients had signifi -
cantly lower average MTR values in the NABT than 
all SID but NSLE patients, who, in turn, had signifi -
cantly lower average NABT MTR than SLE patients 
(Fig. 23.3). Both T2-weighted lesion volume and av-
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erage lesion MTR fi tted a multiparametric model 
signifi cantly separating MS from SID patients, with 
a signifi cantly higher risk of having MS with increas-
ing lesion volume and decreasing lesion MTR values. 
No conventional or MT MRI-derived variables signif-
icantly separated MS patients as a group from NSLE 
patients. Similar results were obtained by Bosma et 
al. (2000a,b), who found that NSLE patients had sig-
nifi cantly lower brain MTR histogram peak height 
than age-matched healthy controls and SLE patients 
without overt CNS involvement, independent of the 
presence of T2-visible white matter lesions. In pa-
tients during the acute stage of NSLE (Bosma et al. 
2000b), the average MTR histogram peak height was 
found to be lower than that of patients with chronic 
inactive NSLE, SLE and MS. More recently, Bosma et 
al. (2002) also investigated the relationship between 
brain MTR histogram-derived quantities and clini-
cal status in 24 patients with NSLE. Signifi cant cor-
relations were found between MTR histogram peak 
height and measures of neurologic, cognitive and 

psychiatric functioning, whereas no signifi cant rela-
tionship was observed between MT MRI fi ndings and 
NSLE patients’ disease duration.

Available data show that the presence of CNS 
dysfunction in SLE is associated with a diffuse, MT 
MRI-detectable damage of the brain parenchyma, 
whereas this does not seem to be the case for other 
SID (Rovaris et al. 2000b). Such damage is probably 
primarily present in the NABT and does not greatly 
depend upon the burden of T2-visible white matter 
abnormalities. Indeed, the latter abnormalities can 
also be found in 30%–40% (Rovaris et al. 2000b; 
Bosma et al. 2000a,b) of SLE patients without overt 
CNS disturbances, but MTR histogram-derived quan-
tities of these patients do not signifi cantly differ from 
those of healthy controls. Moreover, when brain MTR 
histograms are obtained after the exclusion of pixels 
belonging to T2-visible lesions, the observed differ-
ences between NSLE patients and normal controls or 
patients with other SID do not change (Rovaris et 
al. 2000b). It remains to be established which is the 

a

b

Fig. 23.3a,b. NABT MTR histograms 
from healthy controls, patients with 
relapsing-remitting MS, patients with 
SLE without clinical signs of CNS in-
volvement (a) or patients with NSLE 
(b). For SLE patients, the shape of the 
histogram resembles that of healthy 
controls and average NABT MTR values 
are signifi cantly higher than those of 
MS patients, whilst there are no signifi -
cant differences between MS and NSLE 
patients in terms of NABT MTR his-
togram-derived metrics. [Reproduced 
with permission from Rovaris and 
Filippi (2003)]
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causal relationship between the extent and nature of 
NSLE-related diffuse brain tissue damage and MT 
MRI-detectable abnormalities. The contribution of 
NAWM pathology appears to be relevant for a num-
ber of reasons. First, despite the concomitant fi nding 
of brain atrophy in NSLE (Bosma et al. 2000a,b), the 
magnitude of the decrease of brain MTR histogram 
peak height in comparison with SLE and healthy con-
trols did not change when this metric was normalized 
for brain volume, thus suggesting that atrophy per se 
cannot explain the observed MT MRI abnormalities. 
Second, a preliminary, ROI-based study (Campi et al. 
1996) did not fi nd any difference in NAWM MTR val-
ues between SLE patients and age-matched healthy 
subjects. Third, on the one hand, macromolecules 
that contribute to the MT effect in the brain tissue are 
mainly cerebrosides and phospholipids, which are the 
major components of myelinated white matter tracts 
(Brochet and Dousset 1999), and, on the other, 
NAWM constitutes a great portion of the NABT. Thus, 
it is conceivable that changes in the MTR histogram 
characteristics of the latter compartment mainly 
depend upon diffuse, MRI-undetectable white mat-
ter abnormalities leading to demyelination and loss 
of axons. Admittedly, these speculations need to be 
confi rmed by further studies with a separate analysis 
of white and gray matter MTR histograms in NSLE 
and other SID. Preliminary MT MRI data (personal 
observations, unpublished results) seem to suggest 
that normal-appearing gray matter damage, if any, 
is minimal in SID, independently of the presence of 
overt CNS involvement or T2-visible white matter 
abnormalities. This is in contrast with what has been 
found in MS patients, for whom gray matter damage 
seems to play a central role in the pathobiology of 
CNS dysfunction (Miller et al. 2003).

The potential usefulness of MT MRI as a paraclini-
cal tool to monitor SID evolution is suggested by the 
ability of the technique to differentiate the active from 
the chronic stage of NSLE (Bosma et al. 2000b), as well 
as by the observed, signifi cant association between 
volumetric MT MRI data and NSLE patients’ clinical 
status (Bosma et al. 2002). As regards the application 
of MT MRI to the diagnostic work-up of SID patients 
with CNS disturbances, Bosma et al. (2000a) found 
nearly no overlap between the individual MTR histo-
gram peak height values of NSLE patients and those 
of either SLE patients or healthy controls, yielding a 
95% specifi city in the diagnostic classifi cation of sub-
jects with a cut-off value of 96.8. When the multipa-
rametric model proposed by Rovaris et al. (2000b) 
was used to classify patients with MRI-visible white 
matter abnormalities as MS or SID other than NSLE, 

60% of patients with MS and 91% of those with SID 
were correctly classifi ed. More recently (Rovaris et 
al. 2002), the value of brain MTR histogram-derived 
fi ndings for the differential diagnosis between MS 
and SID other than NSLE in individual cases has been 
investigated. Only one SLE of 44 SID patients had an 
average brain MTR one standard deviation below the 
control group mean value, whereas this was the case 
for 33 of 64 MS patients (52%); the combined evalua-
tion of cervical cord MRI and brain MT MRI fi ndings 
made it possible to correctly classify as MS or SID all 
but one patient, supporting a more extensive use of 
these two techniques to differentiate between MS and 
SID when non-specifi c MRI abnormalities of brain 
white matter are detected. That MT MRI might serve 
as a diagnostic tool in the work-up of SLE patients 
has also been indicated by the preliminary results ob-
tained by Dehmeshki et al. (2002), using a multivari-
ate discriminant analysis approach.

23.4 
Diff usion-Weighted MRI

Diffusion is the microscopic random translational 
motion of molecules in a fl uid system. In the CNS, 
diffusion is infl uenced by the microstructural com-
ponents of tissue, including cell membranes and 
organelles. The diffusion coeffi cient of biological 
tissues (which can be measured in vivo by MRI) 
is, therefore, lower than the diffusion coeffi cient in 
free water and, for this reason, is named apparent 
diffusion coeffi cient (ADC) (Le Bihan et al. 1986). 
Pathological processes which modify tissue integrity, 
thus resulting in a loss or increased permeability of 
“restricting” barriers, can determine an increase of 
the ADC. Since some cellular structures are aligned 
on the scale of an image pixel, the measurement of 
diffusion is also dependent on the direction in which 
diffusion is measured. As a consequence, diffusion 
measurements can give information about the size, 
shape, integrity and orientation of tissues (Le Bihan 
et al. 1991). A measure of diffusion which is inde-
pendent of the orientation of structures is provided 
by the mean diffusivity (MD), the average of the 
ADCs measured in three orthogonal directions. A 
full characterization of diffusion can be obtained in 
terms of a tensor (Basser et al. 1994), a 3×3 matrix 
which accounts for the correlation existing between 
molecular displacement along orthogonal directions. 
From the tensor, it is possible to derive MD, equal to 
one third of its trace, and some other dimensionless 
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indexes of anisotropy, such as fractional anisotropy 
(FA) (Basser and Pierpaoli 1996). Infl ammation 
and demyelination have the potential to alter the per-
meability or geometry of structural barriers to water 
molecular diffusion in the brain white matter, thus 
leading to DW MRI-detectable changes. Recently, a 
preliminary, post mortem high fi eld MRI study of the 
spinal cord of patients with MS (Mottershead et al. 
2003) reported that myelin content and axonal den-
sity of the specimens correlated strongly with diffu-
sion anisotropy, but only weakly with ADC values.

Available DW MRI studies of SLE patients 
(Moritani et al. 2001; Bosma et al. 2003; Jennings 
et al. 2003) reveal that areas with decreased ADC val-
ues, corresponding to T2-visible white matter lesions, 
can be seen in 10%–20% of patients (Moritani et 
al. 2001; Jennings et al. 2003), suggesting the pres-
ence of acute or subacute ischemic damage. Less 
frequently, ADC values can be increased within 
T2-isointense or slightly T2-hyperintense lesions 
(Moritani et al. 2001), indicating the presence of va-
sogenic edema or demyelination. Bosma et al. (2003), 
using a histogram analysis technique, found that the 
average ADC values in the brain of 11 NSLE patients 
were signifi cantly higher than those of age-matched 
healthy controls, even though the visual inspection 
of DW images did not reveal other abnormalities 
than those visible on the corresponding T2-weighted 
MRI scans, i.e. subtle white matter hyperintensities, 
in about 50% of these patients. These data are con-
sistent with those obtained using MT MRI (Rovaris 
et al. 2000b; Bosma et al. 2000a, b), indicating the 
presence of diffuse, structural brain damage. On the 
contrary, DW MRI studies of NBD (Hiwatashi et al. 
2003; Kunimatsu et al. 2003) show that both acute 
and chronic white matter lesions have higher ADC 
values than the NABT areas, confi rming the primarily 
infl ammatory pathogenesis of white matter damage 
in this condition.

23.5 
Magnetic Resonance Spectroscopy

MRS can complement conventional MRI in the as-
sessment of patients with CNS disorders, by defi n-
ing several chemical correlates of the pathological 
changes occurring within and outside T2-visible 
lesions (De Stefano and Federico 2001). Proton 
MRS of the brain at long echo times reveals major 
resonances from tetramethylamines [mainly from 
choline-containing phospholipids (Cho)], from cre-

atine and phosphocreatine (Cr) and from N-acetyl 
groups [mainly N-acetyl-aspartate (NAA)]. Reduced 
N-acetyl aspartate (NAA) levels are associated with 
axonal dysfunction, while increased Cho, inositol and 
lactate concentrations are correlated with membrane 
turnover, possibly secondary to infl ammation and 
demyelination (De Stefano and Federico 2001).

Partially confl icting results have been achieved by 
MRS studies of patients with SLE and CNS involve-
ment (Davie et al. 1995; Chinn et al. 1997; Sibbitt et 
al. 1997; Sabet et al. 1998; Friedman et al. 1998; Lim 
et al. 2000; Handa et al. 2003). Sibbitt et al. (1997) 
found that lower NAA/Cr and higher lipid levels in 
the NAWM of patients with major symptoms of NSLE 
than in patients without or with minor CNS distur-
bances. Increased lipid levels were not associated 
with the presence of T2-visible white matter lesions. 
These fi ndings have been confi rmed by more recent 
studies (Lim et al. 2000; Handa et al. 2003). Other au-
thors (Davie et al. 1995), however, failed to demon-
strate signifi cant correlations between MRS-derived 
measures and presence or severity of neuropsychiat-
ric symptoms. In the latter study (Davie et al. 1995), 
the pattern of MSR abnormalities did not allow dif-
ferentiation of SLE lesions from MS plaques. Sabet 
et al. (1998) investigated the MRS patterns of SLE 
patients with or without secondary APS. They found 
that the burden of T2-weighted MRI abnormalities 
and the severity of brain atrophy were signifi cantly 
higher in SLE patients with APS than in those with-
out. In addition, in SLE patients with APS, NAA/Cr 
levels were signifi cantly decreased and Cho/Cr levels 
increased when compared to normal controls and pa-
tients without APS. These changes were present both 
within MRI-visible white matter lesions and in the 
NAWM. Interestingly, the results of a linear regres-
sion analysis showed that reduced NAA/Cr was more 
closely related to increased levels of IgG antiphos-
pholipid antibodies (aPL) than the presence of APS. 
These data suggest that the presence of aPL indicates 
an increased risk for brain injury in SLE patients, in-
dependently of the development of concomitant APS. 
The presence of brain abnormalities at a microscopic 
level might be a consequence of direct, immune-me-
diated tissue damage secondary to SLE more than the 
result of diffuse ischemic injury due to APS. However, 
these fi ndings may also be consistent with a direct in-
teraction between IgG aPL and brain cells, leading to 
progressive tissue damage in SLE patients with aPL 
positivity, even when the clinical features of APS are 
absent. On the other hand, Friedman et al. (1998), in 
an MRI/MRS study of 42 patients with SLE, reported 
a signifi cant association between small, focal white 
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matter lesions and decreased NAA/Cr ratios, as well 
as between increased Cho/Cr ratios and cerebral 
infarctions, concluding that cerebrovascular abnor-
malities may be the basis of diffuse cerebral damage 
in NSLE, with small vessel injury as the major fac-
tor responsible for white matter axonal loss. Recently, 
an MRS study (Cellerini et al. 2003) of 17 BD pa-
tients has found that NAA/Cr and Cho/Cr levels in 
the NAWM do not differ between patients and age-
matched healthy controls, nor between patients with 
and those without CNS disturbances. MR spectra 
from contrast-enhancing white matter lesions were 
also obtained in two cases, both in the acute phase 
and at follow-up, showing a normalization of NAA/
Cr and Cho/Cr values after steroid therapy.

23.6 
Conclusions

Conventional MRI can demonstrate the presence of 
white matter focal damage in the brain of patients 
with SID, but the observed patterns of T2-visible le-
sions have a limited diagnostic specifi city, as well 
as a modest correlation with the clinical manifesta-
tions of CNS dysfunction related to these disorders. 
Available data underpin the need for developing stan-
dardized criteria for diagnostic image interpretation 
in the work-up of patients with SID, similar to what 
has been done for MS, with particular emphasis on 
cases at the onset of the neurological disturbances. 
The integration of brain scanning with imaging of the 
spinal cord might reasonably improve the diagnostic 
value of conventional MRI fi ndings when a differen-
tial diagnosis between MS and SID has to be made.

Quantitative MR-based techniques seem to be able 
to contribute both to the in vivo investigation of white 
matter pathology in SID and to the diagnostic work-
up of individual patients. The results of MT MRI, DW 
MRI and MRS studies of NSLE were all consistent 
with the presence of clinically relevant NAWM dam-
age in this condition, whereas this does not seem to 
be the case for other SID. The pathogenesis of NAWM 
damage in NSLE might be secondary to both small-
vessel ischemic injury and immune-mediated brain 
tissue disruption. The few available data obtained in 
patients with BD seem to indicate that the pathobiol-
ogy of white matter damage in this condition is pri-
marily infl ammatory-based and limited to T2-visible 
abnormalities. Further multiparametric and longi-
tudinal studies will probably allow us to better de-
fi ne the role of quantitative MR-based techniques for 

helping in the diagnostic work-up of SID, investigat-
ing the natural course of these diseases and, ideally, 
providing surrogate markers of disease evolution to 
monitor treatment effi cacy in experimental trials.
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24.1
Introduction

Defi ning what is normal and abnormal in the aging 
brain is a problematic task, and defi ning normal-
ity and abnormality of the changes that the white 
matter is subject to is even more. Age-associated 
brain changes develop over a continuum and become 
symptomatic (for example with the development of 
memory disturbances) only after a given threshold 
is overcome, such that sub-threshold changes may 
be regarded as normal and above-threshold changes 
as abnormal while they actually are only different 
severity stages of the same pathophysiological proc-
ess. To complicate things further, the symptomatic 
threshold of one type of age-associated lesions (say 
subcortical microvascular disease) is modulated by 
the presence and severity of lesions with a different 
pathophysiology (senile plaques and neurofi brillary 
tangles) that may also become symptomatic with a 
threshold effect. These are the main reasons why the 
clinical effect of age-associated white matter changes 
has been hotly debated in the last 20 years and the 
issue is still only partly resolved.
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24.2
Macrostructural Changes

24.2.1
Volume Changes

The volume of the white matter – relative to the 
intracranial volume – increases until middle age 
and decreases afterwards (Hildebrand et al., 1993). 
Guttmann et al. (1998) have measured white matter 
volume in 72 healthy volunteers aged between 18 and 
81 years and found that the volume remained stable 
until around age 50, to decrease signifi cantly after-
wards: beginning at age 60, the proportion of persons 
with white matter volumes below 2 SD below the 
mean for 20-year-old subjects increased progressively 
and at age 80 none had volumes above such value 
(Guttmann et al., 1998). These fi ndings have been 
confi rmed by another MR-based structural study on 
the frontal lobe of 70 healthy men aged 19 to 76 years 
showing that white matter volume increased until age 
44 years for the frontal lobes and age 47 years for the 
temporal lobes and then declined (Bartzokis et al., 
2001). Based on personal data on 229 healthy subjects 
(71 men and 158 women) of 40 years of age and older, 
we have found a quadratic relationship of age with 
white matter volume with decrease starting around 
age 50 with no right-left difference. The relationship 
was quadratic in men and women, but white matter 
loss was more accentuated in men (Riello et al., 
2005) (Fig. 24.1). 

Other studies have suggested differential aging 
of the white matter in men and women. Murphy et 
al. (1996) have found that the effect of aging on the 
brain in men affects more the frontal and temporal 
lobes, and in women the parietal lobes and the hip-
pocampus. This makes sense in view of the higher 
frequency of Alzheimer disease (affecting primarily 
the hippocampus) in women and of white matter dis-
ease such as subcortical vascular dementia (affecting 
mainly the frontal lobes) in men. Dubb et al. (2003) 
have carried out a sophisticated voxel based analy-
sis of the callosum and found that the anterior part 
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of the callosum (the splenium) contracts with age in 
men more than in women. The greater white matter 
loss in men might be related to vascular diseases 
and vascular risk factors, that are known to be more 
prevalent in men. The hypothesis is supported by 
observations indicating that hypertension is associ-
ated with smaller brain volumes (Heijer et al., 2003; 
Goldstein et al., 2002).

A few studies have failed to fi nd age-related white 
matter loss but all included few subjects above age 40 
(Good et al., 2001; Gur et al.,1999). 

The above fi ndings on volumetric changes of the 
white matter are at odds with shrinkage of the gray 
matter, that starts much earlier, around age 20, sug-
gesting that the neurobiological bases of the changes 
might be different.

Recently, a few studies have been carried out with 
prospective MR imaging showing brain tissue loss in 
cognitively normal persons with aging (Resnick et 
al., 2003; Scahill et al., 2003; Tang et al., 2001). Few 
studies have disaggregated the effect of aging on the 
gray and white matter. Resnick and colleagues have 
quantifi ed the scans of 92 non demented older adults 
between 59 and 85 years of age using scans taken 
at baseline and after 2 and 4 years (Resnick et al., 
2003). They found widespread white matter loss in 
the frontal, parietal, temporal, and occipital lobes 
between –0.43 and –0.58% per year in the subgroup 
of 24 healthy persons, while loss in those 68 with some 
medical problems was about 40% greater. Notably, 
gray matter loss had a more regional effect (greater 
loss in the parietal lobes) and was more affected by 
medical problems (about 100% greater in those with 
medical problems). 

24.2.2
White Matter Hyperintensities

24.2.2.1
Morphologic Features

WMHs can be grouped according to morphologic 
features into smooth caps or halo, punctate, and con-
fl uent. The smooth caps and halo are located in the 
periventricular white matter adjacent to the ependi-
mal layer. Caps are usually less than 10 mm thick, 
and the halo tends to be progressively thinner from 
anterior to posterior (Fig. 24.2). 

Punctate and confl uent lesions can be located in 
the periventricular or deep white matter (Fig. 24.2). 
Punctate hyperintensities are small (diameter less 
than 5 mm), round, with a regular boundary, and 
tend to be multiple in the same patient. Confl uent 
lesions are larger than punctate (usually >5 mm), 
have irregular shape and boundaries, and seem to be 
originated by the confl uence of smaller lesions. When 
periventricular, confl uent lesions tend to be separated 
by the ventricles or the smooth periventricular halo 
by a more or less thin region of apparently normal 
white matter. 

24.2.2.2
Pathophysiology 

The periventricular caps or halo – which strictly 
speaking should not be called “lesions” – are sym-
metrical and can outline the ventricles more or less 
completely. A number of studies have shown that 
these hyperintensities develop as a consequence of 

Fig. 24.1 Age effect on fractional white matter volumes in 71 healthy men (fi lled dots) and 158 women (open dots). Lines denote 
quadratic regression functions of white matter volumes on age in men (solid line) and women (dashed line) in the left hemi-
sphere (left panel) and right hemisphere (right panel). From: Riello et al., 2005.
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Table 24.1. Pathophysiology and pathology of white matter hyperintensities.

 Primary Predisposing factors Pathophysiology Pathology    
 cause

Caps & halo Non  Loose network of myelinated fi bers Chronic oedema causing  Ependymitis granularis
 vascular Convergence of interstitial water fl ow  demyelination Subependymal gliosis 
  with large veins  Band with reduced staining 
  In Alzheimer’s: looser arrangement    for myelin (demyelination)  
  of fi bers following cerebral atrophy   Vascular arteriolar changes absent 

Punctate Vascular Hypertension, diabetes, hypotension Arteriolosclerosis > impaired Enlargement of the perivascular 
   diffusion of nutrients  space
   Water hammer effect
 Unknown Unknown Unknown No pathological fi ndings

Confl uent Vascular Hypertension, diabetes, hypotension Chronic ischemia > reactive Different degrees of gliosis, myelin 
   glial changes > breakdown  loss, axonal rarefaction, and   
   of myelinated fi bers > gliosis complete axonal loss

Fig. 24.2 Periventricular caps (c), caps and halo (ch), punctate (p) and confl uent (cnf) hyperintensities of the white matter. 
Lacunar cavitations can be seen in (D) within the more severe confl uent white matter hyperintensities.

local non vascular conditions including the loose net-
work of myelinated fi bers, the convergence of the fl ow 
of interstitial water to this area with large veins, and 
the frequently observed disruption of the ependy-
mal layer (ependymitis granularis) (Fazekas et al., 
1998a; Sze et al., 1986) (Table 24.1). Histopathologi-
cal fi ndings are disruption of the ependymal lining 
– which might lead to accumulation of CSF in the 
periventricular white matter – with a thin rim of 
subependymal gliosis and a wider, smooth band of 
white matter tissue with reduced staining for myelin 
around the lateral ventricles (Fazekas et al., 1998a; 
Sze et al., 1986) (Table 24.1). Notably, vascular arteri-
olar changes are absent (Fazekas et al., 1993). These 
hyperintensities have the same pathological sub-
strate in cognitively normal persons and in patients 
with Alzheimer disease (Scheltens et al., 1995). In 
Alzheimer disease an additional pathogenetic mech-
anism might be the looser arrangement of fi bers fol-
lowing cerebral atrophy (Fazekas et al., 1998a), as 

supported by the observation of a signifi cant correla-
tion between ventricular enlargement and the thick-
ness of periventricular hyperintensity (Fazekas et 
al., 1996) (Table 24.1). The reported demyelination 
of the smooth caps and halo (Sze et al., 1986) might 
be due to chronic oedema, which has been shown to 
cause demyelination (Feigin & Popoff, 1963). 

Punctate hyperintensities can be associated with 
variable histopathologic correlates (Fazekas et al., 
1998b), but most studies argue for perivascular tissue 
changes as the prevailing morphologic substrate 
(Fazekas et al., 1998a)  (Table 24.1). Pathophysi-
ological mechanisms include impaired diffusion of 
nutritional compounds through thickened vessel 
walls (Kirkpatrick & Hayman, 1987; van Swieten 
et al., 1991), mechanic damage to the surrounding 
tissue by a water hammer effect of pulsating arteri-
oles (Awad et al., 1986) or both. Interestingly – and 
in agreement with epidemiological studies showing 
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lack of progression over time – at least one study 
suggests that many punctate white matter hyperin-
tensities are associated with no detectable changes on 
pathology (Fazekas et al., 1993) (Table 24.1). What-
ever the pathophysiology, it needs to be stressed that 
punctate white matter hyperintensities usually do not 
represent lacunar infarcts (Fazekas et al., 1991).

Confl uent hyperintensities are virtually always 
caused by chronic ischemia of white matter whose 
perfusion is provided by small arterioles with diam-
eter smaller than 150 µm - the occlusion of arterioles 
larger than 400 µm leading to the development of 
lacunes (Fig. 24.3 and Table 24.1). It has been pro-
posed that the fi rst event following ischemia is reac-
tive glial changes at the boundaries of the ischemic 
area, followed by breakdown of myelinated fi bers 
within the area and fi nally gliosis (Fazekas et al., 
1998a). Chronic ischemia is caused by vessel wall 
damage and abrupt changes of perfusion pressure. In 
hypertensive patients these are both common events, 
the latter being due to the hypertensive disease itself 
or by co-occurring hypotensive drug assumption 
(Fig. 24.3). The absence of signifi cantly increased 
white matter changes in patients with dilatative car-
diomyopathy argues against signifi cant effects of per-
fusion pressure without a disturbed autoregulation 
or coexisting microvascular changes (Schmidt et al., 
1991). Sometimes confl uent lesions are categorized as 
early confl uent and late confl uent (or confl uent tout 
court) based on the possibility to recognize the origi-
nal lesions whose enlargement produces confl uence 
(Schmidt et al., 2003); however, the pathophysiology 
is the same.

Unfortunately, conventional MRI techniques 
cannot separate the different degrees of white matter 
damage of gliosis, myelin loss, axonal rarefaction, 

and complete axonal loss. Recently, new techniques 
have been developed that allow to assess the micro-
structural integrity of the white matter with greater 
accuracy (see section on microstructural changes). 
The different microstructural severity within WMHs 
but also in the normally appearing white matter may 
explain the heterogeneity of clinical correlates of 
patients with WMHs and the relatively poor corre-
lation between the extent of signal hyperintensities 
and neuropsychologic defi cits. 

24.2.2.3
Natural history and clinical correlates 

A large epidemiological study using prospective MR 
scans has assessed the natural history of punctate 
and confl uent WMHs (Schmidt et al., 2003) show-
ing that punctate are not progressive while confl uent 
hyperintensities have a striking tendency to progress 
over time. In the Austrian Stroke Prevention Registry, 
296 persons aged 50 to 75 were scanned at baseline 
and after 6 years. Persons with no WMHs at base-
line did not develop new lesions on follow-up and 
the volume change from baseline of persons with 
punctate hyperintensities (Fig. 24.4a) was on average 
0.2 cm3. On the contrary, persons with early confl uent 
(Fig. 24.4b) and confl uent lesions (Fig. 24.4c) had a 
lesion volume change of 2.7 and 9.3 cm3. 

This observation together with the notion that punc-
tate hyperintensities can have no pathological substrate 
suggests that isolated punctate hyperintensities – even 
when multiple – may be benign and non progressive 
(Fazekas et al., 1993). However, recent fi ndings seem to 
challenge this conclusion that will need to be addressed 
in further studies (MacLullich et al., 2004). 

Population-based epidemiological studies indicate 
that WMHs are associated with poorer prevalent and 

Fig. 24.3 Hypertension and hypotension 
in the pathophysiology of confl uent white 
matter hyperintesities and lacunes.
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incident cognitive perfomance, psychomotor slowing, 
and balance disturbances in normal elderly persons. 
A relation has been found between age-related decline 
in intelligence and cerebral WMHs in healthy octoge-
narians (Garde et al., 2000). Sixty-eight healthy non-
demented individuals were tested with the Wechsler 
adult intelligence scale at ages 50, 60, 70, and 80, and 
cerebral MRI was taken at age 80–82. Both periven-
tricular and deep WMHs were signifi cantly associated 
with decline in performance IQ from age 50 to age 80 
years (bivariate correlation coeffi cients 0.32, p=0.009, 
and 0.28, p=0.02, respectively). However, despite the 
statistical signifi cance, these results indicate that only 
about 10% of the variance of cognitive deterioration 
that develops over decades in the elderly is attribut-
able to WMHs, implying that WMHs might be more 
relevant in persons whose cognitive deterioration 
develops over a shorter time span or – not mutually 
exclusively – that other factors (for example genetic 
factors or neurodegeneration) play a more relevant 
role. This fi nding has been more recently confi rmed 
with data from the Rotterdam scan study that allowed 
to show increased risk for incident of dementia (hazard 
ratio of 1.7 for periventricular WMHs) (Prins et al., 
2004) and greater cognitive deterioration (between 
–0.10 and –0.25 points of MMSE change per year) (De 
Groot et al., 2002), while silent lacunes in the white 
matter and basal ganglia have been found associated 
with grater risk of incident dementia (hazard ratio of 
2.0) and decline of psychomotor speed (Vermeer et 
al., 2003). 

Balance measures were investigated in over 700 
community-dwelling older men and women in a 
Norwegian epidemiologic study. A summary of the 

balance measures was signifi cantly related to WMHs 
even after adjustments for sex, race, age, cardiovas-
cular disease, and hypertension (Tell et al., 1998). 
These epidemiological fi ndings are credible in view of 
results obtained in clinical groups, where WMHs have 
been found associated with L-DOPA non-responsive 
parkinsonism (Zijlmans et al., 1995). While a rela-
tionship has been found between prevalent and pro-
gressive WMHs and refractory and relapsing late life 
depression (O’Brien et al., 1998; Taylor et al., 2003), 
a relationship has not yet been described in epide-
miological populations.

It should be highlighted that to date there is no 
published evidence that the increase of size of con-
fl uent WMHs is associated with accelerated cognitive 
or psychomotor decline – which would be the fi nal 
proof of causation.

24.3
Microstructural Changes

The macrostructural appreciation of WMHs through 
T2-weighted MR imaging refl ects variable pathologi-
cal substrates, ranging from increased water content 
to irreversible demyelination and axonal loss. Also, 
such an approach does not provide any hint about 
the status of the remaining apparently normal white 
matter. Recently developed techniques allow to better 
resolve the different degrees of anatomical damage 
that the white matter can be subjected to in aging.

Some studies have found that the aging-associated 
microstructural damage to the white matter is more 

Fig. 24.4a–c Different morphologic features of white matter hyperintensities have different natural history. The volume change 
over 6 years of punctate hyperintensities (a), early confl uent (b), and confl uent lesions (c) was 0.2, 2.7, and 9.3 cm3. From: 
Schmidt et al., 2003.  

a b c
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marked in the frontal than other brain regions, both in 
the hemispheric white matter and in the corpus callosum 
(Sullivan & Pfefferbaum, 2003; Sullivan et al., 2001; 
O’Sullivan et al., 2001; Chun et al.,  2000; Nusbaum 
et al., 2001; Abe et al., 2002). In a study by Sullivan and 
colleagues on 18 women and 31 men between 23 and 
79 years of age (Sullivan et al., 2001), some measures 
of balance, gait, and motor performance were found to 
be signifi cantly associated with fractional anisotropy (a 
measure of white matter tract disruption) in the sple-
nium of the corpus callosum. Notably, the association 
of motor performance measures was stronger with frac-
tional anisotropy than age, suggesting that white matter 
tract disruption might be the neurobiological basis of 
some motor defi cits that develop in old age. 

The study of age-associated microstructural 
changes of the white matter associated with aging is 
still in its infancy and more studies will be needed 
to understand their functional relevance both within 
and without obvious T2 changes.
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25.1 
Introduction and Historical Background

Leukoaraiosis (LA) is a neologism coined in the late 
1980s (Hachinski et al. 1987) from the Greek root 
leuko- (white), and the Greek adjective araios (rar-
efi ed), that was meant to represent a radiographic phe-
nomenon rather than a distinct entity (Merino and 
Hachinski 2000). It represented an effort to further 
characterize the common fi nding of diffuse white mat-
ter changes observed in CT scan originally and sub-
sequently on MRI in elderly individuals, particularly 
in those with cognitive impairment and vascular risk 
factors. As has been emphasized, it was to be a 
“...neutral term, exact enough to defi ne white-mat-
ter changes in the elderly or the demented, general 
enough that it serves as a description and a label, and 
demanding enough that it calls for a precise clinical 
and imaging description accompanied when possible 
by pathologic correlations” (Hachinski et al. 1987).

Although patients with cerebrovascular disease 
may have white matter abnormalities related to 
large-vessel, embolic or ischemic-hypoxic etiologies, 
by far small-vessel disease is believed to be the most 
common substrate in cases of diffuse, bilateral, pref-
erential white matter involvement. Therefore, we will 
concentrate our review on this topic.

Since the term leukoaraiosis was fi rst introduced, 
much has been written on the subject and our un-
derstanding of white matter changes in the elderly 
has grown signifi cantly. We shall review the current 
understanding of this phenomenon and the role that 
MRI technology plays in the characterization and re-
search endeavors on this condition.

25.1.1 
Historical Background

The study of white matter changes related to vascu-
lar etiologies has been plagued by much confusion 
of terms and unjustifi ed assumptions. A brief, but 
thorough review of the history will help defi ne some 
terms and hopefully establish a clear nomenclature.

Lacunes. From the Latin lacuna (a tiny hole or cav-
ity), are small cavities within the substance of the 
brain associated with small perforating vessel disease 
ranging from 1–15 mm in size and most commonly 
located in the basal ganglia, internal capsule, corona 
radiata and brainstem. They were probably fi rst de-
scribed by Amedée Dechambre in 1838 (Dechambre 
1838; Roman 2002) who concluded that “Lacunes re-
sult from liquefaction and partial re-absorption in the 
center of the [cerebral] softening…” (Roman 2002). 
In 1843 Durand-Fardel confi rmed Dechambre’s fi nd-
ings (Durand-Fardel 1843), and in 1894 Alzheimer 
and Binswanger described “arteriosclerotic brain at-
rophy”, a condition characterized by multiple lacunar 
strokes involving the internal capsule, basal ganglia, 
and the white matter of the centrum ovale associ-
ated with arteriosclerosis of cerebral blood vessels 
(Alzheimer 1894; Binswanger 1894).
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Pierre Marie provided the best clinicopathological 
correlation study of lacunes and dubbed the term état 
lacunaire to represent multiple, recurrent episodes of 
weakness in the elderly accompanied by pseudobul-
bar palsy, gait disturbance and incontinence (Marie 
1901).

It was CM Fisher who defi ned the nature and etiol-
ogy of the vascular pathology causing lacunes, and 
described many clinical syndromes that can be read-
ily diagnosed as lacunar (Fisher 1965, 1969; Caplan 
2000).

Etat criblé. Dilatation of perivascular spaces around 
cerebral arterioles of elderly patients was fi rst de-
scribed by Durand-Fardel. Unfortunately, it has 
been a source of confusion with état lacunaire and 
should be reserved for the punctiform perivascular 
dilatation confi ned to the basal ganglia and the white 
matter that is frequently identifi ed on MRI (Roman 
2002).

Leukoaraiosis. This term has already been covered 
in Sect. 23.1. We just want to reiterate that it repre-
sents a descriptive term that literally means rarefac-
tion of the white matter as seen on CT or MRI scans 
and is not a distinct entity by itself. More than likely 
many conditions lead to this state and the ultimate 
hope should be that “the eventual obsolescence of 
the term as labeling is replaced by understanding” 
(Hachinski et al. 1987).

The chronic white-matter abnormalities fi rst described 
by Otto Binswanger (Caplan and Schoene 1978; 
Caplan 1995; Blass et al. 1991). Binswanger sought 
to separate the pathological and clinical fi ndings of 
syphilitic general paralysis from other conditions 
that caused mental and physical deterioration but 
had different pathologic and clinical fi ndings. He was 
a very prominent German neuropathologist whose 
original article appeared in a weekly medical newspa-
per. Although Binswanger promised further reports 
of the pathology, apparently none were ever forth-
coming. Alzheimer and Nissl, prominent students of 
Binswanger, later commented on the pathology of the 
condition that their teacher Binswanger described 
and emphasized chronic atrophy, gliosis and loss of 
myelin in the cerebral white matter. Olszewski, in a 
review of the history and pathology of the condition, 
used the term “subcortical arteriosclerotic encepha-
lopathy“ (Olszewski 1965).

More recently, a number of authors have reviewed 
the clinical and pathological fi ndings in a series of 
cases of Binswanger disease (Caplan and Schoene 

1978; Babikian and Ropper 1987; Fisher 1989; 
Caplan 1995).

Grossly visible in the cerebral white matter are 
confl uent areas of soft, puckered, and granular tissue. 
These areas are patchy and emphasize the occipital 
lobes and periventricular white matter, especially an-
teriorly and close to the surface of the ventricles. The 
cerebellar white matter is also often involved. The 
ventricles are enlarged, and at times, the corpus callo-
sum is small. The volume of white matter is reduced, 
but the cortex is generally spared. There are nearly al-
ways some lacunes. Microscopic study shows myelin 
pallor. Usually, the myelin pallor is not homogeneous, 
but islands of decreased myelination are surrounded 
by normal tissue. At times, the white-matter abnor-
malities are so severe that necrosis and cavitation oc-
cur. Gliosis is prominent in zones of myelin pallor. 
The walls of penetrating arteries are thickened and 
hyalinized but occlusion of the small arteries is rare. 
Occasional patients with Binswanger white-matter 
changes have had amyloid angiopathy as the under-
lying vascular pathology (Gray et al. 1985; Dubas 
et al. 1985; Loes et al. 1990; Tournier-Lasserve et 
al. 1991; Mas et al. 1992). In these patients, arteries 
within the cerebral cortex and leptomeninges are 
thickened and contain a congophilic substance that 
stains for amyloid. Arteries within the white matter 
and basal ganglia are also concentrically thickened.

The clinical picture in patients with Binswanger 
white matter abnormalities is quite variable. Most pa-
tients have some abnormalities of cognitive function 
and behavior. Most often, patients become slow and 
abulic. Memory loss, aphasic abnormalities, and vi-
suospatial dysfunction are also found. Pseudobulbar 
palsy, pyramidal signs, extensor plantar refl exes, and 
gait abnormalities are also common. The clinical 
fi ndings often progress gradually or stepwise, with 
worsening within periods of days to weeks. Often, 
there are long plateau periods of stability of the fi nd-
ings (Caplan and Schoene 1978; Caplan 1995; 
Babikian and Ropper 1987). Many patients also 
have acute lacunar strokes.

25.2 
Epidemiological Aspects of Leukoaraiosis

The prevalence of white matter changes (WMCs) 
on MRI in various population-based studies has 
ranged from 62% to 95% (Vermmer et al. 2002; 
Longstreth et al. 1996; Breteler et al. 1994; 
Ylikoski et al. 1995; Lindgren et al. 1994; Liao 
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et al. 1997). In patients with vascular dementia 
WMCs are found in 80%, while subcortical changes 
are reported in 50% of such patients (Ghika and 
Bogousslavsky 1996). In Alzheimer disease the 
prevalence of WMCs varies between 26% and 70%, 
whereas subcortical changes are found in 20%–25% 
(Martinez-Lage and Hachinski 1998). The prev-
alence of LA in cognitive intact patients older than 
60 years has been reported to range between 8% and 
100% depending on the imaging method used (CT 
Vs. MRI) and the population studied (Ghika and 
Bogousslavsky 1996).

Stroke and LA share many risk factors. The effect 
of age has been shown repeatedly and consistently 
and is currently considered the most important risk 
factor for LA. In a CT study of WMCs in demented pa-
tients versus age- and sex-matched controls the mean 
age of subjects with LA was signifi cantly higher ( 74.9 
Vs. 70.5) (Inzitari et al. 1987). In another study, in-
cidental subcortical lesions were identifi ed on MRI 
in 51% of subjects between 41–60 years of age, while 
in individuals older than 60 years the prevalence of 
these lesions was an impressive 92% (Awad et al. 
1986).

Other associated factors include a prior history of 
stroke, hypertension, cardiac diseases, diabetes mel-
litus, smoking, lower income and education and pos-
sibly orthostatic hypotension and increased levels 
of fi brinogen and factor VIIc (Inzitari et al. 1987; 
Leys et al. 1999; Hénon et al. 1996; Hijdra et al. 
1990; Roman et al. 2002; Breteler et al. 1994; Raiha 
et al. 1993). Of these, hypertension and stroke have 
been the most consistent associations, particularly 
for subcortical rather than periventricular lesions 
(Merino and Hachinski 2000). In the dementia 
study of the University of Western Ontario the preva-
lence of hypertension was twice as much in patients 
with LA than in LA-free subjects, whereas a previous 
stroke was four times more likely in patients with LA 
(Inzitari et al. 1987). This association is also true 
for asymptomatic patients in whom a prior history 
of brain ischemia and history of arterial hyperten-
sion are associated with an increase in the prevalence 
of incidental lesions in the white matter (Awad et al. 
1986).

Leukoaraiosis is also known to progress over time. 
In the Austrian stroke prevention study almost 18% 
of the subjects had progression of LA over a period of 
3 years (Schmidt et al. 2002), while Whitman et al. 
(2001) documented a 1.1±1.8 cm3 mean volume in-
crease of LA over 4 years. The only factors that have 
been associated with the progression of LA include 
the degree of white matter hyperintensities and the 

presence of confl uent lesions at baseline, as well as 
diastolic blood pressure (Schmidt et al. 2002, 2003; 
Veldink et al. 1998).

25.3 
Pathophysiology of Leukoaraiosis

Several theories try to explain the occurrence of white 
matter abnormalities in elderly individuals, but none 
has been conclusively proven (Table 23.1). Of these, 
chronic ischemia with incomplete infarction of the 
white matter is the most widely accepted (Pantoni 
and Garcia 1997).

Table 25.1. Pathophysiology of white matter changes

Ischemia
Abnormalities in CSF circulation
White matter edema and blood–brain barrier abnormalities
Matrix metalloproteinases
Ischemic axonopathy
Apoptosis

Most of the blood supply to the white matter is 
through long perforating branches that originate 
from superfi cial vessels. These perforating arteries are 
small (average diameter 100–200 µm), arise at right 
angles and do not arborize (van den Bergh and van 
der Eecken 1968). The periventricular white matter 
is supplied by ventriculofugal vessels from subepen-
dymal arteries. Anastomoses between these two sys-
tems are rare (Ravens 1974). This pattern of blood 
supply creates a border zone in the white matter that 
makes it prone to damage with reductions in cerebral 
blood fl ow.

It is believed that a myriad of risk factors lead to 
small vessel stenosis which, particularly in the pres-
ence of hypotension and hypoperfusion, results in 
chronic, recurrent ischemia of the susceptible white 
matter (Pantoni 2002). Impaired autoregulation 
(Ohtani et al. 2003), rheological factors (i.e. in-
creased plasma viscosity) (Caplan 1995), and selec-
tive vulnerability of oligodendrocytes (Tomonaga et 
al. 1982) may contribute to the ischemic damage.

Abnormalities in CSF circulation have also been 
implicated in the pathogenesis of LA (Murata et 
al. 1981). In normal pressure hydrocephalus for in-
stance, ventriculomegaly may raise the periventricu-
lar interstitial pressure causing ischemia. Ependymal 
dysfunction could also lead to CSF leakage and the 
formation of interstitial edema (Roman 1991).
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It has been known for many years that conditions 
associated with chronic brain edema (i.e. tumors) 
may induce white matter abnormalities similar to 
those of LA (Feigin 1963). Chronic hypertension may 
lead to disruption of the blood–brain barrier result-
ing in increased interstitial fl uid and protein content 
(Nag 1984). Abnormalities in the periventricular ve-
nules in patients with LA have also been documented 
(Moody et al. 1995), and may be another mechanism 
responsible for white matter edema.

Alterations in extracellular matrix metabolism 
with excess of macromolecules in patients with LA 
have been identifi ed. A diffuse microglial infl am-
matory response was seen in patients with vascular 
dementia. These microglial cells and macrophages 
express high levels of matrix metalloproteinase 3 
(MTP-3), similar to patients with ischemic stroke. 
Based on these fi ndings, MTP-3-induced white mat-
ter abnormalities has been postulated as a pathogenic 
mechanism in LA (Rosenberg et al. 2001).

Another theory suggests that LA represents an 
ischemic axonopathy and that the primary inciting 
event is actually neocortical ischemia (Ball 2003). 
According to this, cortical hypoperfusion induces sec-
ondary axonal depletion (Ball 1988). Finally, apop-
tosis has also been implicated in the pathogenesis of 
LA (Brown et al. 2000). A preliminary report showed 
increased DNA fragmentation in oligodendrocytes in 
areas of LA, without evidence of necrosis, (Brown et 
al. 2000) further supporting apoptotic mechanisms. 

25.4 
Leukoaraiosis and Stroke Subtype

25.4.1 
Leukoaraiosis and Lacunar Infarcts

Clinical, pathological, and imaging studies have 
reported the association between LA and lacunar 
strokes. By far, patients with lacunar infarcts have 
the highest frequency of subcortical and deep white 
matter changes of any stroke subtype, and the extent 
of these changes also seems to be more severe in this 
stroke category (Mäntylä et al. 1999). In a chronic 
progressive form of cerebrovascular disease, known 
to be highly associated with LA, up to 77.5% of the 
patients have been found to have evidence of small 
vessel disease and lacunar strokes (Domínguez et al. 
2002). LA is also found more frequently in patients 
with deep infarcts (8%) than in those with cortical 

strokes (0.8%) (Bogousslavsky et al. 1987), and the 
progression of white matter changes is more pro-
nounced in patients with lacunar infarcts (Boon et 
al. 1994).

While there is little doubt that there is a strong as-
sociation between LA and lacunar strokes, the signif-
icance of this association is still unknown. Although 
small vessel disease is thought to be a pathological 
substrate in both conditions, it does not reconcile the 
fact that LA and lacunes are located in different vas-
cular territories (basal ganglia and deep white mat-
ter for lacunes versus the territory of the superfi cial 
penetrating branches of large cerebral arteries in LA) 
(Furuta et al. 1991).

25.4.2 
Leukoaraiosis and Large Artery Strokes

It is generally accepted that there is poor correlation 
between LA and territorial infarcts. Large vessel dis-
ease and cardioembolic sources were found in 7.5% 
and 5%, respectively, of a cohort of patients with 
chronic progressive cerebrovascular disease and LA 
(Domínguez et al. 2002). In another study, neither the 
degree of carotid stenosis, nor the presence of plaque 
ulceration were associated with LA (Streifl er et al. 
1995), and even though some degree of carotid artery 
atherosclerosis is frequently found at autopsy in pa-
tients with LA (Hijdra and Verbeeten 1991; Gupta 
et al. 1988), the diffuse white matter changes seem to 
correlate better with the degree of lipohyalinosis of 
the medullary arteries (Furuta et al. 1991).

25.4.3 
Leukoaraiosis and Intracerebral Hemorrhage

There is emerging data that suggest that LA is a strong 
and independent risk factor for intracerebral hemor-
rhage (ICH). In hypertensive patients the coexistence 
of LA, lacunar infarcts, and ICH has been reported 
by various investigators (Chan et al. 1996; Tanaka et 
al. 1999). More than 90% of patients with post-stroke 
warfarin-related ICH (versus 48% of controls) have 
evidence of LA (Smith et al. 2002), independent of 
hemorrhage location (deep vs. lobar). The risk of de-
veloping ICH in this setting seems to be higher with 
increasing severity of white matter hyperintensities.

Microbleeds (as detected by T2*-weighted MRI 
sequences and thought to indicate advanced small 
vessel pathology) have also been correlated with the 
presence and severity of LA (Fig. 25.1), and seem to 
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be associated with increased risk of ICH (Kato et 
al. 2002; Hanyu et al. 2003). In a secondary stroke 
prevention study with oral anticoagulation, LA was 
associated with a six-fold increase in ICH, and the 
presence of severe white matter changes increased 
the risk of ICH 2.5 times compared to moderate LA 
scores (Gorter et al. 1999).

The implication of this relationship is two-fold. 
On the one hand, it supports the presence of a com-
mon underlying small vessel vasculopathy, and on 
the other, it raises the question whether LA should 
be considered a contraindication for long-term oral 
anticoagulation as it may offset any benefi t derived 
from it. This issue remains unresolved.

23.4.4 
Leukoaraiosis and Other Stroke Subtypes

Although various vasculitides and cerebroretinal vas-
culopathies are associated with diffuse changes in the 
cerebral white matter (Caplan 2000), we will focus 
on two entities that have received much attention in 
the literature recently, namely cerebral amyloid angi-

opathy and CADASIL (cerebral autosomal dominant 
arteriopathy with subcortical infarcts and leukoen-
cephalopathy).

CADASIL. A small vessel arteriopathy caused by 
mutations in the NOTCH3 gene on chromosome 19. 
Clinical manifestations include strokes, subcortical 
dementia, migraines with auras, and psychiatric dis-
turbances in young to middle age adults (Caplan 
2000; Mas et al. 1992; Davous 1998), although an 
acute reversible encephalopathy has also been de-
scribed (Schon 2003).

Along with lacunar infarcts, the radiological hall-
mark of the disease is the presence of diffuse white 
matter changes that are hyperintense on T2-weighted 
MRI, and hypointense on T1-weighted images 
(Chabriat 1998). Two features seem to be relatively 
specifi c for this disorder, the involvement of subcor-
tical U-fi bers in the superior frontal and temporal 
regions, as well as prominent white matter involve-
ment within the temporal poles and external capsules 
(Auer 2001; O’Sullivan et al. 2001). Although the 
onset and rate of progression of these white matter 
changes can be variable (Dichgans 1999), by the age 

Fig. 25.1. T2-weighted (top) and T2*-
weighted gradient echo (bottom) MRI. 
The upper panel shows extensive white 
matter hyperintensities, while the T2*-
weighted images reveal associated mi-
crobleeds in a patient with Binswanger 
disease. [Taken with permission from 
Hanyu et al. (2003)]
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of 35 virtually all gene carriers will show evidence of 
white matter involvement on MRI. 

Cerebral Amyloid angiopathy (CAA). Characterized 
by selective deposition of amyloid material in the 
cerebral vasculature in the absence of systemic amy-
loidosis. It preferentially involves the vessels that sup-
ply the cerebral cortex and the leptomeninges, for 
the most part sparing those of the basal ganglia and 
brainstem (Kase 1994). The amyloid deposition in-
duces breakdown of the vessel wall with microaneu-
rysm formation and fi brinoid necrosis (Mandybur 
1986; Vonsattel et al. 1991), which predisposes pri-
marily to ICH (usually located in cortico-subcortical 
regions), but also to cortical infarcts and leukoen-
cephalopathy (Kase 1994).

The frequency of CAA increases steadily with 
advancing age, being found in approximately 5% of 
individuals in the seventh decade, but in over 50% 
of subjects over the age of 90 years (Vinters and 
Gilbert 1983). CAA also occurs with particularly 
high frequency in patients with Alzheimer disease 
(AD). In the Harvard Brain Tissue Resource Center 
54% of brains with evidence of AD also had changes 
characteristics of CAA (versus 14% of brains without 
AD pathology) (Greenberg and Vonsattel 1997).

The high frequency of leukoaraiosis in patients 
with hereditary forms of CAA has been well docu-
mented. Individuals with the Dutch mutation usually 
present with ICH, cognitive decline, LA, and small 
ischemic infarctions (Wattendorff et al. 1995; 
Bornebroek et al. 1996). Patients with the Iowa 
mutation usually manifest an autosomal dominant 
progressive dementia, with no evidence of ICH, but 
extensive subcortical white matter changes with pos-
terior predominance (Grabowski et al. 2001).

Similar white matter changes have also been doc-
umented in instances of sporadic CAA (the most 
common form of the disease) in radiological and 
pathological series (Gray et al. 1985; Loes et al. 1990; 
Hendricks et al. 1990), but the actual frequency of 
this fi nding is diffi cult to estimate accurately since 
brain biopsy is usually required to make the defi ni-
tive diagnosis of amyloid angiopathy. This may be 
overcome in the near future as a promising amyloid-
imaging agent in vivo was shown to specifi cally label 
amyloid deposits in transgenic mice (Bacskai et al. 
2003).

The pathogenesis of these white matter changes in 
subjects with CAA is not completely understood. It 
is well known that white matter vessels do not show 
evidence of amyloid deposition, as there is an abrupt 
termination of such deposits as vessels leave the gray 

matter to enter the white matter (Fisher 1989). This 
fi nding has prompted most investigators to postulate 
white matter hypoperfusion related to obliteration 
of cortical vessel lumen, replacement of the vascular 
smooth muscle cell layer with impairment of vaso-
motor reactivity, and attenuation in increases of ce-
rebral blood fl ow in response to pharmacologic or 
functional stimuli as the likely factors responsible 
for the changes seen in the white matter (Kase 1994; 
Greenberg 2002).

25.5 
Magnetic Resonance Imaging of 
Leukoaraiosis

Conventional MRI is a very sensitive technique for 
detecting white matter abnormalities, and undoubt-
edly superior to CT scan. It not only helps defi ne the 
full extent of white matter involvement, but also has 
a remarkable spatial resolution that allows the detec-
tion of small lesions. However, this enhanced sensi-
tivity for disease processes involving the white matter 
also implies that in the majority of patients the white 
matter abnormalities are relatively non-specifi c.

There are certain changes observed in the white 
matter with advancing age that do not seem to corre-
late with brain dysfunction per se and are thought to 
represent normal ageing phenomena. Periventricular 
high signal areas called bands and caps are fre-
quently found in the elderly and represent loss of 
ependymal lining and subependymal glia accumula-
tion (Zimmerman et al. 1986; Scheltens et al. 1995). 
Similarly, dilatation of Virchow-Robin perivascular 
spaces can be mistaken for white matter abnormali-
ties in T2-weighted images. They are usually found 
in the area of the basal ganglia and at the vertex, and 
can be easily differentiated by their very low CSF sig-
nal on T1-weighted and fl uid-attenuated inversion 
recovery (FLAIR) images.

In patients who have cognitive and behavioral 
abnormalities as well as motor signs, there is a good 
correlation with the amount and type of white matter 
lesions. Irregular lesions that begin in the periven-
tricular regions and extend into the corona radiata, 
lesions that begin within the corona radiata, and large 
lesions that begin or extend into the centrum semi-
ovale are more important than periventricular rims 
that are diffuse. Smallness of the corpus callosum 
and relative paucity of white matter as well as ven-
tricular enlargement are also often found in patients 
with neurological signs and cognitive abnormalities. 
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Many normal patients have periventricular smooth 
rims located around the frontal or occipital horns.

Most often, spin-echo (SE) sequences with a long 
TR and long TE (T2-weighted SE) are used to show 
white matter abnormalities. If intermediately long 
TEs (i.e. 40–60 ms) are employed, the lesions have a 
higher signal than CSF and the surrounding white 
matter, which improves their identifi cation (proton-
density images). Another MR sequence that is par-
ticularly suited for the identifi cation of LA is FLAIR 
(Fig. 25.2). It uses a very long inversion time to sup-
press CSF, providing an even better contrast between 
white matter hyperintensities and CSF spaces. In 

the elderly, the homogenous low background signal 
allows for a dramatic demonstration of white mat-
ter abnormalities. As previously mentioned, it is the 
best sequence for separating lacunes, Virchow-Robin 
spaces and LA (Barkhof and Scheltens 2002).

A variety of scales have been proposed to rate the 
impact of white matter abnormalities. They have the 
advantage of providing a semiquantitative and stan-
dardized method for reporting LA, but are usually 
plagued with subjective interpretations and modifi -
cations which can lead to a high inter- and even intra-
observer variability (Fazekas et al. 2002). Although 
no scale has been universally accepted, under the aus-
pices of the European task force on age-related white 
matter changes a new rating scale was developed and 
validated for both CT and MRI. Five brain regions 
are rated following a four-point scale (frontal, pari-
eto-occipital, infratentorial, cerebellar and temporal 
areas). Overall, it showed a good inter-rater reliability 
for MRI and moderate when CT was used (Wahlund 
et al. 2001) (Table 25.2, and Fig. 25.3).

The white matter abnormalities commonly found 
on MRI in the elderly are non-specifi c and tell the cli-
nician little about their pathogenesis, other than to 
possibly suggest ischemia. Table 25.3 presents a clini-
copathological classifi cation of vascular dementia.

Fig. 25.2. T2-weighted (top) and FLAIR (bottom) images. The 
very long inversion time used in FLAIR images results in im-
proved contrast between CSF spaces and white matter hyper-
intensities

Table 25.2. The age-related white matter changes (ARWMC) 
scale for CT and MRI.

White matter lesions
0 No lesions
1 Focal lesions
2 Beginning confl uence of lesions
3 Diffuse involvement of the entire region with or without 
 U fi ber involvement

Basal ganglia lesions
0 No lesions
1 1 focal lesion (≥ 5 mm)
2 > 1 focal lesion
3 Confl uent lesions

Taken from Wahlund et al. (2001). The following areas are 
used for rating: frontal, parieto-occipital, temporal, infraten-
torial/cerebellum, and basal ganglia. Each hemisphere is rated 
separately.

25.5.1 
Diff usion-Weighted and 
Diff usion Tensor Imaging

Diffusion-weighted imaging (DWI) has the ability 
to detect (even small) acute and subacute infarcts 
with great accuracy. It also permits the identifi ca-
tion of ischemic lesions in otherwise asymptomatic 
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individuals. Because of these, it may be useful in the 
longitudinal assessment of patients with LA to moni-
tor the development of new ischemic lesions in the 
white matter. 

In one study, more than one third of patients 
with vascular dementia associated with small vessel 
disease were found to have high-signal abnormali-
ties on DWI suggestive of recent ischemia (Choi et 
al. 2000). In this study the mean apparent diffusion 
coeffi cient (ADC) was 0.71±0.15×10–3 mm2/S, the le-
sions were small (ranging from 0.07 to 2.40 ml), and 

located most commonly in the deep white matter. 
Remarkably, 20% of asymptomatic individuals had 
evidence of (silent) ischemia in the cerebral white 
matter, while some others had multiple small lesions 
suggesting either a proximal source of embolism or 
global hypoperfusion (Choi et al. 2000). The sever-
ity of LA also seems to correlate with a higher ADC 
value, and it has been suggested that DWI can be used 
to differentiate acute and chronic stroke lesions from 
LA (Helenius et al. 2002). Another potential advan-
tage of this technique is the use of whole brain ADC 
histograms as a more reliable, quantitative tool to 
monitor disease progression at various time points 
(Mascalchi et al. 2002). Although promising, this 
needs to be further validated.

High b value diffusion MRI (high-b DWI), us-
ing b values >3000 s/mm2, may be a more sensitive 
technique to identify disorders of myelin. In a small, 
preliminary study of two patients, high-b DWI was 
analyzed using the q-space approach (Fig. 25.4); a 
signifi cant reduction in restricted diffusion (attrib-
uted to axonal loss and demyelination) much larger 
than the corresponding hyperintense lesions on T2-
weighted or FLAIR images was observed. If corrobo-
rated, this fi nding would suggest that high-b DWI is a 
more sensitive technique for identifying early white 
matter changes, and that the extent of white matter 
abnormalities in these patients may be greater than 
currently assumed (Assaf et al. 2002).

The rate of diffusion of water molecules in nor-
mal white matter is not the same in all directions. In 
white matter tracts, the diffusion is less restricted 
along the long axis of the axons than across them. 
Diffusion tensor imaging (DT-MRI) measures the 
extent to which diffusion is directional (anisotro-
pic), and the fractional anisotropy (FA) is an index 
of directionality of diffusion. Using this technique, 

Fig. 25.3. ARWMC rating scale. 
Left, T2-weighted image show-
ing a grade 2 rating score. 
Right, example of a grade 3 
score. [Taken with permission 
from Wahlund et al. (2001)]

Table 25.3. Vascular dementia. [Modifi ed with permission 
from Roman (2002)] 

Large-vessel
 • Multi-infarct dementia
 • Strategic infarct dementia

Small vessel
Subcortical ischemic vascular dementia
 • Binswanger’s
 • Lacunar dementia (état lacunaire)
 • CADASIL
Cortical-subcortical
 • Hypertensive and arteriolosclerotic angiopathy
 • Cerebral amyloid angiopathies
 • Venous occlusions
 • Collagen-vascular diseases with dementia
 • Other hereditary forms

Ischemic-hypoperfusive
 • Diffuse anoxic-ischemic encephalopathy
 • Selective vulnerability with restricted injury
 • Border-zone infarction
 • Incomplete white matter infarction

Hemorrhagic vascular dementia
 • Traumatic subdural hematoma
 • Subarachnoid hemorrhage
 • Cerebral hemorrhage
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Jones et al. (1999) found a characteristic pattern 
of moderate elevation in diffusion trace with a 
marked loss of FA in patients with LA. The authors 
postulated that these fi ndings are consistent with 
the pathological correlate of axonal loss and glio-
sis commonly observed in LA, both of which would 
tend to result in decreased anisotropy. DT-MRI was 
also used to study the normal appearing white mat-
ter of patients with LA. Similar fi ndings (increased 
mean diffusivity and decreased FA) were also found 
in white matter that appeared normal as assessed by 
T2-weighted images. Moreover, these subtle changes 
in DT-MRI correlated with cognitive dysfunction. 
The pathological substrate of this abnormality is 
unknown, but these fi ndings also suggest that DT-
MRI may be a more sensitive technique for the 
identifi cation of early white matter changes in LA 
(O’Sullivan et al. 2001).

25.5.2 
Magnetization Transfer MRI

Magnetization transfer (MT) is a technique used for 
tissue characterization. It measures the interaction 

between water protons bound to proteins and other 
macromolecules (such as those in myelin) and un-
bound tissue water protons. It has been extensively 
used in the characterization of multiple sclerosis le-
sions, and is believed to be more specifi c for white 
matter damage. This imaging modality has been ap-
plied to subjects with LA, and the MT ratios have 
been reported to be lower than that of normal white 
matter (38.6±4.5 and 47.3±2.1, respectively), but not 
nearly as low as in patients with frank demyelin-
ation (26.4±5.0). This fi nding has been attributed to 
a lesser extent to demyelination or ischemic damage, 
and more to increased water content (Reidel et al. 
2003). 

In patients with dementia and LA, the mean MT 
ratio is also signifi cantly lower than in non-demented 
patients with similar degrees of LA (37.4+1.5 versus 
41.3±1.4), suggesting differences in the pathologi-
cal substrate (Fig. 25.5). Moreover, the MT ratio of 
areas of periventricular hyperintensities correlates 
well with the mini-mental state examination score 
(Hanyu et al. 1999). Taken together, these fi ndings 
suggest that in patients with dementia and LA the 
white matter changes likely are more severe than in 
non-demented patients.

Fig. 25.4. FLAIR (left), and q-space 
probability (right) images of age-
matched cognitively intact (top) 
and vascular dementia (bottom) 
subjects. Arbitrary units are used 
for the q-space probability image. 
In the subject with vascular de-
mentia, this imaging modality re-
veals more extensive white matter 
abnormalities than those apparent 
in FLAIR MRI. [Taken from Assaf 
et al. (2002) with permission]
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25.5.3 
Magnetic Resonance Spectroscopy

Proton magnetic resonance spectroscopic imaging 
(1H-MRSI) reveals the distribution of the amino 
acid N-acetylaspartate (NAA) in the brain. NAA is 
exclusively found in neurons and is considered to 
be an indicator of neuronal density and metabolism. 
In patients with LA several interesting fi ndings have 
been reported. First, decreased levels of NAA were 
found in the cortex independent of the amount of 
atrophy, and the frontal cortex NAA seemed to cor-
relate inversely with the volume of white matter hy-
perintensities. These fi ndings were quite unexpected 
and suggest that a subcortical injury could induce 
secondary changes in the cortex (Capizzano et al. 
2000).

Secondly and not surprisingly, decreased levels 
of NAA were found in these same patients, which is 
consistent with a greater susceptibility of the white 
matter to chronic ischemic changes. Thirdly, when 
patients with Alzheimer disease (AD) were compared 
with patients diagnosed with vascular dementia, they 
had a signifi cantly lower NAA/creatine ratio in the 
hippocampus, suggesting that low hippocampal NAA 
may be relatively specifi c for AD and that it may help 
differentiate it from vascular dementia (Capizzano 
et al. 2000; Schuff et al. 2003).

When otherwise healthy individuals with white 
matter lesions, controls, and patients with LA and 
dementia are compared, the NAA/creatine and NAA/
choline ratios of the hyperintense white matter in 
asymptomatic individuals are virtually the same as 
those found in healthy controls. In demented patients 

Fig. 25.5. T2-weighted MRI (left) and magnetization transfer ratio images (right) from age-
matched normal (top) and demented (bottom) subjects. Even though the extent of white 
matter hyperintensities on T2-weighted images is similar in both subjects, the magnetiza-
tion transfer images show more decreased intensity in the corresponding white matter of 
the demented patient. [Taken with permission from Hanyu et al. (1999)]
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with LA however, these ratios are reduced, suggesting 
chronic demyelination or ischemia. This technique 
may help identify clinically relevant white matter 
lesions and may also have a role in the diagnosis of 
vascular dementia. 

25.5.4 
Perfusion MRI

With recent advances in technique, it is now possi-
ble to calculate absolute regional cerebral blood fl ow 
(CBF) from MRI using an exogenous paramagnetic 
contrast agent with an accuracy and spatial resolu-
tion that is equal to or better than that of PET studies. 
Perfusion MRI has been applied to patients with LA 
in two settings. One has been to measure CBF and 
cerebral blood volume (CBV) in the actual area of 
white matter abnormalities. In one such study, the 
mean white matter CBF of regions of LA was reduced 
by almost 40% when compared to healthy controls, 
and this reduction was apparent in all regions of 
white matter (i.e. anterior, posterior, and superior). 
Interestingly, grey matter CBV in this same study was 
signifi cantly increased in the LA group (Markus et 
al. 2000). The relevance of this fi nding is unknown 
at present, but further supports the notion of cor-
tical dysfunction or injury triggered by subcortical 
insults.

The other setting in which perfusion MRI has 
been applied is in quantifying CBF in normal appear-
ing white matter in patients with known LA. It has 
been found that CBF is signifi cantly reduced in the 
periventricular white matter of these patients (17.9 
vs 21.6 ml/100 g/min in controls). Such a reduction, 
however, was not found in the centrum semiovale 
(O’Sullivan et al. 2002). These fi ndings support 
chronic hypoperfusion and ischemic damage with 
“incomplete infarction” as the underlying patho-
physiologic mechanism in this condition. Perfusion 
MRI could also be used to identify areas of normal 
appearing white matter that are at risk by virtue of 
their decreased CBF value and potentially allow in-
terventions that could prevent further injury.
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26.1 
Introduction

Degenerative diseases of the central nervous system 
(CNS) comprise a variety of sporadic or inherited 
conditions characterized by progressive neuronal 
dysfunction and loss of unknown or incompletely 
known etiopathogenesis which typically are selective 
of some neuronal systems (Adams and Victor 1985). 
While the neuropathological hallmark of degenera-
tive diseases of the CNS is a generally symmetric gray 
matter cortical or subcortical damage, white matter 

changes in the brain or spinal cord are increasingly 
recognized as a frequent magnetic resonance (MR) 
fi nding in most of them. In some instances they are 
apparent in the conventional MR examination and 
are useful diagnostic features, in other cases they are 
not visible in the conventional MR examination but 
can be demonstrated using non-conventional MR 
techniques.

Conventional MR imaging includes T1, proton 
density and T2 (with and without inversion recov-
ery RF pulse to attenuate the CSF signal) weighted 
sequences. The non-conventional MR include proton 
MR spectroscopy (1H-MRS), magnetization transfer 
imaging (MTI), and diffusion MR imaging.

1H-MRS enables an in vivo biochemical charac-
terization of operator selectable volume of interest 
through the evaluation of the absolute or relative con-
centrations of some proton containing metabolites 
such as N-acetyl-aspartate (NAA), which is a marker 
of neuronal integrity and function, creatine plus 
phosphocreatine (Cr), which are markers of cell den-
sity and energy state, choline-containing compounds 
(Cho), which are markers of membrane metabolism, 
myo-inositol (mI), which is a marker of glial cell 
density, and glutamine (Gln) and glutamate (Glu). 
Although in many 1H-MRS studies of degenerative 
diseases of the CNS it was claimed that the volume of 
interest was placed in the cortical gray matter, with 
the current resolution of the single and multi-voxel 
techniques used for 1H-MRS there is always partial 
volume with the white matter and the spectral fi nd-
ings variably refl ect also white matter changes.

Magnetization transfer imaging (MTI) is based on 
the interaction between protons in a relatively free 
state and those in a restricted motion state and indi-
rectly refl ects the capacity of the molecules of the tis-
sue matrix to exchange energy with the surrounding 
water molecules (McGowan et al. 1998). A decrease 
of the MT ratio usually indicates a damage of the tis-
sue matrix.

Diffusion MR imaging exploits the sensitivity of 
MR to motion of water molecules and provides a 
sensitive tool to explore the integrity of tissue and 
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cellular barriers to water motion (Schaefer et al. 
2000; Dong et al. 2004). The evaluation of maps of 
apparent diffusion coeffi cients (ADC) or mean diffu-
sivity (D) evaluation is emerging as a quantitative, re-
producible, and sensitive method to assess white and 
gray matter brain diseases (Cercignani et al. 2000; 
Bozzali et al. 2001; Cercignani et al. 2003). In par-
ticular, analysis of the brain D can provide regional 
and global quantifi cation not only of the macroscopic 
damage shown as areas of prolonged T2 but also of 
microscopic tissue damage which is not demon-
strated by T2 weighted images. To this end, region of 
interest and histogram approaches are complemen-
tary. In fact, histogram analysis is intrinsically more 
powerful from a statistical point of view than region 
of interest analysis (Chun et al. 2000) and is more 
suited to evaluate diffuse pathological processes as 
those underlying degenerative diseases of the CNS 
(van Buchem 1999). On the other hand, the loss of 
spatial information associated to histogram analysis 
can be compensated using regions of interest analysis 
based on an a priori knowledge of the distribution of 
the pathological damage.

In this chapter we shall review the most frequent 
degenerative diseases of the CNS in which conven-
tional and non-conventional MR studies have docu-
mented signifi cant “macroscopic” or “microscopic” 
white matter changes.

26.2 
Degenerative Dementias

26.2.1 
Alzheimer Disease

Although the neuropathological hallmarks of 
Alzheimer disease (AD), namely intracellular neuro-
fi brillary tangles and extracellular amyloid plaques, 
are observed in the cerebral gray matter, diffuse 
white matter damage which is related to microvas-
cular pathology is demonstrated in the brains of AD 
patients (Brun and Englund 1986; Sjobeck et al. 
2003). Moreover, Kril et al. (2002) observed that the 
degree of hippocampal neuronal loss and atrophy 
was similar in demented patients fulfi lling the neuro-
pathological criteria for small vessel disease demen-
tia and AD, respectively. These data indicate that even 
on a pathological basis, a complete separation of AD 
from white matter damage due to vascular disease is 
not always possible.

26.2.1.1 
Conventional MR

Proton density and T2 weighted images can show fo-
cal or diffuse white matter signal hyperintensity in 
patients with clinically probable AD (Fazekas et al. 
1987). The most characteristic hyperintensities are 
symmetric and located along the cerebral periven-
tricular regions or in the subcortical hippocampal 
and sylvian regions (Fazekas et al. 1987; Scheltens 
et al. 1990) (Fig. 26.1). Interestingly, de Leeuw et al. 
(2004) recently reported that white matter lesions 
were present on MR imaging in 29% of patients with 
a clinical diagnosis of probable AD and that there was 
a correlation between white matter signal changes, 
especially in the frontal and parieto-occipital regions, 
and hippocampal atrophy suggesting a relationship 
between vascular and typical AD pathology.

Although a loss of bulk of the white matter con-
tributes to the pattern and progression of global and 
regional atrophy demonstrated by 3D T1 weighted 
images in cross-sectional and longitudinal studies 
in AD (Chan et al. 2001; Rusinek et al. 2003), most 
volumetric studies in AD measured the hippocam-
pal formations alone (Jack et al. 2002; Dixon et al. 
2002).

Voxel based morphometry (VBM) was intro-
duced in 2000 as a new approach for global and re-
gional estimation of brain volumes which is based 
on the statistical parametric mapping (SPM) soft-

Fig. 26.1. Alzheimer disease. Axial T2 weighted FLAIR image 
shows symmetric hyperintensity in the hippocampus and sub-
hippocampal white matter of a patient with probable AD
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ware developed for nuclear medicine and func-
tional MR techniques. SPM analysis combines a 
strong statistical power with an observer unbiased 
high resolution analysis (Ashburner and Friston 
2000). Curiously, many studies employing VBM em-
phasized regional cortical gray matter loss (Baron 
et al. 2001; Frisoni et al. 2002; Karas et al. 2003), 
but none explored possible white matter volume 
changes in AD.

26.2.1.2 
Non-conventional MR

26.2.1.2.1 
1H-MRS

In degenerative diseases of the CNS, 1H-MRS shows 
a decrease of the concentration of NAA or of the 
NAA/Cr ratio in the areas where there is the maxi-
mal neuronal damage and loss on neuropathological 
examination.

Spectroscopy was employed since the early 1990s 
in the evaluation of patients with clinical diagnosis 
of AD. Single voxels and MR spectroscopic imaging 
acquisitions were performed with volumes of inter-
est placed in a number of sites, which included the 
occipital region (Shonk et al. 1995), the frontal re-
gion (Ernst et al. 1997), the parietal region (Schuff 
et al. 2002) the hippocampus (Dixon et al. 2002) the 
posterior cingulate (Kantarci et al. 2003) and the 
subcortical white matter (Catani et al. 2000).

The two main fi ndings of 1H-MRS in AD, essen-
tially independent of the voxel locations, are a de-
crease of NAA concentration or NAA/Cr ratio and an 
increase of mI concentration or of the mI/Cr ratio, 
which can be expressed as NAA/mI ratio (Shonk et 
al. 1995). The sensitivity and the specifi city of the two 
1H-MRS fi ndings considered alone or combined for 
differentiation of mildly demented cases from age 
matched controls and for differentiation of AD from 
others dementias are high but not perfect (Shonk et 
al. 1995; Rapaport 2002; Catani et al. 2000). The de-
crease of NAA, NAA/Cr or NAA/mI correlate with the 
severity of the disease as judged based on the clinical 
and neuropsychological evaluation (Chantal et al. 
2002; Waldman and Rai 2003), but its capacity to 
mark disease progression or cognitive decline in lon-
gitudinal studies is controversial (Jessen et al. 2001; 
Dixon et al. 2002).

This notwithstanding, 1H-MRS was employed as a 
surrogate marker to evaluate the effi cacy of a drug 
in a randomized clinical trial in patients with AD 
(Kishnan et al. 2003).

26.2.1.2.2 
MTI

Bozzali et al. (2001) reported that the peak of the 
MT ratio histogram of the cerebral hemispheres and 
of the temporal lobes was reduced in patients with 
AD as compared to age matched healthy controls. 
Similar results in the whole brain, temporal and 
frontal lobes of patients with AD and mild cogni-
tive impairment were reported in a study showing 
that the cognitive decline in these two categories 
of patients correlated with the relative peak height 
of the whole brain MT ratio histogram (van der 
Flier et al. 2002).

26.2.1.2.3 
Diff usion MR

Two early studies of diffusion MR imaging in pa-
tients with clinical suspicion of AD employed the 
region of interest analysis in order to detect possible  
D changes in the cortical gray matter and subcor-
tical white matter (Hanyu et al. 1998; Bozzao et 
al. 2001). Although both studies failed to demon-
strate signifi cant D changes in the hippocampi, one 
study (Hanyu et al. 1998) reported an increase of 
D and a decrease of anisotropy in the white mat-
ter of the temporal lobe which correlated with the 
clinical severity. Moreover, ADC perpendicular to 
the commissural fi bers of the corpus callosum was 
increased and anisotropy decreased in patients with 
AD, the latter correlating with the mini-mental state 
examination score (Hanyu et al. 1999). Subsequent 
studies with diffusion tensor imaging confi rmed the 
increase of D and the reduction of the fractional 
anisotropy in the association white matter tracts but 
not in the internal capsule of patients with clinical 
diagnosis of AD (Rose et al. 2000; Bozzali et al. 
2002). Moreover, a strong correlation was reported 
between the score at the mini-mental state exami-
nation and an average overall white matter D and 
fractional anisotropy (Bozzali et al. 2002). Using 
histogram analysis after segmentation of the gray 
and white matter based on different FA, Bozzali et 
al. (2001) confi rmed the increase of D in the cerebral 
white matter and cortical gray matter in patients 
with AD.

Interestingly, loss of anisotropy of the frontal white 
matter was found to increase with age and to corre-
late with neuropsychological evidence of cognitive 
decline in normal aging (O’Sullivan et al. 2001).
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26.2.2 
Fronto-temporal Dementia (FTD)

FTD comprises a variety of inherited or sporadic con-
ditions characterized by progressive mental impair-
ment and frontal lobe behavioral symptoms (The 
Lund and Manchester Group 1994). An immuno-
histochemistry-based classifi cation of this group of 
diseases has been proposed, separating those associ-
ated with abnormal deposits of tau protein (tauopa-
thies) from the others (Lowe 1998).

26.2.2.1 
Conventional MR

T1, proton density and T2 weighted images show a 
variable combination of cortical atrophy and white 
matter signal changes in the frontal and tempo-
ral regions in pathologically proven cases of FTD 
(Savoiardo and Grisoli 2001) (Fig. 26.2). The more 
distinctive features as compared to AD are the fron-
tal involvement and the asymmetric distribution. In 
a recent whole brain and regional volumetric study 
(Chan et al. 2001) a more heterogeneous progression 
rate of atrophy (annual volume loss from 0.3% to 8 
%) was observed in patients with clinical diagnosis of 
FTD than in patients with AD (from 0.5% to 4.7%).

26.2.2.2 
Non-conventional MR

Presently, no study addressed possible diffusion or 
MT ratio changes in FTD.

26.2.2.2.1 
1H-MRS

In a relatively large study comparing the MRS fi nd-
ings in the frontal and temporo-parietal cortical gray 
matter of two groups of patients with FTD and AD 
and a control group, Ernst et al. (1997) observed 
a signifi cant reduction of NAA and increase of mI 
concentrations in the frontal lobe of patients with 
FTD but not of patients with AD. A distinct increase 
of lactate was seen in the frontal lobe of three out of 
14 FTD patients. Using MRS data alone, 92% of the 
FTD patients were correctly differentiated from AD 
patients and control subjects.

26.3 
Degenerative Ataxias

Degenerative ataxias are a variety of inherited or spo-
radic diseases sharing the clinical features of progres-
sive gait and coordination disturbances. In the last 
decade many of the genetic abnormalities underly-
ing inherited ataxias were discovered and molecular 
screening tests are now available (Subramony and 
Filla 2001) with improved diagnostic accuracy and 
better genotype/phenotype correlation. The neuro-

Fig. 26.2a,b. Fronto-temporal dementia. Axial proton density 
(a) and T2 weighted (b) images show asymmetric atrophy of 
the frontal lobes which is accompanied by diffuse hyperinten-
sity of the subcortical white matter more evident in proton 
density image (arrowhead) in a patient with sporadic FTD

b

a
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pathological examination shows three main patterns 
of distribution of loss of bulk and neurodegenera-
tion, namely olivopontocerebellar atrophy (OPCA), 
spinal atrophy (SA) and cortical cerebellar atrophy 
(CCA) (Lowe et al. 1997). Each pattern is observed 
in either sporadic and genetically defi ned disease. 
Olivopontocerebellar degeneration is a neuropatho-
logical process characterized by neuronal loss, glio-
sis, wallerian degeneration and ultimately atrophy of 
the inferior olives, pons, middle cerebellar peduncles 
and cerebellum. Myelin stains demonstrates diffuse 
white matter damage in the brainstem and cerebel-
lum with sparing of the corticospinal tracts and of 
the superior cerebellar peduncles. In SA the patho-
logical hallmark is neuronal loss and shrinkage in the 
Clarke column of the spinal cord and in the spinal 
ganglion cells with macroscopic degeneration of the 
spinocerebellar and gracilis and cuneatus tracts of 
the spinal cord which is better appreciated on my-
elin stains. Secondary neuronal loss in the brainstem 
predominantly involves the accessory cuneate and 
gracile nuclei of the medulla. The cerebellar cortex 
is spared but there is cell loss in the dentate nuclei. 
In CCA, diffuse loss of Purkinje cells in the ganglial 
layer of the cerebellar cortex is the main pathological 
fi nding with secondary loss of cells in the inferior 
olives. White matter is macroscopically spared.

26.3.1 
Conventional MR

The features of OPCA on conventional MRI were 
defi ned using subjective evaluation of morphology 
and signal intensity of the brainstem and cerebellum 
(Savoiardo et al. 1990; Ormerod et al. 1994). In par-
ticular, Savoiardo et al. (1990) reported in sporadic 
and inherited OPCA characteristic thinning of the 
ventral pons and diffusely increased signal intensity 
of the brainstem, middle cerebellar peduncles and 
cerebellar white matter in proton density weighted 
images with sparing of the corticospinal tracts and 
of the superior cerebellar peduncles (Fig. 26.3). The 
signal changes are far less apparent in T2 weighted 
images (Fig. 26.3). They were observed in advanced 
but not in early cases of SCA1 and SCA2 (Mascalchi 
et al. 1998; Giuffrida et al. 1999) and were not re-
ported in other studies of patients with inherited or 
sporadic OPCA (Wullner et al. 1993; Ormerod et 
al. 1994), conceivably also refl ecting the subjectivity 
of the visual evaluation.

Conventional MRI using manual or semiauto-
matic measurements of the morphology or volume 

of the cerebellum, brainstem and cervical spinal cord 
demonstrates the three neuropathological patterns 
in vivo (Wullner et al. 1993; Mascalchi et al. 1994; 
Burk et al. 1996; Klockgether et al. 1998). In partic-
ular, using an array of area and linear measurements, 
Wullner et al. (1993) defi ned the morphometric cri-
teria for an in vivo diagnosis of OPCA, SA and CCA 
based on the distribution of atrophy. Recently the 
technique of VBM was applied to the evaluation of 
the distribution and severity of the atrophic changes 
in a genetically determined variant of OPCA, namely 
spinocerebellar ataxia type 2 (Brenneis et al. 2003). 
Signifi cant white matter loss in the cerebellar hemi-
spheres, pons, and midbrain was accompanied with 
supratentorial cortical and subcortical grey matter 
atrophy.
MRI studies in patients with SA pointed out marked 
atrophy of the spinal cord and medulla (Wullner 
et al. 1993) which in FA are combined to symmetric 
signal changes of the posterior and lateral columns of 
the cervical spinal cord on T2 or T2* weighted images 
(Mascalchi et al. 1994) (Fig. 26.4). This feature is 
not specifi c and can be observed in other conditions 
including combined sclerosis due to vitamin B12 de-
fi ciency. At variance with OPCA and CCA, atrophy of 
the brainstem and cerebellum is not remarkable in 
SA (Wullner et al. 1993).

In CCA conventional MRI shows atrophy of the 
cerebellar vermis and hemisphere with normal 
brainstem volume and no signal changes (Wullner 
et al. 1993).

MR imaging based morphometry measurements 
or subjective evaluation of brainstem and cerebellar 
atrophy were analyzed with respect to disease dura-
tion in two studies (Burk et al. 1996; Giuffrida et 
al. 1999) and no correlation was found in either SCA1 
or SCA2. In a recent study using voxel based mor-
phometry, Brenneis et al. (2003) found a correlation 
between atrophy of the cerebellar hemispheres and 
severity of cerebellar symptoms in nine patients with 
SCA2.

26.3.2 
Non-conventional MR

26.3.2.1 
1H-MRS

MRS studies in patients with degenerative atax-
ias included relatively small numbers of patients 
(Davie et al. 1995; Mascalchi et al. 1998, 2002; 
Boesch et al. 2001). They consistently reported 
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Fig. 26.3a–f. Olivopontocerebellar atrophy. Sagittal T1 weighted image (a) shows characteristic thinning of the ventral pons and 
widening of the IV ventricle in a patient with sporadic OPCA. Axial proton density (b) image in another patient with sporadic 
OPCA shows diffuse mild hyperintensity of the brainstem and cerebellar white matter sparing the corticospinal tracts (“cross 
sign”). The signal changes are far less evident on the corresponding T2 weighted image (c). Maps of mean diffusivity obtained 
in a patient with familial OPCA due to SCA2 (d) in which the posterior cranial fossa spaces (shaded areas) are manually seg-
mented. Histograms of the posterior cranial fossa mean diffusivity derived from (d) after application of a threshold value to 
eliminate the CSF in the same patient (e) and in a healthy control (f). The histograms represent the mean diffusivity of the 
brainstem and cerebellum and demonstrate a modifi cation of the shape of the histogram and an increase (rightward shift) of 
the 25th (69 vs 65 10-5mm2/s) and 50th (92 vs 78 10-5 mm2/s) percentile values in the patient as compared to the control
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a decrease of the concentration of NAA or of the 
NAA/Cr ratio in the deep cerebellum and pons of 
patients with sporadic or inherited OPCA, SA, and 
CCA. A reduction of Cho/Cr ratio in the same sites 
was observed in OPCA patients only (Mascalchi 
et al. 1998, 2002). Lactate peaks were occasionally 
observed in OPCA patients (Boesch et al. 2001; 
Mascalchi et al. 2002). In OPCA a correlation 
with the severity of the clinical deficit was ob-
served for the reduction of the NAA/Cr ratio in 
the pons but not for the atrophy measurements 
(Mascalchi et al. 2002).

26.3.2.2 
MTI

To date, no study with MT has focused on patients 
with degenerative ataxia.

26.3.2.3 
Diff usion MR

D maps of the brainstem and cerebellum were ob-
tained in a series of patients with degenerative atax-
ias with the aims of evaluating whether the diffusion 
changes match the distribution of neuropathological 
fi ndings and correlate with the degree of neurological 
defi cit (Della Nave et al. 2004).

The patients were representative of the different 
types of degenerative ataxias and were classifi ed 
based on the MRI morphometry data in OPCA, SA, 
and CCA. The inclusion of patients with genetically 
proven spinocerebellar ataxia type 1 and 2 (SCA1 
and SCA2) but without overt brainstem and cer-
ebellar atrophy gave the opportunity to evaluate the 
pathological process leading to OPCA in a relatively 
early phase. Region-of-interest analysis showed a 
signifi cant increase of D in the middle cerebellar pe-
duncles, medulla, pons, and peridentate white matter 
of our patients with OPCA due to SCA1 and SCA2. 
Interestingly, similar fi ndings were observed in pa-
tients with SCA1 and SCA2 without overt atrophy 
changes. Histogram analysis confi rmed differences 
between SCA1 or SCA2 patients (OPCA or unde-
fi ned) and controls for the 25th and 50th percentiles of 
the brainstem and cerebellum D (Fig. 26.3). However, 
only in SCA1 and SCA2 patients with OPCA, the 
brainstem and cerebellar D were combined with in-
crease of the cerebral D. This result is consistent with 
the development of supratentorial changes in the ad-
vanced phases of OPCA (Klockgether et al. 1998; 
Giuffrida et al. 1999). Although the exact pathologi-
cal correlate of increase of the D in the brainstem and 
the cerebellum cannot be established, it presumably 
refl ects the wallerian degeneration of the white mat-
ter observed in OPCA. More speculative is the signifi -

b

a

Fig. 26.4a,b. Spinal atrophy. Sagittal T1 weighted image in a 
patient with Friedreich’s ataxia showing thinning of the me-
dulla and upper cervical spinal cord with normal size of the 
pons (a). Axial T2 weighted image in another patient with 
Friedreich’s ataxia demonstrate symmetric hyperintensity of 
the posterior white matter tracts (arrowhead) (b)
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cance of the mild changes in the supratentorial com-
partment. The region-of-interest analysis of D in our 
SA patients matched the above changes showing a 
signifi cant increase in the medulla only. In agreement 
with the substantial paucity of the brainstem and 
cerebellar changes in SA, the histogram and volume 
analysis failed to show signifi cant changes in the in-
fratentorial compartment. The diffuse mild increase 
of the brainstem and cerebellar D, possibly refl ecting 
a microscopic damage of the cerebellar brainstem 
tracts and the normal cerebral D, are consistent with 
the neuropathological description of CCA.

In the relatively large group of patients with olivo-
pontocerebellar degeneration due to SCA1 and SCA2, 
i.e., including patients with OPCA and undefi ned 
morphological pattern, we observed a correlation 
between the median value of the brainstem and cer-
ebellum D histogram and with an index of brainstem 
and cerebellar atrophy.

26.4 
Motor Neuron Disease

This is a neurodegenerative condition character-
ized by dysfunction and loss of upper and lower 
motor neurons that are variably combined produc-
ing a spectrum of clinical syndromes from primary 
lateral sclerosis (PLS), in which a selective damage 
of the upper motor neuron occurs, to progressive 
spinal muscular atrophy, in which the damage is re-
stricted to the spinal cord motor neurons (Chan et 
al. 1999). More frequently, the clinical signs of upper 
and lower motor neurons are observed altogether in 
the patient at a certain point in the disease course 
and this condition is termed amyotrophic lateral 
sclerosis (ALS).

Upper motor neuron damage implies a wallerian 
degeneration of the corticospinal tracts which can 
be tracked from the precentral gyrus to the lateral 
and anterior columns of the spinal cord (Lowe et al. 
1997).

26.4.1 
Conventional MR

Proton density and T2 weighted images show abnor-
mally increased signal of the corticospinal tracts in 
the brains of patients with ALS and PLS (Goodin 
et al. 1988; Marti-Fabregas et al. 1990). The signal 
changes in the spinal cord are better demonstrated 

using axial T2* weighted gradient echo images in the 
cervical spine (Mascalchi et al. 1995).

The advent in the clinical protocols of turbo spin-
echo (TSE) sequences and in particular the FLAIR 
TSE in which the normal parieto-pontine tract ap-
pears relatively hyperintense to the surrounding 
white matter, especially at the level of the internal 
capsule and cerebral peduncles, required redefi nition 
of the diagnostic value of this feature. Hecht et al. 
(2001) reported that the hyperintensity of the corti-
cospinal tracts in FLAIR images is distinctly abnor-
mal when observed in the subcortical precentral gy-
rus, the centrum semiovale, the crus cerebri, the pons, 
and medulla oblongata (Fig. 26.5). Moreover, quanti-
tative studies demonstrated that even in the internal 
capsule the pyramidal tract signal in FLAIR images is 
higher in patients with ALS and PLS as compared to 
healthy controls. Zhang et al. (2003) reported a sen-
sitivity of 56% and specifi city of 94% of hyperinten-
sity of the subcortical white matter on FLAIR images 
for the diagnosis of ALS. The same study reported a 
74% sensitivity and 67% specifi city for evidence of 
a dark line along the posterior rim of the precentral 
gyrus which is assumed to refl ect a T2 shortening ef-
fect due to excessive iron deposition, fi brillary gliosis, 
and macrophage infi ltration. Follow-up examinations 
demonstrated that both corticospinal tract hyperin-
tensity and the cortical rim hypointensity were un-
changed (Hecht et al. 2001; Zhang et al. 2003).

26.4.2 
Non-conventional MR

26.4.2.1 
1H-MRS

1H-MRS studies in patients with motor neuron dis-
ease predominantly employed single voxels located 
in the motor cortex and subcortical white matter 
(Kalra et al. 1998; Chan et al. 1999; Bowen et al. 
2000; Sarchielli et al. 2001). Using a semiquan-
titative approach and a long TE acquisition, Chan 
et al. (1999) found that the NAA/Cr ratio in the 
precentral region enabled separation of patients 
with ALS and PLS from healthy controls and that 
the spectroscopic were more sensitive than the 
conventional MR imaging findings (Fig. 26.5). A 
correlation between the decrease of the NAA con-
centration in the precentral region and the sever-
ity of the neurological deficit was reported in two 
studies (Bowen et al. 2000; Sarchielli et al. 2001). 
Similar 1H-MRS findings were observed when the 
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a

b

c

Fig. 26.5a–c. Axial T2 weighted FLAIR images (a) in a patient with ALS show symmetric areas of hyperintensity of the corti-
cospinal tracts (arrowheads) which can be tracked from the subcortical white matter (bottom right) to the cerebral peduncles 
(top left). Single voxel proton MR spectroscopy of the motor cortex and subcortical white matter in a patient with ALS (b) and 
a healthy control (c) showing a decrease of the NAA peak in (b)
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volume of interest was placed in the brainstem 
pontomedullary region and medulla (Cwik et al. 
1998; Pioro et al. 1999). With employment of short 
TE techniques some additional features of the 1H-
MRS changes of upper motor neuron dysfunction 
were recognized. Thus, an increase of Gln+Glu/Cr 
ratio was observed in the medulla, suggesting a 
role for Glu excitotoxicity in the ALS pathogenesis 
(Pioro et al. 1999), and increase of the concen-
tration of the Cho and myo-inositol was reported 
in the precentral region (Bowen et al. 2000). In 
a longitudinal MRS imaging study a progressive 
decrease of the NAA, Cr and Cho concentrations 
were observed in the motor region, but not in non-
motor regions (Suhy et al. 2002).

Kalra et al. (1998, 2003) evaluated with a volume 
of interest placed in the precentral region the re-
sponse of treatment with new drugs in patients with 
upper motor neuron disease and documented a posi-
tive response to riluzole whereas gabapentin had no 
effect on the decline of the NAA/Cr ratio.

26.4.2.2 
MTI

Kato et al. (1997) reported a signifi cant decrease of 
the MT ratio in the posterior limb of the internal 
capsule of patients with upper motor neuron dys-
function. The MT change was present also in pa-
tients without signal changes on conventional MR 
imaging.

26.4.2.3 
Diff usion MR

The strong diffusion anisotropy of the normal cor-
ticospinal fi bers and the occurrence of anterograde 
degeneration in cases of MND and PLS justifi ed in-
vestigation of the potential of diffusion MR imaging 
for the diagnosis of motor neuron disease. In a dif-
fusion tensor MR imaging study including patients 
with clinically defi nite, probable and possible ALS, 
Ellis et al. (1999) observed a signifi cant increase in 
the mean diffusivity and decrease of the fractional 
anisotropy along the corticospinal tracts. The mean 
diffusivity correlated with the disease duration, 
whereas the fractional anisotropy correlated with 
measures of disease severity. In a recent diffusion 
tensor MR imaging study Ulug et al. (2004) observed 
an increase of the mean diffusivity of the internal 
capsules in patients with primary lateral sclerosis 
which was highly correlated with a decrease of frac-
tional anisotropy. Finally, fractional anisotropy was 

decreased in the corticospinal tract in patients with 
ALS before clinical onset of signs of upper motor 
neuron defi cit (Sach et al. 2004), thus contributing 
to earlier diagnosis of MND.

26.5 
Conclusions

Conventional MR imaging can show macroscopic 
white matter signal changes in degenerative diseases 
of the CNS which are a useful diagnostic tool for FTD, 
OPCA, SA, and PLS/ALS.

Non-conventional MR, including DTI, MT and 
1H-MRS, demonstrates abnormalities of the white 
matter in almost every degenerative disease of the 
CNS. These white matter changes are variably cor-
related to the severity of the clinical defi cit and are 
currently evaluated as markers of disease progres-
sion and possible surrogate markers in pharmaco-
logical trials.
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27.1 
Introduction

Infectious diseases affecting humans have greatly de-
creased in the past decades thanks to the antibiotics 
and the level of hygiene in current life. However, the 
CNS must be seen as a potential target from many 
external organisms that have the ability to produce 
severe diseases with striking symptoms.

Imaging technology, CT and especially MRI, have 
led to an enhanced ability to characterize infectious 
processes. MRI techniques such as fast imaging T2-
weighted images and fl uid-attenuated inversion-re-
covery (FLAIR) make it possible to depict lesions 
in the brain, spinal cord, and the meninges. More 
recently, techniques such as diffusion weighted im-
aging (DWI) and magnetic resonance spectroscopy, 
have been applied to infl ammatory and infectious 
lesions, bringing new capabilities for in vivo charac-
terization (Zimmerman 2000; Lai et al. 2002; Cecil 
and Lenkinski 1998; Burtscher and Holtas 1999). 
They have an impact on making the positive diagno-
sis and for the understanding of the disease process.

The appearance of infl ammatory lesions is the 
mirror of multiple factors, including the type of in-
fectious organism, mode of spread, target and host 
response.

Infections can spread to the CNS in three ways:

� Hematogenously, either through the choroid 
plexus or through the blood–brain barrier (BBB). 
It is now the most frequent origin of infection in 
the CNS

� Direct spread from adjacent structures, such as 
the sinuses, nasopharynx, or mastoid air cells

� Retrograde axoplasmic fl ow along cranial or 
peripheral nerves by some viral agents such as 
herpes

The imaging features of CNS infections can be classi-
fi ed by the organisms, the location of the lesion and 
the host response.
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� The organisms include viruses, mycotic agents, 
parasites, bacteria and prions (Gray et al. 2004)

� The location of the lesions might be one or sev-
eral of the following: CSF, meninges, parenchyma, 
arteries, veins, cranial cavities (sinuses, mastoid). 
It is of importance in an imaging study to look at 
all these locations

� The host response:
1. Immunocompetent patients (child and adults): the 

response is immunologic and most often symp-
toms and in vivo images are related to the host 
response rather than to the infectious agent itself. 
This means that common imaging features are 
present for several organisms, making the specifi c 
diagnosis somewhat diffi cult. There is now more 
evidence for a strong role in the individual genetic 
background for the development of an organism 
in the CNS. Not only prions develop in susceptible 
individuals, but many more organisms are prob-
ably infective for some individuals and not others. 
A transient decrease in the level of immunity may 
also be responsible for disease development

2. Immunocompromised patients: this group 
includes several causes such as HIV infection 
– which, without treatment leads to deep im-
munodefi ciency – anticancer chemotherapy, 
diabetes mellitus, long-term steroid adminis-
tration and, more rarely, congenital immunode-
fi ciency. In these patients, opportunistic agents 
develop, meaning that these germs might be 
present in non-immunocompromised people 
without the ability to develop (Post et al. 1986). 
HIV has infected more than 60 million people 
in the world, with 26 million in Africa. In the 
CNS of HIV-positive patients, some numerous 
and very specifi c agents may develop: the HIV 
virus itself, Toxoplasma gondii, JC virus, tuber-
culosis, cytomegalovirus (CMV), and Crypto-
coccus are the most frequent (Gray et al. 2004). 
CNS type-B lymphoma can also develop. In im-
munocompromised non-HIV patients, agents 
such as Candida albicans, mucormycosis or 
Nocardia may become pathogenic for the CNS

3. Newborns: during birth and for a few weeks after, 
babies might be affected by infectious agents that 
are present in the mother’s birth canal: herpes 
type 2, Listeria monocytogenes, and urinary germs 
such as E. coli, Proteus, or Candida albicans

4. Embryo and fetus: several agents may develop 
that can lead to death of the embryo or to fetus 
CNS malformations. The most frequent agents 
are Toxoplasma gondii, and CMV, rubella, her-
pes or HIV viruses (Osborn and Byrd 1991)

5. Finally, the immunologic system may be the or-
igin of CNS manifestations, due to systemic in-
fections of which agents promote a cross-reac-
tion with some constitutive proteins of the CNS 
cells. The organism is usually absent from the 
CNS. The most sensitive targets are the myelin 
proteins, leading to acute disseminated enceph-
alomyelitis (ADEM). This includes cross-reac-
tion to viruses or bacteria following systemic 
infection or vaccination. Vasculitis may also 
be of immunologic origin in response to a sys-
temic organism, leading to cerebral infarct. It 
is also possible to include in this group some 
granulomatous diseases, which produce nor-
mal immunologic-cell abnormal collection in 
the CNS, mostly in the meninges, facial cavities 
or cavernous sinus, e.g., infl ammatory pseudo-
tumor and sarcoidosis

We now will describe the infections by the type of 
organisms affecting the CNS: viruses and prions, bac-
teria, parasites, fungi, and granulomatous or immu-
nologic reaction. The immunologic state of the host 
and the location will be discussed in each chapter.

27.2 
Viral Infections

The two main features are meningitis and encephali-
tis. Neurological symptoms will depend on the loca-
tion of the organism.

Meningitis due to viruses, a frequent infectious 
disease of immunocompetent hosts, has few imaging 
manifestations. The role of CT or MRI is questionable 
– waiting for imaging modalities may unnecessarily 
delay the time for lumbar puncture and treatment. 
Enhancement of meninges is rare.

Viral encephalitis is usually associated with sei-
zure or reduced consciousness or focal symptoms 
such as motor or sensory defi cits. Mild mass effect 
may be seen during the acute phase of encephalitis. 
Enhancement is often absent early on during the 
course of acute encephalitis, with sometimes an en-
hancement of the adjacent leptomeninges.

27.2.1 
Viruses in Immunocompetent Patients

Some viruses may affect both immunocompetent 
and immunocompromised patients, children, adults 
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or neonates. They belong to the groups of herpes 
viruses, enteroviruses and arboviruses.

27.2.1.1 
Herpes Viruses

Herpes viruses are DNA viruses, and many can cause 
CNS infections in humans, including herpes simplex 
viruses 1 and 2, varicella-zoster virus, the Epstein-
Barr virus, and cytomegalovirus (CMV) (Tien et al. 
1993; Bonthius and Karacay 2002).
� Herpes simplex virus 1 is the most common cause 

of sporadic viral meningoencephalitis. Clini-
cal manifestations include fever, headache, neck 
stiffness, seizures, focal defi cits, and depressed 
mental state. Because acyclovir therapy is safe, 
it is recommended that the drug be given on the 
basis of clinical fi ndings. Encephalitis results from 
reactivation of latent viral infection of the gas-
serian (fi fth cranial nerve) ganglion. From here, 

the infection spreads to the parenchyma. The 
virus has a predilection for the medial area of the 
temporal lobes, the frontal lobes and the insular 
lobes (Fig. 27.1). On CT, low densities are seen on 
affected areas. There is no enhancement, only the 
adjacent meninges may show some congestive 
changes, with very little contrast-agent uptake. 
On MRI, hyperintensities are encountered in the 
temporal, frontal or insular areas, and the bilat-
eral nature of the process is frequent. Initially, the 
infection may appear unilateral on imaging stud-
ies, but over time, involvement of the contralateral 
temporal and frontal lobes will become apparent

� Herpes simplex virus 2 is the most common cause 
of neonatal encephalitis. Infection occurs when the 
fetus passes through the birth canal of a mother 
who has genital herpes. Imaging fi ndings refl ect 
rapid brain destruction. Rare observations have 
been made on adults with extension to the spinal 
cord

a b

c d

Fig. 27.1a–d Herpes en-
cephalitis. a, b Contrast-
enhanced CT. Low density 
of the temporal and in-
sular lobes without focal 
enhancement. c, d Flair 
MR imaging. High signal 
intensities in both insular 
lobes and in both temporal 
lobes
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� Varicella-zoster virus produces two distinct clini-
cal syndromes, chicken pox and herpes zoster. Dif-
fuse encephalitis is a rare complication of chicken 
pox, but it is more common in adults. It is usually 
mild. Herpes zoster may lead to an involvement 
of peripheral and cranial nerves. The affected cra-
nial nerve will appear edematous and swollen, and 
it will enhance at MR imaging with gadolinium. 
Herpes zoster may also produce small vessel vas-
culitis, leading to cerebral infarcts

� CMV in adults is seen almost exclusively in immu-
nocompromised patients. However, CMV is the 
most common cause of congenital encephalitis. 
It produces massive brain destruction during the 
fi rst trimester. Infections acquired in the second 
trimester produce cortical dysplasia

� Epstein-Barr virus has been linked to diverse entities, 
such as Guillain-Barré syndrome, and lymphoma in 
patients with AIDS. About 5% of the patients with 
infectious mononucleosis develop an acute, usually 
self-limited encephalomyelitis. This disorder may 
be responsible for hyperintensities on T2-weighted 
images in the deep supratentorial gray matter and 
central gray matter of the spinal cord. Rapid resolu-
tion of the lesions has been reported in this disease

� Human herpes virus-6  has been identifi ed as a 
cause of encephalitis and febrile seizure (Bonthius 
and Karacay 2002)

27.2.1.2 
Enterovirus

Enterovirus may be responsible for meningitis and, 
rarely, for encephalitis (Zimmerman 2000). In the 

latter, the spinal cord, medulla, pons, mesencepha-
lon, the dentate nucleus of the cerebellum, and oc-
casionally the thalamus may be affected. These struc-
tures appear hyperintense on T2-weighted images 
(Fig. 27.2).

The location in the rhombencephalon and mes-
encephalon is also the predilection of the bacteria 
Listeria monocytogenes.

27.2.1.3 
West Nile Virus

This virus has emerged in the United States as a new 
etiologic pathogen causing encephalitis (Bonthius 
and Karacay 2002).

27.2.2 
Viruses in Immunocompromised Patients

The CNS of immunocompromised patients may be af-
fected by the same viruses that affect immunocompe-
tent patients. Additionally, other viruses only develop 
in immunocompromised patients (Post et al. 1986; 
dal Canto 1997). The HIV virus that causes the deple-
tion in immunity may be responsible for encephalitis. 
Another virus, JC virus, can also cause multifocal en-
cephalitis with destruction of oligodendrocytes.

27.2.2.1 
HIV Encephalitis

HIV-1 is the human RNA retrovirus that causes AIDS. 
The brain is one of the most commonly affected or-

Fig. 27.2 Viral cerebellitis due to enterovirus. Flair MR imaging showing high signal intensities of the cerebellar cortex
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gans. Almost all patients have the HIV virus in the 
CNS, and 10–15% may develop a decrease in mental 
status or dementia.

It has been described that the primary infection to 
HIV may lead to focal abnormal deep white matter spots 
recognized as hyperintensities on T2-weighted images 
(Trotot and Gray 1997). This is a nonspecifi c sign that 
should be taken cautiously, since it is very frequent in 
many other conditions such as aging, high blood pres-
sure, tobacco, and diabetes mellitus. The brain paren-
chyma is one of the sites of residency of the HIV virus 
for several years. During the phase of latency, before the 
patient starts to have AIDS, it has been shown that some 
degree of atrophy may occur. When immunodepression 
is becoming stronger, the HIV virus itself causes sub-

acute progressive encephalitis. The organism replicates 
within multinuclear giant cells and macrophages in the 
white matter (dal Canto 1997). There is atrophy, water 
accumulation in the interstitium, slight demyelination, 
but no infl ammatory changes.

The most common fi nding is generalized atrophy 
on CT or MR without focal abnormalities (Fig. 27.3a). 
Some degree of non-atrophic brain shrinkage is 
caused by systemic effects of the disease. In severe 
cases, diffuse symmetric hyperintensity is seen in the 
supratentorial white matter, predominantly in the 
periventricular region (Fig. 27.3b, c). Mass effect and 
enhancement are absent (Fig. 27.3d). On T1-weighted 
images, the white matter appears almost normal or 
slightly hypointense.

Fig. 27.3a–d HIV encephalitis. a T2 MR imaging. Slight parenchymal atrophy and ventricular enlargement. b T2 MR imaging. 
Parenchymal atrophy, ventricular enlargement, bilateral and symmetrical deep white matter abnormal high signal intensities. 
c T2 MR imaging. Severe parenchymal atrophy, severe ventricular enlargement, bilateral and symmetrical deep white matter 
abnormal high signal intensities. d Gadolinium-enhanced MR imaging. Same patients as c. No gadolinium uptake. No notice-
able changes on T1-weighted images

a b

c d
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27.2.2.2 
Progressive Multifocal Leukoencephalopathy

Progressive multifocal leukoencephalopathy (PML) 
is caused by a papovavirus—the JC virus. This virus 
is ubiquitous in the adult population. It is present 
in lymph nodes, and it has been suggested that it 
resides in the kidneys. When a deep immunodepres-
sion is present, usually with blood CD4 cells below 
100/mm3, the virus infects the myelin-producing oli-
godendrocytes, which results in severe demyelination 
with little infl ammatory reaction. Patients complain 
of focal and progressive neurological impairment, 
with motor or visual function loss or cerebellar syn-
drome. Demyelination starts at the subcortical white 
matter, in the U-fi bers (Fig. 27.4a–c). Areas of de-
myelination are seen as hyposignal on T1-weighted 
images, with a high signal on T2-weighted images 
and FLAIR images, without mass effect or enhance-
ment (Fig. 27.4d–f) (Post et al. 1986; Dousset et al. 
1997). There is always a strong correlation between 
the symptoms and the location of the abnormalities 
on MRI.

In the past, PML was inevitably fatal, with death 
occurring within 6–12 months of the onset. The ad-
ministration of drugs developed to treat HIV, such as 
protease inhibitors, can cause, in some cases, a sta-
bilization of the lesions produced by PML, probably 
by improving the function of the immune system. 
Additionally, the incidence of PML, around 5% before 
the development of antiretroviral drugs, has dropped 
signifi cantly (Gray et al. 2003).

27.2.2.3 
Cytomegalovirus Infection

CMV infection in immunocompromised patients leads 
to ventriculitis and leptomeningitis. Ventriculitis is 
diagnosed on MRI by the presence of enhancement of 
ventricle surfaces. The differential diagnosis is sub-
ependymal lymphoma.

27.3 
Prion Diseases

A group of CNS diseases called transmissible spon-
giform encephalopathies (TSE) is characterized by 
spongiform degeneration of neurons in the cortex 
and subcortical nuclei. It is known to be transmis-
sible since the 1920s, when it was observed that hu-
mans in Borneo eating the CNS of defeated warriors 

were affected by a fatal dementia called kuru. Several 
human and animal diseases produce this distinctive 
pattern, including kuru, bovine spongiform encepha-
lopathy (mad cow disease) and scrapie (sheep and 
goat). There are four forms of TSE, according to the 
way of contamination:
� Sporadic Creutzfeldt-Jakob disease (CJD), the 

most frequent (80%) has a spontaneous and spo-
radic origin. However, tissues from those patients 
may transmit the disease to other humans when 
injected or grafted

� Heritable TSE affects families and is known as 
Gerstmann-Sträussler disease and fatal familial 
insomnia

� Acquired TSE is of medical transmission, when 
patients are grafted with contaminated tissues 
from infected donors: blood transfusion, pituitary 
extracts, dura mater, and corneal transplantation

� Variant CJD (vCJD) is believed to affect patients 
who have eaten meat from bovine spongiform 
encephalopathy-infected cattle. The epidemic has 
affected mostly the UK, with more than a hundred 
deaths and France with at least four deaths since 
1996. The epidemia has stopped.

This classifi cation shows the role of an infectious 
agent that becomes pathogenic in particular genetic 
settings. Prusiner and others have partially eluci-
dated the origin of TSE (Prusiner 1987). Although 
still controversial, transmissible agents are likely to 
be proteins called prions. The normal protein PrPc 
becomes pathogenic when beta-pleated, thus be-
coming insoluble and resistant to heat, and is called 
PrPres. PrPres is capable of inserting itself into the cell 
membrane of neurons and inducing their own repro-
duction. It accumulates in the CNS and is neurotoxic. 
This results in death of groups of neurons within the 
brain (Gray et al. 2004).

Patients with CJD usually present late in life 
(>50 years of age) with rapid onset of dementia and 
myoclonic jerks (Martindale et al. 2003). Most pa-
tients are dead within a year of the onset of symp-
toms.

MRI is becoming a technique of choice for diag-
nostic orientation. The earliest MRI signs are sym-
metric basal ganglia and cortical hyperintensities on 
FLAIR and/or DWI (Fig. 27.5a, b) (Collie et al. 2001). 
In the clinical setting, these MRI signs are quite spe-
cifi c, although not constant. In most cases, the MRI 
abnormalities of CJD are bilateral and symmetric, 
but they may be unilateral. Bilateral hyperintensity 
of the basal ganglia may be seen on top of the basilar 
artery infarct, deep venous thrombosis, in acute ex-
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Fig. 27.4 a–f. Progressive 
multifocal leukoencepha-
lopathy (PML). a T2 MR 
imaging. High signal 
intensity of arcuate fi bers 
under the frontal motor 
cortex in an HIV-infected 
man complaining of right-
hand paresis. b Flair MR 
imaging. Same patient as 
in a. The abnormality is 
more conspicuous than 
in part a. The cortex is 
spared. c T2 MR imaging. 
Evolution of PML on the 
same patient as in a and 
b. Subcortical high signal 
intensity extending into 
the frontal white matter. 
No mass effect. d T1 sagit-
tal MR imaging. PML of 
the occipital lobe of an 
HIV patient with bilateral 
visual loss. Atrophy and 
low signal intensity of 
occipital-lobe white matter 
indicating destruction of 
the axonal fi bers. e Flair 
MR imaging. Bilateral 
high signal intensity of the 
subcortical occipital white 
matter. f Gadolinium-en-
hanced MR imaging. No 
uptake of gadolinium

a b

c d

e f
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position to toxics, and in metabolic disorders such as 
Wernicke’s encephalopathy. Usually the clinical set-
ting is far different from CJD, making those diagno-
ses very unlikely.

Variant CJD shows a peculiar MRI sign, with 
high signal intensity in the pulvinar of the thalami 
(Collie et al. 2003). This “pulvinar sign” is, however, 
sometimes seen on sporadic CJD. Lately, atrophy and 
white matter high signal intensities are present on 
MRI studies.

Electric encephalograms may reveal the presence 
of triphasic waves that strongly suggest the disease. 
This sign is, however, of low sensitivity. CSF might be 
normal or with increased proteins. The 14-3-3 pro-
tein might be suggestively high although not specifi c. 
In vCJD, the search for the PrPres protein includes bi-
opsy of lymphoid organs or tonsils.

27.4 
Bacterial Infections

Many bacteria may enter the CNS either hematog-
enously or by contiguity from the paranasal sinuses, 
the inner and middle ear or through a traumatic or 
surgical opening in the dura (Zimmerman 2000). The 
infection may affect one or several compartments of 
the brain at the same time: subdural (empyema) or 
CSF spaces (meningitis) and the brain parenchyma 

(encephalitis followed by a circumscribed abscess). 
Arteries, veins and perivascular Virchow-Robin 
spaces contribute to the spread of the bacteria from 
one compartment to another. Furthermore, acute or 
rapidly progressive thromboses of these vessels lead 
to additional abnormalities. The infection may also 
reach the surface of the endothelial wall causing the 
so-called distal mycotic aneurysms (see section 4.6) 
that have a high risk of rupture.

27.4. 1 
Bacteria

Staphylococci and streptococci pneumonia spread to 
the CNS either by a hematogenous path or via adja-
cent cranial structures.

Meningococci follow a hematogenous path and pro-
duce acute meningitis with high risk of death.

Koch bacilli causing tuberculosis (TB) usually is of 
hematogenous origin, leading to acute or subacute 
meningitis, and/or brain abscesses. TB affects many 
people worldwide, in underdeveloped countries, in-
cluding patients with AIDS.

Nocardia affects immunocompromised patients 
(AIDS or others) and causes many brain abscesses, 
usually contemporary with chest infection.

Fig. 27.5a,b Creutzfeldt-Jakob disease. a Flair MR imaging. Bilateral and symmetrical high signal in-
tensity of the striatum from the basal ganglia. b Diffusion (b=1,000 mm2/s, trace image) MR imaging. 
High signal intensity of the two caudate nuclei and high signal intensity of the left frontal and insular 
cortex

a b
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Listeria monocytogenes may affect newborns or pa-
tients eating a high amount of bacteria in contami-
nated foods. The distribution of Listeria is usually the 
meninges and/or the rhombencephalon (brain stem 
and cerebellum), where it produces microabscesses 
(Maezawa et al. 2002; Gray et al. 2004).

E. coli or Proteus, bacteria of urinary origin, can 
cause brain abscesses in neonates.

Tropheryma whippelii causing Whipple disease is a 
rare infection, usually, but not constantly, encoun-
tered in patients with digestive malabsorption. It may 
appear as small lesions disseminated throughout the 
entire CNS with a predilection for gray matter (cor-
tex, nuclei) (Gray et al. 2004).

Treponema pallidum causing syphilis is becoming a 
very rare cause of CNS infection. It produces mostly 
chronic meningitis, and, in a few cases, granuloma-
tous reactions have been described along the cranial 
nerves.

Borrelia burgdorferi transmitted to humans by in-
sect bytes causes Lyme disease. Involvement of spinal 
or cranial nerve roots is frequent. An immunological 
process leading to the involvement of the white mat-
ter resembling MS is much rarer.

27.4.2 
Clinical and Imaging Features

Systemic signs of infection (e.g., fever and leukocy-
tosis) may be present. Signs of CNS contamination 
include one or several of the following: neck stiff-
ness and photophobia when meninges are affected, 
seizures and focal defi cit or cerebellar signs when the 
parenchyma is involved.

Imaging features refl ect the host reaction and are 
of variable appearance according to the type and lo-
cation of the bacteria. Imaging techniques such as 
FLAIR and DWI, including the calculation of appar-
ent diffusion coeffi cient (ADC) maps, are now used 
routinely in the indication of infl ammatory CNS dis-
eases. On DWI, purulent material is usually hyperin-
tense and the decreased ADC shows the restriction 
of water motion (Desprechins et al. 1999; Lai et al. 
2002). ADC helps in differentiating brain abscesses 
from CNS tumors. Indeed, necrotic debris from 
CNS tumors such as glioblastoma or metastases has 
variable and heterogeneous intensities and usually 
an increased ADC. There are, of course, some over-

laps, especially in parasitic toxoplasmic abscesses 
or in punctured bacterial abscesses that may show 
increased ADC. MR spectroscopy, which is less rou-
tinely used, reveals the presence of amino acids from 
extracellular proteolysis and bacterial metabolism 
(fermentation products), including succinate, ac-
etate, leucine, valine, and alanine, which are not seen 
in necrotic neoplasms (Lai et al. 2002; Cecil and 
Lenkinski 1998; Burtscher and Holtas 1999).

27.4.3 
Bacterial Meningitis

The diagnosis is confi rmed with lumbar puncture, 
and imaging does not play a primary role in the de-
tection or treatment of this disorder. It is recom-
mended to treat the patients as early as possible, 
without waiting for unnecessary imaging modalities. 
CT may be used to exclude increased intracranial 
pressure prior to lumbar puncture—only when there 
are clinical doubts. Meningitis without parenchyma 
involvement has a normal appearance on CT and MR 
T2-weighted images.

FLAIR imaging might be helpful in the diagno-
sis of meningitis, if the clinical presentation is not 
straightforward. It shows diffuse subarachnoid hy-
perintensity, while the CSF in the ventricles is dark 
(Fig. 27.6). However, there are three differential diag-
noses when the subarachnoid space appears bright 
on Flair: (1) a CSF fl ow artifact, (2) a subarachnoid 
hemorrhage, (3) a hyperoxygenation such as during 
100% oxygen supplementation for anesthesia or dur-
ing a status epilepticus.

In bacterial meningitis, contrast-agent enhance-
ment in the CSF space can be present, although it 
is unusual when the parenchyma is not involved. 
Tuberculous meningitis may be seen as an enhance-
ment in the cisterna and along the sylvian fi ssures. 
CSF space enhancement may also evoke granuloma-
tous diseases.

27.4.4 
Subdural Empyema

Subdural empyema may be the result of direct 
spread of infection from the paranasal sinuses or 
the middle ear, or it can be of hematogenous ori-
gin or follow meningitis or cerebritis, through the 
venous structures. Subdural empyema produces an 
acute progressive syndrome characterized by fever 
and rapid development of neurologic abnormalities 
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(e.g., seizure and hemiparesis) (Rich et al. 2000). 
A complete imaging study of the brain and cranial 
structures is compelling in cases of subdural empy-
ema. Subdural empyema produces brain complica-
tions by retrograde venous thrombosis that leads to 
cortical venous stasis with marked cortical swelling 
and brain abscesses.

Subdural empyema can be diffi cult to detect, par-
ticularly on unenhanced CT images (Fig. 27.7). The 
collection is typically narrow. There is disproportion-
ate mass effect, with diffuse swelling of the hemisphere 
adjacent to the collection (Zimmerman 2000). The 
cortex may appear thickened because of venous stasis. 
There might be evidence of sinusitis or mastoiditis.

On MR images, the subdural collection is more 
conspicuous, particularly on FLAIR images, where it 
appears hyperintense to adjacent brain. On DWI, the 
content may appear bright, and the ADC values low 
(Fig. 27.7d). MR spectroscopy reveals the presence of 
amino acids. Contrast-enhanced CT and MR images 
reveal thin enhancement of the deep and superfi cial 
membranes of the subdural empyema (Fig. 27.7b, c).

27.4.5 
Brain Abscesses

An abscess is the result of the host defense against 
bacteria, which initially produce a diffuse cerebritis 
or encephalitis. Macrophages produce a true collag-
enous capsule that marks the passage from cerebritis 
to the abscess phase. On CT, the capsule may appear 

with a slight increased density. Contrast enhance-
ment with iodine contrast agents takes a regular ring 
appearance (Fig. 27.7b). The capsule made of fi brin 
and collagen has a typical appearance on MRI: low 
signal intensity on T2-weighted images and FLAIR, 
and ring enhancement with gadolinium (Fig. 27.7c). 
Additionally, on FLAIR and T2-weighted images, 
vasogenic edema appears as a high signal inten-
sity infi ltrating the white matter (Zimmerman and 
Weingarten 1991).

The central necrotic region is hyperintense on FLAIR 
images, and isointense to CSF on T2-weighted images. 
On diffusion imaging the center appears bright, which 
may be due to “T2 shine-through” effects. On ADC 
maps, the central necrotic material is hypointense, due 
to the restriction of water motion, because the water 
molecules move slowly in the dense abscess content, 
made of thick proteins and mucus (Fig. 27.7d). In at 
least two circumstances, the ADC may be increased: 
in toxoplasmic abscesses and in bacterial abscesses 
that have been punctured. Nevertheless, the decreased 
ADC values help to differentiate from brain necrotic 
tumors or metastases, which have increased ADC val-
ues. In brain abscesses, MR spectroscopy with long TR 
sequences reveals the presence of amino acids that are 
the proteolytic breakdown and fermentation products 
unique to bacterial infection. Enhancement will per-
sist for up to 8 months.

A peculiar feature of brain abscesses is the mili-
ary (Fig. 27.8). It may happen following the hematog-
enous spread of TB or Nocardia. Innumerable, small 
abscesses are present in the parenchyma.

27.4.6 
Mycotic Aneurysms

Intracranial infectious aneurysms are important fea-
tures that are not rare. They usually occur in patients 
with staphylococcal endocarditis and are called “my-
cotic” aneurysms (Phuong et al. 2002). They also 
develop in intravenous drug abusers (Tunkel and 
Pradhan 2002). Their imaging presentation is usu-
ally a small mass in the subarachnoid space near 
the cortex with strong enhancement. They may rup-
ture, leading to subarachnoid hemorrhage with high 
risk of death. They also can be revealed by focal in-
farcts or seizures (Fig. 27.9). Note that stroke may 
occur without infective aneurysms in patients with 
valve endocarditis (Anderson et al. 2003). Non-rup-
tured aneurysms may disappear under antibiotics. 
Ruptured and sometimes non-ruptured aneurysms 
need endovascular treatment or surgical clipping.

Fig. 27.6 Viral meningitis. Flair MR imaging. High signal in-
tensity of the sub-arachnoid CSF space
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27.5 
Parasitic Infections

The most common parasitic infections that affect the 
CNS are (Chang et al. 1991; Gray et al. 2004):
� Protozoal infections:

a) Amebiasis
b) Cerebral malaria
c) Toxoplasmosis that develops in the CNS of HIV-

infected patients
d) Trypanosomiasis

� Metazoal infections:
a) Neurocysticercosis (Taenia solium) from pork
b) Hydatidosis (Taenia echinococcus / Echinococ-

cus granulosus) from dogs, responsible for hy-
datid cysts

c) Echinococcus multilocularis (Taenia multiloc-
ularis) from foxes

d) Toxocariasis (Toxocara canis and Toxocara cati), 
which may produce visceral larva migrans and 
CNS manifestations in children

e) Paragonimiasis (Paragonimus westermani) 
from infected crabs or crayfi sh

Other parasitic infections including sparganosis, 
trichinosis (Trichinella spiralis), strongylosis, schis-
tosomiasis may also develop in the CNS.

The three taenias, responsible for neurocysticer-
cosis, hydatidosis and Echinococcus multilocularis, 
produce cystic lesions. A cystic wall is completely 
different from the capsule of a brain abscess. The 
cystic wall has a parasitic origin, whereas the cap-

Fig. 27.7a–d. Subdural empyema and brain abscess. a CT without contrast 
media. A careful analysis shows a focal low density in the left frontal lobe and 
a lack of visibility of the parietal gyri. b Contrast-enhanced CT. Ring enhanc-
ing lesion of the left frontal lobe and enhancement of the meninges. c Sagittal 
contrast-enhanced MR imaging. Focal lesion of the frontal lobe and subdural 
collection. d Diffusion MR imaging: Apparent diffusion coeffi cient (ADC) 
map. The frontal lobe and meninges lesions show a restriction of water dif-
fusion (low signal intensity). This is consistent with an infectious origin

a

d

b
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sule of an abscess has a host origin. The cystic wall is 
not detectable by the host immunologic system till 
the larva dies. The symptoms often arise after the 
death of the parasite, when the host response can 
occur. However, the location of the cyst may be also 
responsible for symptoms such as seizures, mass ef-
fect or CSF occlusion, before the death of the para-
site.

27.5. 1 
Cysticercosis (Taenia solium)

Cysticercosis is the most common parasitic infection 
of the CNS and is endemic in all countries, particu-

larly in Latin America (Gray et al. 2004). The larvae 
enter the intestinal wall and develop in the brain, the 
subarachnoid space, or the ventricles (del Brutto et 
al. 2001). Once the scolex is established, it makes it-
self immunologically invisible to the host and, conse-
quently, incites no infl ammatory reaction. Live cysts 
are isointense to CSF with all pulse sequences. No 
enhancement is seen within the cyst wall while the 
organism is alive (Fig. 27.10). The scolex may be seen 
as a 2-4 mm mural nodule in the cyst wall. There is 
no associated edema.

When the organism dies, an infl ammatory granu-
lomatous response occurs. The clinical manifesta-
tions are seizures or focal defi cits. The wall enhances, 
and there is associated vasogenic edema (Fig. 27.10a, 

Fig. 27.8a–c. Miliary tuberculosis. a Flair MR imaging. Several high signal 
intensities in the pons and the right cerebellar hemisphere. b Gadolinium-
enhanced MR imaging. Focal enhancement of several small lesions of the 
same size. c Gadolinium-enhanced MR imaging. Numerous small enhancing 
lesions in the two hemispheres

a b

c



Viral and Non-Viral Infections in Immunocompetent and Immunocompromised Patients 403

c, h). The dead cyst commonly calcifi es (Fig. 27.10f). 
Patients treated with praziquantel may develop acute 
symptoms because of the simultaneous death of all 
live cysts (Fig. 27.10c). Subarachnoid cysts may of-
ten produce secondary obstructive hydrocephalus 
(Fig. 27.10d, e).

27.5.2 
Hydatid Cysts (Echinococcus granulosus)

Human Echinococcus granulosus contamination oc-
curs by accidental ingestion of contaminated dog 
feces. The disease is endemic in the Mediterranean 
regions, the Middle East, and Latin America. The 

most common sites of development in humans are 
the liver, lung and bone. The brain is affected in less 
than 5% of patients. It is usually a single, unilocular 
and quite large cyst. When the cyst ruptures, it pro-
duces an infl ammatory reaction.

27.5.3 
Echinococcus multilocularis

This is a rare parasitic infection that usually has a 
fatal issue. The cysts are recognizable by their resem-
blance to wine grapes.

Fig. 27.9a–c. Mycotic aneurysm. a Contrast-enhanced CT. 
Small enhancing lesion adjacent to the right parietal cor-
tex. Note the incidental fi nding of a venous angioma on the 
left hemisphere. b T2* MR imaging. Presence of magnetic 
susceptibility, probably due to hemosiderin surrounding 
the mycotic aneurysm. c Selective right carotid-artery an-
giogram. The small mycotic aneurysm appears fi lled by the 
contrast agent on an anterior parietal branch of the middle 
cerebral artery

a b
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Fig. 27.10a–h. Cysticercosis. a Contrast-enhanced CT. 
Patient with right arm seizure. Focal ring enhancing 
lesion in the left frontal cortex. On the right hemi-
sphere, presence of a cystic lesion with a high den-
sity on the margin representing a cysticercosis cyst. 
b Contrast-enhanced CT. Same patient. Three other 
non-enhancing cystic lesions in the brain parenchyma. 
c Contrast-enhanced CT. The same patient 3 weeks af-
ter praziquantel antibiotic. Simultaneous death of all 
live cysts leading to a ring enhancement of the cystic 
walls. d Sagittal T2 MR imaging. Cysticercosis cysts in 
the CSF of the cauda equina. e Gadolinium-enhanced 
MR imaging. The cystic walls enhance in the CSF of 
the cauda equina. f CT without contrast agent. Focal 
high density of the right subcortical occipital lobe cor-
responding to a calcifi cation. g Flair MR imaging. High 
signal intensity corresponding to edema surrounding 
the low signal intensity calcifi cation. h Gadolinium-en-
hanced MR imaging. Small and unique ring-enhancing 
lesion corresponding to a dying cyst

a b c

d e

f g h
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27.5.4 
Toxoplasmosis

Toxoplasma gondii is distributed worldwide and in-
fects more than 500 million humans (Ramsey and 
Dean 1997). It does not cause clinical intracranial 
infection in immunocompetent hosts, and, conse-
quently, was rarely seen prior to the onset of the 
AIDS epidemia. However, toxoplasmosis may infect 
the embryo, producing diffuse necrotic lesions of the 
cortex, cerebral malformations and intracranial cal-
cifi cations, especially in the periventricular regions 
(Gray et al. 2004).

Toxoplasmosis is the most common cerebral 
mass lesion encountered in the HIV-positive patient 
(Ramsey and Dean 1997). This is the fi rst diagnosis 
to evoke when CNS manifestations occur with rapid 
progression in HIV-infected patients. The imaging 
appearance might be ubiquitous, but the antibiotic 
treatment is very effi cient. Thus, AIDS patients with 
rapid CNS manifestations should be treated for toxo-
plasmosis regardless of the imaging features. The 
diagnosis might be reconsidered if the treatment is 
ineffi cient. With HAART (highly active antiretroviral 
therapy) treatment, the incidence of toxoplasmosis 
has dropped (Gray et al. 2003). Now, toxoplasmosis 
is encountered in patients who are unaware of their 
viral status for HIV. It is not rare that patients pre-
senting inaugural seizures and several brain lesions 
are positive for HIV. This diagnosis must be evoked 
by the radiologist.

Although largely identical to an abscess, the lesion 
is not encapsulated, which accounts for the histologic 
classifi cation of encephalitis rather than abscess 
(Zimmerman 2000; Gray et al. 2004). In the major-
ity of cases, multiple mass lesions are present, and 
they may be located anywhere within the brain. The 
basal ganglia and the cortical-subcortical junction 
are more affected.

The imaging fi ndings in the beginning include a 
mass effect with or without a slight, not well-demar-
cated, contrast enhancement (Fig. 27.11a). Later, the 
enhancement is quite similar to an abscess, like a ring 
(Fig. 27.11c, d). The central necrosis is typically hy-
perintense on FLAIR and T2-weighted images. DWI 
reveals heterogeneous intensity (Fig. 27.11e), and the 
ADC is usually increased. Hemorrhage is not present 
at the time of initial diagnosis. Signs of hemorrhage 
are present when the patient is treated with antibi-
otics. High signal intensity from methemoglobin is 
seen on non-enhanced T1-weighted images, leading 
to confi rmation of the diagnosis in patients under 
treatment (Fig. 27.11f).

In patients who are not improving with antibiotics, 
the diagnosis of toxoplasmosis must be reconsidered, 
with the primary goal of differentiating toxoplasmo-
sis from lymphoma. Although it is rare, lymphoma 
is the second most common causes of mass lesions 
in patients with AIDS (Ramsey and Dean 1997). 
Lymphoma lesions are usually single and located in 
the deep gray and white matter (basal ganglia and 
corpus callosum). Lymphoma is often hypointense on 
T2-weighted images. There is mild, adjacent edema, 
with a mass effect lower than expected. Enhancement 
is usually diffuse but may be of a ring appearance, es-
pecially when the lesion is superior to 3.5 cm. Single 
photon emission CT (SPECT) with radioactive thal-
lium can be used to confi rm the diagnosis of lym-
phoma prior to therapy. Infl ammatory lesions, in-
cluding toxoplasmosis, are negative on SPECT, while 
lymphoma uptakes the radioactive thallium. When 
the diagnosis cannot be established non-invasively, 
biopsy is necessary. Non-Hodgkin lymphoma type B 
is the most common. Its outcome is, unfortunately, 
fatal.

27.5.5 
Toxocara canis and Toxocara cati Infections

These are dog and cat nematodes. Human infection 
occurs by accidental ingestion of their eggs passed 
from pet animals. The liver, lung and peritoneum are 
most frequently involved. They produce focal lesions 
in the white matter, which spontaneously resolve. 
Vasculitis or granulomas around the larvae may 
form in the parenchyma (Fig. 27.12a, b) (Dousset 
et al. 2003). The death of the parasite in the brain is 
followed by a non-encapsulated granulomatous reac-
tion (Gray et al. 2004).

27.6 
Mycotic Infections

CNS fungal infections are possible in exposed popu-
lations such as immunocompromised patients with 
AIDS, leukemia, diabetes mellitus, renal diseases, 
those under aggressive chemotherapy and in in-
travenous drug abusers with unsterilized materials 
(Harris and Enterline 1997).

The most frequent fungal infections are: crypto-
coccosis due to Cryptococcus neoformans, aspergil-
losis, mucormycosis, candidiasis and histoplasmosis. 
They are responsible for meningitis in infections 
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Fig. 27.11a–f. 
Toxoplasmosis. a 
Gadolinium-enhanced 
MR imaging. Focal slight 
enhancement of the left 
basal ganglia in toxo-
plasmic encephalitis. b 
Gadolinium-enhanced 
MR imaging. Focal en-
hancing cortical lesion of 
the left parietal cortex. c 
Gadolinium-enhanced MR 
imaging. Two ring-enhanc-
ing toxoplasmic lesions. 
d Gadolinium-enhanced 
MR imaging. Enhancing 
lesion of the right cerebel-
lar hemisphere. e Diffusion 
(b=1,000 mm2/s, trace 
image) MR imaging. Low 
signal intensity in the toxo-
plasmic lesion indicating 
an increase in water diffu-
sion. This is different from 
bacteria abscesses, which 
usually show a decrease in 
water diffusion. f Sagittal 
T1 MR imaging. Treated 
toxoplasmic lesion of the 
cerebellar hemisphere that 
appears with a spontane-
ous high signal intensity 
due to the presence of met-
hemoglobin in subacute 
hemorrhage

a b

c d

e f
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Fig. 27.12a, b. Toxocariasis. 
Flair MR imaging. Several 
lesions of the subcortical 
white matter (a) and of the 
cortex (b). The imaging 
fi ndings are not suffi cient 
to make the diagnosis, 
which requires blood se-
rology for Toxocara canis 
or Toxocara cati

by the smallest fungi like Cryptococcus neoformans 
or small to extensive infarcts following occlusion of 
the vessels by bigger fungi such as Aspergillus and 
Candida.

27.6.1 
Cryptococcosis

The patient usually presents with a meningoencepha-
litis (Harris and Enterline 1997). The infection 
is fatal without appropriate treatment using ampho-
tericin B. Lumbar puncture is the single most use-
ful test. After reaching the CSF, the organisms may 
extend along the perforating arteries in the perivas-
cular Virchow-Robin spaces. The signal intensity is 
similar to the cerebrospinal fl uid. Cerebral edema 
rarely occurs.

27.6.2 
Aspergillosis

It is relatively rare in the AIDS population, but is 
more common in patients under corticosteroids. The 
organisms invade the lung parenchyma and spread 
hematogenously. Aspergillus may reach the CNS via 
direct spread from the paranasal sinuses or orbits. 
Aspergillus abscesses have a nonspecifi c appear-
ance.

27.6.3 
Mucormycosis

Most CNS mucormycosis-infected patients are dia-
betic, drug abusers, or patients receiving long-term 
antibiotics and corticosteroids. It has a secondary 
focus in skin, nasal mucosa and lungs. Rhinocerebral 
mucormycosis is a common feature. It provokes ne-
crosis and vasculitis with hemorrhage.

27.7 
Granulomatous Infections and 
Immunoreactive Diseases

27.7.1 
Granulomatous Infections

Granulomas correspond to cellular mass with T-cells, 
macrophages and histiocytes without liquefi ed ne-
crotic debris. Caseous (“cheesy”) necrosis is typical 
of tuberculous granulomas.

Granulomatous infections can result from di-
verse pathogens, including bacteria (Mycobacterium, 
Nocardia, Actinomyces, spirochetes), fungi (aspergil-
losis or mucormycosis), and parasites. Sarcoidosis is 
an idiopathic granulomatous disease that most com-
monly affects young, otherwise healthy adult patients 
(Ulmer and Ester 1991). Most granulomatous in-
fections affect the meninges. The brain parenchyma 

a b
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might be involved, usually by the spread of the gran-
uloma along the perivascular Virchow-Robin spaces. 
Infl ammatory pseudotumors may also affect the cav-
ernous sinuses, the orbits and, rarely, the hypophysis 
sellae.

CT or MRI features of granulomatous menin-
gitis are cisternal enhancement, usually following 
the vessel routes. Thus, contrast-enhanced images 
are critical in establishing the diagnosis of granu-
lomatous meningitis. Basal meningitis often leads 
to hydrocephalus. There is often compromise of the 
vascular system, with secondary infarction or hemor-
rhage. The combination of hydrocephalus and deep 
infarction in a young adult should, therefore, always 
raise the suspicion of granulomatous meningitis 
(Zimmerman 2000).

The differential diagnosis of granulomatous in-
fectious meningitis is neoplastic carcinomatous 
meningitis (Aparicio and Chamberlain 2002). It 
has a predilection for the retro-cerebellar cisterns. 
Sarcoidosis has a predilection for the suprasellar 
cistern, often producing thickening of the pituitary 
stalk (Ulmer and Ester 1991). Enhancement along 
the course of the cranial nerves is characteristic of 
sarcoidosis but can also be seen in lymphoma.

27.7.2 
Vasculitis

Vasculitis may be the result of direct spread from the 
leptomeninges along the perivascular spaces or direct 
invasion and growth within the lumen of the vessel. 
It also can be the result of an immune reaction at the 
endothelial level, without infectious agents. Infarcts 
occur in the deep gray matter or in the cortex.

27.7.3 
Acute Disseminated Encephalomyelitis

Acute disseminated encephalomyelitis is an autoim-
mune disorder that is similar to multiple sclerosis, 
except that it is monophasic (Talbot et al. 2001). 
Acute disseminated encephalomyelitis occurs with 
a latency of 1 week to several weeks after viral ex-
posure or vaccination. In most of the cases, mul-
tiple lesions are present at the same time in the 
white matter, affecting the gray matter in at least 
one-third of cases. The disease may produce mul-
tifocal demyelination similar to viral encephalitis 
or multiple sclerosis. Enhancement is inconstant, 
although frequent. In most cases, improvement is 

good under steroids. Death is possible in the most 
severe cases.
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28.1 
Introduction

The American Cancer Society estimates that in the 
United States 16,800 new diagnosed intracranial neo-
plasms were diagnosed in 1999, more than double 
the number of diagnosed cases of Hodgkin’s disease 
and over half the number of cases of melanoma 
(DeAngelis 2001). A large number of intracranial 
tumours arise from brain tissue while others arise 
from meninges (meningiomas) and hematopoietic 
tissue (lymphomas). Metastases to the brain are 
even more common: more than 100,000 patients per 
year die with symptomatic intracranial metastases. 
Incidence rates have a fi rst peak before 10 years of age, 
then they decline to increase again after 25 years of 
age, and decline again only after 85 years of age. Data 
from the last three decades are showing that brain-tu-
mour incidence increases with age through life. In the 
last three decades, the incidence of primary brain tu-
mours has increased in Europe, Japan and the United 

States among people older than 65 years. However, 
this increase in rates is not real but it is attributed to 
improvements in management of common illnesses 
and better diagnostic workup of elderly patients.

This chapter will focus on the histopathology, biol-
ogy, and imaging of the morphologic, metabolic and 
physiopathologic features of brain tumours, with 
particular attention to the most common type of pri-
mary intra-axial tumours: the glioma.

28.2 
Neuropathology

The 2000 World Health Organization (WHO) clas-
sifi cation of tumours of the nervous system is the 
most comprehensive to date, and it has received a 
large consensus among neuropathologists. It divides 
brain tumours into seven large categories: tumours 
arising from neuroepithelial tissue; from peripheral 
nerves; from the meninges; lymphomas and hema-
topoietic neoplasms; germ cell tumours; tumours of 
the sellar region and metastatic tumours. A simplifi ed 
version of the WHO classifi cation (Kleihues 2000) 
is presented on Table 28.1.

Among tumours of neuroepithelial tissue, the glio-
mas are by far the most common and best known. 
Gliomas include tumours arising from neoplastic 
transformation of astrocytes, oligodendrocytes, 
mixed gliomas and glial tumours of uncertain ori-
gin. The group of neuroepithelial tumours comprise 
also ependymomas, neuronal and mixed neuronal–
glial tumours (as ganglioglioma), and embryonal 
tumours (as medulloblastoma). Much evidence has 
been recently reported in support of the hypothesis 
that brain tumours arise by transformation of prolif-
erating neural stem cells. Neural stem cells are able 
to self-renew and differentiate into neurons and glia. 
Other masses may arise from normal constituents of 
the brain, such as hamartomas, or from embryologi-
cally misplaced tissues such as teratomas, dermoids 
and germinomas.
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Gliomas are classifi ed by their histologic features, 
according to the presumptive “cell of origin,” differ-
entiation and malignancy grade. At the current state 
of knowledge, cytogenesis is more a theoretical con-
cept than a defi nitive basis for tumour classifi cation. 
In the near future the further discovery of molecular 
and cytogenetic features will form the basis of more 
objective tumour classifi cation.

Age of the patient and anatomic location are also 
very important diagnostic and prognostic criteria. 
According to the WHO system or the St. Anne-Mayo 
system, glial tumours are graded on the basis of the 
most malignant area identifi ed on the histopathologic 
specimens (Fig. 28.2.1). Fibrillary (grade II) astrocy-
toma is characterised by increased cellularity, with a 
monomorphic population of cells infi ltrating the neu-
ropil. Anaplastic (grade III) astrocytoma is character-
ised by nuclear polymorphism and mitoses. The pres-

ence of microvascular proliferation and necrosis are 
features of the (grade IV) glioblastoma. They can arise 
either alone (primary glioblastoma) or from a preexist-
ing low-grade glioma (secondary glioblastoma). All gli-
omas are histologically and genetically heterogeneous. 
When a small specimen is taken for histopathology, it 
could not refl ect the most malignant biology of the en-
tire tumour. Among low grade astrocytomas the fi bril-
lary (WHO grade II) must be distinguished from more 
benign tumours such as pilocytic astrocytoma (WHO 
I) and pleomorphic xanthoastrocytoma (WHO grade 
II). While fi brillary astrocytomas have a tendency to 
change their biologic behaviour with time and evolve 
into high-grade gliomas, the latter two types maintain 
a benign prognosis despite the presence of contrast 
enhancement on CT and MR imaging. The radiologist 
must be able to recognise promptly these true benign 
enhancing tumours!

Astrocytic Tumours 
Diffuse astrocytoma 9400/3°
 Fibrillary astrocytoma 9420/3
 Protoplasmic astrocytoma 9410/3
 Gemistocytic astrocytoma 9411/3
Anaplastic astrocytoma 9401/3
Glioblastoma 9440/3
 Giant cell glioblastoma 9441/3
 Gliosarcoma 9442/3
Pilocytic astrocytoma 9421/1
Pleomorphic xanthoastrocytoma 9424/3
Subependymal giant cell astrocytoma 9384/1 
Oligodendroglial Tumours 
Oligodendroglioma 9450/3
Anaplastic oligodendroglioma 9451/3 
Mixed Gliomas 
Oligoastrocytoma 9382/3
Anaplastic oligoastrocytoma 9382/3+ 
Ependymal Tumours 
Ependymoma 9391/3
Anaplastic ependymoma 9392/3
Myxopapillary ependymoma 9394/1
Subependymoma 9383/1 
Choroid Plexus Tumours 
Choroid Plexus Tumours 9390/0
Choroid plexus carcinoma 9390/3 
Glial Tumours of Uncertain Origin 
Astroblastoma 9430/3
Gliomatosis cerebri 9381/3
Choroid glioma of the third ventricle 9444/1 
Neuronal and Mixed Neuronal-Glial Tumours 
Gangliocytoma 9492/0
Dysembryoplastic neuroepithelial tumour 9413/0

Ganglioglioma 9505/1
Central neurocytoma 9506/1
Paraganglioma of the fi lum terminale 8680/1 
Neuroblastic Tumours  
Pineal Tumours 
Embryonal Tumours 
Ependymoblastoma 9392/3
Medulloblastoma 9470/3
Supratentorial primitive neuroectodermal tumour 
(PNET) 9473/3
 
Tumours of Peripheral Nerves 
Schwannoma  
Neurofi broma 9540/0 
Malignant Peripheral Nerve Sheath Tumour 
(MPNST) 9540/3
 
Tumours of the Meninges 
Tumours of Meningothelial Cells  
Mesenchymal, Non-meningothelial Tumours 
 
Primary Melanocytic Lesions 

Lymphomas and Hematopoietic Neoplasm 

Germ Cell Tumours 
Germinoma 9064/3
Embryonal carcinoma 9070/3
Teratoma 9080/1
Mixed germ cell tumours 9085/3 
Tumours of the Sellar Region 
Craniopharyngioma 9350/1 
Metastatic Tumours 

Table 28.1 WHO Classifi cation of Tumours of the Nervous System (modifi ed from Kleihues and Cavenee 2000)

Tumour of Neuroepithelial Tissue codeTumour of Neuroepithelial Tissue code
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Oligodendrogliomas are tumours  originating 
from oligodendrocytes or their precursors. Oligo-
astrocytomas have composite histologic features, 
refl ecting both oligodendrocytic and astrocytic cells. 
With the recognition that these tumours may be par-
ticularly sensitive to chemotherapy, neuropatholo-
gists have made a greater effort to identify them. The 
recent demonstration that many oligodendrogliomas 
and oligoastrocytomas have deletion of 1p and 19q 
chromosomes, and that these molecular changes are 
linked to chemosensitivity (Smith et al. 2000), has en-
hanced the efforts to identify them. An  estimate sug-
gests that they represent approximately 20% of glial 
neoplasms (Fortin et al. 1999). Oligodendrogliomas 

are moderately cellular and composed of monotonous 
round, homogeneous nuclei with a clear cytoplasm. 
They have a dense network of branching capillaries. 
It is not rare for oligodendrogliomas to bleed, and 
they may present as an intracranial haemorrhage. 
Additional features include microcalcifi cations and 
macrocalcifi cations, and mucoid/cystic degenera-
tion. The appearance of signifi cant mitotic activity, 
prominent microvascular proliferation or necrosis 
indicates progression to high-grade oligodendrogli-
oma (WHO grade III). Oligodendrogliomas grow dif-
fusely in the cortex and white matter. Circumscribed 
leptomeningeal infi ltration may induce a marked 
desmoplastic reaction.

Fig. 28.2.1a–d. Histopathological features of WHO II, III and IV gliomas (haematoxylin-eosin stainings). Presence of cells with 
round nuclei, small branching vessels and microcalcifi cations are typical features of WHO II oligodendroglioma (a). Presence 
of mature astrocytes with fi brillary prolonging, low cellularity, small vessels and absence of mitoses are characteristic features 
of WHO II fi brillary astrocytoma (b). In contrast to grade II astrocytoma, higher cellularity, greater nuclear pleomorphism and 
scattered mitoses are seen in WHO III anaplastic astrocytoma (c). The MIB-1 labelling index is usually greater than 3% in grade 
III. The WHO system assigns a malignant glioma to WHO IV glioblastoma (d) when necrosis and microvascular proliferations 
are also present. In the left side of this section, palisading of small undifferentiated cells surround necrosis, while vascular 
proliferations in the viable part of the tumour are on the right lower corner of the picture

a b

c d
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The median survival of patients with low-grade as-
trocytomas is 5 years. However, the range of survival 
is broad and unpredictable (Bauman et al. 1999). 
Most patients die from progression to high-grade 
glioma. Studies of patients with oligodendrogliomas 
reported a median survival of about 10 years. A re-
cent series of 106 patients yielded a median survival 
of 16 years (Olson et al. 2000), probably due to ear-
lier diagnosis after the advent of MRI.

28.3 
Conventional MR Imaging

In the last three decades the development of more so-
phisticated and advanced imaging techniques has led 
to improved diagnostic accuracy. CT and MR imaging 
enable doctors to diagnose brain tumours that previ-
ously might have been incorrectly diagnosed as strokes, 
senile dementia, multiple sclerosis or other neurologic 
disorders. The sensitivity of MR imaging to detect 
intracranial neoplasms is very high, and it has been 
generally recognised as the imaging study of choice. 
When a large lesion is detected, this is the fi rst question 
to be answered: “Is it a tumour?” The recognition of 
mechanical effects and structural deformities that can 
be explained as infi ltration of brain tissue or growth of 
the lesion are summarised in one sentence: “There is a 
mass.” The second question is: “What type of tumour 
is it?” Characterisation of the lesion includes distinc-
tion between intra-axial and extra-axial masses. The 
former is growing from inside, infi ltrates and swells the 
brain tissue. The latter is growing from cells that are 
outside of the brain tissue, such as meninges (menin-
gioma), nerve sheaths (schwannoma, neurofi broma), 
hypophysis (adenoma and craniopharyngioma), pi-
neal gland (pineocytoma, pineoblastoma), germ cells 
(germinoma, teratoma, dermoid, epidermoid). Other 
tumours such as lymphoma and metastasis can grow 
as extra-axial as well as intra-axial masses. 

The multiplanar capability of MR imaging has 
certainly improved our ability to localise a lesion and 
make that distinction. Unfortunately, the progress of 
MR imaging in specifi city of brain tumour evalua-
tion still has not paralleled its gains in sensitivity and 
anatomic localisation. Notwithstanding, MR imaging 
provides signifi cant information about intrinsic tissue 
characterisation that the radiologist should exploit for 
determining tumour type and biological grade. The 
ability of MRI to discriminate differences in tissue by 
variations in signal intensities with multiple contrast 
techniques (i.e., T1, T2, PD, diffusion) parallels at least 

gross pathology examination in the majority of cases. 
The identifi cation of haemorrhagic or necrotic com-
ponents within the tumour is an important diagnostic 
and prognostic sign. The association of cysts with cer-
tain neoplasms may be helpful for the diagnosis and 
for planning surgical approach. The presence of fat 
(hyperintense on T1-weighted images) is specifi c for 
certain neoplasms: teratoma, dermoid, lipoma). There 
are clues and tricks that aid in the diagnosis of fat in 
tumours. One clue is the recognition of “chemical shift 
artefact” that is an artefact displayed as signal void at 
fat–water interfaces and hyperintensity at water–fat 
interfaces, along the frequency-encoding axis. One 
trick is the use of fat-selective suppression methods. 
The recognition of anomalous blood vessels within a 
presumed neoplasm is another important prognostic 
sign, because it is diagnostic of a high-grade tumour. 

28.3.1 
Growth and Signal Intensity Patterns

A very important distinction is made evaluating sig-
nal changes at the boundary of the mass: some in-
tra-axial CNS tumours are relatively discrete; others 
are infi ltrative. A discrete mass will show a defi ned 
transition zone between the lesion and the presumed 
adjacent brain tissue. An infi ltrating mass will have 
a smoother and ill-defi ned transition zone with ar-
eas with subtle signal abnormalities in the presumed 
adjacent normal brain tissue. Most CNS tumours ex-
press one of these two growth patterns. A list of intra-
axial brain tumours subdivided according to their 
prevalent growth pattern is reported in Table 28.2. 

Table 28.2 A list of brain tumours divided according to infi ltra-
tive or circumscribed pattern of growth

Infi ltrative Circumscribed

Diffuse astrocytoma Pilocytic astrocytoma 
(WHO II) 
Oligodendroglioma Ganglion cell tumour 
(WHO II) 
Anaplastic astrocytoma Pleomorphic xanthoastrocytoma 
(WHO III) 
Glioblastoma multiforme Ependymoma 
(WHO IV) 
Gliomatosis cerebri Dysembryoplastic neuro-
 epithelial tumour (DNET)

Primary central nervous Central neurocytoma 
system lymphoma Subependymoma 
 Choroid plexus papilloma and 
 carcinoma



Neoplastic Disorders 415

The characteristic appearance of an astrocytoma 
(WHO grade II) is that of a diffuse, non-enhanc-
ing mass that is hypointense on T1-weighted images 
and hyperintense on PD-weighted and T2-weighted 
images. The hallmark of an astrocytoma is that of 
a highly infi ltrative and non-destructive neoplasm 
with radiologically distinct borders. In young adults 
an astrocytoma frequently involves the fronto-insu-
lar-temporal crossroad (Fig. 28.4.1). Oedema is virtu-
ally absent. In those astrocytomas that infi ltrate the 
cortex, the use of fl uid attenuated inversion recov-
ery (FLAIR) images better outlines the mass against 
normal brain cortex, disclosing abnormal signal 
that reaches the surface of the brain. The distinc-
tion between astrocytoma and oligodendrogliomas 
is often diffi cult: signal intensity pattern and loca-
tion are not distinguishing features. The presence of 
intra-tumoral haemorrhages and/or areas of cystic 
degeneration in a well-demarcated benign-appear-
ing mass are suggestive of oligodendroglioma. The 
occasional fi nding of scalloping in the overlying cal-

varia is suggestive of a relatively slow-growing mass. 
Calcifi cation is more common in oligodendroglioma 
than astrocytoma, but it is not diagnostic (Fig. 28.4.2). 
Contrast enhancement is usually mild and poorly de-
fi ned. It is found in nearly half the cases of low-grade 
oligodendroglioma (Lee and van Tassel 1989).

28.3.2 
Blood–Brain Barrier Integrity Evaluation

The next step in evaluating the signal features of 
a mass is whether there are signs of blood–brain 
barrier disruption and immaturity. The brain inter-
stitium is highly dependent on a constant internal 
milieu. The concept of blood–brain barrier was pos-
tulated by Goldmann in 1913 and only later confi rmed 
by electron microscopy studies in 1960. Cerebral 
endothelial cells have highly differentiated features: 
tight junctions, continuous basement membranes, 

Fig. 28.4.1a–c. Axial T2-weighted (a) and coronal FLAIR (b) MR images 
showing a mass located in the left frontal, insular and temporal region. 
There is no enhancement on post-gadolinium axial T1-weighted MR image 
(c). The 33-year-old male patient presented with an isolated seizure. The le-
sion is very close to eloquent language areas. The diagnosis of oligoastrocy-
toma (WHO II) was made on the neuropathologic specimen after surgery

a

b

c
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narrow intercellular gaps and a paucity of pinocy-
tosis. Endothelial cells are also closely enveloped by 
astrocytic foot processes. Altogether, these structures 
form a continuous wall that prevents undesired pro-
tein molecules from diffusing from the bloodstream 
into the interstitium. The capillaries are impermeable 
to intravascularly injected contrast agents in normal 
brain and areas of intact blood–brain barrier.

Most discrete intra-axial masses show typically 
intense “enhancement” after injection of contrast 
agents, with only few exceptions. The presence of en-
hancement is not necessarily a sign of poor progno-
sis in this group. There is a long list of circumscribed 
masses that show variable degrees of enhancement: 
pilocytic astrocytoma (Fig. 28.4.3), pleomorphic xan-

thoastrocytoma (Fig. 28.4.4), subependymal giant cell 
astrocytoma, dysembryoplastic neuroepithelial tu-
mour (DNET), ganglioglioma, central neurocytoma. 
It is mandatory to recognise these tumours that have 
a benign prognosis.

On the other hand, diffuse infi ltrating neoplasms 
start showing scattered signs of enhancement when 
they are shifting to a higher grade of malignancy. 
Evidence of blood–brain barrier immaturity often 
correlates with shorter survival and shorter time to 
recurrence after surgery. This is particularly true for 
astrocytoma. Enhancement is present in over 95% of 
glioblastoma, in over 60% of anaplastic astrocytoma 
and in less than 10% of grade II astrocytoma. The 
presence of tumour capillaries defi cient in blood–

Fig. 28.4.2a–d. Axial CT (a) shows macroscopic calcifi cations within a hypodense 
cortical mass in the left anterodorsal parasagittal frontal cortex. Axial SE T2-
weighted (b) and coronal FLAIR (c) images illustrate a mass that has infi ltrated 
the left parasagittal frontal cortex and the genu of the corpus callosum extending 
in the contralateral hemisphere. Axial post-gadolinium SE T1-weighted (d) MR 
image shows no enhancement in this 39-year-old male. The diagnosis of oligoden-
droglioma (WHO II) was made on the neuropathologic specimen after surgery

a

c

b

d
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brain barrier constituents in zones where angiogen-
esis is most active, rather than destruction of the 
blood–brain barrier is the most likely explanation for 
tumour enhancement in glioma. Enhancement is al-
most always present in metastasis and meningioma. 
The former enhances since its own capillaries do not 
have tight junctions and continuous basement mem-
branes. Metastases usually grow at the grey–white 
matter junction and tend to cavitate when the blood 
supply becomes insuffi cient, causing nutrient deple-
tion, and a necrotic core develops. Metastasis is the 
second most common tumour of the brain, account-
ing for 30% of intracerebral tumours. In order of 

prevalence, the most common primary sites are: bron-
chogenic carcinoma (50%), breast (20%), colon and 
rectum (15%), kidney (10%) and melanoma (10%). 
In about 40% of intracerebral metastasis cases the 
primary location is unknown at time of diagnosis. In 
one-third of these cases, the primary site remains un-
known despite extensive work-up. Metastases usually 
present as a ring-enhancing mass lesion (Fig. 28.4.5). 
They must be differentiated from glioblastoma, lym-
phoma and abscess.

Meningiomas are generally slow-growing tumours 
originating from meningothelial arachnoid cap cells. 
They virtually always enhance, because their capil-

a b

c d

Fig. 28.4.3 a–d Axial (a) SE T2-weighted and sagittal (b) SE T1-weighted MR images showing a round mass in the third ventricle. 
Sagittal (c) and coronal (d) post-gadolinium SE T1-weighted MR images show enhancement in this 21-year-old male. The mass 
caused obstruction of the foramen of Monro with moderate dilatation of the lateral ventricles. A ventriculoperitoneal shunt 
was placed before surgery to decompress the ventricles. The diagnosis of pilocytic astrocytoma (WHO I) was made on the 
neuropathologic specimen after surgery
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laries do not have a blood–brain barrier. They are 
easier to diagnose since they are extra-axial masses 
that imprint the brain. They account for about 20% of 
intracerebral tumours. Those with low risk of recur-
rence and aggressive growth may displace the adja-
cent brain tissue without inducing any signal change 
in the brain tissue. The appearance of T2-weighted 
signal abnormality in the adjacent brain tissue sug-
gests a more aggressive type of meningioma, and 
this aspect is often observed in “atypical” meningio-
mas). The hyperintensity is due to the formation of 
vasogenic oedema with diffusion of serum proteins, 
probably induced by the metalloproteinases. These 
proteins are endopeptidases that can degrade the 
extracellular matrix, break the basal membrane and 
alter the blood–brain barrier. Thus, they can play a 
role in tumour invasion and oedema (Nordqvist et 
al. 2001; Paek et al. 2002).

28.3.3 
Tumour Size and Survival

Measuring a mass is often considered a secondary 
task for most radiologists. However, it is impor-
tant for evaluating tumour growth and response to 
multiple treatment strategies. Assessing prognostic 
variables, tumour size, in particular, is essential to 
ongoing clinical trials. Patients likely to benefi t from 
a given treatment can be included, while those who 
may not could avoid receiving related toxicities. The 
ideal measuring technique should be accurate, easy 
and low time-consuming to perform, allowing low 
intra-observer and inter-observer variations. It’s 
intuitive that a three-dimensional (3D) volumetric 
measurement method obtained calculating tumour 
size on all sections would be more accurate than 1D 
or 2D methods obtained on a single selected section. 

Fig. 28.4.4a–c. Axial CT (a) showing a small, round hypodense 
mass in the cortex in the temporal-parietal region with mac-
roscopic calcifi cation in a 32-year-old female. The discrete, 
superfi cial mass shows homogeneous enhancement after con-
trast injection in the axial (b) SE T1-weighted MR image. The 
superfi cial position of this lesion, often invading the lepto-
meninges, is a diagnostically important feature. The fi nding 
of large pleomorphic cells with low mitotic activity, focal xan-
thomatous changes and vessels with hyalinized walls on the 
histopathological H&E staining (c) confi rmed the diagnosis 
of pleomorphic xanthoastrocytoma (WHO I)

a b

c
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However, it is time-consuming. Most internationally 
accepted protocols devised to standardise response 
assessment in solid tumours and in supratentorial 
glioma advise using one-dimensional or two-dimen-
sional measurement of tumour size. The 1D tech-
nique measures the longest diameter through the 
enhancing area on the slice showing the largest area 
of enhancement. The 2D technique measures the 1D 
measurement multiplied by the longest perpendicu-
lar diameter to this through the area of enhancement. 
Both techniques are indirect measures of tumour 
bulk and have largely been adopted on the basis of 
neoplasms’ roughly spherical shape. While this may 
be the case for most soft-tissue neoplasms, high-
grade gliomas are very infi ltrating, heterogeneous le-
sions with irregular shape. Warren et al. investigated 

whether 3D rather than 1D or 2D measurements 
better correlated with responses to treatment in 32 
children with primary brain tumours (Warren et al. 
2001). They found little difference in the detection of 
partial responses to treatment, although the results 
suggested volumetric estimates agreed more closely 
with clinical estimates of progression-free survival 
than either 1D or 2D measures.

The prognosis of many systemic solid tumours is 
inversely related to the size of the original lesion. This 
is not often the case for brain tumours. The low pre-
dictive value of size in high-grade glioma has impor-
tant implications also to justify indication of surgical 
cytoreduction. Factors such as age, histologic grade 
and preoperative Karnofsky performance status can 
exert a fourfold change in survival, and the potential 

Fig. 28.4.5a–c. Axial FLAIR (a), coronal (b) pre-gadolinium SE T1-weighted and 
axial post-gadolinium SE T1-weighted (c) MR images showing an enhancing 
mass in the left corona radiata with moderate vasogenic oedema. This 72-year-
old female presented with right lower-extremity weakness. The lesion is very 
close to the eloquent motor area. A diagnosis of metastasis secondary to renal 
cell carcinoma was made

a b

c
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benefi t of surgery cannot compensate for a difference 
of this magnitude. In the literature there are few stud-
ies that have determined the relationship between tu-
mour size and prognosis in primary brain tumours. 
Most of them have evaluated the enhancing compo-
nent of the mass on T1-weighted MR images of high-
grade glioma (Reeves and Marks 1979; Chow et al. 
2000; Warren et al. 2001). The fi ndings of these few 
studies are inconsistent. In 1979 Reeves and Marks 
(1979) found that lesion size did not predict sur-
vival in a population of 56 glioblastoma multiforme 
(GBM). In 2000 Chow et al. found that enhancing 
tumour size at the time of recurrence diagnosis was 
signifi cant for predicting survival following intra-ar-
terial chemotherapy in a population of 41 recurrent 
high grade glioma (Chow et al. 2000). These contro-
versial results might be due to inherent errors of the 
1D and 2D methods. Nevertheless, mass size (or vol-
ume) will remain one of the most accessible pieces 
of information provided by neuroimaging. What the 
neuro-oncologist really needs to know is whether 
there is evidence of response to chemotherapy in a 
defi ned population. For example, if only smaller tu-
mours respond, the maximum size we should treat 
with a specifi c chemotherapy protocol has to be de-
termined. These considerations emphasize the need 
of optimising a standard, accurate, fast and possibly 
automated technique to include reliable tumour size 
as an outcome measure.

28.4 
MR Spectroscopic Imaging

The excellent soft-tissue contrast of MR makes it the 
modality of choice for evaluation of mass lesions in 
the brain. A conventional MR imaging study confi rms 
the presence of an abnormality, determines the loca-
tion and apparent size of the tumour and assesses the 
integrity of the blood–brain barrier. In most medical 
centres neurosurgeons and neuro-oncologists make 
their management decisions or plan their therapeu-
tic intervention after carefully reviewing anatomi-
cal MR images. Although this may be adequate for 
some lesions, it is recognised that conventional MRI 
has several limitations: it cannot distinguish tumour 
from oedema, since they both appear bright on T2-
weighted images. It cannot accurately defi ne the 
boundary that separates infi ltrating tumour from 
adjacent functional reactive brain tissue; and it can-
not rank in order of malignancy the zones of a het-
erogeneous tumour. Fig. 28.7.1 a–c

b
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Fig. 28.7.1a–f. Sagittal SE T1-weighted (a), axial SE PD-(b) and T2-weighted 
(c) and coronal FLAIR (d) MR images showing a well-defi ned mass in the 
right inferior frontal and insular region of this 21-year-old female present-
ing with headache on Christmas Day. A small cystic component is seen in 
the right superior quadrant of the spherical mass. There was no enhance-
ment after I .V. injection of contrast medium (picture not shown). H-MRSI 
(e) (multivoxel PRESS sequence; TR/TE=1,500/136 ms; 32×32 matrix; 
FOV=200×200×20 cm3) shows a homogeneous metabolic lesion with bor-
ders well-defi ned by T2-weighted MR signal abnormalities. The spectra show 
moderate choline signal elevation with mild signal loss of creatine and NAA. 
Normal metabolic profi le is seen in spectra outside the T2-signal abnormal-
ity. The volume of spectra displayed (e) are indicated in the reference T2-
weighted MR image. The suspected diagnosis of fi brillary astrocytoma (WHO 
II) was confi rmed on the neuropathologic specimen after surgery

d
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Proton MR spectroscopic imaging (1H-MRSI) is a 
technique that combines the excellent spatial locali-
sation capabilities of MRI with the chemical informa-
tion of MR spectroscopy. Since the chemical environ-
ment infl uences the resonant frequency of the atomic 
nuclei, protons from different compounds have dif-
ferent chemical shifts and appear as distinct peaks in 
the acquired MR spectrum. The main peaks observed 
in the healthy human brain at fi eld strengths of 1.5 T 
or 3.0 T are, in order of resonance, myo-inositol 
(3.55 ppm), choline (3.2 ppm), creatine (3.02 ppm), 
glutamine and glutamate (2.1 ppm) and N-acetyl-
aspartate (NAA) at 2.02 ppm. NAA is found in neu-
rons, axons and dendrites; creatine (Cr) is found in 
neurons and glia; choline (Cho) is a building block 
of cellular membranes. Additional peaks may appear 
in pathologic areas of the brain: lactate (1.44 ppm) is 
a sign of hypoxia or necrosis; mobile lipids (1.4 ppm 
and 0.9 ppm) are found in areas of necrosis.

A multitude of 1H-MRS studies have been pub-
lished in the literature in the last 15 years (Bruhn 
et al. 1989; Alger et al. 1990; Demaerel et al. 1991; 
Fulham et al. 1992; Negendank 1992; Preul et al. 
1996; de Edelenyi et al. 2000; Tamiya et al. 2000). 
These studies have consistently shown that choline 
signal is elevated in all tumour types because of altered 
membrane metabolism (Podo 1999; Ackerstaff et 
al. 2003). Choline signal increases with cellular den-
sity, and, according to some authors, also correlates 
with cellular proliferative activity (Ki-67) (Shimizu 
et al. 2000; Tamiya et al. 2000). NAA signal loss occurs 
following substitution of neurons and its prolonging 
by neoplastic-cell invasion. Changes in creatine signal 
may vary with the tendency towards a mild increase 
in low-grade astrocytomas and depletion in the most 
undifferentiated types.

Several hypotheses have been tested by multiple 
investigators. The hypothesis that accumulation of 
lactate may correlate with tumour grade was one 
of the fi rst investigated. As originally described by 
Warburg, neoplastic cells may develop bioenergetic 
aberrations such as elevated anaerobic glycolysis 
(Warburg 1956). This phenomenon is mainly char-
acteristic of higher grade tumours that have lost aer-
obic cell respiration, with their metabolism depend-
ing mostly on ineffi cient “anaerobic glycolysis” with 
relatively higher production of lactate. 1H-MRS stud-
ies have shown that lactate accumulation may occur 
in gliomas; however, it is found only in a minority 
of tumours, irrespective of grade (Alger et al. 1990). 
This disappointing fi nding can be explained with the 
consideration that effi cient lactate clearance in the 
venous blood stream can prevent lactate accumula-

Fig. 28.7.2 a–c ��
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Fig. 28.7.2a–d. Axial SE PD-weighted (a) and coronal FLAIR (b) MR images 
showing a mass located in the right inferior frontal, temporal and insular re-
gion of this 47-year-old male. There is a moderate mass effect, with shifting 
over the midline. There was no enhancement after  I.V. injection of contrast 
medium on SE T1-weighted MR image (c). H-MRSI (d) (multivoxel PRESS 
sequence; TR/TE=1,500/136 ms; 32×32 matrix; FOV=200×200×20 cm3) 
shows a homogeneous metabolic lesion with borders well-defi ned by T2-
weighted MR signal abnormalities. The spectra show marked choline signal 
elevation with moderate loss of creatine and almost complete depletion of 
NAA. There is mild lactate accumulation in a few voxels in the centre of the 
mass. There is no accumulation of lipids. The volume of spectra displayed 
(d) are indicated in the reference T2-weighted SE MR image. The diagnosis 
of anaplastic astrocytoma (WHO III) was confi rmed on the neuropatho-
logic specimen after surgeryd
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tion. Increased lactate is often found within necrotic 
pseudocysts and in areas of the tumour where venu-
lar outfl ow is obstructed. Lactate is sometimes de-
tected inside a cyst or a necrotic core of glioblastoma 
and metastasis.

The choline signal has become a novel, impor-
tant biochemical indicator of tumour progression 
(Fulham et al. 1992) and response to therapy (Bizzi 
et al. 1995). Precursors and catabolites of phospho-
lipid metabolism are altered in tumours. The “choline 
peak” detected by clinical 1H-MRS is composed of free 
choline and several choline-containing compounds, 
such as phosphocholine (PC) and phosphoethanol-
amine (PE), glycerol 3-phosphocholine (GPC) and 
glycerol 3-phosphoethanolamine (GPE). Elevation of 
intracellular phosphomonoesters (PME) PC and PE 
suggests enhanced cell-membrane synthesis, cellular 
growth and nutritional state, while increased phos-
phodiesters (PDE), GPC and GPE represent altered 
rates of membrane synthesis, catabolism and meta-
bolic turnover. Diverse molecular alterations such as 
oncogene expression and malignant transformation 
arrive at common endpoints in choline phospholipid 
metabolism. They often determine a shift in GPC and 
PC that results in increasing PC/GPC ratio and total 
choline-containing metabolite level. Experimental 
data suggest that increased PC/GPC is primarily re-
lated to malignant degeneration. Conversely, reduced 
PC/GPC is related to growth arrest (Bhakoo et al. 
1996). Extract studies have also shown that PC eleva-
tion is likely related to malignancy, since it is found 
at a twofold greater level in high-grade glioma com-
pared with low-grade and normal tissue (Usenius et 
al. 1994). Therefore, MRS appears to be more sensi-
tive to up-regulation of the anabolic pathway than to 
acceleration of catabolic pathways.

In vivo 1H-MRSI has shown that choline signal is 
increased in the solid portion of brain tumours. One 
study in 18 glioma patients demonstrated a signifi -
cant linear correlation between normalised choline 
(nCho) signal and cell density, not with proliferative 
index (Gupta et al. 2000). In the same study a signifi -
cant inverse linear correlation between cell density 
and apparent diffusion coeffi cient (ADC) measured 
by diffusion MR was also demonstrated. Choline is 
consistently low in areas of necrosis. A progressive 
increase in choline signal as a tumour undergoes ma-
lignant degeneration has been reported (Tedeschi 
et al. 1997). The fi nding of elevated choline signal in 
the enhancing rim of a mass does not allow solving 
the differential diagnosis between GBM, metastases 
or lymphomas. On the contrary, the identifi cation of 
high choline in the T2-weighted hyperintense peri-

Fig. 28.7.3 a–c ��
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Fig. 28.7.3a–d. Axial SE T2-weighted (a) MR image shows a heterogeneous 
mass in the left basal ganglia, temporal and insular region. Axial (b) and 
coronal (c) post-contrast SE T1-weighted MR images show a thick ring of 
enhancement with a hypointense, likely necrotic, core in this 58-year-old 
male. There is marked mass effect with shifting over the midline. 1H-MRSI 
(d) (multivoxel PRESS sequence; TR/TE=1,500/136 ms; 32×32 matrix; 
FOV=200×200×20 cm3) shows a heterogeneous metabolic lesion with bor-
ders ill-defi ned by T2-weighted MR signal abnormalities. The spectra show 
marked choline signal elevation with almost complete depletion of NAA 
and creatine. In the core of the lesion, there are a few voxels with lactate 
accumulation and others on the right with lipid accumulation. The latter are 
evidence supporting necrosis. The volume of spectra displayed (d) are indi-
cated in the reference T2-weighted SE MR image. The diagnosis of WHO IV 
glioblastoma multiforme was confi rmed on neuropathologic examinationd
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enhancing area is suggestive of GBM rather than me-
tastases (Law et al. 2002).

The fi nding of abnormal elevated MRS signals 
resonating at 1.4 ppm and 0.9 ppm indicates pres-
ence of lipid droplets in areas of extracellular necro-
sis (Zoula et al. 2003). Mobile lipids are often found 
in the necrotic core of GBM, lymphomas and metas-
tases (Kuesel et al. 1994; Poptani et al. 1995; Sijens 
et al. 1996). Primary cerebral lymphoma in immuno-
competent patients mimics the infi ltrative behaviour 
of glial neoplasms. The recognition of lymphoma is 
diffi cult with conventional MRI, and it has important 
diagnostic and therapeutic implications, since chemo-
therapy and radiotherapy are the treatment of choice 
and surgery is not effective. The demonstration of 
high choline with massively elevated lipid resonances 
associated with absent creatine and NAA signals is 
the hallmark of cerebral lymphoma (Bizzi et al. 1995; 
Harting et al. 2003), but it is not found in all cases. 
Lipids can also be found in large amounts in areas that 
have been treated with radiotherapy and have evolved 
into areas of delayed radiation necrosis.

Questions remain whether 1H-MRSI is a useful 
technique to determine in vivo the histopathologi-
cal grade of gliomas. Most multivoxel (1H-MRSI) 
studies have shown that higher grade tumours have 
a tendency to show higher choline levels compared 
with low-grade tumours (Fulham et al. 1992; Preul 
et al. 1996; Li et al. 2002). This is especially true if 
the voxel with the maximum Cho/NAA ratio is con-
sidered in the analysis. In the evaluation of tumour 
grade we believe that the multivoxel (2D and 3D MR 
spectroscopic imaging; Li et al. 2002) is superior to 
the single-voxel technique for at least three reasons. 
Spectroscopic imaging evaluates spatial heterogene-
ity, offers a defi nition of the macroscopic boundary 
of the mass and is less subjected to partial volume 
effects. Spectroscopic imaging is helpful in character-
ising areas with T2-weighted signal hyperintensity: it 
can point to areas of higher cellular density and it can 
distinguish areas with prevalent vasogenic oedema 
from areas with neoplastic invasion or necrosis.

However, in the individual case, assignment of 
grade becomes diffi cult, mainly because of overlap-
ping between grade II and III. The biology of glioma 
during the progression from diffuse astrocytoma to 
anaplastic then glioblastomas is a spectrum. In neu-
ropathology the arbitrary separation in grades is 
practical due to clear and simple histopathological 
criteria that can be applied by all medical centres. So 
far, with MR spectroscopy it has not been possible 
to set cut-off ratios that could be reliably used and 
compared by multiple groups.

It is then useful to consider that during the transi-
tion from diffuse to anaplastic astrocytoma the Cho 
signal progressively increases while NAA is decreas-
ing, until the Cho/NAA reaches a plateau at blown 
anaplastic astrocytoma. Glioblastoma tends to show 
the highest Cho/NAA levels when they are still well 
perfused and oxygenated. Then the formation of hy-
poxic areas within the mass causes a signifi cant drop 
of Cho signal and the appearance of lipid signals. 
In this spectrum the creatine signal also has a say. 
In well-differentiated and oxygenated astrocytomas 
creatine shows usually normal or slightly elevated 
levels, then its signal drops signifi cantly. This deple-
tion in creatine usually precedes choline signal drop.

Fig. 28.7.3 a,b ��
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Spectroscopic imaging is also particularly use-
ful for defi ning target volumes for radiotherapy and 
for evaluating heterogeneous tumour response to 
therapy. Incorporation of MRSI into the treatment-
planning process may have the potential to improve 
control while reducing complications (Pirzkall et 
al. 2001).

In patients with high-grade gliomas the most com-
mon and signifi cant clinical problem is the defi nitive 

diagnosis of tumour recurrence as opposed to de-
layed radiation necrosis (DRN). 1H-MRSI has been 
shown to be useful for improving diagnostic acu-
men, when MRI cannot reliably differentiate between 
these entities (Taylor et al. 1996; Rock et al. 2002; 
Schlemmer et al. 2002). In cases of suspected recur-
rent tumours that have recently changed their MRI 
signal characteristics since the previous examina-
tion, the fi nding of increased choline suggests the di-

Fig. 28.7.4 a–c Axial FLAIR (a) and coronal (b) SE T1-weighted MR im-
ages showing a small mass in the right parasagittal occipital lobe. The mass 
showed a ring of enhancement on post-contrast T1-weighted SE MR image 
(picture not shown) with an extensive area of T2-weighted hyperintensity 
around it in this 41-year-old male. 1H-MRSI (c) (multivoxel PRESS sequence; 
TR/TE=1,500/136 ms; 32×32 matrix; FOV= 200×200×20 cm3) shows a het-
erogeneous metabolic lesion with elevated choline signal in the voxel cor-
responding to the ring of enhancement. Note the presence of elevated lipid 
signal in the core of the lesion corresponding to the necrotic centre of the 
lesion. In the extensive area with T2-signal abnormality, there is mild NAA 
signal loss; choline and creatine are within normal. These fi ndings suggest 
this to be an area of vasogenic oedema. The volume of spectra displayed (b) 
are indicated in the reference T2-weighted SE MR image. The diagnosis of 
metastasis was confi rmed on neuropathologic examinationc
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agnosis of recurrent tumour. Conversely, the absence 
of voxels with elevated choline within the volumes of 
T2-signal abnormality or contrast enhancement sug-
gests the diagnosis of DRN. The lipid signal tends to 
be most elevated in areas of DRN or mixed tumour 
and necrosis than in pure tumour. 1H-MRSI cannot 
distinguish either pure tumour or pure necrosis from 
areas of mixed tumour and necrosis.

28.5 
Perfusion MR Imaging

At the time of this writing, perfusion MR imaging is 
increasingly being used as a diagnostic and research 
tool. However, it is important to remark that it is still 

relatively new and promising rather than a standard 
technique for evaluating tumour grading and malig-
nancy. With very short imaging and data processing 
times and the use of a standard dose of gadolinium 
chelate, the differential scanning calorimetry (DSC) 
method can easily be incorporated into the routine 
clinical evaluation of brain tumours. Cerebral blood 
volume (CBV) measurements are a relative rather 
than an absolute quantifi cation of blood volume. 
Relative CBV maps can be generated after selecting 
the arterial input function (AIF) in one of the main 
feeding vessels (i.e., middle cerebral artery).

In the interpretation of rCBV maps it is very im-
portant to correlate them with conventional MR 
images that may show areas of blood–brain barrier 
(BBB) disruption or T2* signal loss due to suscepti-
bility effects within the tumour. A severe breakdown 

Fig. 28.8.1a–f. Axial SE PD-weighted (a) and SE 
T1-weighted (b) MR images showing a mass lo-
cated in the left inferior frontal, temporal and 
insular regions. There is no enhancement on 
coronal (c) post-contrast SE T1-weighted MR 
image. CBV maps (d) show low perfusion in the 
mass. Identifi cation of Broca (e) and Wernicke’s 
(f) areas were obtained with blood-oxygen-
level-dependent (BOLD) fMRI before surgery. 
The diagnosis of fi brillary astrocytoma (WHO 
II) was confi rmed on the neuropathologic 
specimen. (Courtesy of Dr. Massimo Caulo, 
University of Chieti, Italy) ��
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of the BBB may cause inaccurate rCBV estimation in 
GBM, metastasis, meningioma or lymphoma. In the 
presence of these lesions it is appropriate to give the 
patient a small baseline dose of contrast agent before 
the perfusion study. While conventional T1-weighted 
MR images show areas of disrupted or absent BBB 
breakdown, variations in rCBV demonstrate geo-
graphic differences within the tumour and are a sign 
of heterogeneous vascularity.

Several recent studies have found a signifi cant 
correlation between tumour rCBV and glioma grade 
(Aronen et al. 1994; Knopp et al. 1999; Roberts et 
al. 2000; Lev et al. 2004). In a study of 22 patients, 
all high grade (III and IV) gliomas had normalised 
CBV values greater than the defi ned cut-off ratio of 
1.5 (Lev et al. 2004). High CBV value was found in a 
signifi cant number of grade II gliomas that histopa-

thology later showed to be oligodendrogliomas. In 
the same study correlation with survival was better 
for CBV than enhancement on T1-weighted MR im-
ages. The value of maximum rCBV in a preoperative 
study of histologically proven GBM may vary over 
a wide range, but the mean is usually higher than 
maximum rCBV measured in grade III and II glio-
mas. This is explained by the larger vascular hetero-
geneity of GBM with frequent areas of necrosis. The 
absence of necrosis and the lower vascular hetero-
geneity explains the lesser variation in maximum 
rCBV in anaplastic astrocytomas. The fi nding of 
low rCBV values in non-enhancing gliomas would 
add evidence to the preoperative diagnosis of a well-
differentiated low-grade II astrocytoma (Fig 28.8.1), 
while high rCBV values will suggest an undifferenti-
ated anaplastic astrocytoma (Fig. 28.8.2). However, 
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it is important to emphasize once again that the 
transition from low-grade to high-grade gliomas 
is a spectrum without well-established boundar-
ies and that there may be overlap of rCBV values 
between different glioma grades. In another recent 
study Law et al. (2003) evaluated sensitivity, speci-
fi city and predictive values of perfusion, proton 
spectroscopic and conventional MR imaging in 
106 patients with known histopathologic diagno-
sis. They showed that rCBV and metabolite ratios 
(Cho/NAA and Cho/Cr) both individually and in 
combination can increase the sensitivity and posi-
tive predictive values (PPV) in determining grade 
when compared with conventional MRI alone. The 
best diagnostic predictor was rCBV. High-grade and 
low-grade gliomas can be distinguished at the same 
level of signifi cance also with the arterial spin label-
ling (ASL) technique (Warmuth et al. 2003). A close 
linear correlation between DSC-MR and ASL in the 
tumour region of interest has been demonstrated. 
Blood fl ow is underestimated with ASL at low fl ow 
rates.

Another application of rCBV maps is guidance 
of biopsy sampling during stereotactic and open 
surgery. Foci of increased vascularity within non-
enhancing brain glioma can be identifi ed. Zones of 
higher vascularity are likely to represent the area of 
the tumour with the highest grade.

Soon et al. have shown that DSC-MRI is a valuable 
adjunct to conventional imaging also in assessing tu-
mour response during therapy. They have shown that 
rCBV maps correlate better with clinical follow-up 
than do gadolinium enhanced T1-weighted MR im-
ages, in 18 patients with recurrent GBM receiving an 
antiangiogenic drug (thalidomide) and carboplatin 
(Cha et al. 2000).

Preliminary studies have shown that rCBV maps 
can demonstrate differences in vascularity between 
delayed radiation necrosis (DRN) and recurrent tu-
mour. These two conditions are easily distinguished 
by histopathology, but they are often indistinguish-

able on clinical and conventional imaging grounds. 
Neovascularity is a distinguished feature of most re-
current GBM and will show as an area of increased 
rCBV on DSC-MR images. Conversely, the presence 
of coagulative necrosis mixed with signs of exten-
sive vascular injury is characteristic of DRN that will 
show up as areas of low rCBV on perfusion images. 
The ASL method has also shown promising results on 
the differential diagnosis of DRN vs recurrent GBM, 
especially in those lesions with areas of T2* magnetic 
susceptibility due to deposits of hemosiderin or cal-
cium and in lesions near the base of the skull at the 
air–bone interface.

The contribution of perfusion MRI in the differ-
entiation of GBM, metastasis and lymphoma is still 
controversial, and additional studies need to be done. 
As with MR spectroscopic imaging, the fi nding of in-
creased rCBV in the area around an enhancing mass 
suggests the diagnosis of glioblastoma rather than a 
metastasis. In a study of 51 patients (33 gliomas, 18 
metastases) the measured rCBV in the peri-tumoral 
region of high-grade gliomas and metastases was 
statistically signifi cant: 1.31±0.97 (mean±SD) and 
0.39±0.19, respectively (Law et al. 2002). The fi nd-
ing of low rCBV in an enhancing mass suggests the 
diagnosis of lymphoma, especially when the mass is 
located in the deep grey matter, subependymal peri-
ventricular regions or corpus callosum, which are 
common locations for primary cerebral lymphoma 
(Sugahara et al. 1999). On neuropathology lym-
phoma shows low vascularity despite invasion of the 
vessel lumina and around endothelial cells of the host. 
A study of 24 patients demonstrated that rCBV and 
analysis of the intensity-time curves may be useful 
in distinguishing primary lymphoma from glioblas-
toma (Hartmann et al. 2003). The maximum rCBV 
ratio in lymphoma was signifi cantly lower than that 
for GBM (p<0.0001). Lymphoma showed a character-
istic type of curve with a signifi cant increase in signal 
intensity above the baseline due to massive leakage of 
contrast media into the interstitial space.

Fig. 28.8.2a–c. Axial FLAIR (a) MR images show an infi ltrating mass along the 
left pyramidal tracts in the pons, posterior limb of internal capsule and corona 
radiata. There is no enhancement on axial (b) post-contrast SE T1-weighted 
MR image. In this patient, high blood volumes on CBV maps (c) suggested 
the diagnosis of anaplastic astrocytoma (WHO III), which was confi rmed on 
the neuropathologic specimen. (Courtesy of Dr. Massimo Caulo, University of 
Chieti, Italy)
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28.6 
Diff usion MR and Tractography

Since the pioneering work of the early 1990s, there 
has been a great interest in the use of diffusion-
weighted imaging (DWI) and diffusion-tensor im-
aging (DTI) to characterise different tumour types 
and grade. The use of DWI is valuable in the differen-
tiation between epidermoids and arachnoid cysts in 
the brain (Fig. 28.9.1) and spine. ADC of epidermoid 
tumours is very low compared to ADC of arachnoid 
cysts, which is similar to CSF (Tsuruda et al. 1990). 
Low ADC values are also measured in abscesses due 
to the viscosity of their contents (Kono et al. 2001). 
DWI has been much less successful in determining 
type and grade of a tumour. The majority of brain 
tumours have higher ADC values than normal brain 
tissue; however, there is a wide variability within each 
tumour type and extensive overlap between different 
types and grades. There is also a large overlap with 
other brain pathologies. Low-grade astrocytomas 
have higher ADC values than high-grade gliomas. 
A steep increase in ADC value may occur when tu-
mour cells start colonising normal tissue, due to ex-
tracellular water increase. This change soon becomes 
visible also on T2-weighted MR images. As cellular 
density increases the amount of extracellular water 
diminishes and ADC decreases. In the solid regions 
of gliomas (Gupta et al. 2000) and meningiomas, a 
linear correlation between ADC and cellular density 
has been found. In gliomas Gupta et al. also showed 
a linear correlation between decreasing ADC and 
increasing choline values. The highest ADC value 
within tumours is measured in cystic or necrotic 
regions (Brunberg et al. 1995). ADC is also quite 
elevated in areas of vasogenic oedema. In the peri-tu-
moral region, where T2-weighted signal is abnormal, 
signifi cantly higher mean diffusivity  (MD) and lower 
fractional anisotropy (FA) than in normal-appearing 
white matter have been demonstrated. Furthermore, 
the peri-tumoral MD of metastases measured signifi -
cantly greater than that of gliomas (Lu et al. 2003). 
On the other hand peri-tumoral FA measurements 
showed no signifi cant statistical difference. The 
higher MD around metastatic lesions may be due to 
an extracellular water increase greater than in glio-
mas. The decreasing FA in glioma may be induced by 
both increased water content and tumour infi ltration, 
which are comparable with the metastasis-related 
changes caused by increased water content alone. 
In conclusion, most diffusion studies agree that MD 
(ADC) is highest in the necrotic tumour core, fol-
lowed by oedematous brain, non-enhancing tumour 

component, and enhancing tumour in this order. 
FA values are reduced in most high-grade tumours. 
However, in their small series of patients Sinha et 
al. (2002) have shown that FA added no benefi t to 
tissue differentiation. Conversely, FA may help in un-
derstanding the effect of brain tumours on adjacent 
white matter fi bres. A large solitary mass may cause 
mass effect with distortion of nearby white matter 
(Fig. 28.9.2). On conventional MR images it might 
be very diffi cult to determine whether a prominent 
and eloquent white matter tract such as the cortico-
spinal tract has been destroyed, infi ltrated or simply 
displaced. Colour-coded DTI and tractography may 
demonstrate that a large tumour located in the ex-
pected position of the pyramidal tract has displaced 
the tract, changing its orientation (Wieshmann et al. 
2000). In a different case, tractography may show that 
the tumour has actually destroyed the tract (Mori et 
al. 2002). DTI may indicate that anatomically intact 
white matter bundles may be present in abnormal-
appearing areas of the brain (Witwer et al. 2002). 
A correlation of this new information with patient 
clinical defi cits before and after tumour surgery will 
determine the impact of DTI and tractography in 
surgical planning. It is clear that postoperative pres-
ervation of function also depends on identifi cation of 
white matter tracts that may originate from eloquent 
cortex and cross a potentially resectable region of the 
tumour. The potential of delineating white matter 
pathways serving cortical language sites identifi ed by 
intraoperative electrocortical language mapping has 
also been demonstrated (Henry et al. 2004).

Animal and human studies have shown that DWI 
may be sensitive to monitoring tumour response 
during radiotherapy and chemotherapy. An early in-
crease in ADC during therapy may suggest therapy-
induced necrosis. DWI may also help in differentiat-
ing tumour recurrence from delayed radiation injury. 
Lesions with recurrent tumour showed signifi cantly 
lower ADC values than lesions without recurrence 
(Hein et al. 2004).

28.7 
Image-Guided Neurosurgery

In neurosurgery it is not always easy to localise a le-
sion, particularly when it is small, deep seated, and 
characterised by morphological features similar to the 
normal brain. As Lars Leksell has said, “No technique 
in neurosurgery could be too refi ned, particularly in 
reference to the ability to localise lesions…”.
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Little data substantiate the assertion that 
“Cytoreductive surgery is essential” in most patients 
with glioma (Kowalczuk et al. 1997). Whether surgi-
cal resection impacts survival is, however, nearly irrel-
evant to the practising neuro-oncologist. Beginning 
any protocol of brain tumour treatment after surgical 
resection whenever possible is in the best interests 
of the patient, regardless of whether the subsequent 
survival interval is lengthened. Overall tumour mor-
phology (i.e., heterogeneity) is probably the single-
most important feature of patient survival. The opti-
mal characterisation of tumour morphology requires 
multiple stereotactic sampling of the tumour mass in 
the centre and at the periphery of the lesion. This cru-

cial histologic information should be correlated with 
high-resolution MR imaging modalities. A combined 
neuroimaging, histologic and genetic assessment of 
the tumour would be the most appropriate to deter-
mine prognosis and decide therapeutic protocol.

Since their development 20 years ago, navigational 
devices have provided the neurosurgeon a high de-
gree of surgical accuracy and precision for planning 
of multiple procedures. Image-guided neurosurgery 
represents a substantial improvement in the micro-
surgical treatment of tumours and other intracranial 
lesions. With the progressive development of soft-
ware and hardware, the acceptance of image-guided 
neurosurgery has increased dramatically.

Fig. 28.9.1a–c. Diffusion-weighted imaging (DWI) is very 
helpful in the differential diagnosis of epidermoid vs an 
arachnoid cyst. Axial volumetric T2-weighted (a) TSE (TR/
TE=12/6 ms; fl ip angle=80°) MR image is also useful in this 
task. In this XX-year- old male an extra-axial mass is shown 
in the left pontocerebellar angle and in the other cisterns 
around the pons. On DWI (b) with a b value=1,000, the signal 
is hyperintense because of restriction of water motion within 
the matrix of epidermoid. On ADC map (c) the diffusion co-
effi cient is lower than the CSF within an arachnoid cyst. The 
diagnosis of epidermoid was confi rmed on the neuropatho-
logic specimen after surgery
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Additional image data are required to analyze 
the nature and the dimensions of pathological 
processes and the surrounding tissue. In this con-
text, functional MRI (fMRI), single photon emission 
computed tomography (SPECT), and positron emis-
sion tomography (PET), as well as special modalities 
of CT and MR imaging, are routinely used. Multiple 
modalities are used to detect cerebral lesions as 
well as adjacent functional eloquent regions pr-
eoperatively and intraoperatively. The integration 
of multiple image information guarantees more 
accurate planning and realisation of surgical pro-
cedures, supports the surgeon to avoid additional 

intraoperative traumatism and offers a higher level 
of safety and precision.

Neuronavigation systems are now routinely used 
in the neurosurgical practice and are quite easy to 
manage. The day before surgery, adhesive markers are 
placed on the head skin of the patient, and CT or MR 
are carried out, so that the images can be transferred 
into the neuronavigation system and the preopera-
tive surgical plan is feasible. The theoretical basis of 
neuronavigation is based on the 3D-built reconstruc-
tion space through the 3D defi nition of each marker. 
A neuronavigation tool is composed of a camera, 
reference arch, and pointer that allow the lateral, an-
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Fig. 28.9.2a–g. On conventional MR images it might be very 
diffi cult to determine whether a prominent and eloquent 
white matter tract, such as the corticospinal tract, has been 
destroyed, infi ltrated or simply displaced. Colour-coded DTI 
and tractography may demonstrate that a large tumour lo-
cated in the expected position of the pyramidal tract has 
displaced the tract, changing its orientation. Colour-coded 
anisotropy axial DTI maps at the level of the posterior limb 
of the internal capsule (PLIC) (a) and corona radiate (b and c) 
show displacement of the pyramidal tract toward the midline 
in a 69-year-old female with a large mass in the left fronto-
parietal region. Coronal colour-coded DTI maps (d) confi rm 
the displacement of the left pyramidal tract. Tractography (e, 
f, g) of the left (orange) and right (yellow) pyramidal tracts, 
reconstructed with a single region of interest placed in each 
PLIC, confi rmed thinning and displacement of the pyrami-
dal tract toward the midline on the left side. Tractography 
was performed with the DTI Studio software developed by 
Hangyi Hjang, Johns Hopkins University, Baltimore, USA.

teroposterior and vertical coordinates of the markers 
and subsequently of each point of the brain volume. 
After this crucial step, the software is able to acquire 
the head volume in the 3D preoperative CT or MR, 
and it is possible to defi ne the lesion morphology and 
its relationship with contiguous areas in all phases of 
the surgical procedure.

A major technical limitation of neuronavigation 
systems based on preoperative imaging is represented 
by dynamic changes of the intracranial contents 
(brain shift) due to tumour removal and/or CSF leak-
age that could occur during the surgical procedure. 
The surgeon then is faced with possible changing of 

the intraoperative fi eld for which the preoperative 
imaging data is not accurate, since the information is 
not updated during the course of surgery. It is clear 
that intraoperatively acquired images will provide 
better information. A number of high-tech tools for 
use during neurosurgical procedures have been de-
veloped in recent years, such as intraoperative ultra-
sound, intraoperative CT and MR, which are consid-
ered the superior imaging method for surgery image 
guidance.

The possibility of detecting, during surgery, elo-
quent areas allows a reduction of postoperative mor-
bidity. Functional MR and conventional MR data 
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transferred into the navigation device allow recog-
nizing the relation between the eloquent cortical 
area and the tumour, particularly when a low-grade 
glioma has to be removed. In this particular situa-
tion conventional MR images support the surgeon in 
tumour boundary defi nition, while detection of func-
tional areas is suggested by activated fMRI areas. In 
the past this surgery was performed exclusively by 
intraoperative electrocortical mapping (ECM), which 
is still considered the gold standard method. The as-
sociation of fMRI and ECM has dramatically reduced 
the length of surgery, an advantage for the patient. 
Patients with tumours near language-eloquent areas 
can be treated in asleep–awake anaesthesia.

The possibility of detecting preoperatively the 
histological features of an intracranial tumour is the 
common endpoint of neuroradiologists and neuro-
surgeons. MR spectroscopic imaging could identify 
areas of tumours with higher density or higher prolif-
erative index, which can become the preferred target 
of the surgical resection. Unfortunately, the reliabil-
ity of this technique is not complete, and a surgical 
specimen collection (biopsy or tumour removal) still 
represents the procedure allowing the diagnosis. MR 
spectroscopy could be used in image-guided surgery. 
The abnormal areas could be easily recognised and 
surgically collected. This nice interaction between ra-
diologists and surgeons will allow better integration 
of multiple imaging modalities in the operating room 
and will lead to more accurate diagnosis and tumour 
resection for the best care treatment. The surgeon 
involved in oncology is aware of the importance of 
a team composed of radiologist, pathologist, oncolo-
gist, physicist, and radiotherapist.

28.8 
Integrating Multiple Biologic Parameters and 
Conclusions

Over the past 30 years extraordinary advances in im-
aging techniques have been made. It is now possible 
to diagnose readily with CT or conventional MRI the 
presence of a mass in a few minutes. The type and 
grade of the tumour is diagnosed accurately in the 
majority of cases. Unfortunately, none of these tech-
nical improvements has made a signifi cant difference 
in survival of patients with gliomas. Nevertheless, 
it is mandatory to continue to develop and refi ne 
new and less-invasive imaging methods that mea-
sure multiple biologic parameters of this complex 
and relentless disease. The goals of imaging in front 

of a new presumed glioma should be the following: 
(1) determine the most likely grade of the mass; (2) 
determine whether it is a homogeneous or a hetero-
geneous lesion and identify those areas that will grow 
faster; (3) defi ne the virtual border that separates 
volumes of dense tumoral cells with dead normal 
brain tissue from volumes of functioning brain tis-
sue with scarce and slow growing tumoral cells; (4) 
identify the areas within or adjacent to the imaging 
abnormality that cannot be removed (e.g., grey and 
white matter eloquent structures).

It is well-known that the actual extension of a 
glioma is indicated neither by CT nor conventional 
MRI nor any of the more sophisticated imaging tech-
niques. Meticulous neuropathologic studies have 
demonstrated that tumour cells can be found far 
from any MR-defi ned abnormality (Scherer 1940; 
Burger et al. 1983; Kelly et al. 1987). If “optimal 
gross resection” is the goal of therapy, we should 
provide neurosurgeons and other therapists with 
accurate multiparametric maps of the tumour. The 
most advanced and necrotic area of the tumour will 
be defi ned by post-contrast images. fl uorodeoxyglu-
cose (FDG)-PET will outline areas of solid tumour 
with high glucose consumption. Perfusion MR im-
aging will outline areas with increased vascularity 
and elevated angiogenesis. These areas are likely to 
grow very fast and, therefore, should be taken out. MR 
spectroscopic imaging will outline zones of increased 
cellular density and membrane turnover in areas 
with abnormal T2-weighted signal, distinguishing 
these from areas of predominant vasogenic oedema. 
MR spectroscopic imaging will also distinguish areas 
with severe NAA and neuroaxonal loss and unlikely 
functioning tissue from areas with abnormal T2-
weighted signal but relatively spared NAA signal. In 
the latter areas it is likely that residual brain tissue is 
functioning despite evidence of tumour infi ltration. 
Functional MRI and DTI tractography will inform 
surgeons and therapists of what they cannot remove 
or treat.
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Craniocerebral trauma is the major cause of ac-
cidental death in the United States, particularly in 
the juvenile and young adult groups (Caveness 
1979; Kim and Zee 1995; Gean 1994; Gennarelli 
1985). Severe traumatic brain injury (TBI) accounts 
for a death rate of 16.9 per 100,000 population per 
year (Sosin et al. 1989). Motor vehicles (57%), fi re-
arms (14%), and falls (12%) were the most frequent 
causes. The rate of brain-injury-associated death for 

males is 3 times that of females. Head injuries are 
responsible for 200–300 hospital admissions per 
100,000 population per year in the United States 
(Bakay and Glassauer 1980). Most of the admis-
sions last only a few days and the patients are admit-
ted for clinical observation. Head injury is not only 
a cause of death but also a cause of serious fi nancial 
burden to the society providing treatment and care 
to these patients. Loss of labor and reduced pro-
ductivity to the society further adds to the negative 
impact. The majority of the patients suffering head 
injuries are considered as having “mild head injury.” 
Most patients recover fully from mild TBI, but 15–
29% may suffer signifi cant neurocognitive problems 
(Hofman et al. 2001). Common symptoms include 
attention defi cit, defi cit in working memory and 
speed of information processing, headaches, dizzi-
ness, and irritability.

Severe and moderate head injuries, or even some 
minor head injuries, can often be associated with 
rotational forces that produce shear stresses on the 
brain parenchyma. The brain is soft and malleable. 
Relatively little force is required to distort the shape 
of the brain. There are signifi cant differences in den-
sity between the cerebrospinal fl uid of the ventricles 
and the surrounding white matter. Differences in 
density also exist between gray and white matter to 
a lesser degree. When the skull is rapidly rotated, the 
superfi cial gray matter is carried along but the deeper 
white matter lags behind, causing axial stretching, 
separation, and disruption of nerve fi ber tracts. 
Shear stresses are most marked at junctions between 
tissues of different densities. As a result, shear inju-
ries commonly occur at junction of gray and white 
matter, but they are also found in the deeper white 
matter of corpus callosum, centrum semiovale, basal 
ganglia, brainstem (midbrain and rostral pons), and 
cerebellum.

Gentry et al. (1988) studied 63 cases of acute 
head injury and 15 patients with chronic head injury. 
Corpus callosal injury was found in 47% of the pa-
tients. The corpus callosum is prone to injury because 
of its rigid attachment to the falx and its relationship 
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to the independently mobile cerebral hemisphere. 
Because the falx is broader posteriorly, it effectively 
prevents transient displacement of the splenium of 
the corpus callosum, causing greater shear to oc-
cur within the fi bers of the latter. Gentry et al. also 
found that diffuse axonal lesions of the lobar white 
matter and brainstem are usually very small in size 
and diffi cult to detect on computed tomography (CT) 
or magnetic resonance imaging (MRI), while those 
in the corpus callosum are larger and readily visible 
on CT or MRI. Pathologically, the diagnosis of dif-
fuse axonal injury depends on the identifi cation of 
axonal bulbs microscopically. Early injury of axons 
is best detected immunocytochemically. The most 
sensitive indicator of injured axons is the presence 
of beta-amyloid precursor protein in the damaged 
axons. Injured axons may be seen within 2–3 h of in-
jury and as long as 99 days after trauma (Blumbergs 
et al. 1994; Hardman and Manoukian 2002).

29.1 
Computed Tomography 
in Traumatic Brain Injury

The advent of CT in the early 1970s revolutionized the 
diagnosis and management of head trauma patients, 
and CT remains the most effi cient method for evalu-
ating acute head trauma today (Zee and Go 1998). 
It is widely available, fast, and accurate for detect-
ing acute hemorrhage (Schynoll et al. 1993). High-
resolution CT is excellent for evaluating facial and 
skull fractures. Neurosurgically signifi cant lesions, 
such as epidural hematomas, subdural hematomas, 
or depressed skull fractures, are all readily detected 
by CT. CT is excellent for detecting intraventricu-
lar hemorrhage, which is commonly associated with 
shear injuries of the corpus callosum and white mat-
ter (Fig. 29.1) (Gentry et al. 1988).

CT does have a number of pitfalls when used to 
evaluate head injuries. Isodense or low-density acute 
hemorrhages are seen in patients who are severely 
anemic or suffer from disseminated intravascular co-
agulopathy. A small subdural hematoma or epidural 
hematoma may not be detected if the appropriate set-
ting for window width and level is not used. CT is also 
less sensitive than MRI for detecting diffuse axonal 
injury, cortical contusion, deep cerebral/brainstem 
injury, and small subdural hematomas (Hans et al. 
1984; Kelly et al. 1988; Zee and Go 1998). The early 
detection of many extra-axial hematomas has been 
made possible by the increase in the number of CT 

scans performed in head trauma patients. This results 
in early surgical interventions in these patients, with 
a marked improvement in their morbidity and mor-
tality (Jeret et al. 1993; Miller et al. 1988; Servadei 
et al. 1988; Johnson and Lee 1992).

Diffuse axonal injury (DAI) refers to white mat-
ter injury caused by unequal rotation or decelera-
tion of adjacent tissues of differing density and ri-
gidity (Adams et al. 1982; Strich 1961). The most 
common shearing lesions are seen in the parasagit-
tal white matter. As the shearing force increases, the 
corpus callosum and dorsolateral brainstem become 
injured. Internal capsule, cerebellar hemisphere, and 
sometimes the basal ganglia and thalami may also 
be involved (Hammound and Wasserman 2002). 
Clinically, patients may present in a comatose state 
despite a relatively benign appearance of their CT 
scans. On CT, DAI involving the white matter may 
present as multiple, small, focal low-density lesions in 
the white matter (Cordobes et al. 1986; Zimmerman 
et al. 1978). These tend to be ovoid or elliptical with 
the long axis oriented in the direction of the injured 
axons (Gentry et al. 1989). Hemorrhage may or may 
not be seen in these low-density areas (Sasiadek et 
al. 1991). They are typically less than 1 cm in size and 
spare the adjacent cortical surface of the brain. Lesions 
are usually located entirely within the white matter or 
at the gray-white matter junction and are seen in both 
hemispheres (Gentry et al. 1988). Cerebral swelling 
with obliteration of the basal cisterns and compres-
sion of the lateral ventricles and third ventricle can 

Fig. 29.1 Intraventricular hemorrhage and diffuse axonal 
Injury. Axial CT scan demonstrate the presence of intraven-
tricular hemorrhage in the left lateral ventricle and a small 
petechial hemorrhage in the frontal white matter
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be an early fi nding. After about 3 weeks, enlargement 
of the cerebral sulci and basal cisterns and dilatation 
of the ventricles can be seen with well-defi ned foci 
of hypointensity in the white matter (Zimmerman 
et al. 1978). Sasiadek et al. (1991) reported that the 
typical CT fi ndings of DAI were small hemorrhagic 
lesions, most often in the cerebral white matter and 
internal capsule. Hemorrhagic lesions resulting from 
shearing injury in the cerebral white matter and gray-
white matter junction are easily identifi ed on CT in 
the acute stage. However, CT is limited in the evalua-
tion of DAI. Mittl et al. (1994) found abnormalities 
compatible with DAI on MRI (spin-echo T2-weighted 
and T2*-weighted gradient echo images) in 30% of 
patients with normal head CT scans following minor 
head trauma (Fig. 29.2).

29.2 
Magnetic Resonance Imaging in Traumatic 
Brain Injury

MRI has rapidly become the imaging modality of 
choice for most neurological disease. In the arena of 
TBI, MRI has become an important adjunct to CT 
in the evaluation of patients with DAI, cortical con-
tusion, subcortical gray matter injury, and primary 
brainstem injury (Gentry et al. 1988). DAI most 
frequently involves the white matter of the frontal 
and temporal lobes, the corpus callosum, and corona 
radiata (Figs. 29.3, 29.4). Cortical contusions most 
commonly involve the inferior, lateral, and anterior 
portions of the frontal and temporal lobes where they 
are exposed to the rough bony surface of the frontal 

ba

Fig. 29.2a,b. Diffuse axonal injury 
detected by MRI with a normal-
appearing CT scan. a Axial FLAIR 
sequence demonstrates shearing 
injury involving the left internal 
capsule and external capsule. b 
Axial CT scan at the same level re-
veals no abnormality in the left in-
ternal capsule or external capsule

and temporal fossa. Primary brainstem injury occurs 
in the dorsolateral aspects of the midbrain.

Several different MR sequences have been studied 
in the evaluation of head trauma. The utility of fl uid-
attenuated inversion-recovery sequences in the eval-
uation of head trauma has been reported by several 
authors, who found the sensitivity of FLAIR images 
to be equal or superior to conventional T2-weighted 
spin-echo images. MRI is indicated when there is a 
signifi cant discrepancy between the patient’s clinical 
condition and the CT fi ndings, which could be un-
remarkable in some instances. Gradient echo images 
further enhance the sensitivity in detecting hemor-
rhagic shearing injury in the acute phase (deoxyhe-
moglobin) and chronic phase (hemosiderin) of the 
injury (Fig. 29.5). This is due to the shortening of 
T2* by the heterogeneous local magnetic fi eld aris-
ing from paramagnetic blood breakdown products. 
These changes can persist for months to years after 
the head trauma. T2*-weighted images are critical in 
the evaluation of patients with chronic head injury. 
Yanagawa et al. (1978) found that there is a correla-
tion between the lesions seen on gradient echo im-
ages and the Glasgow Coma Score and the duration 
of unconsciousness. They also found the number of 
hemorrhagic lesions detected by gradient echo se-
quences per patient was signifi cantly higher than 
those seen by T2-FSE.

Magnetization transfer (MT) imaging is based on 
the principle that protons bound in macromolecules 
exhibit T1 relaxation coupling with protons in the 
aqueous phase. Application of an off-resonance satu-
ration pulse can effectively saturate bound protons 
selectively. Subsequent exchange of longitudinal mag-
netization with free water protons reduces the signal 
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Fig. 29.3a–c. Diffuse axonal injury in-
volving the corpus callosum. a Sagittal 
T1-weighted image demonstrates a 
focal hyperintense hemorrhage in 
the splenium of the corpus callosum. 
b Axial FLAIR sequence reveals ab-
normal signal in the splenium of the 
corpus callosum. In addition, high-
signal material is seen in the left syl-
vian fi ssure and cortical sulci, consis-
tent with subarachnoid hemorrhage. 
c Axial diffusion-weighted image 
demonstrate high signal intensity in 
the splenium of the corpus callosum, 
consistent with restricted diffusion

Fig. 29.4a–e. Extensive diffuse axonal 
injury involving the corpus callosum. a 
Axial CT scan demonstrates no abnor-
mality in the genu or splenium of the 
corpus callosum. b,c Axial FLAIR se-
quences reveal extensive abnormal signal 
intensity involving most of the corpus 
callosum, consistent with diffuse axonal 
injury. d,e Axial diffusion-weighted im-
ages demonstrate abnormal signal inten-
sity involving the majority of the corpus 
callosum, consistent with restricted dif-
fusion secondary to diffuse axonal injury. 
In addition, small areas of signal abnor-
malities are seen in the frontal white mat-
ter bilaterally

b

a

c
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intensity detected from these free protons. The mag-
netization transfer ratio (MTR) provides a quantitative 
index of this MT effect and may be a quantitative mea-
sure of the structural integrity of the tissue (Bagley et 
al. 2000). Experimental models of DAI in pigs showed 
reduced MTR values in regions of histologically proven 
axonal injury. McGowen et al. (2000) found that the 
MTR in the splenium of the corpus callosum was lower 
in patients who suffered minor head injury compared 
with a control group, but no signifi cant reduction in 
MTR was found in the pons. All the patients demon-
strated impairment of at least three measures on neu-
ropsychological tests, and in two cases a signifi cant 
correlation was found between regional MTR values 
and neuropsychological performance. McGowen et al. 
also found that quantitative MT can be used to detect 
lesions of DAI even when conventional T2-weighted 
MRI is negative. Bagley et al. (2000) found that average 
MTR values were higher in all areas of white matter in 
patients without persistent neurological defi cit than in 
patients with defi cits. They concluded that detection of 

an abnormal MTR in normal-appearing white matter 
may suggest a poor prognosis.

Magnetic resonance spectroscopy (MRS) provides a 
noninvasive method of evaluating microscopic injury 
of the white matter in patients with DAI and may help 
to predict outcome. MRS is a sensitive tool in detect-
ing DAI and may be particularly useful in evaluating 
patients with mild TBI with unexplained neurological 
and cognitive defi cits. Since DAI disturbs the balance 
of chemicals that exist in the brain, such as N-acetyl as-
partate (NAA), lactate, choline and high-energy phos-
phates, MRS can provide an index of neuronal and axo-
nal viability by measuring levels of NAA. A majority of 
mildly brain injured patients, as well as those severely 
injured, showed a reduction in NAA levels and NAA/
creatine ratio in the splenium of the corpus callosum 
compared with normal controls. Reduced NAA levels, 
corresponding to neuronal injury, were observed in pa-
tients with elevated lactate up to 24 h following the TBI. 
Marked reduction of NAA in the white matter contin-
ues into the subacute phase. However, in some patients 

Fig. 29.5a–c. Diffuse axonal injury demonstrated by gradi-
ent echo images. a Axial T1-weighted sequence reveals a tiny 
hyperintense petechial hemorrhage in the right frontal white 
matter. b Axial FLAIR sequence demonstrates small hyperin-
tense areas in the right frontal white matter. c Coronal gradi-
ent echo sequence clearly shows several hypointense areas of 
petechial hemorrhage, consistent with diffuse axonal injury

a b

c
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normal NAA levels may be detected 6 months following 
the trauma (Brooks et al. 2001). Elevated lactate levels 
on MRS in normal-appearing tissues on MRI correlates 
with poor clinical outcome (Condon et al. 1998).

Animal studies of diffusion-weighted imaging 
demonstrated confl icting results in the change of ap-
parent diffusion coeffi cient (ADC) due to DAI (Alsop 
et al. 1996; Hanstock et al. 1994; Ito et al. 1996). Liu 
et al. (1999) reported the fi rst clinical study of diffu-
sion-weighted imaging in DAI. They performed dif-
fusion-weighted imaging in patients with acute and 
subacute DAI and demonstrated that a signifi cant 
decrease in ADC values can be seen in areas of DAI 
up to 18 days following head injury. This probably 
refl ects cellular swelling or cytotoxic edema in the 

acute stage. The authors hypothesize that very low 
ADC values, compared with acute ischemia, might be 
due to the presence of blood products and ruptured 
axons with membrane fragmentation, which restrict 
the free movement of water molecules. In the fi rst few 
hours following traumatic brain injury, DAI is char-
acterized by disruption of the cytoskeletal network 
and axonal membranes. Histological abnormalities 
seen in association with DAI decrease the diffusion 
along axons and increase the diffusion in directions 
perpendicular to them. White matter structures with 
reduced diffusion anisotropy are detected in the fi rst 
24 h in patients suffering from DAI after TBI. A fol-
low-up study revealed several regions that might have 
recovered from the injury 1 month later (Fig. 29.6). 

ba
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Fig. 29.6a–d. Diffuse axonal injury in the right thalamus. a Axial T1-weighted image demonstrates a focal high signal intensity 
area in the right thalamus, consistent with hemorrhage. b Axial FLAIR sequence demonstrates abnormal signal intensity in 
the right thalamus as well as in the right side of the splenium of the corpus callosum. c Axial diffusion-weighted image reveals 
restricted diffusion in the right thalamus and right side of the splenium of the corpus callosum. d Axial diffusion-weighted im-
age obtained 1 month later demonstrates no evidence of restricted diffusion. A hypointense area is seen in the right thalamus, 
consistent with encephalomalacia
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Fig. 29.7a–d. Traumatic swelling of the splenium of the corpus callosum. a Axial FLAIR sequence demonstrates abnormal signal 
intensity in the splenium of the corpus callosum. b Axial diffusion-weighted image reveals abnormal signal in the splenium, 
consistent with restricted diffusion secondary to diffuse axonal injury. Some abnormal signal is also seen in the genu of the cor-
pus callosum and left basal ganglia. c Three-dimensional diffusion tensor white matter tractography demonstrating alteration 
and irregularity of the callosal tracts, most likely indicating cytoskeletal alterations in the white matter. d Three-dimensional 
diffusion tensor white matter tractography of a normal subject for comparison

ba

c d
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The diffusion tensor imaging technique might pro-
vide a tool for early detection of DAI in patients with 
minor traumatic head injury (Fig. 29.7) (Arfanakis 
et al. 2002).

29.3 
Brainstem Injury

Traumatic brainstem injuries may be classifi ed as pri-
mary or secondary, depending on whether the lesion 
occurred at the time of impact or subsequent to it. 
Primary lesions include brainstem contusion, shearing 
injury, and pontomedullary rest (Cooper et al. 1979). 
Secondary lesions include hypoxic/ischemic injury 
and Duret hemorrhage (Friede and Roessman 1966). 

Duret hemorrhage is always seen in association with 
transtentorial herniation and is thought to result from 
damage to the medial pontine perforating branches 
of the basilar artery. Therefore, Duret hemorrhage is 
seen anterior to the pons. CT is somewhat limited in 
detecting brainstem lesions, and MRI is the preferred 
imaging modality for evaluating these lesions. DAI of 
the brainstem usually produces lesions that are small 
to microscopic in size and are frequently located in the 
midbrain and rostral pons (Fig. 29.8). Gentry et al. 
(1989) reported that MRI demonstrated a signifi cantly 
higher number of lesions in traumatic brainstem in-
jury than CT. Patients with traumatic brainstem in-
jury had a signifi cantly higher frequency of corpus 
callosum and white matter shearing lesions. Gentry 
et al. also found the mean Glasgow Coma Score at 
admission was signifi cantly lower in patients with evi-

Fig. 29.8a–e. Brainstem hemorrhage. a Axial CT scan shows high-density hemorrhage in the midbrain. b Sagittal T1-weighted 
image shows focal hyperintense hemorrhage in the midbrain. c Axial FLAIR sequence demonstrates abnormal high signal 
intensity in the midbrain. d Axial diffusion-weighted image demonstrate focal hyperintensity in the midbrain, consistent with 
restricted diffusion. e Axial diffusion-weighted image obtained 3 weeks following the trauma demonstrates no abnormality

ba
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dence of brainstem injury on MRI. Traumatic injury 
to the brainstem involving the dentato-rubro-olivary 
pathway can result in unilateral or bilateral olivary 
hypertrophy, which is readily detected by MRI as a 
focal area of enlargement with high signal intensity 
on T2-weighted images in the region of the inferior 
olivary nucleus (Birbamer et al. 1993).

29.4 
Cerebral Swelling

Traumatic cerebral swelling can occur secondary to 
cerebral hyperemia or cerebral edema. Cerebral hy-
peremia results from a loss of normal autoregulation 
of cerebral blood fl ow, which is secondary to eleva-
tion of systemic blood pressure. The cerebral blood 
fl ow then passively follows systemic blood pressure. 
Loss of autoregulation of cerebral blood fl ow is more 
common in children. Cerebral edema results from an 
increase in water content. Diffuse brain injury can 
cause generalized cerebral swelling (Yoshino et al. 
1985). Infarction, secondary to intracranial and ex-
tracranial vascular injury, is seen with edema. On CT, 
the edematous brain is hypodense due to increased 
water content and there is subsequent loss of the 
normal differentiation between gray and white mat-
ter. Ventricular compression and sulcal effacement 
are also seen. In children, diffuse cerebral edema and 
subarachnoid hemorrhage are frequently seen as a 
result of closed head trauma (Segall et al. 1980). 
When diffuse cerebral swelling is predominantly due 
to cerebral hyperemia, initial CT scans may show a 
slight increase in overall density of the brain. This is 
particularly common in children. Unilateral cerebral 
swelling is seen frequently with ipsilateral subdu-
ral hematoma, less frequently in ipsilateral epidural 
hematoma, and occasionally as an isolated fi nding 
(Lobato et al. 1980).

29.5 
Post-traumatic Atrophy of Cerebrum, 
Cerebellum, and Corpus Callosum

Atrophy of the cerebrum may occur focally or dif-
fusely in patients with previous head trauma (Bakay 
and Glassauer 1980; Tsai et al. 1978). In such cases, 
both CT and MRI will show both widening of the 
cortical sulci and concordant ventriculomegaly in the 
affected areas. Cerebellar atrophy is demonstrated by 

the prominence of subarachnoid and cisternal space 
in the posterior fossa. Time-dependent atrophic 
changes occurring after TBI can be quantifi ed using 
MR volumetric studies and, in the chronic stages, 
these studies may be predictive of eventual cognitive 
outcome (Bakay and Glassauer 1980). Focal atro-
phy may present as focal areas of encephalomalacia 
or porencephalic cyst. Sometimes, it may be diffi cult 
to differentiate encephalomalacia from porence-
phalic cyst on CT as both entities show low density. 
Since porencephalic cyst contains cerebrospinal fl uid, 
it is generally of lower density than areas of encepha-
lomalacia. On MRI, they can easily be differentiated 
from each other on the FLAIR sequence, as poren-
cephalic cyst shows low signal intensity whereas en-
cephalomalacia demonstrates high signal intensity.

In patients with long-standing, severe closed head 
injury and diffuse white matter injury, atrophy of 
the corpus callosum can occur. The degree of cor-
pus callosal atrophy correlates signifi cantly with the 
chronicity of the injury. MRI provides an in vivo de-
termination of corpus callosal atrophy which may 
refl ect the severity of DAI. The MRI fi ndings of cor-
pus callosal atrophy following closed head trauma 
appear to correlate clinically with post-traumatic 
hemispheric disconnection effects (Benavidez et 
al. 1999). Reduction in fornix size and hippocampal 
volume has also been reported in patients with TBI 
(Tate and Bigler 2000). We have recently observed a 
case of post-traumatic seizure in a patient with previ-
ous temporal lobe injury. MRI of the temporal lobe 
demonstrated temporal lobe encephalomalacia and 
bilateral mesial temporal sclerosis.

29.6 
Correlation of Neuroimaging and 
Neurotraumatic Outcome

The role of advanced neuroimaging techniques in 
TBI management is undergoing a fundamental 
change. Historically, the radiographic fi ndings in neu-
rotrauma have focused on the descriptive anatomy of 
lesions with little regard to correlation with clinical 
outcomes of patients. Given the wide spectrum of 
traumatic mechanisms coupled with the complexity 
of neurophysiological autoregulation, prognostica-
tion based solely on location, number, and size of le-
sions has been poor at best. However, recent advances 
in neuroimaging have opened new opportunities to 
understanding the biology of neurotrauma as well as 
stratifying the clinical outcomes based on physiologi-
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cal, functional, and anatomical imaging correlates. 
With the growing widespread use of MRI, single-pho-
ton emission CT, and positron emission tomography 
(PET) scanning, new techniques are being applied 
to trauma situations which aim to improve clinical 
diagnosis and prognosis.

With the widespread adoption of advanced neu-
roimaging studies, neuroradiologists have gained 
the ability to correlate subtle changes in neuro-
physiology and map them anatomically. MRI can 
detect punctate areas of hemorrhage, differenti-
ate between vasogenic and cytotoxic edema, and 
demonstrate areas of ischemia/infarct with much 
greater precision and speed than earlier-genera-
tion neuroimaging modalities. While several stud-
ies have examined the link between TBI and routine 
MRI fi ndings, these investigations have focused 
primarily on lesional anatomy (Hofman et al. 
2001; Tate and Bigler 2000; Udstuen and Claar 
2001). However, with the development of MRS, MT, 
diffusion/perfusion imaging, and functional imag-
ing, our understanding of the neurophysiology of 
TBI has been greatly enhanced (Hammound and 
Wasserman 2002).) For example, both MRS and 
MT imaging have been shown to quantify damage 
after TBI, as reported by Sinson et al. (2001). Post-
traumatic differences in NAA/Cr ratios between pa-
tients with good and poor outcomes were observed 
but were not statistically signifi cant. Furthermore, 
McGowan et al. (2000) have reported that quan-
titative MT imaging can be utilized to detect ab-
normalities associated with mild TBI which are not 
detected on routine CT or MRI. Although there was 
only a weak correlation between the MRI and neu-
rophysiological data, refi nements in the technique 
may allow development of a grading system to pre-
dict extent of injury (Zee et al. 2002). In fact, mild 
TBI is becoming an intense area of focus given its 
high prevalence in the population and the greater 
sensitivity of advanced MRI techniques. Hofman 
et al. (2001) recently reported the largest prospec-
tive study to date correlating neuroimaging fi ndings 
and neurocognitive tests in patients with mild TBI. 
Their results suggest that even mild trauma to the 
brain results in abnormalities identifi ed on single-
photon emission CT (SPECT) and MRI which were 
previously not apparent. Unfortunately, the correla-
tion between the two imaging techniques and neu-
rocognitive tests was poor. Nevertheless, the data 
would support the further application of MRI and 
SPECT imaging to patients with head trauma given 
the sensitivity of these techniques to post-trau-
matic brain lesions.

The future of TBI research and neuroimaging is 
bright. We are no longer limited to simple anatomical 
descriptive analysis but can extend our involvement 
into the arena of microscopic imaging and the sphere 
of outcomes research. The role of the neuroradiolo-
gist as prognosticator is becoming more important as 
the tools at our disposal allow better understanding 
of the link between what we see and what clinicians 
observe.
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Magnetic resonance imaging applications to evaluate 
white matter physiology and pathology in psychiat-
ric disorders include: structural magnetic resonance 
imaging (MRI), proton magnetic resonance spectros-
copy (1H-MRS), diffusion tensor imaging (DTI), and 
magnetization transfer imaging (MTI).

30.1. 
Diff usion Tensor Imaging

Diffusion tensor imaging (DTI) is an MRI application 
providing a means to examine the microstructure of 
brain tissues, particularly of white matter. The ten-
sor is a mathematical construct useful for describing 
multidimensional vectorial systems. This construct 
(the “diffusion tensor”) has been applied to diffusion 
(Basser et al. 1994), and it describes information 
about the three-dimensional geometry, orientation, 
and shape of diffusion. The shape of the ellipsoid ten-
sor is linearly dependent on the strength of diffusion 
along the three main directions (the eigenvalues) of 

space; therefore, the tensor in white matter will de-
scribe an ellipsoid with the longest axis parallel to 
the axonal direction, as the other two directions are 
restricted. The tensor fully characterizes the diffu-
sion system providing different measures of diffu-
sion: the apparent diffusion coeffi cient (ADC) of a 
certain direction, the degree of anisotropy (fractional 
anisotropy, FA; relative anisotropy, RA) and primary 
fi ber tract orientation. ADC is calculated by dividing 
the trace of the tensor by 3 and it is an invariant, 
thus providing a measure independent of head rota-
tion; it is sensitive to fl ow in blood vessels and in 
cerebrospinal fl uid (CSF), extracellular and intracel-
lular restrictions of movements, fi ber packing and 
orientation. FA is an invariant measure of the frac-
tion of the magnitude of tensor that can be ascribed 
to anisotropic diffusion and it can be considered a 
measure of how elongated the ellipsoid in each voxel 
is. RA is an invariant normalized standard deviation 
representing the ratio of the anisotropic part to its 
isotropic part. Volume ratio (VR) is a measure of 
the sphericity of the tensor, calculated by dividing 
the ellipsoid volume by the volume of a sphere with 
a radius of 1. Minimum/maximum ratio (A) is the 
ratio between the minimum and the maximum of the 
eigenvalues, thus dependent on sorting based on size 
order. There are also some measures that refl ect the 
intervoxel diffusion coherence between tensors and 
can be used to study fi ber orientation and organiza-
tion at a macroscopic level: correlation measure of 
organization (Basser and Pierpaoli 1996), geomet-
ric measures of weighted average tensor (Westin et 
al. 1997), intervoxel coherence (Pfefferbaum et al. 
2000), and lattice index of anisotropy (Pierpaoli and 
Basser 1996).

The MR pulse sequences used to acquire diffu-
sion-weighted MR images can be divided in echo-
planar imaging and navigator methods, that allow 
respectively a single and a multiple shot for acquisi-
tion of one image, the latter employing navigator MR 
signals to detect and correct bulk motion. However, 
DTI sequences still suffer from some problems. The 
echo-planar imaging techniques are very fast, but 
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being very sensitive to magnetic fi eld inhomoge-
neities (e.g., interfaces between brain, bone and air; 
Taber et al. 2002) this method can result in arti-
facts in areas exhibiting large variation of magnetic 
susceptibility; moreover they are also susceptible 
to chemical shift artifacts caused by the different 
properties of fat and water. Spatial resolution is lim-
ited (the imaging matrix acquired is rather coarse, 
thus making the voxel dimension larger than some 
white matter structures, resulting in partial volume 
artifacts), and signal averaging may be necessary, 
leading to a high sensitivity to motion artifacts. 
Navigator methods have an excellent spatial resolu-
tion and smaller artifacts, but more than 10 min is 
needed to acquire an image along with synchroniza-
tion with the heart rate, thus limiting routine use of 
this technique in the clinical setting.

DTI data can be analyzed with two different ap-
proaches: region of interest (ROI) and voxelwise 
analyses. In the fi rst, the study is performed in spe-
cifi c ROIs identifi ed in relevant white matter regions, 
with limited anatomical reproducibility, fewer statis-
tical tests and the possibility of false negative results. 
With the latter approach, brains are normalized into a 
standard space and then tested for group differences 
in FA, thus studying the entire volume; this method 
may have increased risk of type I errors.

Several research groups have already used DTI 
in a variety of conditions. For example, diffusivity 
is usually increased in elderly people (Gideon et al. 
1994; Engelter et al. 2000; Abe et al. 2002) while FA 
is decreased (Pfefferbaum et al. 2000; Sullivan et 
al. 2001; Abe et al. 2002), even though these results 
are not unequivocal (Helenius et al. 2002) and not 
all brain regions undergo these changes in the same 
way. Decreased anisotropy can be found in demye-
linating diseases, including leukodystrophies (Ito et 
al. 2002), multiple sclerosis (Filippi et al. 2002), and 
human immunodefi ciency virus-1 (HIV-1) infection 
(Filippi et al. 2001; Pomara et al. 2001), suggesting 
that DTI can be considered as a measure of myelin 
integrity.

30.1.2 
Future Applications

Diffusion tensor tractography is an imaging tech-
nique that uses the principal diffusion direction 
measured with DTI to compute the underlying tissue 
fi ber pathways or “tracts” (Basser et al. 2000), thus 
allowing a three-dimensional visualization of white 
matter fi ber tracts and the identifi cation of specifi c 

physical connections between different brain regions. 
After segmentation of the white matter and identifi -
cation of specifi c ROIs, the tracing process starts with 
selection of starting pixels or “seed points” within 
these regions. The direction of maximum diffusion 
is then interpolated between the neighboring voxels, 
thus defi ning a path of fi bers. The iterative repetition 
of this process can defi ne a fi ber tract. Unfortunately 
use of this technique is limited by quality of the data 
(DTI images have a low signal-to-noise ratio) and 
the diffusion model (the tensor formalism) used for 
the analysis.

30.2 
Magnetization Transfer Imaging and 
T2 Relaxographic Imaging

Some other MR applications might be helpful 
along with DTI studies (Lim and Helpern 2002): 
Magnetization transfer imaging (MTI) is a rela-
tively new imaging technique that uses off-reso-
nance radiofrequency irradiation to transfer en-
ergy between bound and mobile pools of water. 
The magnetization transfer ratio (MTR) depends 
on protein concentration, exchange kinetics and re-
laxation rates of bound water. MTR data are stable 
and show only small changes across brain develop-
ment in healthy individuals (Silver et al. 1997). 
Studies in multiple sclerosis have confi rmed that 
this technique is more sensitive to subtle changes 
of the white matter than conventional MRI (Filippi 
et al. 1995).

T2 relaxographic imaging (T2RI) can be used 
to quantify the amount of myelin by examining 
T2 relaxation distributions believed to be due to 
water confined within myelin bilayers. A reduc-
tion in these components would indicate lower 
quantities of myelin. These studies use long echo 
trains and nonlinear fitting methods (MacKay et 
al. 1994).

30.3 
Psychiatric Disorders

White matter changes have been found in various 
psychiatric disorders. Most work has been done on 
schizophrenia, but there are also some studies on 
alcoholism, HIV-1 infection, mood disorders, and 
Alzheimer disease.
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30.3.1 
Schizophrenia

A popular theory about the pathophysiology of schizo-
phrenia hypothesizes that this condition is associ-
ated with altered brain development (Weinberger 
et al. 1987). Moreover, if a node of a brain network 
is damaged early in development, other nodes in the 
network may be affected. Therefore, disrupted con-
nectivity of cortico-cortical and cortico-subcortical 
circuitry might be a logical consequence of altered 
brain development (Friston 1998). A large series 
of clinical and cognitive phenomena are consistent 
with these contentions (Weinberger et al. 2003). 
Moreover, post-mortem studies in schizophrenia 
have produced robust evidence consistent with al-
tered brain development and altered connectivity 
in this disorder. For example, several studies have 
reported increased neuronal density, decreased neu-
ropil, and abnormalities in the neurons of layer III of 
the prefrontal cortex (PFC), the neurons responsible 
for cortico-cortical projections (Buxhoeveden et al. 
2000; Selemon and Goldman-Rakic 1999). Other 
studies in PFC have reported reductions in the size 
of the soma of neurons (Rajkowska et al. 1998), also 
correlating with the extent of dendritic arborization, 
and with the number of dendritic spines – a measure 
of synaptic contacts– (Roberts et al. 1996). Signs 
of apoptotic or necrotic cell death or of gliosis (a 
marker of degenerative disorders) have never been 
reported, further corroborating the evidence for al-
tered brain development and connectivity. Similar 
results have also been reported for the hippocampus 
(for review see Weinberger 1999), further suggest-
ing that altered development of the latter and of its 
connectivity with the PFC might be instrumental in 
the pathophysiology of schizophrenia.

These post-mortem fi ndings are also consis-
tent with in vivo studies performed with structural 
MRI indicating reduced volume of the hippocam-
pus (Nelson et al. 1998), of the PFC (including pre-
frontal white matter; Breier et al. 1992; Buchanan 
et al. 1998), and alteration of the connectivity be-
tween these two brain regions (Wright et al. 1999). 
Similar MRI studies on global brain volume have 
also revealed small decreases in global white mat-
ter volume calculated from the associated measure 
of ventricular ratios (Cannon et al. 1998; Wright 
et al. 2000), even though these results have not been 
universally confi rmed (Lim et al. 1998). Some au-
thors have reported reduced prefrontal lobe white 
matter volume (Breier et al. 1992). Other structural 
MRI studies have reported alterations in the white 

matter of schizophrenic patients in the adhesio in-
terthalamica (Snyder et al. 1998), corpus callosum 
(Casanova et al. 1990; DeLisi et al. 1997; DeQuardo 
1999; DeQuardo et al. 1996; Downhill et al. 2000; 
Gunther et al. 1991; Hoff et al. 1994; Lewine et al. 
1990; Narr et al. 2000; Nasrallah et al. 1986; Rossi 
et al. 1989; Stratta et al. 1989; Tibbo et al. 1998; 
Uematsu and Kaiya 1988; Woodruff et al. 1993), 
and cavum septi pellucidi (Degreef et al. 1992; 
Kwon et al. 1998; Nopoulos et al. 1996, 1997), even 
though there have also been negative reports.

Consistent with all these studies and with their in-
dications, studies in animal models of schizophrenia 
have suggested that altered development of the hip-
pocampus, of the PFC, and of their connectivity may 
be plausibly involved in the pathophysiology of this 
disorder. More specifi cally, developmental lesions of 
the hippocampus in nonhuman primates and in ro-
dents selectively disrupt development of prefrontal 
neurons (Bertolino et al. 1997, 2002), and of their 
function for cognition (Lipska et al. 2002) and for 
regulation of dopamine release (Lipska et al. 1995; 
Bertolino et al. 1999).

Molecular studies in post-mortem tissue and in 
animal models also suggest that white matter might 
be associated with altered connectivity in schizophre-
nia. Studies of genome-wide expression analysis us-
ing DNA microarray and RT-PCR (based on a reverse 
transcriptase-polymerase chain reaction of a mes-
senger RNA) (Copland et al. 2002; Tkachev et al. 
2003) have examined the dorsolateral PFC of patients 
with chronic schizophrenia. More than 6500 genes 
were examined and a signifi cant (up to 50%) down-
regulation of the expression (Hakak et al. 2001) of 
seven genes was found, these being responsible for 
oligodendrocyte cell differentiation and maturation, 
myelination, and glutamate excitotoxicity response 
(myelin-associated glycoprotein; CNP; myelin and 
lymphocyte protein, MAL; gelsolin, GSN; ErbB3, and 
transferrin). Other studies in knock-out mice suggest 
a possible role for some myelin-related genes in the 
pathogenesis of schizophrenia (Bartsch et al. 1997; 
Bartsch 1996; Furukawa et al. 1997; Lassmann et 
al. 1997; Montag et al. 1994).

If altered connectivity of brain regions is impli-
cated in the pathophysiology of schizophrenia, it is 
logical to expect that the interconnecting white mat-
ter fi bers might be affected. In a 1H-MRS study Lim et 
al. (1998) have reported selective reductions of N-ace-
tyl aspartate (NAA) in prefrontal and parietal white 
matter. Although extremely useful in accounting for 
partial volume effects of gray and white matter, their 
sophisticated technique did not allow for more de-
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tailed regional analysis. This is important especially 
for gray matter, since one of the assumptions of their 
work is that NAA concentration is stable across func-
tionally distinct cortical areas (e.g., dorsolateral and 
medial prefrontal cortices). Other 1H-MRS studies 
have reported no neurochemical differences in pre-
frontal white matter and in centrum semiovale in 
patients with schizophrenia (Bertolino et al. 1996, 
1998a,b, 2001; Callicott et al. 1998), schizophreni-
form disorder (Bertolino et al. 2003), and bipolar 
disorder (Bertolino et al. 2003).

DTI is the most suitable technique to evaluate the 
integrity of white matter fi ber tracts. The fi rst DTI 
study in patients with schizophrenia was performed 
by Buchsbaum et al. (1998) in fi ve chronic patients 
and six controls who also underwent 18F-fl uorodeox-
yglucose positron emission tomography (PET-FDG) 
scans. After spatial normalization, these authors re-
ported signifi cantly reduced prefrontal white matter 
RA. There were no correlations between the glucose 
metabolic rates of frontal cortex and the striatum 
assessed by PET-FDG. The authors have interpreted 
these results as suggestive of impairment of fronto-
striatal connectivity. Lim et al. (1999) studied 10 men 
with schizophrenia and 10 healthy controls with a 
pulsed gradient spin-echo echo-planar imaging DTI. 
For data analysis, they used a ROI approach identify-
ing three lobar regions: prefrontal, temporo-parietal, 
and parieto-occipital. After using tissue segmenta-
tion contours to minimize the echo-planar warping 
effect, they reported widespread lower bilateral FA in 
the white matter of the patients from frontal to oc-
cipital regions. These widespread bilateral diffusion 
defi cits have been also found by Agartz et al. (2001) 
and by Minami et al. (2003). No differences in the an-
isotropy of gray matter were found in these studies.

Other authors have focused their attention on spe-
cifi c regions: Foong et al. (2000a) studied 20 patients 
and 25 controls, identifying ROIs in the genu and 
splenium of the corpus callosum. They found signifi -
cantly increased mean diffusivity and a signifi cant 
reduction in FA in the splenium, but not in the genu. 
These results have been confi rmed by Agartz et al. 
(2001) and Ardekani et al. (2003), who reported re-
duced FA also in forceps major. Ardekani et al. (2003) 
also found bilateral reduction in FA in the white mat-
ter of the anterior parahippocampal gyrus (PHG). 
Sun et al. (2003) have reported increased FA values 
in the anterior cingulate bundle. Some studies have 
focused on specifi c fi ber tracts, reporting decreased 
FA in the left uncinate fasciculus, the most promi-
nent tract of temporal-frontal connections (Burns et 
al. 2003; Kubicki et al. 2002a), and in the left arcu-

ate fasciculus, one of the white matter tracts of pa-
rietal-frontal connections (Burns et al. 2003). Some 
of these results have not been confi rmed in a recent 
study in patients with early-onset schizophrenia by 
Kumra et al. (2004). These authors demonstrated re-
duced FA in bilateral frontal lobes (at +5, +10 and +20 
mm above the anterior-posterior commissure plane, 
AC-PC) and in the right occipital region; no statisti-
cal difference between patients and healthy controls 
was found in the genu and splenium of the corpus 
callosum.

Kalus et al. (2004), co-registering a high-resolu-
tion 3D-MPRAGE T1-weighted sequence with DTI, 
measured the intervoxel coherence (COH; an in-
dex of the degree to which the vectors point in the 
same direction) in the hippocampus of patients with 
schizophrenia. Despite lack of statistical difference in 
the volume of the hippocampus compared with nor-
mals, the DTI data showed that COH was reduced in 
patients in the bilateral posterior hippocampus and 
left total hippocampus. The limitations of this study 
include the small sample size and the potential con-
founding effect of pharmacotherapy.

Clinical symptomatology of the patients studied 
has been found to correlate with anisotropy indexes: 
decreased FA in inferior prefrontal white matter re-
gions was associated with impulsivity (measured 
by the Motor Impulsiveness factor of the Barratt 
Impulsiveness Scale), and higher trace correlated with 
Aggressiveness (measured with the Assaultiveness 
scale of the Buss Durkee Hostility Inventory and with 
the Aggression scale of the Life History of Aggression; 
Hoptman et al. 2002) or with greater severity of the 
negative symptoms of schizophrenia, measured by the 
Schedule for the Assessment of Negative Symptoms 
(Wolkin et al. 2003).

Other studies have reported negative results. Steel 
et al. (2001) studied 10 patients and 10 controls with 
1H-MRS and DTI, examining frontal and occipital 
white matter. In patient they found nonsignifi cant re-
ductions (of about 10–15%) in prefrontal white mat-
ter NAA levels, and no differences in white matter 
anisotropy. Also Foong et al. (2002) did not fi nd any 
difference between patients and control groups.

MTR has also been used in schizophrenia: with 
a ROI approach, Foong et al. (2000b) have shown 
signifi cant bilateral alterations in the temporal lobe 
white matter in 25 patients with schizophrenia, and 
a similar statistical trend in left and frontal lobes; 
using a voxelwise controlled approach in the same 
data, the authors showed a signifi cant reduction in 
MTR in the inferior and middle frontal, inferior and 
middle temporal, and superior parietal gyri, particu-
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larly in the frontal and temporal regions (Foong et al. 
2001). Negative symptom scores on the Positive And 
Negative Syndrome Scale (PANSS) were correlated 
with decreased MTR in left parietal and temporo-oc-
cipital regions. The limitations of this study include 
the small sample size and the gender distribution (19 
men, 6 women).

T2RI is likely to be used to corroborate the discon-
nection hypothesis of schizophrenia, looking to the 
disruptions of white matter.

30.3.2 
Alcoholism

Application of these techniques to alcoholism has 
been limited. Pfefferbaum et al. (2000) performed 
a controlled DTI study of the genu and splenium 
of the corpus callosum and the centrum semiovale 
of 15 detoxifi ed chronic patients with alcohol ad-
diction, measuring the correlation between white 
matter microstructure changes and performance 
on neuropsychological tests assessing working 
memory and attention. They measured the FA and 
COH using a voxelwise approach. A brief neuro-
cognitive battery based on the Dementia Rating 
Scale, and Backward Digit, Block Spans and Trail 
Making B for the assessment of attention and work-
ing memory, were administered. FA was lower in 
the patient group compared with control subjects 
in the genu and centrum semiovale; the COH was 
lower only in the splenium. Patients had lower neu-
ropsychological performance, and working memory 
accuracy correlated positively with the splenium FA, 
whereas attention correlated positively with the 
COH. Consistent with post-mortem studies (de la 
Monte 1988), these results have suggested disrup-
tion of white matter microstructure in these pa-
tients and have also suggested that disruption of 
connectivity can be associated with impairment of 
working memory and attention. In another study, 
Pfefferbaum and Sullivan (2002) also found that 
FA and COH in the above-mentioned regions cor-
related with lifetime alcohol consumption.

Lower anisotropy in frontal white matter can be 
found also in individuals with cocaine dependence, 
confi rming that the alterations in orbitofrontal 
connectivity might be involved in the pathogenesis 
of this disorder (Lim et al. 2002). These results are 
consistent with fi ndings of white matter hyperin-
tensities reported in cocaine abusers, probably as-
sociated with the vasoconstrictive effects of this 
drug.

30.3.3 
HIV-1 Infection

Two studies have used DTI to examine the white mat-
ter in patients with HIV-1 infection. Filippi et al. 
(2001) studied 10 patients with a wide range of viral 
loads (from undetectable to greater than 400,000 HIV 
messenger RNA copies/mm3). They used a ROI ap-
proach identifying regions in the genu and splenium 
of corpus callosum as well as bilaterally in frontal 
and parietal-occipital subcortical white matter and 
centrum semiovale. Patients were divided into three 
groups according to viral load level: undetectable, 
intermediate, and high levels. Clinical MRI scans 
showed only mild brain atrophy. Patients in the fi rst 
group did not show any changes in diffusivity com-
pared with healthy controls. Anisotropy index was 
signifi cantly decreased in the genu and splenium of 
the corpus callosum in the other two groups; mean 
diffusivity was reduced in these regions only in the 
patients with high viral loads. Pomara et al. (2001) 
studied six non-demented HIV-1 patients and nine 
controls. They used a ROI approach identifying re-
gions in the genu, splenium of the corpus callosum 
and bilaterally in the internal capsule, frontal, pari-
etal, and temporal white matter. MRI scans did not 
show any alteration in white matter and mean diffu-
sivity did not differ in any of these regions, while FA 
was decreased in frontal white matter and increased 
in the internal capsule. These studies show that very 
subtle alterations of white matter that are invisible 
on conventional MRI scans could be detected by DTI. 
Further studies with larger patient samples and neu-
ropsychological assessments are needed.

30.3.4 
Mood Disorders

White matter hyperintensities (WMH) are focal 
white matter abnormalities that appear as high MR 
signal intensity areas on T2-weighted images. The 
fi ndings of WMH have been consistently replicated 
in patients with bipolar disorder (Deicken et al. 
1991; Dupont et al. 1987, 1990, 1995). These lesions 
can be classifi ed into two broad categories accord-
ing to criteria established by Fazekas et al. (1987): 
periventricular, ranging from pencil-thin lining to 
irregular broad shapes extending to the deep white 
matter; and deep white matter lesions, ranging from 
punctate foci to large confl uent areas. The presence 
of WMH might be associated with increased risk 
for bipolar disorder and for unipolar depression 
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(Coffey et al. 1990), but there are also some nega-
tive studies (Breeze et al. 2003). The etiology of 
WMH is unclear, but chronically reduced cerebral 
perfusion, cardiovascular risk factors (Claus et al. 
1996; Liao et al. 1997), hypertension (Dufouil et al. 
2001; Veldink et al. 1998), atherosclerosis, tobacco 
smoking (Gonzalez-Pinto et al. 1998), decreased 
serum cholesterol (Glueck et al. 1994; Swartz 
1990), arteriolar hyalinization and lacunar infarcts 
and diabetes mellitus (Manolio et al. 1994), nutri-
tional defi ciency, demyelination, gliosis, and spon-
giosis (Drayer 1988; Grafton et al. 1991) might 
play an important role. However, WMH can be seen 
occasionally in healthy individuals (Katzman et al. 
1999), especially in elderly subjects (Austrom et al. 
1990), in whom WMH are associated with lower per-
formances on tests of frontal lobe function (Baum et 
al. 1996; Boone et al. 1992; DeCarli et al. 1995).

Etiopathogenesis of late-life depression is at pres-
ent uncertain. Some reports of WMH have induced 
researchers to focus their attention on white matter 
and subcortical vascular changes (Krishnan et al. 
1997), particularly in medial orbital prefrontal re-
gions (MacFall et al. 2001). In frontal cortex neu-
ropathological studies have found altered neuronal 
and glial cell morphology and density (Rajkowska 
et al. 1999). Some imaging studies have shown that 
prefrontal cortex, anterior cingulate, amygdala, and 
striatum are involved (Drevets et al. 1997; Mayberg 
1994). Neuropsychological functions (e.g., attention, 
speed of processing, and executive functions, which 
rely upon the integrity of fronto-striatal system that 
is located in frontal white matter) are impaired in 
geriatric depressed patients (Lockwood et al. 2000). 
One DTI study, by Alexopoulos et al. (2000), was 
performed in 13 geriatric patients with major de-
pression during an open-label treatment with cital-
opram as an antidepressant. An ROI approach was 
used and fi ve regions were identifi ed in the frontal 
white matter along the AC-PC plane. After 12 weeks 
eight subjects achieved remission, defi ned as not 
having depressive symptoms for at least two con-
secutive weeks. Using survival analysis with propor-
tional risk factors to study the correlation between 
FA and remission covarying for age, they found that 
FA of the ROI drawn at 10 and 15 mm from the AC-
PC plane, lateral to the anterior cingulate, including 
fi bers of the cortico-striatal pathways, was associ-
ated with the remission of depressive symptoms. 
Reduced FA in that region was associated with poor 
outcome.

MR studies on white matter integrity of patients 
with bipolar disorder (BP) suggest consistent frontal 

white matter changes measured with different tech-
niques such as T1 proton relaxation times (Dolan et 
al. 1990) and morphometric analysis on T1-weighted 
images (Lopez-Larson et al. 2002). Recently, Adler 
et al. (2004) performed a controlled study with DTI in 
nine patients with BP-I treated with standard phar-
macotherapy. Four ROIs were identifi ed in prefrontal 
white matter along the AC-PC plane. After covarying 
for age and education, FA was signifi cantly reduced 
in patients in the ROIs identifi ed at 25 and 30 mm 
above the AC-PC plane. No signifi cant difference in 
ADC values was found in any of the ROIs. The limita-
tions of the study include the small sample size and 
the anisotropic nature of the voxels that can cause 
partial volume effects.

30.3.5 
Alzheimer Disease

Alzheimer disease (AD) is mainly due to alterations 
affecting gray matter, but there are some post-mor-
tem studies that have also shown loss of axons and 
death of oligodendrocytes (Brun and Englund 
1986; Englund 1998). Diffusion-weighted imag-
ing (DWI) studies have shown reduced diffusion 
within the splenium and body of the corpus callo-
sum (Hanyu et al. 1999). DTI studies performed in 
the early stages of the disease have found increased 
mean diffusivity and decreased FA in the splenium 
of the corpus callosum, superior longitudinal fas-
ciculus, and left cingulum, but also in the frontal, 
temporal, and parietal white matter (Bozzali et al. 
2001, 2002; Rose et al. 2000; Sandson et al. 1999; 
Takahashi et al. 2002). These changes (mean dif-
fusivity and eigenvalues) in the posterior cingu-
late may be associated with the degree of cogni-
tive impairment measured by Mini Mental State 
Examination (Yoshiura et al. 2002); Bozzali et 
al. (2002) found that FA and mean diffusivity of 
the overall white matter were associated with lower 
scores on this cognitive assessment scale.

30.3.6 
Other Conditions

White matter abnormalities have been reported with 
MRI also in obsessive compulsive disorder (OCD). 
Rosenberg et al. (1997) found a larger corpus cal-
losum in treatment-naïve OCD pediatric patients. 
Jenike et al. (1996) showed a signifi cant decrease 
in total white matter in adult patients with OCD. 
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Breiter et al. (1994) found decreased posterior white 
matter levels, particularly in the retrocallosal region. 
All these studies suggest impaired corticocortical 
and subcortical connectivity.

O’Sullivan et al. (2001) found that diffusion an-
isotropy was reduced in the white matter of older 
subjects and negatively correlated with age in this 
group. Moreover, executive dysfunction measured by 
the Trail Making Test was associated with an increase 
in mean diffusivity, especially in anterior white mat-
ter.

30.3.7 
Conclusions

From the various studies reviewed here, it possible to 
draw the following conclusions:
� Most of the DTI studies performed to date in 

patients with schizophrenia show widespread 
bilateral anisotropic diffusion defi cits in white 
matter in comparison with healthy controls. The 
regions most frequently studied have been the 
frontal, parietal, and occipital lobes, and specifi c 
fi ber tracts such as the corpus callosum, unci-
nate and arcuate fasciculi, and cingulate bundle. 
The consistency of these fi ndings is rather lim-
ited, although some agreement has been reached 
on decreased anisotropy in the splenium of the 
corpus callosum in adult-onset schizophrenia.

� 1H-MRS and MR structural fi ndings in the white 
matter of patients with schizophrenia are con-
troversial. The involvement of prefrontal white 
matter needs to be clarifi ed with more suitable 
methods.

� The lack of univocal fi ndings in all the MRI stud-
ies may be associated with the small sample sizes, 
differences in MRI methodology, and clinical con-
founding factors (treatment, chronicity, etc.).

� As for the data on white matter lesions in patients 
with alcoholism, HIV-1 infection, mood disorders, 
and AD, the scarcity of the studies does not allow 
evaluation of the consistency of the results.

Integrity of white matter provides coordinated 
communication of specifi c brain regions in complex 
domains, such as higher cognitive function or mood 
regulation (Davidson et al. 2000). Post-mortem, ge-
netic, MRI, 1H-MRS, and DTI studies provide some 
support for the involvement of white matter abnor-
malities in the pathogenesis of some psychiatric 
disorders, especially schizophrenia and mood disor-
ders.

However, the role played by white matter in the 
pathophysiology of such psychiatric disorders may 
be secondary to cortical alterations.

In schizophrenia, abnormalities of both white and 
gray matters have been described. The former may 
be related to genetic susceptibility to develop the 
disease, whereas the latter may be secondary to the 
disease process. In fact, gray matter volume is usu-
ally reduced in the neocortex as well as in subcortical 
structures such as the thalamus (O’Leary et al. 1994), 
amygdala, and hippocampus (Wright et al. 2000).

Better understanding of white matter alterations 
will probably be achieved with an extensive use of 
MRI and DTI, although further improvements in res-
olution and analysis methods are desirable. DTI can 
yield more powerful results using other techniques 
(MTI, T2-RI, tractography), in association with mea-
sures of functionality (fMRI and neuropsychological 
testing) and genetic analyses, as well as with clinical 
symptomatology and treatment outcomes.

Even with the limitations detailed above, at pres-
ent DTI seems the only approach that can be used to 
noninvasively track white matter fi bers and to assess 
“in vivo” their integrity at the microstructural level.
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A
abscess  250, 251, 398
– brain abscesses  400
– miliary  400
– tuberculosis TB  400
absolute quantifi cation (of MRS)  120
actinomyces  407
acute disseminated encephalomyelitis (ADEM)  173, 246, 247, 

251, 272, 273, 299, 392, 408
– idiopathic  256
– postinfectious  256
acute hemorrhage  442
– encephalomyelitis  272
– leukoencephalitis, see Hurst’s disease
acute multiple sclerosis, see Marburg disease
acute tumefactive demyelinative lesion  242, 246, 248
AD, see Alzheimer disease
ADC, see also apparent diffusion coeffi cient  169, 446, 453
adenosine triphosphate (ATP)  94, 115
adrenocorticotropic hormone  258
adrenoleukodystrophy  197, 198, 203, 241, 250, 251
– affected gene  181
– clinical symptoms  181
– CT  181
– diffusion-weighted images  181
– forms  181
– MR spectroscopy  181
– MRI  181
– pathology  181
age-associated
– lesions  355
– microstructural damage  359, 360
– white matter changes  355
AIDS  395, 398, 405
alcoholism  457
– attention  457
– DTI  457
– neurocognitive battery  457
– neuropsychological tests  457
– working memory  457
Alexander disease  177–178
– clinical manifestations  177
– histological examination  177
– – Rosenthal fi bers  177
– imaging  177–178
Alzheimer disease (AD)  132, 355, 357, 365, 368, 372, 378–379, 458
– white matter lesions  378
– diffusivity and anisotropy  379
– DTI studies in  458
– DWI studies in  458
– Mini Mental State Examination  458

– MR spectroscopic imaging  379
– MT ratio  379
– voxel based morphometry (VBM)  378
American College of Rheumatology (ACR)  311
amino acidurias
– glutaric aciduria  191
– homocystinuria  191
– maple syrup disease  191
– metyhylmalonic acidemia  191
– phenylketonuria (PKU)  191
– propionic aciduria  191
amyloid angiopathy  364
aneurysm  299
– mycotic  398, 400
angio MR  156
angiography  296, 298
anisotropy  453, 454, 457, 459
– fractional anisotropy (FA)  453, 458
– relative anisotropy (RA)  453
antinuclear antibodies (ANA)  316, 317, 334
antiphospholipid syndrome (APS)  274, 313, 331, 336, 337, 343
apparent diffusion coeffi cient (ADC)  64–67, 169, 229, 230, 

286, 324, 348
arterial
– input function, AIF  85–87
– spin labeling  96
arteriosclerotic brain atrophy  363
artifact  17, 18, 19, 23, 24, 27
aspergillosis  405, 407
astrocytes  152, 153, 159, 170
Austrian Stroke Prevention Registry  358, 365
autoantibodies  313, 314, 315, 316, 317
autoreactive T-lymphocytes  257
axons  139, 140
azathioprine  244, 301

B
bacteria  392, 398
– bacterial infections  398
– bacterial meningitis  399
– Borrelia burgdorferi  399
– E. coli  399
– Koch bacilli  398
– Listeria monocyogenes  399
– meningococci  398
– Nocardia  398
– Proteus  399
– Staphylococci 398
– Streptococcus pneumoniae  398
– Treponema pallidum  399
– Tropheryma whippelii  399



466  Subject Index

Balo disease  241, 242, 246, 247, 248, 249, 250
bandwidth  21, 22, 23, 27
Barthel index  296
basal ganglia  153, 154, 160, 163, 168
Behçet’s disease  274, 331, 332, 333, 334, 343–350
benign angiopathy of the CNS (ACNS)  295
beta-amyloid precursor protein  442
bilateral optic neuritis  242, 258
bilirubin encephalopathy  185–186
– histological fi ndings  186
– kernicterus  185
– MR imaging  186
– other causes  186
Binswanger disease  173, 364
biopsy
– cortical  299
– stereotactic  299, 304
bipolar disorder (BP)  457, 458
birdcage  26
black holes  215, 219, 230, 232, 270
blipped gradients  52
Bloch equations  3, 7, 8, 61
blood–brain barrier (BBB)  130, 132–135, 137–139, 141, 144, 

145 
blooming effect  136
B-lymphocytes  257
bolus injection  84
bound-water  57
bovine spongiform encephalopathy  396
brain
– atrophy  216, 219, 265, 320
– development  151, 171
– disease  171
– ischemia  365
– malformation  171
– – Chiari 2 deformity  171
– plasticity  234
– volume measurement  216
– brain parenchymal fraction (BPF)  216
brainstem  159, 163, 165, 168, 172
– injury
– – DAI of  448
– – Duret hemorrhage in  448
– – primary  448
– – secondary  448
brain parenchymal volume (BPV)  215, 216, 219
BURST  102, 111

C
CAA, see cerebral amyloid angiopathy
CACH  200
CADASIL, see also cerebral autosomal dominant arteriopathy 

with subcortical infarcts and leukoencephalopathy  204
calcarine fi ssure  157, 163
Canavan disease  200
– aspartoacylase defi ciency 200
– differential diagnosis  178
– histological examination  178
– imaging  178
– MR spectroscopy  178
candidiasis  405
carbon-13 NMR  115

cerebellum  159, 168
– tentorium  159
– vermis  159
– white matter of  165
cerebral
– amyloid angiopathy (CAA)  367
– autosomal dominant arteriopathy with subcortical infarcts 

and leukoencephalopathy (CADASIL)  204, 367
– blood fl ow (CBF)  83–86, 90, 94–98, 111, 319
– blood volume (CBV)  83, 85, 86
– swelling  449
– – cerebral edema in  449
– – cerebral hyperemia in  449
– – CT in  449
– – subarachnoid hemorrhage in  449
cerebroretinal vasculopathies  367
cerebrospinal fl uid (CSF)  212, 218, 226, 244, 257, 258, 260, 269, 

275, 279, 282, 296, 317, 318
cerebrotendinous xanthomatosis  199
cerebrovascular disease  363, 366
chemical shift imaging (CSI)  171
CHESS  117
Cho/Cr ratio  249
choline (Cho)  196, 197, 201, 203, 231, 232, 233, 445
cleft brain, see also schizencephaly  172
clinical trials
– phase I  220
– phase II  220, 228
– phase III  220, 228
clinically defi nite MS (CDMS)  217, 271
clinically isolated syndromes (CIS)  216, 217, 220, 227, 228, 

230, 232, 234, 270
CLION  132
cocaine dependence  457
– pathogenesis of  457
cognitive dysfunction/impairment  219, 228, 231, 316, 318
colpocephaly  158
composite index  220
concentric sclerosis, see Balo disease
connectivity  63, 72, 77, 78
convolution  86, 87, 90
cord
– atrophy  216, 219, 244, 270, 273, 275
– swelling  244, 273
corpus callosum  157, 159, 168
cortical
– cerebellar atrophy (CCA)
– – MRS studies  381
– – neuropathological examination  381
– – signal changes  381
– contusion  443
– development  172
– – anoxic disorders in  172
– – differentiation  172
– – malformations of  172
– – migration  172
– – organization  172
– – proliferation  172
– dysplasias  172
– – hemimegalencephalies  172
– – tuberous sclerosis complex  172
– reorganization  234, 235
cortico-spinal tract  163, 165, 167, 168
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corticosteroids  246, 260
cortico-thalamic fi bers  172
CRCs, see also Cajal-Retzius cells  152
C-reactive protein (CRP)  317
creatine (Cr)  196, 231, 232, 314
creatine defi ciency syndrome  202
– arginine-glycine amidinotransferase  202
– guanidinoacetate methyltransferase  202
– X-linked form of  202
Creutzfeldt-Jakob disease  396
– variant CJD 396
critical temperature  15, 18
cryostat  15, 18, 19
cryptococcosis  405, 407
cryptococcus neoformans  405
CSI, see also chemical shift imaging  171
CT, see also computed tomography  442
cyclophosphamide  259, 301, 304
cysticercosis 401, 402
cytokines  313, 314, 315, 317
cytomegalovirus  394, 396

D
DAI, see also diffuse axonal injury  442, 443, 445, 448
Dandy-Walker malformation  171
DANTE  53
data matrix  43
demyelination  131–135, 137–140, 147
deoxygenation  93, 94, 97, 99
deoxyhemoglobin  443
dephasing  29, 31–34
Devic’s neuromyelitis optica (DNO)  235, 241, 242, 243, 244, 

245, 246, 255, 273, 274, 281
diamagnetism  17
differential diagnosis  217, 241, 242, 243
diffuse
– axonal injury (DAI)  442
– myelinoclastic sclerosis, see Schilder‘s disease
diffusion
– imaging (DWI)  169
– – anisotropy  170
– tensor imaging (DTI)  170, 453, 456, 457, 458
– – anisotropy  453, 457, 459
– – apparent diffusion coeffi cient (ADC)  453
– – demyelinating diseases  454
– – fractional anisotropy (FA)  453
– – minimum/maximum ratio  453
– – region of interest (ROI)  454
– – relative anisotropy (RA)  453
– – tractography  170
– – volume ratio (VR)  453
– tensor tractography  454
– – tracts  454
diffusion-weighted
– imaging (DWI)  139–141, 226, 276, 369, 370
– – apparent diffusion coeffi cient (ADC)  370
– – diffusion tensor imaging (DT-MRI)  370
– – fractional anisotrophy (FA)  370
– histogram analysis  230, 325
– MRI (DW MRI)  226, 229, 230, 231, 235, 265, 276, 453
– – echo-planar imaging  453
– – navigator methods  453, 454

– region of interest (ROI) analysis  230
– tractography  276
digital subtraction angiography (DSA)  318
direct saturation  59
dirty-appearing white matter (DWM)  213
disease activity  220
DSC perfusion  83, 84
DT-MRI, see also diffusion tensor imaging  371
DUFIS  53
Dutch mutation 368
DW MRI
dwell time  22
DWI, see also diffusion-weighted imaging  370
dysmyelinating diseases  153, 173

E
echinococcus
– granulosus  403
– multilocularis  401, 403
echo
– planar imaging (EPI)  100, 102, 107, 110, 280, 287
– time (ET)  6, 7, 9, 12, 211
– train length  49
edema  76, 77, 133, 135, 145
effective
– offset frequency  59
– saturation power  59
empyema  398
– subdural  399
encephalitis  392
– HIV encephalitis  394
– periaxialis
– – concentrica, see Balo disease
– – diffusa, see Marburg disease
encoding  13, 23, 24
endocarditis  400
enhancing lesions  214, 227, 230, 248, 263, 273, 283
enterovirus  394
ependymitis granularis  357
epidural hematomas  442
Epstein-Barr virus  394
ErbB3  455
erythrocyte sedimentation rate (ESR)  296
état
– criblé  364
– lacunaire  364
ethylmalonic encephalopathy  199
expanded disability status scale (EDSS)  219, 232, 275
experimental autoimmune encephalomyelitis (EAE)  132–137, 

140, 141, 146–148

F
FA, see also fractional anisotropy  371, 453, 456, 457
Faraday  29
fast imaging techniques  279, 280
fast spin echo (FSE)  282, 287
fat suppression  212
fatal familial insomnia  396
fatigue  219, 235
fi lling factor  26, 59
FISP  34
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FLAIR, see also fl uid-attenuated inversion recovery image  36, 
40, 370, 449

FLASH  10, 40
fl ip angle  21, 26, 27, 59
fl uid-attenuated inversion recovery (FLAIR)  211, 212, 263, 

282, 344, 345, 443
foramen of Magendie  171
Fourier  43
fractional anisotropy (FA)  229, 230, 231, 286, 349, 360
free induction decay  5
free-water proton  58
fringe fi eld  18, 20
frontal lobes  168
fronto-temporal dementia (FTD)
– cortical atrophy  380
– MRS fi ndings  380
– white matter signal changes  380
functional MRI (fMRI)  226, 234, 235

G
gadolinium-enhanced T1W  211
ganglionic eminence  152, 160, 163
gelsolin (GSN)  455
germinal matrices  152, 159, 160, 163
Gerstmann-Sträussler disease  396
Glasgow Coma Score 443  448
glatiramer acetate  220, 228, 234
glia  94
glial fi brillary acidic protein (GFAP)  317, 318
gliomas  411–415
– astrocytoma  412  415
– glioblastoma  412
– median survival  414
– oligodendroglioma  413
global energy minimization  72
globus pallidus  168
gold therapy  256
gradient slew rate  103
granulomas  405, 407
– granulomatous meningitis  408
granulomatous angiitis of the nervous system (GANS), see 

primary angiitis of the CNS
GRASS  34
Guillain-Barré syndrome  258
gyromagnetic ratio  3, 4

H
head trauma  441
– apparent diffusion coeffi cient (ADC) in  446
– computed tomography (CT) in  442
– diffusion anisotrophy in  446
– diffusion-weighted imaging in  446, 450
– magnetic resonance
– – imaging (MRI) in  442
– – spectroscopy (MRS) in  445
– magnetization transfer (MT)  443
– – ratio (MTR) in  445
– traumatic brain injury (TBI)  441
hemoglobin (haemoglobin)  94, 95, 99
hemosiderin  443
herpes viruses  393

– herpes simplex virus 1  393
– herpes simplex virus 2  393
– human herpes virus 6  394
herringbone  46
high fi eld MRI  276
high-energy phosphates  445
hippocampus  153, 165
histogenetic processes  152
– differentiation  152
– migration  152
– proliferation  152
histoplasmosis  405
HIV infection  392
HIV-1 infection  457
– anisotropy index  457
– brain atrophy  457
– DTI studies in  457
– FA  457
– white matter in  457
holoprosencephaly  171
Huntington Disease  132, 311
Hurst’s disease/syndrome  247, 255, 257
hydatidosis  401
– hydatid cysts  403
hydrocephalus  154, 172, 173, 408
hyperglycemia  188–189
– effects on the brain  188
– hemichorea-hemiballism (HH)
– – CT  189
– – MR imaging  189
– – MR spectroscopy  189
hypometabolism  318
hypoperfusion  318
hypotermia  259

I
image matrix  42
immunoglobulin  228, 258, 301
infections  256, 299, 391
– bacterial infections  256, 398
– granulomatous infections  407
– mycotic infections  405
– parasitic infections  256, 401
– prion diseases  396
– viral infections  256, 392
infl ammation  133
infl ammatory cells  294
inhomogeneities  6, 7, 8, 10
inorganic phosphate  115
interferon  301
– beta-1a  220, 228, 229, 233, 234
– beta-1b  220, 228, 229, 233
internal capsules  167
interneuron  152, 153
intracerebral hemorrhage (ICH)  366, 367, 368
intraventricular hemorrhage  442
Iowa mutation  368
iron metabolism, disorders of
– anemia
– – MR imaging  187
– iron overload
– – aceruloplasminemia  188
– – African form (Bantu siderosis)  188
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– – Friedreich ataxia (FA)  188
– – Hallervorden Spatz disease (HS)  188
– – hereditary hemochromatosis  187
ischemia  63, 75, 76, 78
isolated angiitis of the CNS (IAC), see primary angiitis of the 

CNS

K
Kearns-Sayre syndrome  201
Krabbe disease  197, 203
– CT  178
– diagnosis  178
– diffusion tensor imaging  178
– MRI  178
Kuru  396

L
LA, see also leukoaraiosis  366, 368–373
laboratory-supported defi nite MS  217
lactate (Lac)  196, 199, 200, 201, 203, 231, 249, 314, 445, 446
lacunar
– infarcts  358
– strokes  363, 364, 366
lacunes  363, 364, 369
large vessel disease  366
larmor frequency  3–6
laser-polarized  83, 84, 90–92
lateral geniculate bodies  167
lateral ventricles  158
L-DOPA
–  non responsive parkinsonism  359
Leber‘s hereditary optic neuropathy (LHON)  284, 286
leptomeninges  151
lesion
– distribution/location  211, 212, 214, 219, 225, 246, 248, 251, 

257, 260, 261, 297, 321, 322, 332
– pathology  212, 214, 215, 225, 244, 246, 248, 251, 257, 270, 275, 

298, 321, 322, 332
leukoaraiosis (LA)  363-365
– axonal loss in  371
– CT in  363-365, 368, 369
– epidemiological aspects of  364
– gliosis in  364, 371
– ischemic axonopathy in  366 
– ischemic damage in  365, 373
– ischemic stroke in  366
– magnetic resonance imaging (MRI) of  368
– magnetization transfer (MT) of  371
– pathophysiology of  365
– proton magnetic resonance spectroscopic imaging (1H-

MRSI) of  372
leukodystrophies  196, 197
leukoencephalopathies  173
– signal  116, 117
lipid  231, 280
live lamb cell injection  256
liver failure
– brain MR imaging  185
– magnetization transfer  185
– manganese in  185

longitudinal magnetization  8, 10
Luxol fast blue (LFB)  246
lyme disease  399
lymphoma  405, 430
– subdural  396

M
macromolecules  57, 63, 65, 72, 77, 129, 130, 134
macrophage  131–134, 137, 145, 146, 257
mad cow disease  396
magnetic resonance
– angiography (MRA)  58, 298
– microscopy  133, 137, 142, 146
– spectroscopic imaging (MRSI)  123, 126, 127, 131, 139–141, 

146–148
magnetic resonance spectroscopy (1H-MRS)  453, 455
– N-acetyl aspartate (NAA)  455, 456
magnetization transfer (MT)
– imaging (MTI)  226, 245, 276, 285, 323, 453, 454
– – multiple sclerosis  454
– MRI (MT MRI)  226, 227, 228, 229, 235, 265, 346
– ratio (MTR)  58
– – histogram analysis  226, 227, 228, 229, 276, 285, 323, 346, 
  347, 348
– – map  226
– – region of interest (ROI) analysis  227, 228, 229, 285, 323, 
  346
mannitol  246
maple syrup disease  201, 202
Marburg disease  241, 242, 246, 247, 248, 251, 255
MCL, see also megalencephalic cystic leukoencephalopathy  

200
mean diffusivity (MD)  229, 230, 231, 348
mean transit time (MTT)  83–86
medial occipital cortex  163
MELAS  199
membranes  65, 75, 76
meningiomas  417–418
meningitis  392, 398, 399
– bacterial meningitis  399
– basal meningitis  408
– carcinomatous meningitis  408
– granulomatous meningitis  408
metabolic disorders  195
metachromatic leukodystrophy  198
– diagnosis  181
– forms  181
– imaging
– – “butterfl y” pattern  181
metastases  417
methylprednisolone  258, 259, 287, 301, 302, 315
microcephaly  172
mini-mental state examination score  371
MION  132, 148
mitochondrial disorders
– Kearns-Sayre syndrome  190
– Leigh disease  190
– MELAS  190
– MERFF  190
mitochondrial encephalopathy  203
– with lactic acidosis and stroke-like episodes (MELAS)  
 199
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mood disorders 457
– bipolar disorder  457
– citalopram  458
– DTI study  458
– neuropsychological functions  458
– T2-weighted images  457
– unipolar depression  457
– white matter hyperintensity (WMH) in  457
motor neuron disease  384–386
– amiotrophic lateral sclerosis
– – diffusivity and fractional anisotropy  386
– – MRS studies  384
– – MT changes  386
– – signal changes  384
MP-RAGE  34
– 3D-MP-RAGE T1-weighted sequence  456
– – intervoxel coherence (COH)  456
MR morphometry  168
– segmentation methods  168
MR spectroscopy (1H-MRS)  226, 231, 232, 233, 235, 248, 250, 

265, 314, 349, 350
– spectroscopy  116, 124–126
MR spectroscopy (MRS)  171
– chemical shift imaging (CSI)  171
– choline (Cho)  171, 196, 197, 203
– creatine (Cr)  171, 196
– glutamate-glutamine  171
– lactate (Lac)  171,  196, 199, 200, 201, 203
– lipids  196
– myo-inositol (mI)  171, 196
– N-acetyl aspartate (NAA)  171, 196, 197, 198, 199, 201
– single voxel technique  171
– techniques  195
– – multivoxel MR spectroscopic imaging  (MRSI) 195
– – single-voxel proton MRS  195 
MRI, see also magnetic resonance imaging  364, 365, 368, 369, 443
– bands  368
– caps  368
MRS, see also magnetic resonance spectroscopy  446, 450
1H-MRSI, see proton magnetic resonance spectroscopic 

imaging
MS
– clinical/MRI correlation  216, 219, 220, 228, 231, 232, 233, 

235, 236, 270, 275, 276
– diagnostic criteria  217
– – Barkhof‘s criteria  272
– – McDonald criteria  217, 255, 259, 272
– – Poser criteria  217, 259
– progressive MS (PPMS)  227, 228, 232, 235, 270, 272, 275, 276
– relapsing-remitting MS (RRMS)  213, 216, 219, 227, 228, 

230–232, 234, 235, 246, 271, 284
– secondary progressive MS (SPMS)  216, 219, 227, 228, 231, 

232, 235, 276, 284
MT, see also magnetization transfer  450
MTP-3, matrix metalloproteinase  366
MTR, see also magnetization transfer ratio  445
mucopolysaccharidoses
– forms  180
– MR imaging  180
– – perivascular spaces  180
mucormycosis  405, 407
multi-cystic encephalomalacia  172
multifocal leukoencephalopathy (PML)  173

multinuclear NMR  115, 124, 125
multiple sclerosis (MS)  255-266, 269-272, 275, 276, 281, 299
mycobacterium  407
mycotic
– agents  392
– infections  405
myelin  152
– and lymphocyte protein (MAL)  455
– basic protein (MBP)  246, 257, 258
– oligodendrocytic glycoprotein (MOG)  257, 258
– abnormality  195
– – demyelinization  195, 196
– – hypomyelinization  195, 196
– – myelin rarefaction  195, 196
myelin-associated glycoprotein (CNP)  455
myelination
– delay  156
– processes  153
myelinogenesis  195
myelomeningocele  171
myoinositol (mI)  231

N
NAA, see also N-acetyl aspartate  118–123, 171, 445, 455, 456
N-acetylaspartate (NAA), see also MR spectroscopy  231, 232, 

233, 235, 314, 372, 445
– NAA/choline ratio  372
– NAA/Cr ratio  232–234, 249, 372, 445, 450
necrotyzing demyelination  244
neoplasm  246, 250, 251
neural cells  152
neurofi brillary tangles  355
neurofi lament triplet protein (NFL)  317
neuropsychiatric SLE (NPSLE)  311–325
neurotraumatic outcome
– diffusion/perfusion imaging in  450
– functional imaging in  450
– MRS in  450
– MT in  450
– positron emission tomography (PET) in  450
– single-photon emission CT (SPECT) in  450
Niemann-Pick type C disease  202
nocardia  400, 407
– miliary  400
normal-appearing brain tissue (NABT)  213, 226, 227, 230, 

232, 346
normal-appearing gray matter (NAGM)  227, 228, 230
normal-appearing white matter (NAWM)  116, 119, 122, 125, 

226, 227, 228, 230, 232, 234, 245, 272, 445
– MTR in  445
normal brain aging  355
– macrostructural changes in  355
– microstructural changes in  359
– volume changes in  355
normal pressure hydrocephalus  365
Norwegian epidemiologic study  359
NOTCH3 gene  367
Nyquist ghosting  100

O
obsessive compulsive disorder (OCD) 458
– diffusion anisotropy in  459
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– Trail Making Test in  459
– white matter abnormalities in  458
occipital cortex  167
oligoclonal bands  244, 272, 274, 317
oligodendrocytes  152, 153, 159, 170, 173, 396
olivopontocerebellar degeneration (OPCA)
– diffusion  383
– MRS studies  381
– neuropathological examination  381
– signal changes
– – “cross sign”  382
on-resonance pulse  59
optic
– nerve atrophy  282, 285, 287
– nerve swelling  282, 283
– neuritis (ON)  234
– perineuritis  281
– radiations  165, 167
– tracts  163
osmotic myelinolysis  183–185
– histology  184
– imaging
– – “central pontine myelinolysis”  184
– neurological symptoms  184
outcome measures  220
outer volume suppression (OVS)  117
oxygenation  93–99, 111, 112

P
paramagnetism  3, 4
parameter space  57
parasites  392, 407
– parasitic infections  401
parental nutrition
– MR abnormalities  185
parieto-occipital fi ssure  157
partial volume
– effects  211, 279
– error  69, 72, 74
Pelizaeus-Merzbacher disease
– histology  184
– – “tigroid appearance”  183
– imaging  183
– trichothiodystrophy  183
perfusion MRI  373
– cerebral blood fl ow (CBF)  373
– cerebral volume (CBV)  373
perfusion weighted image  76
pericentral cortex  163
periodic acid Schiff (PAS)  246
perivascular hemorrhage  257
PET, see also positron emission tomography  450
phase
– cycling  27
phenylketonuria  198, 201
– phenylalanine  201
phosphorus MRS (31P-MRS)  324
pixel  42
plasma exchange  244, 246
point spread function  51
polarized  83, 84, 90–92
polyarteriitis nodosa (PAN)  331, 336, 337

polymicrogyria  171, 172
positive and negative syndrome scale (PANSS)  457
positron emission tomography (PET)  83, 91, 300, 319, 320
post-contrast T1W   211, 225
posterior limbs of the internal capsules (PLICs)  154, 163, 165
– myelination of  168
postinfectious ADEM  256
post-infective angiitis  338
post-traumatic atrophy of
– cerebellum  449
– cerebrum  449
– corpus callosum  449
– CT in  449
– encephalomalacia in  449
– mesial temporal sclerosis in  449
– MRI in  449
– porencephalic cyst in  449
postvaccinal ADEM  256
precession  3, 4, 6,
preemphasis  23
PRESS  116–118, 121, 124–127
PRESTO  101, 102, 111
primary
– angiitis of the central nervous system (PACNS)  293-307, 

331
– auditory area  165
– sensorimotor cortex (SMC)  234, 235
– systems  154
– – auditory  154
– – sensory-motor  154
– – visual  154
prions  392
– diseases  396
progressive
– multifocal leukoencephalopathy  396
– saturation  41
pro-infl ammatory cytokines  257
prosencephalon  153, 171
proton
– density (PD)  48, 211, 212, 279
psychiatric disorders  453, 454
pulse sequence  5, 12
pyramidal neurons  152
– Cajal-Retzius cells (CRCs)  152
– migration of  152

Q
q-space  65
quadrature  26, 28
quench  15

R
RA, see also relative anisotropy  453
RARE  42, 48
receiver coil  5–7, 9, 10, 12
reconstruction  45
region of interest (ROI)  59
relaxation effects  129, 144, 145
remyelination  133
repetition time (TR)  10–12, 211
reporter genes  129, 130
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resonance  3, 4
rhomboencephalon  151, 171
Rotterdam scan study  359

S
sarcoidosis  274, 279, 281, 338, 339, 407, 408
saturating radiofrequency  57
Schilder‘s disease  241, 242, 250, 251, 255
schizencephaly  172
schizophrenia  455
– 18F-fl uorodeoxyglucose positron emission tomography 

(PET-FDG)  456
– 1H-MRS studies in  455, 456
– Barratt Impulsiveness Scale  456
– corpus callosum  455
– cortico-cortical projections  455
– DTI studies in  456
– hippocampus  455
– molecular studies in  455
– myelin-related genes  455
– PANSS  457
– parahippocampal gyrus (PHG)  456
– pathogenesis of  455
– pathophysiology of  455
– prefrontal cortex (PFC)  455
scrapie  396
selective saturation  58
senile plaques  355
SENSE  54
sensory motor area  165
shim  19, 20, 23, 25
short T2 proton  57
shot tau inversion recovery (STIR)  280–282, 284, 287
silent lacune
– in basal ganglia  359
– in white matter  359
single-photon-emission computed tomography (SPECT)  300, 318
Sjögren syndrome  244, 274, 331, 334, 335
SLE
– damage index (SDI)  312
– disease activity index (SLEDAI)  312
slice thickness  29, 211
small-vessel
– disease  363, 366, 370
– vasculitis (SVV)  343-350
SMASH  54
solenoid  14, 25
SPECT, see also single-photon emission CT  450
spinal atrophy (SA)
– MRS studies  381
– neuropathological examination  381
– signal changes  381
spinal cord imaging  217
spin-echo (SE)  6, 7, 10, 211, 286
– sequences  369
spin-spin relaxation time  7
spin-warp  30
SPIO  132, 135, 144, 145, 147
spiral  44
– imaging  101
SPIR-FLAIR  282, 284
spirochetes  407

spongiform leukoencephalopathies  197, 200, 201
– childhood ataxia with diffuse CNS hypomyelination 

(CACH)  200
– megalencephalic cystic leukoencephalopathy (MCL)  200
SSFP  34
SSFSE  50
Stejskal-Tanner  64, 65
stimulated echo acquisition mode (STEAM)  116, 117, 126, 127
stroke  64, 66, 72, 75, 78
subacute sclerosing panencephalitis (SSPE)  341, 250
subcortical
– arteriosclerotic encephalopathy  364
– microvascular disease  355
– vascular dementia  355
subdural hematomas  442
subependymal gliosis  357
superlorentzian  61
supplementary motor area (SMA)  235
susceptibility  129, 135–148
sylvian pits  157
synaptogenesis  153
syphilis  399
systemic lupus erythematosus (SLE)  244, 274, 311, 331, 336, 343

T
T1
– hypointense lesions, see also ‘black holes’  244, 245, 263
– imaging  163
– – gradient-echo (GE) imaging  154, 156
– – spin-echo (SE) imaging  154
– weighting  3, 9, 11, 12, 211, 212, 283, 344, 345
– – MRI sequences  367
T2
– changes  360
– FSE  443
– imaging  165
– – turbo-spin-echo (TSE) sequences  154
– lesions  212, 214, 215, 217, 230, 231, 235, 245, 248, 263, 270
– relaxographic imaging (T2RI)  454
– STAR  6
– weighting  3, 9, 10, 12, 211, 212, 225, 279, 344, 345
– – MRI sequences  366, 367, 370, 371
– – spin-echo images  443, 449
– – gradient echo images  443
– – MR imaging  359 
Taenia solium  402
TBI, see traumatic brain injury  441, 443, 445, 449, 450
T-cell  132–137, 146
temporo-mesial structures  163
thalamo-cortical fi bers  163, 172
thalamus  153, 163, 168
threshold  106
Toxocara
– canis  405
– catis  405
toxocariasis  401
Toxoplasma gondii  405
toxoplasmosis  401, 405
– hemorrhage  405
tracer  83-85, 90, 91
tractography  72, 78
transcranial Doppler (TCD)  300
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transferrin 455
transmissible spongiform encephalopathies  396
transverse
– electromagnetic (TEM) resonator  141–144
– magnetization  6, 7, 8, 10
– myelitis (acute)  242, 246, 258, 274, 275
T-statistic  106
tuberculosis  398, 400
tumour
– diffusion MR and tractography  432
– enhancement  416
– growth patterns  414–415
– incidence  411
– measuring techniques  418–419
– MR imaging  414
– neurosurgery  432-436
– – neuronavigation systems  434–436
– perfusion MR imaging  428–430
– – cerebral blood volume (CBV) measurements  428–429
– prognosis  419–420
– proton MR spectroscopic imaging (1H-MRSI)  420–428
– – choline signal  424
– – lactate accumulation  422
– WHO classifi cation  412
turbo spin-echo  42

U
USPIO  130–133, 137, 147

V
vaccinations/immunization  255, 256
vanishing white matter disease  200
varicella-zoster virus  394
vascular dementia  366, 369, 370, 372, 373
vasculitis  366, 392, 405, 408
ventricular segments  158
ventriculitis  396
veratrin  171
Virchow-Robin spaces  368, 369

viruses  392
– viral encephalitis  392
– viral infections  392
visual
– acuity  282, 283, 284, 285, 286, 287
– evoked potentials (VEP)  218, 282, 283, 284, 285, 286
voxel  63

W
weakness  242
Wechsler adult intelligence scale  359
Wegener granulomatosis  344
West Nile virus  394
Whipple disease  399
white matter
– abnormalities  363, 364, 366, 368-370, 373
– – in fl uid-attenuated inversion recovery (FLAIR) images 
  368
– – in T1-weighted images  368
– – in T2-weighted images  368
– changes (WMCs)  363, 364 
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