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Abbreviations, symbols and terminology

Abbreviations
ACR Anterior region of Corona Radiata 
aCSF artificial Cerebro Spinal Fluid 
ADC Apparent Diffusion Coefficient
ADP Adenine Di Phosphate
ALIC Anterior Limb of the Internal Capsule
Am Anisotropy index as introduced in Table 2.1 on page 24
ATP Adenine Tri Phosphate
ATR Anterior Thalamic Radiation
BBB Blood Brain Barrier
CA Cornu Ammonis 
CBF Cerebral Blood Flow
CBT CorticoBulbar Tract
CC Corpus Callosum (genu and spl = splenium) 
CG Cingulum
Cl Anisotropy index as introduced in Table 2.1 on page 24
CLSM Confocal Laser Scanning Microscopy
CNS Central Nervous System
Cp Anisotropy index as introduced in Table 2.1 on page 24
CR Corona Radiata
Cr Creatine
CSF Cerebro Spinal Fluid
CST CorticoSpinal Tract
CT Computed Tomography
CTG Cardio TocoGraphy
DG Dentate Gyrus 
DNA DeoxyriboNucleic Acid
DNR Diffusion-to-Noise Ratio
DTI Diffusion Tensor Imaging
DWI Diffusion Weighted Imaging
EC External Capsule
ECS Extra Cellular Space
EEG ElectroEncephaloGram
EPI Echo Planar Imaging
FA Anisotropy index as introduced in Table 2.1 on page 24
FLAIR FLuid Attenuation by Inversion Recovery
FOV Field Of View
FX Fornix
GA Gestational Age 
GD Glucose Deprivation
GPD Gaussian Phase Distribution
GM Gray Matter
HI, HIE Hypoxic-Ischemia or Hypoxic-Ischemic, HIE Hypoxic-Ischemic Encephalopathy
IC Internal Capsule



ICS Intra Cellular Space
IFO Inferior Fronto-Occipital fasciculus
IR Inversion Recovery
MCA Middle Cerebral Artery
MCAO Middle Cerebral Artery Occlusion
MRI Magnetic Resonance Imaging
MRS Magnetic Resonance Spectroscopy
MSh Multi-shot
NICU Neonatal Intensive Care Unit
NMDA N-Methyl-D-Aspartate
NMR Nuclear Magnetic Resonance
NSA Number of Signal Averages
OGD Oxygen Glucose Deprivation
OR Optic Radiation
PCr Phosphocreatine
PFG Pulsed Field Gradient 
PI Propidium Iodide
Pi inorganic Phosphate
PLIC Posterior Limb of the Internal Capsule
RA Anisotropy index as introduced in Table 2.1 on page 24
RGI Relative Ghost Intensity
RBC Red Blood Cell
RF Radio Frequency 
RMS Root Mean Square 
ROI Region Of Interest
rOsm relative Osmolarity 
SCR Superior region of the Corona Radiata
SE Spin Echo
SENSE SENSitivity Encoding
SFO Superior Fronto-Occipital fasciculus
SGP Short Gradient Pulse 
SNR Signal-to-Noise Ratio 
SSh Single-shot
STR Superior Thalamic Radiation
SUB Subiculum
TE Echo Time 
TF Turbo Factor 
TMA TetraMethyl Ammonium
TR Repetition Time
TSE Turbo Spin Echo
US UltraSound
VR Anisotropy index as introduced in Table 2.1 on page 24
WM White Matter

Symbols
α Flip angle (rad or degrees) or curviness when used for fiber tracking (degrees)
a Compartment size (m)
A Encoding matrix (Eq. (2.17))
ADC Apparent Diffusion Coefficient, // parallel and  perpendicular to fiber structures
ADC ADC vector (Section 2.3.5, m2/s)
b b-value, describes diffusion sensitivity of a sequence (Section 2.3.3, s/m2)

⊥



b, bij b-matrix (Section 2.3.3, s/m2) with bij the components of the b-matrix
B, B0, B1 Magnetic field (T), with B0 the main magnetic field and B1 the RF magnetic field 
cics, cecs Intra- and extracellular water concentrations (mol/l)
δ Gradient duration (s)
∆ Time between the onsets of the two gradients (s)
d Vector consisting of six independent components of the tensor (Eq. (2.14), m2/s)
D, Dics, Decs Diffusion coefficient (m2/s) with ics and ecs for intra- and extracellular space
D’ics, D’ecs Effective diffusion coefficients of intra- and extracellular space (Eq. (2.31), m2/s)
D, Dij Diffusion tensor (Eq. (2.6), m2/s) with Dij the components of the tensor 
ε Gradient rise time (s) 
E/E0 Echo attenuation (Chapter 8)
e1,e2,e3 Eigenvectors of the diffusion tensor corresponding to λ1,λ2,λ3
f, f ’ Intracellular volume fraction, with f’ the effective intracellular volume fraction, 
fax , fgl ax denotes the axonal intracellular volume fraction and gl the glial fraction. 
fecs Extracellular volume fraction
γ Gyromagnetic ratio (for hydrogen γ = 42.6·2π·106 Hz/T)
G Gradient strength (mT/m)
G Gradient vector (mT/m)
I Identity matrix 
k Wave vector (1/m)
λ1,λ2,λ3 Eigenvalues of the diffusion tensor from largest to smallest (m2/s)
λ Tortuosity
L Length of a streamline (m)
µ Magnetization vector (A/m)
M Wall relaxation (1/s)
M, Mx, My, Mz Net magnetization (A/m) with components Mx, My and Mz. The latter is the longi-

tudinal component and  is the transverse magnetization component 
 Initial transverse magnetization directly following the RF pulse (A/m)

Transverse magnetization with diffusion weighting (A/m)
Transverse magnetization without diffusion weighting (A/m)

P Membrane permeability (m/s)
 Probability of finding a particle started at position  at position 

Average propagator 
q Diffusion sensitizing factor (Section 8.2.1)

Root mean square displacement (m)
, Positions (m)

R Displacement distance (m)
rOsm Relative osmolarity (mol/l) 
S/V Surface to volume ratio (1/m)
τd Diffusion time (s)
τecs, τics Exchange time, ecs for extracellular, ics for intracellular (s) 
t Time (s) 
T1 Spin-lattice relaxation time (s)
T2, T2,eff Spin-spin relaxation time (s) with T2,eff the effective T2 time (Eq. (2.33))
T2* Relaxation time, contains dephasing due to magnetic field and inhomogeneities 

and spin-spin relaxation (s)
ω, ω0 Rotation frequency (rad/s) with ω0 the Larmor frequency (rad/s)

 (Section 2.3.3)
, , Unit vector for x-, y- and z-direction 

xi Unit vector that describes an arbitrary direction 
X Displacement in one direction (m)
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Terminology
A brief description of some of the medical terminology related to perinatal asphyxia used in this
thesis is given. For details, the reader is referred to http://medical.webends.com/ and [Coe00]. 

Apgar score
The Apgar score is a score, defined in 1951 by an american anaesthetist, to evaluate the physical
condition of the newborn. The score is the sum of the values 0, 1 or 2 given for a) the pulse rate,
b) the quality of respiration depth, c) the muscle tone, d) the reactive power and e) the skin color
of the newborn. This score is usually determined at 1 minute and at 5 minutes after birth. A score
> 7 is good. 

Asphyxia 
A pathological condition caused by diminished or lack of oxygen, manifested in impending or
actual cessation of life. 

Cell death: necrosis and apoptosis
Necrosis refers to (immediate) cell death occurring due to conditions that are disturbing normal
cell function. Pannecrosis is necrosis of all cell types in a tissue. Apoptosis is ‘programmed cell
death’, regulated from within the cell and it is usually delayed. 

Hemiparesis and hemiplegia 
Hemiplegia is a total paralysis of the arm, leg, and trunk on the same side of the body. Hemipare-
sis is a weakness on one side of the body. 

In vitro and in vivo 
In vitro: Literally in glass, as in a test tube. A test that is performed in vitro is one that is done in
glass or plastic containers in the laboratory. In vitro is the opposite of in vivo (in a living organ-
ism).

Ischemia, hypoxia and reperfusion
Ischemia is defined as blood deficiency in an organ or tissue caused by a constriction or obstruc-
tion of its blood vessels or by a diminished supply. The result is a deficiency of nutrients and oxy-
gen in the affected tissue. If the blood flow is restored, this is called reperfusion. Hypoxia is
defined as an insufficient oxygenation level in tissues. Ischemia is the most common cause for
hypoxia in tissues. Both ischemia and hypoxia are dangerous conditions for a tissue, and if pro-
longed, they can lead to severe cell damage and eventually cell death. 
Global ischemia refers to global problems with the blood supply, e.g. if cardiac arrest has
occurred. It affects all tissues in the complete brain, although some tissues are more vulnerable
than others. If prolonged, death will follow. Focal ischemia refers to a local blood transport defi-
cit, e.g. if one of the cerebral arteries is obstructed, and can result in local cell damage and cell
death.

Ischemia: stroke, infarct and encephalopathy
Ischemia in the human brain is generally referred to as cerebral ischemia or stroke. An infarct is
the region of damage due to ischemia in which severe cell damage and eventually cell death has
occurred. Encephalopathy is a state of the brain that involves alterations of brain structure, due to
hypoxic-ischemia or metabolic diseases. 

NMR versus MRI 
NMR is the abbreviation for Nuclear Magnetic Resonance, a name initially given to nuclear spin
resonance as discovered independently by Bloch and Purcell in 1946. The first imaging experi-



ments were performed in the 70s, by Lauterbur and Damadian, who proved that contrast between
different tissues could be observed. This triggered the attention of medical research as it promised
to be useful for disease detection. Eventually, the name Magnetic Resonance Imaging was given
to this technique; the term ‘nuclear’ was removed as this could suggest a relation with radioactiv-
ity and nuclear medicine techniques [Vla99]. Generally, for clinical imaging the term MRI is used
and for animal research and materials research the term NMR. 

Osmolarity, isotone, hypotone and hypertone
Osmolarity is a measure for the number of dissolved particles in a solution. In this thesis, an iso-
tone solution refers to a solution with an osmolarity similar to cerebrospinal fluid. A hypotone
solution means that the number of particles in that solution is lower than in the isotone fluid. A
hypertone solution refers to a larger number than in the isotone fluid. 

Perinatal and neonatal period, premature and full term
The perinatal period is the interval of time between the 28th week of pregnancy and the 8th day
after birth. The neonatal period refers to the first month after birth. A premature newborn is an
infant born before 37 weeks of gestation, and full term refers to infants born at the normal 38-42
weeks of gestation. 

Anatomical overview of the brain
On the next page, an overview is given of the main structures in the human brain in coronal, trans-
versal and sagittal cross sections [Put93]. The directions are always referred to with respect to the
patient coordinate system. A means Anterior and P posterior, referring to the front and back of the
patient, respectively. R means Right and L Left, logically referring to left-hand side and right-
hand side of the patient. It must be noted that radiological images are always displayed from feet
to head, which means that in transversal images, the patient’s left is for the viewer right. F means
Feet and H means Head, referring to the feet-side of the patient and the head-side of the patient,
respectively. 
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1 Introduction

The focus of this thesis is on the application of Diffusion Tensor Imaging (DTI) for the
detection of hypoxic-ischemic brain injury in newborns. DTI is an Magnetic Resonance
Imaging (MRI) technique in which the contrast depends on the diffusion of water mole-
cules in a tissue. This technique will be explained in more detail in Chapter 2. In this
chapter, a brief introduction is given into the clinical background of the study presented
in this thesis. Furthermore, the aims and outline of this thesis will be presented. 

1.1 Clinical background of perinatal hypoxic-ischemia

For the newborn, birth is a stressful period. It includes the change from intra-uterine life,
in which he/she obtains oxygen and nutrients directly from the mother by the placenta,
to extra-uterine life, in which he/she will have to take care of his/her own oxygen supply
via breathing. Problems during delivery, like a compressed umbilical cord or placental
dysfunction, can result in an acute reduction of circulation and gas exchange. Also
directly after birth, problems with the oxygen supply can occur, if the newborn cannot
initiate or sustain effective breathing. The fetus or newborn is likely to be in danger of
suffocation, a state that is called asphyxia [Vol95, Ber00]. 
Perinatal asphyxia is characterized by oxygen and nutrients deficiency, so called
hypoxic-ischemia, in all organs of the newborn. The hypoxic-ischemic insult can result
in tissue injury. Especially to the brain, this injury is reported to have serious conse-
quences for future development [Vol95]. Asphyxia occurs in Europe in 2 to 12 new-
borns per 1000 live births and results in neurological deficits in 0.2 to 2.6 newborns per
1000 live births. The exact number varies per country and depends on the criteria that
are used to define asphyxia [Dil01, Pee02]. 
The hypoxic-ischemic insult can affect large parts of the brain, both in gray and white
matter [Vol95, Vol01]. This may have consequences for brain development, both struc-
tural and functional, and in the long term might result in mental retardation, motor defi-
cits and disorders of sensory functions [Vol95, Dil01]. The pattern and the extent of the
injury depends on several factors, including the duration and severity of the insult. Fur-
thermore, the developmental phase of the brain, reflected by the regional differences in
cerebral blood flow and by the local metabolic activity, is an important factor [Vol95]. 
Detection of the extent of the injury at an early stage is essential for the development of
strategies to limit permanent brain damage and for prognosis of the (neurological)
development of the newborn [Aid98, Joh99, Cow00, Kri00, Bar02, Take02]. 
Introduction 1



1.2 The structure of brain tissue

Before the pathophysiological changes during and following an hypoxic-ischemic insult
are discussed, the structure of brain tissue is briefly described. This section is based on
several textbooks [Pet91, Ber94, Guy00, Jun00]. We focus on geometry issues, as these
are important for the application of Diffusion Tensor Imaging (Chapter 2). Dimensions
given in this section are rough estimates or averages over larger volumes, as specific
volume and cell diameters depend on the specific brain region. 

1.2.1 Gray matter and white matter 
Brain tissue can be divided roughly into gray matter (GM), white matter (WM), and cer-
ebrospinal fluid (CSF). Gray matter tissue consists mainly of neuron cell bodies, den-
drites and glial cells, although some axons can also cross the gray matter. White matter
consists of (myelinated) axons, which are surrounded by glial cells (Fig. 1.1A). 
Glial cells are about ten times smaller than neurons, but since they are ten times more
abundant, the brain volume occupied by these two cell populations is approximately
equivalent [Jun00, Kor04, Fos04]. In human WM, myelinated axons comprise about
33% of the total WM volume [Tan97]. The cells are surrounded by the extracellular
space (ECS), covering ~20% of the volume. 
In literature, the word neuron is frequently used to describe only the cell body, although
by definition, the neuron consists of three parts: 1) The cell body (perikaryon, size: 5-
140 µm), in which the nucleus of the nerve cell is situated (size: 3-18 µm). It is the bio-
synthetic centre of the neuron. 2) Multiple dendrites, that function as the receptive
region of the neuron. 3) One single axon, that transmits the nerve impulses through tem-
porary depolarization of the cell membrane. The length of the axon depends on its func-
tion in the nervous system and it can be surrounded by a myelin sheath that accelerates
signal transport [Pet91]. 

Gray 
Matter

White 
Matter

glia cell

dendrite
neuron 
cell body

myelin sheath

axon
glia  cell

axon terminal

cross section

myelin

microtubuli
neurofilament
 

axonal 
membrane

A                                                                                        B

Fig. 1.1   A. The structure of gray and white matter, with the main components labelled. B. 
Internal structure of one axon. 
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Myelinated brain axons can have a length up to 10 cm, with a diameter between 0.5 and
10 µm, although the average diameter in human brain white matter is measured to be
~1.1-1.3 µm [Tan97]. The exact size depends on the region of the brain and the age of
the subject. The myelin sheath thickness is typically one fourth of the diameter of the
axon it encloses [Pet91]. The interior of axons (Fig. 1.1B) consists of cytoplasm, cell
organelles (e.g. mitochondria), neurofilaments (7-10 nm thickness) and microtubuli (
~25 nm). The axonal cell membrane has a thickness between 7 and 10 nm [Pet91].
The neuroglia in the central nervous system can be divided into four categories: 1)
Astrocytes (8-12 µm ), which are the most abundant glial cells. They anchor the neu-
rons to the blood vessels and transport glycogen, potassium and neurotransmitters,
among other substances. 2) Microglia, which are the immune system in the brain. 3)
Ependymal cells, which provide a relatively permeable barrier between the Cerebrospi-
nal Fluid (CSF) in the cavities and the ECS. 4) Oligodendrocytes (3-8 µm ), which
produce the myelin sheaths around the axons, by wrapping cytoplasmic extensions
tightly around the axons [Ker99, Jun00]. The membrane layers of myelin consist mainly
of lipids (80%) and proteins (20%). 

1.2.2 Transport and blood brain barrier
The cerebral blood vessel system transports the nutrients and oxygen in the brain, from
large cerebral arteries to small capillaries. From the capillaries to the cells, the nutrients
and oxygen move through the ECS by means of diffusion. At the cell membrane, some
compounds will diffuse through the lipid bilayer, other compounds will be transported
actively across the membrane. Inside the cells, diffusion is still an important mecha-
nism. In neurons with large axons, where the distance is too large to be covered by dif-
fusion alone, an active transport mechanism, called cytoplasmic streaming, is used as
well. The fastest axonal transport occurs at a velocity of 200-400 mm per day [Guy00,
Duo01, Seh02a]. 
Between the blood in the capillaries and the brain tissue, a microvascular permeability
barrier is present. This barrier consists of endothelial cells (often this part is called the
blood brain barrier BBB), surrounded by the basal lamina and the perivascular astro-
cytes (Fig. 1.2). This barrier controls the exchange of compounds and protects the cen-
tral nervous system from abrupt changes in the extracellular ion concentration [Blo99].
The endothelial cells are connected to each other via tight junctions that regulate pas-
sage of most (large) molecules across the capillary wall. The basal lamina is a structural
barrier that prevents passing of cellular blood elements [Zop98, Ham99, Blo99].

∅

∅

∅

astrocyte

basal lamina
endothelial cell Fig. 1.2   Microvascular permeability 

barrier: endothelial cells, basal lamina 
and astrocyte
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1.2.3 Cell metabolism and energy storage
In the aerobic pathway, glucose is converted into carbon dioxide and water by a series of
biochemical reactions, during which processes energy is released. This energy is used to
phosphorylate ADP (Adenosine Di Phosphate) into ATP (Adenosine Tri Phosphate),
which is then called a high-energy phosphate. ATP is the direct energy source in the cell.
The metabolic pathway consists of several steps (Fig. 1.3). The first is called glycoly-
sis, glucose is converted into pyruvic acid by enzymes in the cytoplasm, during which
process 2 ADP are converted to 2 ATP. In the second (citric acid cycle) and third (oxida-
tive phosphorylation) stages, the pyruvic acid is converted within the mitochondrion
into acetyl-CoA and reacts in several steps with oxygen into water and carbon dioxide.
The energy released during this process is used to convert 36 ADP into 36 ATP. 
In the anaerobic pathway, that occurs when oxygen is not available, pyruvate is con-
verted into lactate. This is called anaerobic glycolysis and results in a reduced ATP pro-
duction. 
Another high-energy phosphate is phosphocreatine (PCr), which functions as an energy
storage buffer. This stored energy can be released to phosphorylate ADP into ATP. The
function of this buffer is to keep the ATP levels constant during cell functions or stress
situations [Guy00].

1.3 Hypoxic-ischemia

Cerebral ischemia is defined as an (abrupt) decrease in cerebral blood flow (CBF) in
brain tissue, resulting in a (local) nutrients and oxygen deficiency (hypoxia). Cerebral
ischemia can be classified into global and focal ischemia. 
Global cerebral ischemia is characterized by an overall low CBF and acute ATP deple-
tion. If this insult is not followed by reperfusion, it results in acute cell death and death
of the patient. If the insult duration is short (transient ischemia), the cell death is less
acute. However, reperfusion induces a cascade of events (discussed in Section 1.3.2)
that results in delayed neuronal cell death in isolated regions of the brain [Lip99]. 
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Fig. 1.3   Glucose metabolic pathway 
[based on Guy00]
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The reduction of CBF in focal ischemia depends on (the distance from) the affected
region in the brain and therefore the pattern of injury is not homogeneous. Three regions
can be identified: the core, the penumbra and the periphery. In the core, the CBF is
reduced to ~15% of the original value and ATP levels are largely decreased. This region
shows early cell damage. In the penumbra, the CBF and ATP levels are less reduced.
This region displays delayed cell damage if no therapy is given. It must be noted that the
penumbra has many definitions, but the common factor is that it is defined as the area
that has the potential for recovery, if appropriate treatment is given [Ast81, Hei00,
Fis04]. Peripheral tissue, with CBF > ~40% of the original value, will recover com-
pletely within several hours following the insult [Lip99]. 
Despite differences in the evolution of pathology between the different types of
ischemic insults, general processes occurring during ischemia can be identified. In this
section, a brief overview of the pathophysiological changes during hypoxic-ischemia
(HI) and reperfusion is given, mainly based upon textbooks, reviews and theses [Vol95,
Ple97, Dij98b, Lip99, Ber00]. We realise that this overview is limited, as the processes
following ischemia are complex and the mechanisms responsible for ischemic cell death
are not completely understood. The reader is referred to the extensive review by Lipton
for detailed information [Lip99]. 
It must be noted that different cell types (glia, neurons) react in different ways upon
ischemic changes, which will only be emphasized if important for the study reported in
this thesis. We focus mainly on structural changes that are considered to be important
for diffusion tensor imaging. The complex biochemical reactions, though being impor-
tant in ischemic processes, are only briefly explained. Changes in cerebral blood flow
following ischemia, due to impaired autoregulation, are also not discussed. 

1.3.1 Hypoxic-ischemic period
Upon reduction of cerebral blood flow and thus a reduction of oxygen, the brain cells
switch to anaerobic glycolysis in order to maintain adequate levels of ATP. This results
in the production of lactate, an increasing acidity of the cells and a decrease in high
energy phosphates (first PCr, later ATP). The energy depletion has several conse-
quences, among which the inhibition of the sodium-potassium membrane pump and
membrane depolarization. The latter occurs within minutes after the insult. At the same
time, the impedance of the ECS increases, indicating a significant cell swelling [Lip99,
Pet99]. The membrane depolarization results in a release of neurotransmitters, includ-
ing glutamate. In the membrane, several kinds of ion channels are present. Several
receptors are coupled to these ion channels and gate the influx of cations when acti-
vated. In the presence of glutamate, the NMDA-gated channel in the membrane will
open and induce an influx of calcium ions [Dij98b, Vol95, Ber00]. The increased
number of intracellular calcium ions is thought to be (partly) responsible for the axonal
damage, as it triggers a cascade of events including disruption of axonal transport and
cytoskeleton breakdown, with microtubular and neurofilament loss [Pan96, Pet99]. 
The different temporal evolution of morphological changes and injury to neurons and to
glial cells is still a topic of discussion. Most studies have focused on changes in gray
matter tissue, as white matter was considered less vulnerable. Two types of neuronal
changes have been reported: both shrinkage and swelling simultaneously during the first
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6 hours and delayed necrosis after 6-12 hours [Gar95a,b, Rum97, Ned99, Li 02]. Glial
swelling directly following the insult has been reported [Miy00, Li 02], although others
observed the first signs of glial swelling after at least several hours [Rum97, Ned99]. 
Recently, changes in white matter tissue received more attention [Pan96, Pet99]. Swell-
ing of oligodendrocytes and astrocytes has been observed as early as 30 minutes after
the onset of ischemia, accompanied by changes in myelin sheaths, resulting in irregular,
segmentally thickened axons after 3 hr. [Pan96, Ima02]. This is accompanied by a loss
of both microtubuli and neurofilaments [Pan96]. Apart from this, a disruption of the fast
axonal transport is also (indirectly) observed [Yam97, Yam98, Ima02, McC02]. 
The insult also affects the endothelial cells, resulting in a leaky blood brain barrier. Con-
sequently, water and macromolecules can enter the ECS of the brain tissue. 

1.3.2 Reperfusion period
The role of reperfusion is ambiguous. On the one hand, it restores the delivery of oxy-
gen and nutrients, but on the other hand it can initiate further damage. Upon reperfusion,
cell functions seem to normalize as the cerebral high-energy phosphates recover rapidly
[Lip99]. However, cell morphology does not restore (see Section 3.1.2). 
Several activated pathological processes are stimulated by the reintroduction of oxygen
and a so-called second energy failure occurs after about six hours of reperfusion
[Rum97, Ned99, Ola01]. The origin of this secondary injury is unclear. It might be due
to the accumulation of cytosolic calcium that mediates several processes, which results
in reactive oxygen radicals that cause cell death [Pet99]. However, many other explana-
tions have been introduced, among which are secondary damage due to the inhibition of
protein synthesis and the toxic effect of glutamate [Vol95, Ple97, Lip99, Ber00, Nei02].
The secondary injury is characterized by a low energy status (reflected by low ATP and
PCr levels) and a second period of cell swelling. This cell swelling mainly occurs in the
glial cells. The neurons are observed to be apoptotic and necrotic [Rum97, Ned99]. 

1.3.3 Hypoxic-ischemia in the neonatal brain
Since the neonatal brain is still in development, mechanisms of hypoxic-ischemic brain
injury in the newborn differ from those in the adult brain. In animal studies, it has been
observed that neonates are more tolerant to HI-injury than adults [Yag97, Van98]. How-
ever, the biochemical and physiological basis for this relative resistance is not well-
understood. It might be partly explained by the lower rate of energy utilization in the
neonatal brain. In addition to this, the neonatal brain shows a lower rate of accumula-
tion of toxic products and it has the capacity to utilize lactate and ketone bodies for
energy production [Yag97, Van98]. Although having a better ‘overall resistance’, some
neuronal groups in the neonatal brain are more vulnerable to injury than in the adult
brain. Especially regions of active neural development (e.g. synapse formation), where
oxygen use is intense, are vulnerable to hypoxic-ischemic insults [Vol95, Ple97]. 
As our focus is on detecting ischemia and not on the pattern of injury itself, the reader is
referred to textbooks by Volpe [Vol95] and Rutherford [Rut01] for detailed information
on neonatal brain pathology. The exact incidence and type of pathology depends on the
type and duration of the HI-insult and on the vulnerability of various regions in the
brain, which depends on gestational age. 
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In general, five patterns of hypoxic-ischemic injury have been described [Vol95, Ber00]: 
1) selective perikaryon necrosis in an often widespread distribution. Among the most
vulnerable areas are the cerebral neocortex, hippocampus, basal ganglia and thalamus. 
2) hypermyelination in the thalamus and basal ganglia (‘status marmoratus’).
3) parasagittal cerebral injury: the areas of necrosis occur in the border zones between
the major cerebral arteries, both in gray and white matter.
4) periventricular leukomalacia, in which the white matter around the ventricles is
injured. This is the principal pattern of injury observed in prematures. 
5) focal (and multifocal) lesions, which are areas of necrosis of all cellular elements. 

1.4 Methods for the detection of hypoxic-ischemic injury in neonates

It is important to identify neonates at risk for brain injury and to detect the extent of the
brain injury at an early stage. The time period during which intervention can be benefi-
cial is called the therapeutic window. For adults, this window lasts until about 3-6 hours
from the onset of the insult [Alb99, Vel03]. For neonates, the therapeutic window is
expected to be larger because the injury may evolve over several days [Hup97]. 
Several methods have been used clinically to investigate whether asphyxia has occurred
and to estimate the severity of the insult and the risk for brain injury. Risk factors for
brain injury, that can be assessed during labor, are fetal-heart-rate abnormalities and a
thick meconium staining of the amniotic fluid. After birth, an Apgar score (at 5 minutes)
less than 7 is a first indication that asphyxia might have occurred. The pH of the umbili-
cal cord blood is determined to detect acidosis; a value less than 7.0 is associated with a
high risk of considerable short-term morbidity [Nag95, Rie99, Dil00]. Combining the
above mentioned methods, the presence and severity of asphyxia can be determined
more accurately, however, the usefulness of these methods for specific prognosis of neu-
rological consequences (‘neurological outcome’) is limited [Per96, She99]. 
To detect the extent and location of the injury, imaging is necessary. Several imaging
modalities are used in clinical practice. For neonatal brain imaging, most common are
UltraSound (US), Computed Tomography (CT) and Magnetic Resonance Imaging
(MRI). An example of these three methods is shown in Fig. 1.4.

1.4.1 Ultrasound
Ultrasound (US), which is based on the reflection of ultrasound waves in tissues, is the
most common neonatal brain imaging technique. US can be used for brain imaging as
long as the fontanel is open, which provides a window into the neonatal brain [Vol82].
The most important advantages of US are that it is a non-invasive imaging method that
can be performed at the bedside without the need for sedation and that it provides real-
time information. Repeated US examinations of the neonatal brain make it possible to
follow cerebral hypoxic-ischemic injury in the newborn over time [Wez99a,b]. Ultra-
sound also has its limitations. Precise location and detection of the extent of (small)
ischemic lesions is not always possible [Cow00, Roe01, Ind03, Mil03] and results are
observer dependent [Bla00]. Finally, more subtle processes of maturation, such as mye-
lination, can not be visualized by US [Vol95]. 
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1.4.2 Computed Tomography
Before the introduction of MRI, Computed Tomography (CT), a tomographic X-ray
technique, has been used to obtain more detailed information about neonatal brain
injury. CT is widely available and useful to determine the extent of hypoxic-ischemic
brain injury, especially several weeks after the insult, when the injury is most apparent.
CT has a high sensitivity for blood (Fig. 1.4), and can therefore be used to distinguish an
ischemic insult from a hemorrhagic one. In the acute phase of the HI-injury, however,
CT imaging is less useful [Vol95]. Furthermore, disorders in brain myelination are eas-
ily overlooked [Vol95]. Small lesions without blood are hard to detect and the high
water content of the neonatal and in particular the preterm brain makes it difficult to
assess ischemic damage. In addition, the practical advantages of cerebral US and the
excellent imaging quality of neonatal cerebral MRI have led to a further decrease of the
use of CT in newborns [Vol95, Wez99b, Cow00].

1.4.3 Magnetic Resonance Imaging
Magnetic Resonance Imaging (MRI) has been applied in the neonatal brain since the
late eighties [Nal89]. The imaging principle is based on the behaviour of nuclear spins
in a magnetic field and will be described in more detail in Section 2.1. Conventional
MRI techniques, like T1- and T2-weighted imaging (Fig. 1.4), show an excellent soft tis-
sue contrast that can be used to detect small hypoxic-ischemic lesions, but also to deter-
mine the myelination state of a tissue [Kna90, Vol95, Bar95a,b, Pau01, among many
others]. However, MRI cannot be applied at the bedside, and sedation has to be used, as
the scan time of MRI is relatively long compared to US and CT. Despite these disadvan-
tages, MRI has proven useful for recognising patterns of HI brain injury in newborns in
more detail than US and CT. The correlation between the pattern of abnormalities
observed with MRI and outcome is high [Cow00]. 
In 1985 Diffusion Weighted Imaging has been introduced (DWI, Fig. 1.4). It has
received a lot of attention, as it promises to be useful for the detection of ischemia in an
early stage in which other modalities and also the conventional MRI techniques are not
able to detect it yet [as reviewed by Bai98, Scha00, Sot02]. 
The contrast in DWI is based on the diffusion of water molecules in a tissue, instead of
on relaxation characteristics. In the pathophysiology of hypoxic-ischemia, among other
changes, cell swelling occurs (Section 1.3), that is accompanied by changes in the diffu-
sion properties of a tissue. This can be detected with DWI and precedes changes seen on
T2-weighted images by at least 2-3 hours, as reported in adult stroke studies [Bai98,
Scha00]. DWI has also been used successfully to detect hypoxic-ischemic lesions in the
neonatal brain [Cow94, Rob99, Ind99, Wol01]. An additional feature of DWI is the pos-
sibility to detect maturational changes in the newborn, as the diffusion of water mole-
cules becomes more restricted during brain development, caused by myelination of the
brain [Nei02]. 
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US                              CT

T1                                 T2                            DWI

T1                                 T2                            DWI

Fig. 1.4   Top row: Ultrasound (US) and Computed Tomography (CT) image of the same neonate 
with hypoxic-ischemic brain injury accompanied by blood in the tentorium, indicated by the 
arrows. The pathology is bilateral (affects both sides). The blood is clearly visible on the CT 
image, appearing as a bright area (arrows). Middle row: Magnetic Resonance Imaging (MRI) of 
the same neonate as in the top row, several MR techniques displayed (T1-weighted, T2-weighted, 
Diffusion weighted, see Section 1.4.3). The better soft tissue contrast can be appreciated. Arrows 
indicate an ischemic lesion visible in the MR images. Note that the blood is less well detected 
when compared to CT. In the bottom row: MR images of another newborn with a large lesion in 
the right hemisphere, indicated by the arrow and clearly distinguishable due to its asymmetric 
appearance. All images are displayed with a feet-to-head orientation, therefore the left hemi-
sphere is displayed for the viewer at the right-hand side. 
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1.5 Aims and outline 

Diffusion Weighted Imaging has given an opportunity to measure changes in a tissue
that are directly related to pathophysiological changes (e.g. cell swelling) following a
hypoxic-ischemic insult. The preferred direction of diffusion of the water molecules is
influenced by the tissue structure and can be measured using Diffusion Tensor Imaging
(DTI). This additional information could give more insight into the time course of the
pathophysiological changes following brain injury. Apart from this, DTI promises to be
useful to obtain information about the brain maturation. 

The purpose of this thesis is to determine whether DTI can be used to detect hypoxic-
ischemic injury in the neonatal brain. This research can be divided into two parts. In the
first part, the technical and visualization aspects and the interpretation of DTI are
addressed, in particular the interpretation of DTI changes following ischemia. Both an
‘in vitro’ animal model and simulations are used to investigate which tissue parameters
and changes therein can contribute to the observed DTI changes following ischemia. 
In the second part, the feasibility and added value of DTI for neonatal brain imaging are
investigated. The DTI protocols and post-processing methods, including anisotropy
measurements and so-called fiber tracking methods, are implemented, optimized and
used in clinical practice. The results are discussed in this thesis. 
As this thesis describes research at the interface of medicine and technology, the mate-
rial is presented in such a way that it can be understood by both physicians and technol-
ogists. 

In Chapter 2, the principles of Diffusion Tensor Imaging are explained and the visuali-
zation methods used to display DTI information, including fiber tracking, are presented.
Furthermore, the limitations of DTI are discussed. 
In Chapter 3, the changes in DTI parameters following cerebral ischemia are outlined,
based on studies in animal models and humans. The unsolved questions concerning
changes in the DTI parameters following ischemia are discussed. 
In Chapter 4, an experimental system is introduced to investigate the influence of
changes in tissue parameters on the measured DTI signal. We focus on the question
whether cell swelling alone can cause the large changes in DTI parameters. 
In Chapter 5, the necessity to use a fast imaging technique is discussed. Two techniques
are compared, in particular their susceptibility to artifacts. 
In Chapter 6, various DTI quantification methods are investigated with respect to their
usefulness in the neonatal brain. The temporal evolution of DTI changes in hypoxic-
ischemic lesions in newborns is determined and compared with adult stroke studies. 
In Chapter 7, the first results of the application of fiber tracking in the neonatal brain
are discussed, including a method for quantification of fiber tracking information.
In Chapter 8, the modelling of diffusion in tissues is discussed in order to better under-
stand the underlying physical processes that cause the observed changes in diffusion fol-
lowing ischemia. We introduce a new model to describe diffusion in white matter tissue. 
Finally, in Chapter 9, the results presented in this thesis are discussed. 
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2 Diffusion Tensor Imaging

In this chapter, the principles of Diffusion Tensor Imaging (DTI) are explained. First a
brief introduction of MRI is given. For a more complete introduction in MRI physics,
the reader is referred to the internet-book by Hornak [Hor96] and textbooks by
Vlaardingerbroek et al. [Vla99] and Haacke et al. [Haa99]. The definition of the diffu-
sion tensor and the principles of DTI are explained in Section 2.3 and the visualization
methods in Section 2.4. We realise that we measure at a macroscopic scale. Several
aspects on microscopic scale could influence and confound this measurement, as dis-
cussed in Section 2.5. 
The visualization part of this chapter has been published in a slightly different form as a
part of A. Vilanova, G. Berenschot, C. van Pul. DTI Visualization with streamsurfaces
and evenly-spaced volume seeding. Eurographics/IEEE TCVG VisSym 2004: 173-182. 

2.1 Introduction into Magnetic Resonance Imaging (MRI)

The concept of MRI is based on the interaction between the magnetization vector µ of a
nuclear spin and a magnetic field B0, resulting in a precession of µ around the B0 direc-
tion (Fig. 2.1A). The rotation frequency (Larmor frequency ω) is described as: 

 with γ the gyromagnetic ratio (for hydrogen γ / 2π = 42.6 ΜHz/T). (2.1)

The axis of rotation of each spinning nucleus (abbreviated to spin) aligns parallel or
anti-parallel to the field, resulting in a small net magnetization M parallel to the main
magnetic field: the equilibrium situation (Fig. 2.1B). The magnetization can be brought
out of its equilibrium by using a magnetization B1 that rotates with ω perpendicular to
the main magnetic field, the so-called radio frequency RF-pulse. The magnetization
changes due to RF-pulses are usually evaluated in a rotating frame of reference. The z-
direction ( ) is parallel to B0 in both the laboratory frame and the rotating frame. The
x’ and y’-axes of the latter rotate with ω around the z-axis, and B1 is aligned with the x’-
axis. The RF-pulse rotates the magnetization M around B1 with a flip angle α
(Fig. 2.1C). Usually a 90º-pulse is used to rotate M into the x’y’-plane. 
After RF excitation, the M rotates with the Larmor frequency with respect to the labora-
tory frame (Fig. 2.1D). The transverse component  of the magnetization induces a
current in a coil positioned for example perpendicular to the y-axis (Fig. 2.1E). The
measured signal decays as a function of time as individual spins loose phase coherence
(Fig. 2.1F). If after a certain time t = TE/2 (TE is the echo time) a 180º-pulse is given
(not shown), the dephasing due to magnetic field inhomogeneities is rephased again and
an echo occurs at t = TE. This is called the spin-echo technique.
Two processes cause the system to return to its equilibrium situation. The first is called
spin-lattice relaxation, which describes how the longitudinal magnetization Mz returns

ω γB0=

 ẑ

M⊥
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to equilibrium by a characteristic relaxation time T1. This process depends on the energy
transfer between spins and the surrounding lattice (e.g. tissue molecules). The second
process is spin-spin relaxation, which describes how the transverse magnetization

 decays as a function of time with time constant T2. This relaxa-
tion process is caused by spins creating random local field inhomogeneities, resulting in
random fluctuations in precession frequency. Extra dephasing can occur due to main
magnetic field inhomogeneities, included in the T2* relaxation time. 
The magnetization is described as a function of time by the Bloch equation [Blo46]: 

, (2.2)

with B the total magnetic field and M0 the initial magnetization along the z-direction. 
To reconstruct an image, it is necessary to obtain spatial information from the trans-
verse magnetization signal. The position dependence is induced by using gradient fields.
A gradient G is a magnetic field in the direction of the main magnetic field B0 that
depends linearly on the position. It results in a position dependent Larmor frequency
(Eq. (2.1)). By using Fourier analysis, the frequency information, that is connected to a
coordinate, can be obtained from the signal. Three gradient coils in three orthogonal
directions can be combined to generate a gradient in any direction. Gradients are used to
select a slice and to encode the spatial information in each slice. The main components
of an MRI scanner are shown in Fig. 2.2. 
The contrast in conventional MRI images is based on the relaxation times T1 and T2 that
are tissue dependent, and are called T1- and T2-weighted images (Fig. 1.4). The contrast
is adjusted by choosing appropriate values for the echo time TE and the repetition time
TR, which is the time between consecutive 90º-pulses. In this way, the contribution of
T1 and T2 relaxation to the received signal is influenced. 
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2.2 Diffusion in tissues: free versus restricted diffusion

2.2.1 Free diffusion
Diffusion is the random displacement of molecules caused by Brownian motion, that
depends on temperature and the size of the molecules. If the molecules can move freely
through a large volume, the path of one molecule shows a random movement, as
depicted in Fig. 2.3A. The root mean square displacement is described by the Einstein
relation and depends on the diffusion coefficient D and the diffusion time τd: 

. (2.3)

Diffusion processes in general are defined by Fick’s law of diffusion: 

, (2.4)

With  the probability of finding a particle started at position  at position
 after time t. To account for all particles and all positions, the average propagator

 is used, that gives the average probability of finding any particle after a cer-
tain diffusion time τd displaced by distance R ( ). The solution of Eq. (2.4)
for free diffusion is the normalized Gaussian function of displacement R [Pri97]: 

. (2.5)
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2.2.2 Restricted diffusion
If barriers are present in a volume, for example the cell membranes of spherical cells
(Fig. 2.3B) or of cylindrical cells (fibers, Fig. 2.3C), the diffusion of the molecules
becomes restricted. In B, the restrictions result in a lower effective diffusion coefficient,
which is the same in all directions: isotropic diffusion. In C, the molecules are more
restricted in their movement perpendicular than parallel to the fibers: anisotropic diffu-
sion. In D, two crossing fiber bundles are shown. 
The diffusion coefficient in a tissue is called the Apparent Diffusion Coefficient (ADC),
because the diffusion does not only depend on temperature and molecule size, but also
on the geometrical restrictions. For very short diffusion times, the influence of the
restrictions will be minimal and the average propagator is still described by a gaussian
function (Eq. (2.5)). For longer diffusion times, the molecules can probe a larger volume
and the influence of the restrictions becomes more pronounced, resulting in deviations
from the gaussian displacement function. For very long diffusion times, all water mole-
cules have been in all compartments (if there is exchange) and the average propagator
becomes a gaussian function again.

2.2.3 Diffusion tensor 
The restrictions to the random motion of molecules can be direction-dependent, and the
diffusion process cannot be described completely by a scalar diffusion coefficient as in
Eq. (2.3). In this situation, the diffusion can be approximated by an effective diffusion
tensor [Bass94a,b, Bass96]: 

(2.6)
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The diffusion tensor is a symmetric matrix with six independent values. Eigenanalysis is
used to find the principal directions of diffusion (the eigenvectors e1 to e3 that form an
orthogonal basis) and the corresponding diffusion coefficients (the eigenvalues λ1 to λ3,
in descending order). The main direction of diffusion is indicated by the eigenvector e1
corresponding to the largest eigenvalue λ1. The eigensystem information of the diffu-
sion tensor can be displayed using ellipsoids: the three eigenvectors form the orthogo-
nal axes of the ellipsoid and the length of the axes is defined by the eigenvalues. If the
diffusion is isotropic, the eigenvalues are identical ( ) and no main direc-
tion of diffusion is visible, visualized by the spheres in Fig. 2.3A en B. In a strongly ani-
sotropic case ( ), the diffusion will mainly take place along the direction of
eigenvector e1, resulting in a cigar-shaped diffusion ellipsoid. Cigar-shaped diffusion,
also called linear or prolate diffusion, occurs for example in white matter, where diffu-
sion parallel to the axons is much larger than perpendicular (Fig. 2.3C). Another situa-
tion occurs if . The diffusion ellipsoid is ‘pancake’-shaped, also called
planar or oblate diffusion, and can occur in areas where fibers are crossing (Fig. 2.3D). 

2.3 Diffusion Tensor Imaging (DTI)

Diffusion Tensor Imaging (DTI) is based on a different mechanism than that of conven-
tional MRI: it is sensitive to diffusion of water molecules in a tissue, and to the direc-
tion of diffusion. The method of measuring diffusion has been developed 1965 [Ste65],
but implemented into MR imaging in 1985 [Bih85, Mer85, Tay85]. This was called Dif-
fusion Weighted Imaging (DWI) to emphasize that the image contrast was based on the
average diffusion of water molecules through a tissue. The name Diffusion Tensor
Imaging (DTI) has been introduced by Basser et al. [Bass94a,b] for the technique used
to measure the full diffusion tensor. DTI is an extension of DWI, it measures diffusion
in six (or more) directions, from which the diffusion tensor can be reconstructed. 

2.3.1 Pulsed Field Gradients 
The magnetization signal is made sensitive to diffusion by adding Pulsed Field Gradi-
ents (PFGs) to a normal imaging sequence. This method is based on the combination of
two strong gradients, with opposite polarity or, when applied around the 180º-pulse,
with equal polarity to obtain the same effect (Fig. 2.4). As the gradient coils in the MR
system are fixed along the x-, y- or z-direction, a gradient in any direction can be cre-
ated by using a combination of gradients in all directions. The direction of the resulting
gradient is important, as the measurement will only be sensitive to diffusion in that par-
ticular direction. The effect of PFGs on spins in a voxel is illustrated in Fig. 2.5. The
first PFG dephases the spins, the 180º-pulse rotates the magnetization vectors of all
spins and the second PFG rephases the spins again. Static spins are exposed to the same
magnetic field before and after the 180º-pulse and the magnetization shows complete
refocussing. If spins display unrestricted diffusion, which is a random process in a ran-
dom direction, the magnetic field experienced by the individual spins during the second
gradient is different from the first. The resulting phase difference is random for all spins
and the net magnetization signal is decreased as no complete refocussing occurs. 

λ1 λ2 λ3≈ ≈

λ1 λ2» λ3≈

λ1 λ2 λ3»≈
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The factor by which the magnetization is decreased depends on the diffusion of the
spins (and on the diffusion restrictions posed by a tissue) in the direction in which the
PFGs are applied and on the pulse-sequence parameters: gradient strength G, gradient
duration δ and time between the onsets of the two gradients ∆. The pulse-sequence
dependent factor is called the b-value. 

2.3.2 Quantitative diffusion measurement (ADC-map) 
To calculate a quantitative diffusion coefficient from the magnetization signal, the
sequence dependent parameters have to be eliminated. To take into account the effects
of diffusion, the Bloch equation (Eq. (2.2)) has been generalized into the (modified)
Bloch-Torrey equation [Tor56, Ste65]: 

, (2.7)

with D the diffusion tensor (Eq. (2.6)), and T2 instead of T2
*, because a spin-echo

sequence is used. B depends on the magnetic field of the gradients G: 

, with G = (Gx , Gy, Gz ) and r = (x, y, z). (2.8)

The derivation of the solution to the Bloch-Torrey equation can be found in detail in the
books by Vlaardingerboek et al. [Vla99] and Haacke et al. [Haa99].
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Fig. 2.4   Time diagram of PFGs imple-
mented in a conventional spin echo 
imaging sequence. The imaging gradi-
ents and PFGs are denoted on separate 
axes. PFG parameters are duration δ, 
strength G and time between onset of 
first and second gradient ∆. 
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Fig. 2.5   The effect of PFGs on a voxel containing static spins and diffusing spins. The distribu-
tion of the phase of the spins in a voxel is illustrated at different times in the PFG sequence. 
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The transverse magnetization  can be solved from Eq. (2.7) at echo time TE for a
repetition time TR >> T1, for which the exponent with T1 can be neglected: 

, (2.9)

with  and  the initial magnetization directly after the 90º-pulse. 

In general, the exponent containing the diffusion tensor D can be rewritten using the b-
matrix b with components bij [Bass94a]: 

. (2.10)

The gradient vector G can be separated into a unit vector that describes the direction xi
and a strength Gi, used to calculate a scalar b-value b in that particular direction (but
only if the effects due to imaging gradients can be neglected, see Section 2.3.3). 
The T2 component can be eliminated from the transverse magnetization (Eq. (2.9)) by
using a second measurement without PFGs (G=0, called ‘unweighted image’ or ‘b0-
image’). The measurement with diffusion weighting is divided by the unweighted meas-
urement to calculate the diffusion tensor from the following relation: 

, (2.11)

with the Apparent Diffusion Coefficient (ADC) measured in the direction of the gradi-
ent vector Gi. If multiple b-values are used, by varying the strength of the gradient Gi
and not the direction, the ADC can be calculated from the logarithm of the echo attenua-
tion as a function of b-value by using a least squares fitting algorithm.
The ADC is calculated in each voxel of the image and displayed in an ADC-map,
shown in Fig. 2.6. The unweighted image (b0) shows T2 contrast. In the diffusion
weighted image (b800-image), the regions with reduced diffusion display less magneti-
zation signal loss and are therefore bright (e.g. the ischemic areas indicated by the
arrows in Fig. 2.6). By calculating the ADC-map, these regions are shown to have a low
ADC. 

2.3.3 b-value and b-matrix 
The b-matrix b (Eq. (2.10)) depends on the time integral of the gradient G. If we assume
that only rectangular PFGs are used and the imaging gradients Gx, Gy and Gz are zero in
Fig. 2.4, the b-matrix can be reduced to a scaler b-value b: 

, (2.12)
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with gradient strength Gi, duration δ and time between the onsets of the two gradients ∆. 
The b-value gives an indication of the sensitivity to diffusion in the direction of the
applied PFG. The stronger the gradient strength of the PFGs, the larger the b-value and
the more sensitive the measurement is to diffusion. 
The best choice for the b-value in clinical imaging depends on the diffusion coefficient
of the tissue of interest, as a very high b-value at a moderate diffusion coefficient results
in a large signal loss and thus a low signal-to-noise ratio (SNR) in the diffusion-
weighted image. On the other hand, a very low b-value makes a precise determination
of the ADC impossible. For DWI sequences using two measurements (b0 and b), the
maximum diffusion-to-noise ratio (DNR) is achieved for  [Xin97].
The DNR is still acceptable for 0.37 < ξ < 2.47. If more b-values are used, the DNR
becomes larger. However, this also increases scan time [Xin97, Jon99]. Typical ADC
values in brain WM are 0.8-0.9⋅10-9 m2/s for adults, and 1.2-1.4⋅10-9m2/s for neonates
[Bai98, Nei02], which results in an optimal choice for b in the range of 1200 s/mm2 for
the adult brain and of 800 s/mm2 in the neonatal brain. 
It must be noted that Eq. (2.12) only holds if the area under the imaging gradients Gx,
Gy and Gz (defined as the gradient strength times the duration of the gradient) is small
compared to the surface under the diffusion gradient. Otherwise, the imaging gradients
should be taken into account by using the complete b-matrix, as they can lead to diffu-
sion-mediated signal losses (self terms) and they can interact with the PFGs to produce
additional cross terms [Mat94, Con95, Bou01]. The influence of the imaging gradients
on the ADC depends on the exact imaging sequence and parameters used. The maxi-

b0-image                              b800-image                           ADC-map      

Fig. 2.6   Unweighted image (b0-image) and diffusion-weighted image (b-value b = 800 s/mm2), 
used to calculate the ADC-map in the brain of the same two neonates as shown in Fig. 1.4. Areas 
with reduced diffusion in ischemic regions appear bright in the b800-image and dark in the ADC-
map (arrows), more pronounced in the second newborn (bottom row). 

ξ b ADC 1.1≈=
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mum error when using a scalar b-value instead of the b-matrix is typically between 10-
20% for various non-optimized imaging sequences [Mat94, Con95, Eis95, Bou01]. 
However, nowadays the effects due to self terms and cross terms are minimized by
adjustments to the imaging sequence. As reviewed by Conturo et al. [Con95], the influ-
ence of these terms can be reduced in several ways. One method is by using direct refo-
cussing of imaging gradients to minimize their contribution, or by application of the
imaging gradients after the diffusion gradients. A second method is by acquisition of
two images obtained with gradients applied with opposite polarity [Nee91, Con95].
Using (one of) these methods, the error in the ADC due to using a scalar b-value instead
of the b-matrix is reduced (<1%) [Con96]. In most clinical scanners, the pulse sequence
for DTI is optimized to minimize errors using the first method. In the experimental sys-
tem that will be introduced in Chapter 4, the second method is used. 

2.3.4 Validity of the ADC calculation
The calculation of the ADC as outlined in Section 2.3.2 is only valid for free diffusion.
For restricted diffusion the ADC can be approximated. Two frequently used approxima-
tions to describe the signal attenuation in diffusion experiments (usually in order to
derive the diffusion coefficient) are the gaussian phase distribution (GPD) and the short
gradient pulse approximation (SGP).
The GPD describes the ADC calculation if gradient pulses with long duration are used
(δ ≈ ∆). This approximation is based on the assumption that phase distribution is gaus-
sian. For unrestricted diffusion, the GPD is valid, as the average propagator is gaussian
(Section 2.2.1) and therefore the phase distribution is gaussian. For restricted diffusion,
the GPD is valid at ultrashort diffusion times ( ), when very few spins are affected
by boundaries, and at long diffusion times in an exchanging system, as all molecules
have been in all compartments, and the phase change becomes independent on the dis-
placement [Pri97]. For DTI, the GPD approximation is assumed to be valid [Bass94a,b]. 
The SGP approximation is used to derive the ADC for a sequence using short gradient
pulses (δ << ∆). Using this approximation, the effect of motion during the gradient
pulse, resulting in phase accumulation, is neglected. The signal attenuation is deter-
mined by the positions of the spins at the timepoints of the two gradient pulses. This
method is valid for gaussian and non gaussian diffusion, as long as the PFG pulse dura-
tion is short compared to the time between the pulses (δ << ∆). Detectable diffusion
weighting can only be obtained if the very short gradient pulses are of considerable gra-
dient strength (>100 mT/m). In clinical studies, these gradient strengths cannot be
applied because of the risk of peripheral nerve stimulation and due to technical limita-
tions, and therefore this SGP approximation is not applicable. 

2.3.5 Derivation of the diffusion tensor 
The ADC in one direction can be calculated using Eq. (2.11). However, to derive all six
independent components of the diffusion tensor D (Eq. (2.6)), necessary to obtain infor-
mation about the directionality of the diffusing water molecules, at least six measure-
ments have to be performed [Bass94a,b, Bass96, Bass98]. Measuring in more than six
directions can be useful to increase the SNR and decrease the sensitivity to the exact ori-
entation of the gradients [Pap00, Bat03]. 

∆  0→
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To facilitate the explanation of DTI, the six independent components of the tensor are
used to define a new vector d, using the same notation as Batchelor et al. [Bat03]. Eq.
(2.11) can be rewritten as: 

, (2.13)

with i the index of the direction that is measured, and 

. (2.14)

For N (with ) independent directions, the ADC vector is defined as: 

. (2.15)

Each ADC element in Eq. (2.15) is calculated using Eq. (2.11), and corresponds to the
gradient vector G that describes the direction in which the PFG is applied. Eq. (2.13)
can be rewritten for measurements in N directions as: 

, (2.16)

with A the encoding matrix (sometimes called transformation matrix, e.g. by Skare et al.
[Ska00]) that relates the measured ADC-maps to the vector d and thus to the compo-
nents of the diffusion tensor D. The encoding matrix is a N x 6 matrix that is deter-
mined by the directions xi in which the gradients are applied (‘gradient encoding
scheme’) with respect to the XYZ coordinate system. 

(2.17)

For N = 6, the diffusion tensor can be calculated directly from Eq. (2.16) by:

(2.18)
However, for N > 6, the encoding matrix is overdetermined and the diffusion tensor has
to be estimated using a least squares approach [Ska00, Has01]. 
From the tensor D, the three eigenvalues ( ) and corresponding eigenvec-
tors (e1 to e3) can be determined by solving the linear set of equations (eigenanalysis): 

, with I the identity matrix, followed by solving: (2.19)

 with i={1, 2, 3}. (2.20)

Analogous to the ADC-maps, the tensor and its eigensystem are determined for each
voxel in the image. This tensor describes the diffusion with respect to the XYZ coordi-
nate system. However, the patient and the imaged area are not always positioned exactly
parallel to the main magnetic field, and the image plane is not always in the same orien-
tation with respect to the patient coordinate system. For visualization (e.g. color-map-
ping and fiber tracking), the tensor must be known with respect to the image coordinate
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system or with respect to a patient coordinate system, which can be achieved by trans-
formation of the tensor to one of the mentioned coordinate systems. In our patient stud-
ies, we prefer to use color-coding with respect to the patient coordinate system, which
results in the main structures in the brain to have the same color-coding independent of
the slice orientation (e.g. the corpus callosum is always a right-left structure in the brain
and thus always red). In other situations, e.g. the imaging of hippocampal slices as dis-
cussed in Chapter 4, using color-coding with respect to the image coordinate system is
preferred. Visualization of the tensor information will be discussed in Section 2.4. The
actual tensor components of a transversal slice from a healthy volunteer using PFGs
applied in six directions are shown in Fig. 2.7. 

2.3.6 Noise effects in Diffusion Tensor Imaging
Noise in the ADC-maps can result in errors in the estimates of the diffusion tensor. As
the tensor is used to derive the eigenvalues and eigenvectors, and they in their turn are
used to calculate an anisotropy index (Section 2.4.1), noise propagation is an important
issue. The effects of noise and methods to reduce it (if applicable) are addressed in this
section. 

Noise reduction in ADC-maps 
First of all, if noise can be reduced in the ADC-maps themselves, the effects on all
derivatives of the set of ADC-maps are smaller. The Diffusion-to-Noise (DNR) ratio can
be optimized by choosing an appropriate b-value (Section 2.3.3). The signal-to-noise
ratio (SNR) can be increased by using more averages. However this increases scan time
as well. Various fast imaging techniques exist to read out the diffusion information (see
Chapter 5). Every technique has its advantages, disadvantages and accompanying prob-
lems. Optimization of each imaging technique asks for a specific approach. 

Fig. 2.7   Actual tensor components of a 
transversal slice of a healthy volunteer 
(left)

Fig. 2.8   Icosahedron. The optimal gradi-
ent scheme is defined by the vertices of the 
icosahedron [Bat03] 
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Noise reduction by choosing an appropriate encoding matrix 
The gradient encoding scheme used to determine the encoding matrix A (Eq. (2.17))
influences the degree by which the diffusion tensor estimates are affected. Several meth-
ods have been proposed to optimize the choice of the gradient encoding schemes, result-
ing in several optimal gradient schemes [Jon99, Pap99a, Ska00, Has01]. However, the
dependence of the encoding matrix on rotations in the physical space, necessary to
determine the tensor in the image coordinate system, has not been taken into account.
Batchelor et al. concluded from their comparison study of several of the proposed gradi-
ent schemes that only icosahedral schemes are rotationally invariant [Bat03]. Therefore,
the best choice appears to be using an optimized gradient scheme with icosahedral
directions (icosahedron shown in Fig. 2.8). The Jones scheme for six directions is opti-
mized using an energy minimization technique [Jon99], has a relatively low condition
number [Ska00], shows a strong similarity with icosahedral gradient schemes and is
almost rotational invariant [Bat03]. That is why we prefer to use the Jones scheme in
our experimental study (Chapter 4). In clinical systems, the gradient directions cannot
freely be chosen and the pre-programmed gradient scheme is used. 

Removal of negative eigenvalues
Due to noise, the off-diagonal elements of the tensor can become larger than the diago-
nal elements. This results in negative eigenvalues (in our experience, only for λ3),
which has no physical meaning, since diffusion cannot be negative [Bast98]. Several
methods have been proposed to deal with negative eigenvalues. To make the negative
value zero or to take its absolute value is one option, but both induce a bias in the ani-
sotropy (overestimation). The second option is to leave voxels with a negative eigen-
value out of the evaluation (but in images, this results in ‘empty’ voxels) and the third
method uses a filter technique [Ska02]. The occurrence of negative eigenvalues
increases with the diffusion anisotropy of the tissue under investigation and decreases
with increasing SNR [Bast98]. In our clinical study, the occurrence of negative eigen-
values has been investigated using the same volunteer population (n=16) that will be
discussed in Chapter 6. In a Region of Interest (ROI) in the corpus callosum of the adult
volunteers, negative eigenvalues occurred in ~ 6% (range 0-10%) of all selected pixels.
In adult white matter, the occurrence is lower (~1% with range 0-7%). In neonatal white
matter, negative eigenvalues do not occur in normal white matter tissue (n=12), and
only in ~1% (range 0-5%) of the pixels selected in the lesion. As the effect of negative
eigenvalues is negligible, we prefer to use the first approach by using the absolute value
of the third eigenvalue for calculation of the tensor derivatives. 

Noise in values derived from the diffusion tensor
The effects of noise on the diffusion tensor result in inaccurate estimates for the eigen-
values and eigenvectors, which will have its effect on the visualization and quantifica-
tion of the anisotropy of the diffusion tensor. The effects of noise on anisotropy indices
is further evaluated in Chapter 6. In that chapter, we investigate which anisotropy index
(as shown in Table 2.1) is best to visualize and quantify anisotropy in the neonatal brain
and changes in anisotropy due to hypoxic-ischemia. 
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2.3.7 Artifacts in Diffusion Tensor Imaging
Errors in the diffusion tensor can occur due to the fact that approximations are used
(Section 2.3.3, Section 2.3.4) and due to noise (Section 2.3.6). However, more sources
for errors exist. Some are related to the typical imaging sequences used, e.g. distortion
and ghosting artifacts in EPI, as discussed in Chapter 5. However, aspects related to
imperfections in the system hardware, like gradient non-linearity or eddy currents, can
also cause errors (e.g. erroneous ADC values). These aspects are not discussed here; the
reader is referred to reviews by Conturo et al. [Con95] and Basser and Jones [Bass02]. 

2.4 Visualization of tensor information

Visualization of high dimensional data, such as tensor data, is a challenging problem.
Several techniques have been presented in the previous years to visualize diffusion ten-
sor imaging data. We have classified the techniques in three categories: anisotropy index
mapping, tensor glyphs and vector field visualizations.

2.4.1 Anisotropy index mapping 
This group of visualization techniques consists of simplifying the six dimensional ten-
sor data to scalar metrics. These indices are invariant under rotation and scaling and
they give information about the average diffusion properties (trace) or the anisotropy of
the diffusion tensor (anisotropy indices). The trace of the tensor looks similar to the
ADC-map as shown in Fig. 2.6, and it is calculated from the diffusion tensor as the
average of the diagonal components.
Various anisotropy indices have been proposed in literature to give a measure for the
anisotropy of the diffusion, i.e. the deviation of the diffusion ellipsoid from the spheri-
cal representation in the isotropic case (Fig. 2.3). Several frequently used anisotropy
indices are shown in Table 2.1. The equations are scaled to make the anisotropy index
zero for isotropic diffusion (λ1 = λ2 = λ3) and one for the maximal achievable aniso-
tropic diffusion (e.g. for λ1 = λ1, λ2 = λ3 = 0 for linear anisotropy and for λ1= λ2 with λ3
= 0 for planar anisotropy).
FA is the fractional anisotropy, which measures the fraction of the magnitude of the dif-
fusion tensor that can be ascribed to anisotropic diffusion [Bass96]. RA is the relative
anisotropy, which measures the ratio of the magnitude of the anisotropic part compared
to the isotropic part [Bass96]. VR is the ratio of the ellipsoid volume to the volume of a
sphere with radius λ = (λ1 + λ2 + λ3)/3 [Bih01]. Cl and Cp are the linear and planar case,
and, as the name suggests, the index is high in regions where diffusion is linear or pla-
nar, respectively [Pel98, Wes99]. Am (also called Amajor) is similar to Cl, but it takes the
third eigenvalue λ3 into account as well and it describes the axial anisotropy [Con96].
The concept of intra-voxel indices can be extended to inter-voxel indices, based on
eigenvectors and eigenvalues of the reference voxel and adjacent voxels, for which lat-
tice indices are used, as introduced by Pierpaoli and Basser [Pie96]. However, due to the
relatively low scan matrix that we use in clinical imaging (128), the lattice indices suf-
fer from partial volume effects. As the lattice indices do not give reliable additional
information in this situation, their characteristics are not investigated further. 
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An example of an FA-map of an adult volunteer is given in Fig. 2.9B. Regions with high
anisotropy, like white matter, appear bright. CSF, bright in the b0-image (Fig. 2.9A),
appears dark in the anisotropy maps as the diffusion is isotropic. More information
about the different anisotropy indices will be given in Chapter 6.

2.4.2 Color-mapping and tensor glyphs
Simplifying the tensor to a scalar shows just part of the information contained in the ten-
sor. The tensor information can be reduced to the first eigenvector e1 corresponding to
the largest eigenvalue λ1. This corresponds to the preferred direction of diffusion. e1 can
be visualized by mapping the absolute value of the e1 components to the RGB channels
[Mak97, Paj99]. The intensity of the color is scaled with an anisotropy index, e.g. FA.
Using this method, see Fig. 2.9C, it is possible to identify the diffusion perpendicular to
the image plane (blue) and diffusion from right to left (red). The latter corresponds to
the corpus callosum. This visualization technique, called color-mapping, gives a direct
overview of the data and it is more clear than displaying the projection of the main
eigenvector on the image plane (Fig. 2.9D). Especially the areas with diffusion perpen-
dicular to the plane are less well visible in Fig. 2.9D. 
A way to show all information of a tensor field is by using glyphs or icons. In the case
of DTI, the use of an ellipsoid as glyph is the most intuitive representation [Bass96], as
already shown in Fig. 2.3. The axes of the ellipsoid correspond to the eigenvectors and
the lengths of the axes correspond to the eigenvalues. Worth et al. [Wor98] introduced

Table 2.1 Various anisotropy indices used in literature.

Name and 
abbreviation

Ref. Equation

Fractional Anisot-
ropy 
FA

[Bass96]
(2.21)

Relative Anisotropy
RA

[Bass96]
(2.22)

Volume Ratio
VR

[Bih01] (2.23)

Case linear
Cl

[Pel98],
[Wes99]

 (cigar shaped diffusion, Fig. 2.3C) (2.24)

Case planar
Cp

[Pel98],
[Wes99]

 (pancake shaped diffusion, Fig. 2.3D) (2.25)

Axial anisotropy
Am

[Con96] (2.26)

FA
1
2
--- 2

λ1 λ2–( )
2

λ2 λ3–( )
2

λ3 λ1–( )
2

+ +

λ1
2

λ2
2

λ3
2

+ + 
 

----------------------------------------------------------------------------------------------=

RA
1
2
--- 2

λ1 λ2–( )
2

λ2 λ3–( )
2

λ3 λ1–( )
2

+ +

λ1 λ2 λ3+ +( )
2

----------------------------------------------------------------------------------------------=

VR 1 27
λ1λ2λ3

λ1 λ2 λ3+ +( )
3

----------------------------------------–=

Cl

λ1 λ2–

λ1 λ2 λ3+ +
--------------------------------=

Cp

2 λ2 λ3–( )
λ1 λ2 λ3+ +
--------------------------------=

Am
λ1 λ2 λ3+( )/2–

λ1 λ2 λ3+ +
-----------------------------------------=
24 Diffusion Tensor Imaging



prisms determined by the eigenvalues and eigenvectors. The advantage of this visualiza-
tion method compared to the ellipsoids visualization is that it is easier to see the direc-
tion of the two less significant eigenvectors. An example of prims tensor glyphing is
shown in Fig. 2.9E, in which the splenium of the corpus callosum can be recognised by
the larger, red cuboids. These cuboids have their long side along e1 with length λ1. The
two short sides of each cuboid correspond to the other eigenvectors e2 and e3 with
length λ2 and λ3. This method has the advantage that it visualizes all or most of the
information of the tensor. However it is difficult to extract global information from it
(e.g. fiber bundles). Furthermore, if the glyphs are visualized in 3D, the image becomes
overloaded and cluttered.

2.4.3 Fiber tracking
The previous techniques display the diffusion information in a selected slice. However,
DTI data is essentially 3D and by acquisition of a DTI dataset of adjacent slices, a vol-
ume of tensors is created. To visualize the tensor in 3D, a technique called fiber track-
ing has been introduced, a method based on streamline tracing [Xue99, Con99, Jon99b,
Mor02a]. This method is used to visualize the main diffusion pathways (fibers) in the
3D diffusion tensor volume. 
First step in the processing method for fiber tracking is to generate a continuous tensor
field by using interpolation. Next, the tensor field is simplified to a vector field defined
by the first eigenvector e1. 
The fiber tracking itself begins with the definition of initial tracking points (seed
points), which are usually defined by the user who specifies one or more regions of
interest (ROI). The interior of the ROI is sampled and the samples are used as seed
points. The next step is fiber tracking. This can be imagined as if a particle is dropped in
the vectorfield, which is seen as a velocity field, and the displacement of the particle is
followed over time. The fiber tracking is based on solving the following equation: 

(2.27)

where p(t) is the generated streamline and v corresponds to the vector field generated
from e1. Numerical integration is used to solve Eq. (2.27). Several numerical schemes
can be used, such as Euler, Runge-Kutta second or fourth order. From each seed point,
the tracking is initiated in positive and negative directions. The last step is the defini-
tion of the stopping criteria, which ensures that fibers are not traced in areas where the
vector field is not robustly defined. In areas of isotropic or planar diffusion, the vector
e1 can be considered random and has no meaning concerning the underlying structure. 
The user can define a threshold based on the anisotropy indices (i.e. FA, RA or Cl). The
value of this threshold depends on the data acquisition protocol and on the nature of the
object that is scanned. Other criteria are also being used, such as the angle between con-
nected vectors (α) or length of the streamline (L). 
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Fig. 2.9 above; Fig. 2.10 below. Figure captions on next page. 
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The fiber tracking program that we have developed, the application of fiber tracking in
clinical practice and the implementation of two new techniques (surface streaming and
whole volume tracing) as well as quantification of fiber tracking information will be dis-
cussed in Chapter 7. 
An example of fiber tracking in an adult and in a newborn is shown in Fig. 2.10. Multi-
ple ROIs are selected to generate the seed points. The ROIs are chosen in such a way
that the corpus callosum and the cortico-spinal tracts become visible. Note that different
stopping criteria are used, because the white matter structure in newborns is not (fully)
myelinated yet and anisotropy is therefore lower.
In the adult brain, the corpus callosum (red) and the cingulum above it (green) are com-
pletely visible. Only a part of the corona radiata (blue) is visible due to the specific ROI
selection. In the newborn, using much lower anisotropy as a stopping criterium, only
part of the corpus callosum can be visualized. The corpus is not myelinated at birth and
myelination starts in the first month in the splenium (which is already partly visible in
image C) and a few months later, the genu also myelinates [Vol95]. This newborn is just
several days old, and the corpus callosum is not myelinated yet. This means that this
structure is visible before myelination takes place, which might be caused by restrictions
to the diffusing water molecules posed by the axonal-glial structure. 

2.5 Microscopic diffusion and macroscopic scale

The minimal voxel size that can be obtained in clinical MR imaging (≈ 1-2 mm) is
much larger than the cell structures in which the diffusion processes take place. We real-
ise that we measure at a macroscopic scale. Several aspects on microscopic scale could
influence and confound this measurement. As already pointed out in Section 2.3.4, Dif-
fusion Tensor Imaging is based on the assumption that the underlying tissue structure
can be described by effective diffusion and relaxation properties. In this section, we will
address (some of) these assumptions. As we focus on the application of DTI in white
matter, the characteristics discussed in this section mainly apply to white matter (WM). 

Fig. 2.9   Various methods to display the tensor information. A: normal unweighted image (b0). 
B: anisotropy map using anisotropy index FA. C: color-map, scaled with FA and color-coding 
according to the scheme in F. D: color-coded vector plot of the boxed area in A, shows the projec-
tion on the image plane of the eigenvector e1 corresponding to λ1. E: Cuboids-plot of the boxed 
area in B. F: color-coding scheme used in C. 

Fig. 2.10   Fiber tracking using multiple ROIs for seed point selection (ROIs shown in image D). 
Fibers are color-coded by mapping the direction of the fiber with the color-coding scheme shown 
in Fig. 2.9F. A. Volunteer, back view. In red, fibers of the corpus callosum (CC) are visible. In 
blue, part of the corona radiata (CR). B. Volunteer, side view. Note the curved shape of the CC and
the cingulum in green (CG) above it. C. Neonate with normal MRI, back view. Less fibers are 
observed than in the adult brain. In red, part of the CC is visible, and in blue the CR. D. Neonate, 
side view. In blue, the CR is visible. Stopping criteria used in adult brain: Cl < 0.20, α > 10º, dis-
played for L > 7 mm and in neonatal brain: Cl < 0.10, α > 10º, displayed for L > 5 mm.
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The first subsection concerns the WM description used in literature and discusses some
‘typical values’ for several tissue parameters. However, these values are often not avail-
able or contradictory. In the second subsection, the validity of assumptions used for DTI
calculation are discussed.

2.5.1 Compartments: geometry and exchange issues
Brain tissue can be described on several structural levels, from macroscopic to
ultrastructural. On the scale of our diffusion measurement, a voxel can be occupied by
white matter (WM), gray matter (GM), cerebrospinal fluid (CSF) and capillaries. It is
usually assumed that by precise positioning of the voxel, the main contribution can be
assigned to one of these tissues, e.g. white matter. 
On cellular level, WM is composed of various compartments that contribute to the MR
signal. To describe biological tissues, usually a two-compartment model is used
(Fig. 2.11A), consisting of an intracellular (ICS) and extracellular space (ECS) [Lat94,
Sza95, Mei03]. An extension of this model for WM comprises three-compartments, in
which the myelin sheath surrounding the axon is taken into account as the third com-
partment (Fig. 2.11B) [Men91, Fen01, Chi02]. Others divide the ICS into a contribution
of glia and of axons, also using three compartments (Fig. 2.11C) [Sta97]. 
Each compartment has its characteristic properties, like the diffusion coefficient (i.e.
Dics and Decs for a two compartment model) and relaxation times (i.e. T2, ics, T2, ecs).
The permeability of the membrane is usually denoted by P. The extracellular tortuosity
λ is defined as the restriction in the pathways of diffusing water molecules in a compart-
ment (usually the extracellular space) [Nor01a]:

, (2.28)

with D0 the intrinsic compartment diffusion coefficient and D the actual measured com-
partment diffusion coefficient, which is smaller due to restrictions. 
Before the factors that could confound the DTI measurement can be discussed, a brief
overview of the parameters corresponding to the various compartments is given. 

1. Morphology and water content 
In most tissues, typically 80% of the volume is ICS and 20% ECS [Sch80, Syk94]. In
the neonatal brain, the intracellular fluid fraction is assumed to be lower. This assump-
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Fig. 2.11   A. Two compartments: ICS and ECS, with membrane permeability P. C. Three com-
partments in white matter: axon, myelin and ECS. D. Three compartments: axon, glia and ECS.
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tion is based on a study in rats: for pups of 4 to 6 days old, the intracellular fluid fraction
is much smaller (~55-60% for both WM and GM) than in rats of 21-23 days old (~75-
80% for both WM and GM) [Vor97]. 
The ICS is built up by glial cells and axons. In general, the volume occupied by glia and
neurons is equivalent (Section 1.2). Glial cells are smaller than neuron cell bodies (5-
140 µm), with a typical diameter in the range of 2-12 µm for various glial cell types.
Axons have an average diameter of 1.1-1.3 µm (range 0.5-3 µm) [Tan97]. 
A large part of the ICS volume is occupied by myelin (using light microscopy, the mye-
lin fraction has been estimated to be 40-60% in rat spinal cord WM and sciatic nerve
[Chi02 Web03]). However, myelin does not contribute largely to the MR signal because
of its short T2 relaxation time (see next paragraph). Water in the capillaries contributes
for ~4% to the signal in voxels containing white matter [Bih93].

2. Relaxation times
The assignment of T1 and T2 relaxation times to distinct compartments is not straight-
forward, see [Fen01, Bea02]. In WM, two or three T2 relaxation times can be separated,
whereas usually only a single T1-value is observed, probably because during the time of
this measurement, the system is in the fast exchange regime [Fen01]. 
The short-lived T2 component in WM (~18 ms) can be assigned to the myelin compart-
ment. Myelin contributes to about 15-25% of the signal in CMPG sequences [Doe98,
Pel99, Wac02, Web03]. At long echo times, this fraction is not visible anymore. 
If two distinct T2 fractions are observed, the longest (range 90-180 ms) is assigned to
the ICS-ECS in fast exchange mode [Men91, Mac94, Whi97, Sta97]. If three compo-
nents are found, the two largest values are typically ~70 ms and ~280 ms with relative
contributions of 45-55% and 15-30%. (This is an average in frog sciatic nerve, based
upon [Doe98, Pel99, Wac02 and Web03]). Some assign the longest T2 to the ECS,
because they assume the intracellular T2 to be small due to structures and macromole-
cules [Doe98, Doe02]. Others assign the longest T2 to the ICS, because this component
exhibits restricted diffusion [Pel99], or because it did not decrease upon using a con-
trast agent in the ECS (it could thus not correspond to the ECS) [Wac02]. 

3. Permeability and water exchange 
The permeability of a membrane depends on its exact structure, and is in the order of
0.1-5⋅10-5 m/s [Fin87, Ver00]. The permeability of myelin is 10 to 50 times smaller than
the permeability of axonal membranes, because myelin consists of a large amount of
densely packed membrane layers [Fin87, Wac02]. The nodal regions of myelinated
axons (nodes of Ranvier) provide a more direct route for exchange. However, as the
spacing between the nodes is large (approximately 100 times the diameter of the myeli-
nated axon) and the node itself is small (approximately 1 µm wide), its contribution to
exchange is considered to be small (less than 1%) [Lan03]. Glial cells are not sur-
rounded by myelin, and permeability is expected to be higher than for axons. 
The exchange between two compartments can be divided into three categories. For this
description, the clear overview given by Niendorf et al. is closely followed [Nie96]. In
this description, T2 relaxation is not taken into account. These effects will be discussed
in Section 2.5.2, point 2. 
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For short diffusion times or impermeable membranes, the exchange between the com-
partments is negligible and the signal attenuation contains two independent exponen-
tials: 

, with f the ICS water fraction. (2.29)

For long diffusion times or very permeable membranes, complete exchange has
occurred and all water molecules have been in every compartment and an average ADC
is measured. The diffusion attenuation is mono-exponential:

(2.30)

For intermediate diffusion times or intermediate permeability, the exchange is described
by the Kärger model [Kar88] and the diffusion attenuation becomes: 

, (2.31)

in which the effective intracellular fluid fraction f ’ and effective diffusion coefficients
(D’ics and D’ecs) are a function of the intrinsic ICS and ECS diffusion coefficients and
two exchange parameters [Kar88, Pfe98a,b,c, Mei03]. 
The exchange in gray matter is assumed to be fast, whereas in white matter the
exchange between axons and the surrounding glia and ECS is assumed to be slow,
because myelin is inhibiting diffusion perpendicular to the axons [Doe02, Wac02]. 

4. Diffusion coefficients and bi-exponential signal analysis 
Quantitative values for the intra- and extracellular diffusion coefficients are not widely
available, as measuring them separately is difficult [Nor01]. In a non-exchanging two
compartment system at long diffusion times, the diffusion coefficients could be esti-
mated from the expected bi-exponential signal decay (Eq. (2.29)). The decay curve
would display two exponentials, one with a high diffusion coefficient (usually called
fast ADC) with a typical fraction (usually called fast fraction), and one with a slower
diffusion coefficient (slow ADC and slow fraction). The fast fraction is assumed to cor-
respond to the extracellular space and the slow fraction to the intracellular space. 
However, bi-exponential fitting of animal and human WM data does not result in fast
and slow fractions consistent with known ECS and ICS water fractions, which might be
caused by exchange or by the fact that more compartments contribute to the signal
[Nie96, Mul99, Cla00, among others]. The explanation of bi-exponential signal decay
caused by compartments is also contradicted by several studies, which have shown that
bi-exponential behavior occurs in the intracellular space of an oocyte [Seh02b] and in
centrifuged red blood cells with negligible extracellular space [Schw04]. Furthermore,
bi-exponential signal decay can be simulated to arise from a one-compartment system
with a distribution of axon diameters typical for nerves [Pel99], and from the non-
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homogeneous displacement of molecules near walls (membranes) [Suk03]. However,
the latter is negligible for diffusion times used in most experimental and clinical studies. 
Separate measurements of the intra- and extracellular diffusion coefficients have been
performed by using large cells [Hsu97, Seh01, Taka02] and by measuring diffusion of
metabolites using Magnetic Resonance Spectroscopy (MRS) in normal and ischemic
white matter tissue [Nei96, Too96a, Duo98, Dij99]. However, no direct measures for the
diffusion of water molecules in white matter tissues and within axons are available. Dif-
fusion in the extracellular space can be measured using iontophoresis. This technique is
based on using a marker (e.g. tetramethyl-ammonium TMA), for which cell membranes
are relatively impermeable. This marker is injected in a tissue and its displacement mon-
itored using ion selective microelectrodes. These measurements result in values compa-
rable to values obtained using diffusion MR, but only for very long diffusion times
[Too96b, Vor02, Kro03]. It is assumed that the diffusion coefficient is smaller in the ICS
than the ECS, due to the higher amount of restrictions in the intracellular space [Sza95,
Sta97], and even smaller in myelin due to the numerous membrane lipids [Bea02]. 
Typical ADC values measured in large neurons of sea invertebrates or large oocytes are
in the order of 0.4-1.0⋅10-9m2/s, with larger (isotropic) diffusion inside the nucleus than
in the cytoplasm [Hsu97, Seh02a,b, Taka02]. However, these values are not directly
comparable to human white matter tissue, as the structure is rather different. 

2.5.2 Confounding factors on microscale that influence DTI 
From the preceding section, it is clear that there is no agreement on how to describe
white matter on microscopic scale and which parameters to use. As pointed out by
Basser and Jones [Bass02], the minimal models that have to be used to represent actual
known biological compartments within tissues are very complex. They suggest that the
simplicity of describing the tissue as one effective compartment should be appreciated
[Bass02]. In this section, several aspects of the microscopic environment that could con-
found the application of a ‘single effective diffusion tensor formalism’ are discussed. 

1. Mono-exponential versus bi-exponential ADC calculation
In the tensor calculation, we have assumed mono-exponential signal decay to measure
the ADC in every PFG direction (Section 2.3.2). For long diffusion times, or if fast
exchange occurs, this assumption is valid. However, if slow exchange in a two-compart-
ment system occurs, bi-exponential decay is expected. In this case, a mono-exponential
approximation could result in errors. On the other hand, separate analysis of the signal
decay in two ADC components could result in errors as well, as not in all directions, the
same number of ADC components might be found [Coh02]. 
Several studies have used bi-exponential ADC analysis to calculate two diffusion ten-
sors, one tensor corresponding to the fast diffusing component and the other to the slow
diffusing component. The anisotropy maps and color-maps based upon fast and slow
diffusion tensors display similar patterns, although anisotropy in the slow diffusion ten-
sor is larger than in the fast tensor [Cla02, Ron03]. The first eigenvector e1 determined
from both tensors has the same direction (maximum angle difference 3-4º) and coin-
cides with the direction of the first eigenvector of the tensor determined using mono-
exponential analysis at lower b-values (maximum angle difference 1-3º) [Mai04]. 
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These results imply that the mono-exponential approximation is valid to obtain direc-
tional information and that the directionality of the diffusion in the slow and the fast
decay is similar, no matter what the explanation of this bi-exponential signal decay is. 
In the clinical situation with typical b-values < 1500 s/mm2, the signal decay is approxi-
mately mono-exponential [Mul99], although the ADC has been shown to depend on the
b-value [Cla00]. When comparing studies, the b-values must be approximately similar. 

2. Influence of T2 contributions to the signal decay
The difference in T2 relaxation between the compartments can result in a different con-
tribution of the intra- and extracellular space to the signal decay in diffusion measure-
ments. (For T1 this effect will be negligible as T1 >> ∆.) If the contributions of the intra-
and extracellular space differ significantly, the ADC calculation is not valid as the sepa-
rate contributions should be taken into account [Sza95]. For fast exchange, the meas-
ured T2 decay is an average of the T2 relaxation times in the separate compartments. For
slow exchange, however, the effect of different T2 relaxation times in the compartments
may not be neglected. The signal decay in Eq. (2.10) must be described by: 

. (2.32)

This function can be approximated by assuming that an effective T2,eff can be used: 

, (2.33)

which is equal to Eq. (2.29). For a range of parameters typical for clinical studies and
for white matter, it can be shown that an inhomogeneous T2 relaxation has a negligible
effect on the ADC [Sza95]. As several experimental and clinical studies have shown
that the ADCs do not depend on the echo time TE [Cla01, Nie96], it can be concluded
that using an effective T2 relaxation time is valid.
Wall relaxation describes the loss of signal due to spin interaction with boundaries, like
cell membranes. This effect is discussed in some more detail in Section 8.2.1, and con-
sidered to be small [Cal95].

3. Influence of microflow on the ADC 
Microflow could influence the diffusion measurements, as its effect on the MR signal is
similar to diffusion effects. In brain tissues, two types of microflow occur: blood flow in
the capillaries and cytoplasmic streaming inside cells (Section 1.2.2). The blood flow in
the capillaries contributes to about 4% of the signal in a voxels [Bih93, Nor01]. The
expected larger signal decay due to this flow can be observed at low b-values [Bih93].
At b-values larger than 100 s/mm2, the micro blood flow does not influence the ADC
measurements significantly [Nor01]. 
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Cytoplasmic streaming takes place with a maximum velocity of 200 to 400 mm/day
[Pet91]. If we assume the velocity to be constant in the cell, the distance covered by
microflow in diffusion times typical in clinical studies (τd ~15-40 ms) is at most 0.2 µm.
The distance covered by diffusion in the same time, assuming an average diffusion coef-
ficient of 1⋅10-9m2/s is about 9 µm. Therefore, on the timescale of diffusion measure-
ments and using b-values typically > 100 s/mm2, microflow does not contribute
significantly to the signal decay in diffusion measurements. 

4. Influence of diffusion time on the ADC
For free diffusing water molecules, the diffusion depends on the observation time τd
(Eq. (2.3)). In tissues, diffusion is restricted and three regimes of diffusion can be
defined [Lat94, Sza95], that will be discussed in more detail in Section 8.2.2. For
ultrashort τd, the diffusion coefficient is constant and diffusion unrestricted. For short τd,
the diffusion coefficient depends on τd and on the surface-to-volume ratio of the mem-
branes. For , the diffusion coefficient becomes independent of τd and an effec-
tive diffusion coefficient is measured. 
The dependence of the ADC on τd has been measured in several studies. For τd between
8-80 ms, the ADC in human WM does not depend on τd [Cla01]. For extremely short τd
(between 375 µs and 10 ms), the ADC has been shown to depend on τd [Doe03]. For
clinical studies, with τd ~15-40 ms, the ADC is not τd dependent and an average effec-
tive ADC is measured. 

5. Influence of crossing fibers on the tensor 
The tissue heterogeneity can result in a diffusion tensor that does not reflect the underly-
ing tissue micro structure. If in a voxel fibers kiss, cross or diverge (Fig. 2.12), the ani-
sotropy measured in this voxel is not linear (cigar-shaped), although it is clear that linear
(fiber) structures are present. Especially in studies that focus on the directionality of the
diffusion (e.g. fiber tracking), this factor should be taken into account. In the porcine
tongue, the macroscopically determined diffusion directions differed significantly from
the microscopic fiber structure, because low anisotropy was observed due to two cross-
ing fiber populations [Nap01]. In human WM, fiber structures that pass through regions
of planar anisotropy cannot easily be traced [Bass00b, Wak04]. 
In clinical studies, the main white matter structures can be determined as they consist of
tissue displaying mainly linear anisotropy [Wak04]. Several solutions have been pro-
posed to obtain directional information in areas of crossing and kissing fibers, like using
surface tracing [Vil04] or high angular diffusion tensor imaging [Fra01, Fra02, Tuc02].
The first will be discussed in more detail in Chapter 7. The latter will not be discussed,
as this technique is still far from clinical application because of the extremely long
measurement times. The reader is referred to [Fra01, Fra02, Tuc02] for details. 

τd  ∞→

Fig. 2.12   Examples of regions, 
marked gray, displaying planar diffu-
sion: (left) kissing fibers, (middle) 
crossing fibers and (right) divergence/
convergence of fibers.
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2.5.3 Correlation with histology 
Despite all limitations and assumptions, the directional information obtained from Dif-
fusion Tensor Imaging has been shown to correlate with phantoms [Hag02, Lin03], his-
tology in myocardial tissue [Sco98, Hol00, Tse03], high resolution MRI and direct
visual inspection of skeletal muscle [Don99, Dam02] and with manganese enhanced
fiber tracts [Lin01]. Moreover, observed fiber directions are consistent with known anat-
omy [Mak97, Xue99, Sti01, Wak04]. 
The quantitative correlation of DTI directionality with histology is more difficult, as his-
tological methods can induce tissue distortion and destruction [Sco98, Hol00]. In brain
tissue, histological quantification is even more difficult due to the complex geometry of
the fiber tracts and the soft tissue structure that complicates histological preparations
[Mak97]. In the myocardium, the observed deviation between DTI determined fiber
directions and histologically determined directions were in the order of 2-5º, with a
large standard deviation (~10-15º) due to the uncertainty in the fiber orientation
achieved with histology [Sco98, Hol00, Tse03]. Comparison of DTI with direct visual
inspection in skeletal muscle and MRI in the optic tract showed an angle difference of
~1-2º, as long as areas without crossing or kissing fibers were investigated [Dam02,
Lin01, Lin03]. If the underlying structure displays a pattern of crossing fibers, a tensor
cannot correctly reflect the main directions of diffusion [Nap01, Lin03]. 

2.6 Conclusions 

The principles of Diffusion Tensor Imaging and the visualization of its information have
been outlined in this chapter. Although the DTI technique is influenced by noise, by
artifacts and by sequence specific confounding factors (e.g. b-matrix, gradient schemes),
quantitative measurements of diffusion parameters are possible. In the calculation of the
ADC, the eigenvalues and the anisotropy indices, several assumptions are made:
1. the ADC can be calculated using a mono-exponential approximation. 
2. the T2 relaxation in the intra- and extracellular compartments can be described by

an effective T2 relaxation time. 
3. microflow does not significantly influence the calculated ADC. 
4. the ADC does not depend on the diffusion time. 
5. the tensor reflects the underlying linear tissue structure. 
The validness of these assumptions depends on the tissue and on the measurement
parameters. Although not all tissue parameters are known (e.g. intrinsic relaxation times
and diffusion coefficients), it has been discussed that the assumptions 1 to 4 are valid, as
long as the measurement parameters are chosen within certain boundaries, which is the
case for b-values, echo times and diffusion times used in clinical applications. 
Notwithstanding all mentioned limitations, DTI does correlate predominantly with fiber
anatomy. In conclusion, DTI is the first method available to measure diffusion non-inva-
sively in vivo and to determine the underlying (micro) tissue structure. The implementa-
tion in clinical practice and further investigations of its usefulness for neonatal brain
imaging are discussed in Chapter 5 to Chapter 7. 
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3 Cerebral (hypoxic-) ischemia measured with DTI

Human cerebral (hypoxic-) ischemia has been studied in many patient groups, both in
adults and neonates. However, the inhomogeneity of the population, the variety of
stroke pathology and the different background and ages of the patients complicate inter-
pretation of the results. Animal studies have been helpful for gaining insight into the
(patho-) physiology, as animals of almost similar genetic background can be used and
subjected to the same kind of ischemia, thus eliminating much of the variability associ-
ated with human studies. These studies have provided a sound basis for the determina-
tion of factors that are important during ischemia and that lead to the ischemic cell death
[as reviewed by Lip99, Yag97, Van98, among many others]. 
In this chapter, we focus on the temporal evolution of ischemia as measured with DTI,
both in animal models and in human studies (Section 3.1 and Section 3.2). The tempo-
ral evolution is important to observe the progression of ischemia, to understand underly-
ing pathophysiology and to obtain knowledge on whether a therapeutic window can be
defined in which treatment is still possible. In the last section, the unsolved questions
related to DTI changes during ischemia are discussed (Section 3.3). 

3.1 In vivo animal models

Various animal models have been used to investigate DTI signal changes due to
(hypoxic-) ischemia. Laboratory rats are used most often, because they are relatively
inexpensive, genetically homogeneous and their cerebral circulation shows good homol-
ogy to that of humans [Lip99, Feu00, Hoe01]. The 7 day old rat is frequently used as a
model for the immature brain, although the exact age at which the rat brain is compara-
ble to the neonatal brain is still a subject of discussion [Hag97, Roo97, Yag97, Van98]. 
Larger animals, such as pigs and sheep, have also been used. In particular the newborn
piglet ischemia model is considered a good model for hypoxic-ischemic injury in the
neonate [Roo97, Pee02]. These models offer a better representation of the human cere-
bral organization, however, they are more expensive [Pee02]. The reader is referred to
reviews for detailed information [Gin87, Roo97, Hag97, Hos98, Feu00]. 
Ischemia can be induced in several ways. Global ischemia is usually induced by cardiac
arrest, or by four or two vessel occlusion (carotid and vertebral arteries). Focal ischemia
is in general induced by middle cerebral artery occlusion (MCAO) and hypoxic-
ischemia by ligation of one of the carotid arteries combined with a reduced oxygen level
[Hos98, Lip99, Feu00]. Each model results in a characteristic injury pattern, depending
on the kind of animal that is used, its age and on the duration of the ischemic period. 
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3.1.1 Selection of studies to extract a general timeline
In this section, we focus on the temporal evolution following cerebral ischemia, in order
to obtain detailed information about the time course of DTI parameters and their corre-
lation with histology. Only studies in the rat have been investigated, to avoid complicat-
ing the interpretation due to differences in anatomy and physiology between animals. 
A literature search was performed using PubMed [Pub04]. Key words used in this
search are given in A-C (Table 3.1). The key words were chosen to select a limited
number of studies from which a general timeline could be obtained and that gave addi-
tional information about morphological and physiological changes observed following
ischemia. Therefore, we evaluated only studies in which diffusion was measured on at
least five different timepoints. Criteria for the study to be included were: 1) that the dif-
fusion was measured quantitatively and 2a) that a temporal resolution of less than one
hour was obtained for following DTI changes directly after the induction of ischemia, or
2b) that the DTI parameters were followed over three or more days. Studies older than
1995 were not selected for sake of (on-line) availability, to limit the number of articles
that had to be ordered and because quantitative ADC measurements have not been
standard in the preceding years. In Table 3.1, the number of hits and the number of stud-
ies that applied to the selection criteria are shown. The references to included studies
have an index that informs about the used model. 
The 27 included studies can be subdivided into adult (23) and neonatal rat (4), and into
global (4), focal (19) and hypoxic (4) ischemia, with (15) or without (12) reperfusion.
The DTI parameters were measured in various brain areas, depending on the location of
the lesion and thus on the model used. In two global ischemia models, the parameters
were measured in a large volume, as ischemic changes were visible in the complete
brain [Too96b, Wic99]. In focal and hypoxic-ischemia models, the DTI parameters were
usually evaluated in the lesion and compared to their initial or contralateral value. The
affected area frequently included the caudate putamen, the thalamus and the cortex, or
gray matter (GM) and white matter (WM) in general. 
In most studies, the ADC was measured in combination with T2. Only in one study, the
anisotropy was measured [Car00]. In some studies, additional measurements were per-
formed, such as spectroscopic measurements to determine the amount (and diffusion) of
metabolites and/or high energy phosphates. These additional measurements will be dis-
cussed if they provide additional information for the interpretation of the DTI changes.
In several studies, the DTI measurements were followed by histological examinations.
As the diffusion properties are influenced by tissue morphological changes, the findings
from the histological examinations are discussed in more detail. The discussion of the
timepoints observed in this section can be further supported with additional studies that
are not mentioned in Table 3.1. 
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3.1.2 Temporal evolution of DTI changes in the rat brain
From the studies mentioned in Table 3.1, a general timeline, shown in Fig. 3.1, has been
obtained, with several characteristic time points 0-8 that will be discussed. 

Timepoint 0. Induction of (hypoxic-) ischemia
Within minutes after the induction of the (hypoxic-) ischemic insult in the brain, a
decrease in the ADC was observed in all 12 studies that induce the insult inside the MR
setup and that measure with a temporal resolution ≤ 15 min per point. 
No remarkable differences in DTI characteristics have been observed between the focal
and global ischemia models at this timepoint. After the induction of ischemia, the diffu-
sion anisotropy was increased [Car00]. No (significant) changes on T2 were visible yet. 

Table 3.1 Literature search key words, number of hits and of studies included. 

key words # 
hits

# 
incl. 

references to studies included 
a=adult, n=neonate, g=global, f=focal, 
h=hypoxic-ischemia, r=reperfusion, w=without 

A rat & diffusion & 
ischemia & MR or MRI or 
NMR

150 15 Lee96a,f,w, Rot96a,f,w, Too96bn,g,w, 
Det97a,f,w

, Els97a,f,w, Hua97a,g,w, Yon97a,f,r, 
Dre98a,f,w, Wic99a,g,r, Ola00a,f,r, Car00a,f,r, 
Take01a,f,w, Dor02a,f,r, Lin02a,f,r, Abe03a,f,w

B rat & diffusion & 
ischemia & temporal

42 + 7 Dij97a,f,w, Dij98aa,h,r, Loo99a,f,r, Li 00aa,f,r, 
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Fig. 3.1   Relative signal intensity of ADC, FA and T2 as a function of time. The temporal evolu-
tion of FA has been derived from only one study for focal ischemia with reperfusion. Several time 
points are indicated by the numbers 0-8. Note that both axes are not on true scale. 
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At the same time of ADC reduction, a rapid decrease in membrane potential and a slow
increase in the glutamate level were observed, both with a significantly longer time con-
stant than the ADC [Cre99, Har00]. Lactate levels increase at decreasing ADC, indicat-
ing marked anaerobic glycolysis [Dre98, Take01]. Using 31P MRS, the PCr levels were
shown to decrease within 5 minutes, rapidly followed by a decrease in ATP, indicating a
disturbed energy metabolism [Too96b]. 

Timepoint 1: Initial minimum ADC 
The ADC reached its minimum (40-60% with respect to the initial value) at timepoint 1.
In most adult rat studies, the minimum ADC was reached between 1-5 minutes after
occlusion and became constant [Rot96, Yon97, Els97, Hua97, Cre99, Har00, Kas00].
The minimum ADC value was brain region dependent, in the core it was more
decreased than in the penumbra [Rot96, Els97]. 
In rat pups, the minimum ADC was reached after ~20-30 minutes [Too96b, Miy00]. The
time scale of the changes appeared to be slower than in the adult rat. Using iontophore-
sis (see Section 2.5.1, point 4 for more details), significant differences in the time scale
of the diffusion changes were observed between young (4-6 days old) and older rats (21-
23 days old) [Vor97]. Furthermore, in pups the initially larger extracellular (ECS) fluid
fraction decreased from ~0.3-0.4 to 0.05 in both GM and WM [Too96b, Vor97]. These
changes were larger than changes measured in adult rats (~0.2 to 0.05) [Syk94, Vor97]. 
In histopathological examinations at the end of the insult, contradictory findings were
reported. Some observed swollen neuron cell bodies and no glial swelling [Ned99], oth-
ers shrunken neurons and swollen glial cells [Li 02], and others both swollen neuronal
dendrites and astrocytes [Miy00]. In white matter, glial swelling with some segmentally
thickened axons were observed (Section 1.3.1, [Pan96]). The origin of the large ADC
reduction is still a subject of discussion, see Section 3.3.1. 

Timepoint 2: Induction of reperfusion in transient ischemia models 
Upon reperfusion and/or reoxygenation, the ADC directly increased, as observed in the
studies that use an appropriate time resolution (<15 min) [Yon97, Wic99, Har00]. At
this timepoint, the diffusion anisotropy decreased [Car00]. The DC potential has been
observed to increase to its original value, faster than the ADC increase [Har00]. 

Timepoint 3: ADC (pseudo) normalization in transient ischemia models
An ADC normalization was observed within 2-4 minutes following a brief period of
MCAO (12-15 min) [Yon97, Har00] and within ~20 min following a brief period of glo-
bal ischemia (12 min) [Wic99]. If the ischemic period was longer (30-90 min), the nor-
malization occurred after ~30-120 min [Dij98a, Ned99, Li 00b, Ola00, Neu00, Dor02].
In tissues that displayed ADC normalization, the ATP levels were normal at 3 hr after
the insult, whereas no complete ADC normalization occurred in tissues with depleted
ATP at 3 hr [Ola00]. The occlusion duration determined whether the ADC would fully
recover [Dor02]. The PCr levels increased much slower than the ADC [Ned99]. 
Although the ADC normalized, histological examinations showed that tissue normaliza-
tion did not occur. Swollen astrocytes and necrotic neurons with disrupted membranes
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were observed in the lesion, whereas in adjacent regions, swollen and apoptotic neurons
were found [Ned99, Miy00, Li 02]. 
The ADC normalization has been associated with the restoration of the energy metabo-
lism [Ola00, Hoe01]. As no cell morphological normalization occurred [Rum97, Ned99,
Miy00, Li 02], the ADC normalization has been associated with the combination of
swollen glial cells and shrunken and/or lysed neuronal cell bodies that enlarge the vol-
ume fraction of the extracellular space (Section 3.3.1). This suggests that ADC normali-
zation does not inherently mean that the tissue is salvable. 

Timepoint 4: Secondary ADC decrease in transient ischemia models
In reperfusion studies with a longer duration of monitoring, a secondary period of ADC
decrease was observed after 1-1.5 hr [Ola00, Dor02], 2-3 hr [Li 00a,b] or 3-6 hr
[Rum97, Ned99, Loo99]. The ADC dropped to values as low as or even lower than dur-
ing the insult and remained decreased for several days. The diffusion anisotropy was
and remained decreased [Car00]. The secondary ADC decrease was accompanied histo-
logically by severe glial swelling and neuronal necrosis at 8-15hr [Rum97, Ned99, Li
00b, Li 02]. Microscopic images displayed gaps in nuclear membranes in both neurons
and astrocytes [Li 02]. The more severe the secondary ADC decline, the more severe
the injury [Li 00b]. The decreased ADC at this time has been associated with severe
glial cell swelling. 

Timepoints 2-4: Permanent ischemia models
Monitoring in global ischemia models without reperfusion has been terminated long
before this time point [Too96b, Hua97, Cre99]. In the permanent focal ischemia mod-
els, the ADC remained decreased [Lee96, Dre98, Kas00]. No information about changes
in anisotropy is available for this situation. At 4.5 hr after occlusion, cell morphological
changes were observed and the cell number in the lesions was decreased by ~30%
[Lee96]. The cell number continued to fall and at ~4 days after occlusion, no cells were
counted [Lee96]. The decreased ADC can be explained by a combination of severe
(glial) cell swelling and cell lysis, maybe combined with other factors (Section 3.3.1). 

Timepoint 5: Increase in T2
Using a contrast agent, the integrity of the blood brain barrier was shown to be intact in
the first hours following an insult with a duration of less than 60 min [Neu00]. Some
researchers observed a small rise in T2 [Car00, Dor02, Lee96], although a more pro-
nounced increase in T2 was observed ~3-6 hours after ischemia [Rum97, Li 00b, Lin02]. 
The T2 increase is caused by the development of vasogenic edema, which is an influx of
extravascular water due to breakdown of the blood brain barrier [Neu00]. As the ADC
at the same time remained constant, the water molecules are assumed to distribute
evenly over the compartments. 

Timepoint 6: Increase in ADC
The ADC increased again after 15-20 hours [Lee96] or 25-40 hours [Rum97, Ned99,
Loo99, Car00, Neu00]. This increase was first seen in the core and later in the penum-
bra (suggesting ongoing damaging processes) 
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Timepoint 7: ADC (pseudo) normalization 
The ADC was (temporarily) normal after ~2-3 days [Lee96, Rum97, Ned99], 5 days
[Neu00], 7-8 days [Lin02, Abe03]. At this time, pannecrosis was observed and inflam-
matory cells had invaded the infarct [Lee96, Ned99, Lin02]. It is likely that not all cells
become necrotic at the same time: a combination of both swollen cells and lysed cells
could lead to an average ADC value similar to values in non-ischemic tissue. 

Timepoint 8: Chronic phase 
In the chronic phase, the ADC and T2 were increased and the anisotropy decreased
[Lee96, Neu00, Car00, Lin02]. Pannecrosis, neovascularization and macrophages were
observed in the lesion, as well as liquified tissue in the lesion core [Lee96, Lin02]. The
high ADC in this phase is associated with lysed cells and liquified tissue [Lin02].

3.2 Human studies

3.2.1 DTI changes following stroke in adults 
DWI has been used in a large number of human (stroke) studies, as reviewed by [Bai98,
Kei00, Scha00, Sot00]. Many aspects of ischemia have been addressed, such as the tem-
poral evolution of ischemic changes, the changes in lesion volume over time, and the
correlation of the DTI parameters with outcome. Our interest is in the temporal evolu-
tion of DTI changes in the neonatal brain. As only a few studies in the neonatal brain are
available, the temporal evolution as observed in the adult brain is discussed first. 
In adult stroke, the DTI parameters follow largely the same temporal evolution as
observed in animal studies (Section 3.1), but on a different time scale. The time scale
itself is not completely clear, as in clinical settings, the patient population is usually not
homogenous and longitudinal studies (i.e. that measure in the same patient at various
time points, also called serial scanning) are not standard in clinical practice. Apart from
this, little information is available about the temporal evolution of the ADC in patients
with early reperfusion. 

Timepoints 0-1 and 5: Initial ADC reduction and increase in T2
A reduced ADC in the infarct was observed as early as 30 min after onset of symptoms
[Scha00], 96 min [Sch98] and 105 min [War92]. During the hyperacute phase, the ADC
was low and the anisotropy increased [Sor99, Zel99, Yan99]. ADC changes preceded T2
changes by 2-3 hr [Bai98]. 

Timepoints 2-4: ADC during the acute phase
Using serial scanning, the ADC was shown to remain low during the acute phase
(between 6 hr and 48 hr), reaching a minimum value after ~32-48 hr [Sch98, Scha00].
At this time, both decreased and increased anisotropy values were observed [Zel99,
Yan99]. In patients without reperfusion, the minimum ADC was reached at ~24 hr after
onset, whereas in patients that obtained reperfusion therapy, the ADC directly increased
[serial measurements, Mar99]. No ADC (pseudo) normalization and secondary ADC
decrease corresponding to secondary energy failure were observed [Mar99]. 
40 Cerebral (hypoxic-) ischemia measured with DTI



Timepoints 6-7: ADC (pseudo) normalization
In clinical imaging, the (pseudo) normalization point is important as the DWI and ADC-
maps will give false negative findings. In general, the ADC normalization occurred later
than in animal studies. Most studies reported (pseudo) normalization to occur around 7-
10 days [War96, Lut97, Sch97, Bai98, Lan01], although following reperfusion therapy,
the ADC normalized after ~4-5 days [Mar99]. Others observed (pseudo) normalization
at a much later time, which was associated with differences in the stroke pattern and
severity [Schw98, Yan99, Hua01]. 

Timepoint 8: chronic phase
After passing the (pseudo) normalization point, the ADC was increased for several
weeks. The anisotropy was decreased and remained decreased [Bai98, Zel99, Yan99]. 

3.2.2 DTI changes following hypoxic-ischemia in newborns
Decreased ADC values have also been reported in newborns with hypoxic-ischemic
injury [Cow94, Joh98, Rob99, Ind99, For00, Kri00, Wol01, Kin02, Ver03]. Both focal
injury patterns, characterized by local ADC reductions, and global injury patterns, with
global ADC reductions, have been observed. In two studies, the temporal evolution of
the ADC following ischemia has been determined [For00, Kin02]. No data on the tem-
poral evolution of the anisotropy following ischemia in the neonatal brain is available. 
The temporal evolution of the ADC in neonates follows more closely the pattern of
adult stroke than that of rodents [For00, Kin02]. McKinstry et al. [Kin02] reported that
in the hyperacute phase, the ADC was only slightly decreased. The minimum ADC (to
~50% of control) was observed at ~2 days after injury, followed by an ADC increase.
(Pseudo) normalization was observed between day 7 and 8. Forbes et al. [For00]
observed a decreased ADC (between 25-60% of control) in all cortical injuries during
the first 10 days, and both decreased and increased ADCs in thalamic injuries. 

3.2.3 DTI changes due to developmental changes in newborns 
At birth, the brain of the newborn contains many unmyelinated structures, as the myeli-
nation process that starts in utero continues in the first years of life [Vol95]. The spinal
cord myelinates first, followed by the brainstem. At birth, myelination is visible in the
several WM structures, such as the posterior limb of the internal capsule (PLIC) and the
central part of the corona radiata (CR) [Hup97, Sie97, Cou02]. Myelination will con-
tinue in the following months, e.g. in the corpus callosum (CC), and finally the frontal
and occipital white matter becomes myelinated (~8-12 months) [Vol95, Pau01]. 
The ADC and anisotropy have been shown to depend on the myelination state of the
brain, both in animal studies [Bar99, Gul01, Bea02] and in human studies [as reviewed
by Nei02]. The ADC in neonatal white matter is ~40-60% higher than in adults, and the
diffusion anisotropy is much lower [Mor99, Tan00, Nei02]. Between a gestational age
of 30 and 42 weeks, the ADC in WM decreases approximately linearly from ~1.8⋅10-9

m2/s to 1.45⋅10-9 m2/s and the anisotropy increases [Nei98, Hup98, Mil02]. 
The decreasing ADC with gestational age is attributed to increasing myelination, as the
limited permeability of myelin to water (10 to 50 times smaller than the permeability of
membranes [Fin87]) is expected to hinder diffusion across fibers [Rut91, Bea02]. 
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3.3 Unsolved questions in DWI

Although DWI has proven to be useful in stroke studies, the origin of the ADC reduc-
tion following ischemia is not well understood [Bai98]. The questions concerning the
ADC and anisotropy changes following ischemia and their possible answers are dis-
cussed in this section. 

3.3.1 What causes the large ADC decrease following ischemia?
Several mechanisms have been proposed to explain the reduction in the ADC in the ini-
tial stages of ischemia.
• Due to cell swelling, the extracellular volume decreases and tortuosity in the extracel-

lular space increases, resulting in a decreased ADC. Furthermore, cell swelling causes 
a redistribution of water molecules over the intra- and extracellular compartments. 
Water moves from the fast diffusing compartment (ECS) to the slow diffusing com-
partment (ICS). The measured ADC is a mixed signal of both compartments, and the 
increased ICS water fraction causes the average ADC to be decreased. 

• Membrane permeability decreases and restricts the diffusion of water molecules, 
causing a reduction in the effective diffusion coefficient. 

• The intracellular diffusion coefficient decreases, possibly involving changes in intrac-
ellular tortuosity, viscosity, and cytoplasmic streaming. This results in a decreased 
effective ADC. 

Cell swelling 
The explanation that cell swelling following ischemia is the main contributor to the
ADC reduction is supported by the large decrease in extracellular volume fraction that
has been observed to occur simultaneously to the ADC reduction (Section 3.1.2,
[Syk94, Too96b, Vor97]). This results in an increased tortuosity and a decreased extra-
cellular volume fraction. Whether the effects of the redistribution of water molecules
over the compartments are considerable depends on whether the intracellular diffusion
coefficient is truly lower than the extracellular diffusion coefficient. This assumption is
corroborated by the fact that the ICS contains many macromolecules and restricting
structures [Mos90, Ben92]. However, it has been doubted by a study monitoring the dif-
fusion of specific intra- and extracellular markers, showing no differences between
intra- and extracellular ADCs, neither in normal nor in ischemic tissue [Duo98]. Model-
ling diffusion in tissues, as will be discussed in detail in Chapter 8, provides evidence
that variations in the intracellular volume fraction have a significant impact on the tis-
sue ADC [Sza95]. The influences of cell swelling on the ADC have been further investi-
gated in studies measuring ADC changes following osmotic perturbations that induce
cell swelling. The induced ADC changes are somewhat smaller than observed in animal
models following ischemia, although direct comparison is not possible as different ani-
mal and/or in vitro models are used for cell swelling experiments and ischemia experi-
ments [Kri96, OSh00]. 
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Permeability changes
The explanation that permeability changes could account for the large ADC reduction
assumes that the diffusion coefficients in healthy tissue are high because of the high
water permeability. Following ischemia, this permeability is assumed to decrease, thus
resulting in restricted diffusion [Hel92, Bih01]. Simulations have demonstrated that the
ADC is relatively insensitive to permeability changes (further discussed in Chapter 8),
suggesting that the influence of permeability changes is negligible [Lat94, Sza95]. 

Intracellular diffusion coefficient changes 
The translational mobility of water molecules in the ICS is determined by the intracellu-
lar tortuosity, viscosity, and cytoplasmic streaming. Large reductions in the ADCs of
intracellular metabolites and/or markers following ischemia have been observed
[Too96a, Nei96, Dij99, Dre01, Nic01]. Assuming that metabolite and/or marker diffu-
sion reflects water diffusion, this effect can contribute largely to the ADC reduction. 
The reduction in the effective intracellular diffusion could be caused by several mecha-
nisms. A first could be the reduction of cytoplasmic streaming due to a lack of ATP.
However, for diffusion times typically used in vivo, the contribution of cytoplasmic
streaming to the ADC is small (Section 2.5.2, point 3). Furthermore, the intracellular
ADCs of small molecules and ions have been shown to be primarily size-dependent,
indicating that intracellular water motion is caused mainly by Brownian motion with lit-
tle or no role for cytoplasmic streaming [Seh02a]. 
The second proposed mechanism concerns changes in the effective viscosity (including
restrictions caused by intracellular tortuosity and viscosity [Seh02a]). An increase in the
effective viscosity can result from the breakdown of microtubuli and neurofilaments
[Pan96, McC02] and from swelling of cell organelles (e.g. mitochondria). 

In conclusion, changes due to cell swelling are likely significantly contributing to the
ADC reduction observed following ischemia, although it is unclear whether it can fully
explain the large ADC reduction. Furthermore, several other changes in the tissue have
been observed, e.g. decreased intracellular ADCs of metabolites. This suggests that
other mechanisms likely contribute as well. 

3.3.2 What causes anisotropic diffusion?
Initially, anisotropic diffusion was thought to be caused by the myelin sheaths surround-
ing the axons in the white matter. However, studies in neonates (both animal studies and
human studies) have shown anisotropic diffusion in white matter before myelination
occurs [Wim95, Hup98, Nei98, Nei02]. These studies suggest that (axonal) membranes
might be causing the anisotropic diffusion, although myelination (adding membranes)
increases the anisotropy [Nei98, Gul01]. Other, less likely explanations for anisotropic
diffusion in white matter have been associated with fast axonal transport (however, this
effect is considered to be small, as already discussed in Section 2.5.2, point 3), or with
the structure of intracellular neurofilaments and microtubuli. These structures are
arranged parallel to the axonal membrane (however, anisotropy was shown to be pre-
served in neurons with depolymerized microtubuli, as reviewed by Beaulieu [Bea02]). 
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3.3.3 What causes the initial anisotropy increase following ischemia? 
Changes in diffusion anisotropy following ischemia have been observed in a small
number of studies [Zel99, Sor99, Yan00, Car00]. The time points of these changes are
variable, and no extensive research focused on finding explanations for the anisotropy
changes has been conducted. The increased anisotropy following ischemia has been
associated with cell swelling [Sot00]. This swelling would, for white matter, reduce the
inter-axonal spacing and affect the perpendicular ADC more than the parallel ADC. The
sub-acute and chronic anisotropy decrease is generally attributed to a loss of structural
integrity due to membrane degradation and cell lysis [Sot00]. 

3.4 Conclusions

In this chapter, the temporal evolution of DTI parameters following ischemia has been
outlined, based on literature. Differences in the temporal behavior are observed between
animal models and humans, although a general pattern can be identified. In the hyper-
acute phase, the ADC is largely reduced and the anisotropy increased. In the following
days, the ADC remains reduced, while the anisotropy decreases. 
The initial ADC reduction is associated with cell swelling. Although several explana-
tions for this reduction have been offered, none is conclusive. Additional research is
necessary to solve which mechanisms are governing the changes in diffusion coeffi-
cients and diffusion anisotropy following cerebral ischemia. It is likely that a combina-
tion of the effects discussed in Section 3.3.1 causes the ADC reduction. Cell swelling
seems to play a major role, although changes in the intracellular diffusion coefficient are
also likely to contribute to the large ADC reduction. 
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4 ADC changes in a neonatal rat hippocampus model 

In this chapter, the feasibility of using an in vitro model in which both cell swelling
(using osmotic perturbations) and ischemia can be induced is investigated. In the litera-
ture, several in vitro models have been reported to simulate ischemia (e.g. rat hippocam-
pus [frequently used, as reviewed by Lip99], spinal cord [Sum01], cortical slices
[Kau90, Has98, Hak00]) or to investigate the diffusion anisotropy (e.g sciatic nerve
[Pel99], optic nerve [Sta97]). The latter ‘nerve’ models, however, are not useful to
investigate ischemia in the central nervous system, as the nerve tissue structure is differ-
ent from the brain tissue structure. Viability is another issue in these ‘nerve’ models, due
to the dissection method. The neonatal rat hippocampus is chosen as an in vitro model,
because it is a well accepted ischemia model. The slice procurement methods and per-
fusion methods have been extensively described. Furthermore, its axons are mainly
located in a transverse plane and hence little structure loss occurs when transverse slices
are made. Slice viability can be retained for a longer period of time in neonatal hippoc-
ampal slices compared to adult slices [Ait95, Lip99]. 
Based upon C. van Pul, W. Jennekens, K. Nicolay, K. Kopinga, P.F.F. Wijn. Ischemia
induced ADC changes are larger than osmotically induced ADC changes in a neonatal
rat hippocampus model. Accepted for publication in Magn Reson Med (© John Wiley &
Sons, Inc.).

4.1 Introduction

Diffusion Weighted Imaging (DWI) is frequently used for diagnosis of stroke, as in the
acute phase, the Apparent Diffusion Coefficient (ADC) is largely reduced [Bai98].
Recently, both increased and decreased diffusion anisotropy has been reported following
ischemia [Yan99, Zel99]. The usefulness of ADC and anisotropy measurements has also
been recognized for the detection of hypoxic-ischemic injury in the neonatal brain
[Nei02]. 
However, the origin of the observed ADC decrease in the acute phase following
ischemia is not well understood. Several theories have been developed to explain the
large ADC reduction, but none of these are conclusive. In some studies, the ADC reduc-
tion is assumed to result from cell swelling. Cell swelling has been observed following
ischemia [Pan96, Ned99, Miy00, among many others]. It results in an increase in the
tortuosity of the extracellular space and in a decrease in the extracellular volume frac-
tion in which a larger diffusion coefficient is assumed [Mos90, Ben92, Lat94, Too96b].
Others consider the ADC changes accompanying cell swelling not to be sufficient to
explain the large ADC reduction. They propose that changes in the intracellular environ-
ment and/or membrane permeability also play an important role [Hel92, Duo98, Dij99]. 
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One important issue to solve is whether the ADC reduction and anisotropy increase fol-
lowing ischemia solely reflect changes in cell volumes, or that additional changes in the
tissue occur. In vivo animal models have proven useful to investigate the changes in the
ADC and the anisotropy following ischemia [as reviewed in Hoe01]. However, these
models cannot be used to directly compare changes induced by cell swelling to changes
induced by ischemia. Tissue slices, that are kept viable in a perfusion fluid containing
oxygen and nutrients, provide a means to investigate the effects due to osmolarity
induced cell swelling and due to ischemia separately. Rat hippocampal tissue slices are
well accepted as an in vitro model for ischemia, simulated by oxygen-glucose depriva-
tion [Ait95, Lip99]. It has been proven that hippocampal slices can be kept viable within
an NMR system and can be studied using high-field NMR (14T-17T) [Bla97, Buc99a,
Bui99, She02]. Inducing ischemia inside the NMR setup and monitoring the temporal
evolution of the water ADC has not been performed previously. 
In this study, we use hippocampal slices of 8-12 days old rats for which slice viability
can be preserved more easily [Ait95]. The purpose of our study was to determine
whether changes in the ADC caused by osmotic perturbations are of the same magni-
tude as changes caused by ischemia. An improved understanding of the diffusion
changes following ischemia may increase the sensitivity and specificity of the ADC as a
marker of acute brain injury. Furthermore, changes in diffusion anisotropy might prove
valuable for diagnosis and give additional information about changes in the underlying
tissue structure.

4.2 System description 

In this section, a brief overview is given of the setup used for the experiments discussed
in this chapter. The setup is shown in Fig. 4.1 and consists of two parts: the NMR setup
and the perfusion setup. 

4.2.1 NMR setup
The main magnetic field was generated by a vertical bore 4.7 T magnet (Oxford Instru-
ments, Oxon, UK, Fig. 4.1D). The system was equipped with a micro-imaging insert
(Doty, Columbia, USA, Fig. 4.1B), consisting of x-, y- and z-gradient coils, able to
deliver maximum gradients up to 1000 mT/m. The coils had a 4% gradient uniformity
(RMS) over a cylinder with a diameter of 32 mm and a length of 32 mm, and were
shielded to minimize eddy currents. Gradient rise times were controlled through an in-
home developed gradient control box, that also featured gradient offset adjustment for
each gradient channel, enabling first order shimming of the main magnetic field. A sole-
noid send-and-receive coil was constructed to obtain a high signal-to-noise ratio
(Fig. 4.1F). The RF signals and gradients were controlled by in-home developed hard-
ware and software (Fig. 4.1A), facilitating experiment specific pulse programming. The
sample orientation could be adjusted using a rotation mechanism, shown in Fig. 4.1G, to
ensure that the sample was located exactly in the horizontal plane.
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4.2.2 Perfusion setup 
To maintain tissue viability, the hippocampal slices needed to be provided with oxygen
and nutrients, for which a perfusion setup was developed. This setup provided tissue
slices with artificial cerebrospinal fluid (aCSF): distilled water that contained 120 mM
NaCl, 3 mM KCl, 10 mM glucose, 26 mM NaHCO3, 2 mM CaCl2, 1.5 mM KH2PO4
and 1.4 mM MgSO4 [She02, She03b]. The pH of the aCSF was 7.4. The setup con-
sisted of a basin with an oxygenator, a peristaltic pump, an overflow and a perfusion
chamber. A schematic diagram of the system is shown in Fig. 4.1C. The basin con-
tained aCSF, which was saturated with carbogen (95% O2 + 5% CO2) through the oxy-
genator. From the basin, carbogen-saturated aCSF was pumped to the overflow, which
provided a constant pressure. The flow was measured and controlled by a rotameter
with an adjustable valve. From the rotameter, the aCSF was directed to the perfusion
chamber and subsequently back to the basin. This chamber, shown in Fig. 4.1E, was
located inside the RF-coil in the magnet. In the perfusion chamber, hippocampal slices
were placed on a nylon mesh with a pore diameter of 200 µm. To prevent sample move-
ment, the slices were fixed by means of a spacer, a second nylon mesh and a rubber
band (shown in Fig. 4.4A). The spacer ensured that no pressure was applied on the
slices. 
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Fig. 4.1   Overview of measurement setup (clockwise from upper left). A: In-home developed RF 
and gradient control system and data acquisition system. B: Doty micro imaging gradient insert. 
C: Schematic overview of the perfusion system. D: Oxford 4.7 T magnet, with vertical bore. E: 
In-home developed perfusion chamber. F: In-home developed send-and-receive RF coil. G: Sam-
ple rotation mechanism
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4.3 Methods 

4.3.1 Diffusion Tensor Imaging (DTI) sequence
The DTI technique was based on the Pulsed Field Gradients (PFGs) technique [Ste65a],
implemented in a Turbo Spin Echo (TSE) imaging sequence with centric k-space order
[Vla99]. The PFGs were applied in six directions using the gradient scheme as pro-
posed by Jones et al. [Jon99] to minimize error propagation (Section 2.3.6). The gradi-
ents were applied with both positive and negative polarity, to reduce the effects of
imaging background gradients [Con95, Section 2.3.3]. To obtain an appropriate tempo-
ral resolution, only one b-value (besides b = 0 s/mm2) was used for ADC calculation. 
The gradients were calibrated using a sample of exactly known dimensions. Balancing
of the PFGs was performed by conducting diffusion measurements on a natural rubber
sample, in which no signal attenuation due to diffusion was expected. Final gradient
verification was achieved by performing quantitative ADC measurements in all direc-
tions on a water sample with a known temperature. These results were compared with
literature values [Sim58, Mil72]. Anisotropy and diffusion directionality were verified
by measurements on a porcine optic nerve, with known diffusion directionality, and by
comparing measurements on an isolated complete hippocampus in our system to meas-
urements performed in a 6.3 T system with calibrated gradients. The results of the cali-
bration were according to expectations and will therefore not be further discussed. 
The slice profile was somewhat sinc-shaped in our setup, as only ‘hard’ RF-pulses could
be used for slice selection. The exact slice profile was mapped, which showed that the
side lobes of the sinc contributed approximately 11% to the overall signal intensity. 

4.3.2 Brain slice procurement 
This study was approved by the Institutional Animal Care and Use Committee of the
Maastricht University. The dissection method was based on the method used by Peeters
et al. [Pee03] and the slice procurement was similar to that used by Shepherd et al.
[She03b], except that we did not use ice-cold aCSF. Briefly, neonatal rats (8-12 days
old) were decapitated, both hippocampi were extracted and placed in carbogen satu-
rated aCSF (composition as discussed in Section 4.2.2). With a McIlwain tissue chop-
per (The Mickle laboratories, Surrey, UK) 500 µm slices were cut transverse to the
septo-temporal axis. After rinsing with aCSF, 4 to 6 intact slices were selected by means
of visual inspection (microscopy) and placed upon a nylon mesh in the perfusion cham-
ber. The hippocampal slices were positioned with the subiculum pointing towards one
end of the chamber and with the CA regions in the center. The slice procurement proce-
dure was completed within 10 minutes after decapitation. The perfusion chamber con-
taining the hippocampal slices was placed inside the NMR setup, taking care to avoid
air bubbles inside the chamber. The perfusion system was used to provide the slices with
fresh aCSF at room temperature (~22º) at a flow rate of 2-6 ml/min. As these slices,
though being removed from the animal, are viable, this situation is called in vitro. From
two neonatal rats and one adult rat, at least one of the hippocampi was kept intact for
measurements on an isolated complete hippocampus to characterize the tissue structure
and the diffusion anisotropy. An overview of the main hippocampal areas is shown in
Fig. 4.2 and the positioning of the slices is shown in Fig. 4.4A. 
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4.3.3 Hippocampal slice measurement protocol
Pilot images were used to optimize the position of the slices in the setup. Within one
hour after decapitation, DTI was started, using a resolution of 140 x 140 x 450 µm (scan
matrix 128 x 64, Field of View FOV = 20 x 10 mm), with TE/TR = 13/3000 ms, and 2
averages (NSA) for in vitro studies. The experiments were performed using a turbo fac-
tor TF = 4, as a compromise between blurring of the image at high TF and long dura-
tion of the measurement at low TF. PFG parameters were: δ = 3 ms, ∆ = 8 ms and G =
600 mT/m, resulting in a b-value of 1628 s/mm2. Fourteen images (2 x 6 PFG direc-
tions because of using both positive and negative gradient polarities and two b = 0
images) were used to obtain one diffusion tensor dataset in 45 minutes. 
During the measurements, aCSF flow was discontinued, to avoid flow artifacts and erro-
neously high diffusion coefficients. Measurements were initiated 5 minutes after flow
cessation, as experimentally determined to be sufficient to prevent residual flow artifacts
from influencing diffusion measurements. Between each DTI image series, the setup
was perfused for at least 25-30 minutes. Control experiments were performed to deter-
mine whether the hippocampal slices remained viable and the diffusion remained con-
stant when the aCSF flow was intermittently discontinued for 50 minutes for a total
experiment duration of 6-8 hours. 
For measurements on an isolated complete hippocampus, a higher resolution could be
obtained, as the tissue did not have to be perfused to maintain viability and more aver-
aging could be used at a smaller FOV (NSA = 12 and NSA = 8 in the adult and neona-
tal rat, respectively). The resolution was 47 x 47 x 450 µm in adult rat hippocampus and
63 x 63 x 450 µm in neonatal rat hippocampus. The b-value in these measurements was
adjusted to obtain maximum contrast (visually) in the diffusion weighted image [Xin97,
Jon99]. For the adult rat hippocampus, images were obtained with b = 1382 s/mm2 and
for the neonatal rat hippocampus with b = 2090 s/mm2. 
Cell swelling was induced by changing the osmolarity of the aCSF. The ratio of the con-
centrations of the aCSF constituents was kept constant and only the amount of added
water was changed. DTI measurements were performed for various aCSF osmolarities
(with relative aCSF osmolarity (rOsm) between 70% (cell swelling) and 110% (cell
shrinkage). rOsm = 100% reflects isotone aCSF). During perfusion with a new osmolar-
ity, the ADC was monitored in a single PFG direction. When the ADC had stabilized, a
new diffusion tensor imaging series was acquired. The relative osmolarity was deter-
mined by ion chromatography (Dionex ICS90, Dionex Corporation, Sunnyvale CA
USA, using an IonPac CS12A-5µm separation column and 11 mM H2SO4 eluent).
Ischemia was simulated by perfusing hippocampal slices with oxygen-glucose deprived
aCSF. To obtain this, aCSF was bubbled for at least one hour with 95% N2 + 5% CO2.
The perfusion setup used in this particular study consisted of a closed system with all air
replaced by the N2 + CO2 mixture to ensure the lowest oxygen content possible. To pre-
vent oxygen from entering the perfusion chamber, the magnet bore was filled with nitro-
gen gas. The oxygen saturation of the perfusion liquid was measured with a Biological
Oxygen Monitor (Yellow Springs Instruments Co Inc., Yellow Springs, OH USA). After
acquisition of a baseline image, the setup was perfused with oxygen-glucose deprived
aCSF for 30 minutes, during which period the diffusion was monitored in one PFG
direction. Subsequently, the flow was stopped and the ADC was measured in one PFG
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direction, up to 30-55 hours. Within a time interval of 6 minutes, both a diffusion
weighted and an unweighted image could be acquired. A complete DTI series was not
obtained, as the time scale of ischemia induced diffusion changes in hippocampal slices
had to be determined first. These measurements were also performed for slices perfused
with glucose deprived aCSF, to check whether similar changes in DTI signal were
induced by glucose shortage only, since this has been reported to play a key role in
hypoxic-ischemia in neonatal rats [Yag97, Van98]. 

4.3.4 Postprocessing, image analysis and statistics
For post-processing, Mathematica 4.2 ® (Wolfram Research, Inc., Urbana, IL) was
used. ADC-maps were calculated, the diffusion tensor extracted and its eigenvalues,
eigenvectors, and fractional anisotropy (FA [Bass96]) were calculated. Anisotropy
images were masked by using a threshold on the diffusion-weighted image. This was
performed to remove the water signal that had a very low signal contribution in the dif-
fusion weighted image and resulted in inaccurate ADC and anisotropy calculations. The
DTI parameters were evaluated in Regions-of-Interests (ROIs) drawn roughly around
the CA1-CA3-DG region of the hippocampal slices (for an overview of these struc-
tures: see Fig. 4.2). Special attention was given to avoid inclusion of aCSF in the ROIs.
It must be noted that in vitro the intra-hippocampal areas could not be easily recog-
nized. Therefore, we made photographs of the slice positioning (Fig. 4.4A) before the
slices were placed in the magnet, to assist the ROI selection. The relative changes in
each parameter were evaluated with respect to the initial value. In the osmotic perturba-
tions, the initial measurement was at relative osmolarity of 100% (isotone aCSF). In the
ischemia simulations, the initial measurement was the measurement before ischemia
induction. To compare separate experiments, a Student-t test was performed. Within one
experiment, measurements under various conditions were compared using a paired Stu-
dent-t test. A P-value < 0.05 was considered to be significant [Dou99]. 

4.3.5 Tissue viability
After completion of the MR measurements, cell viability was assessed using the fluores-
cent dyes Calcein-AM (Sigma 04558) and Propidium Iodide (PI, Sigma P4864). The
protocol used for PI staining was based on the protocol used by Peeters et al. [Pee03],
but modified according to Monette et al. [Mon98] to include a live stain as well. The
hippocampal slices were transferred from the perfusion chamber to a tray containing 5
µg Calcein and 10 µg PI in 1 ml aCSF. These dyes were incubated for 30 to 40 minutes
at room temperature, while protected from exposure to light to prevent bleaching. After
incubation, slices were rinsed with aCSF for fifteen minutes. Excitation and detection of
the fluorescent dyes was accomplished through a Zeiss LSM 510 Confocal Laser Scan-
ning Microscope (CLSM), equipped with HeNe (543 nm) and Ar (488 nm) lasers.
CLSM images were then acquired in z-stacks (6-8 images), using magnifications of 2.5x
(Numerical aperture NA = 0.075), 10x (NA = 0.3) and 20x (NA = 0.5). 
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4.4 Results

4.4.1 Overview of experiments 
In this study, 13 neonatal rats were used (in vitro control measurements: 2 rats; cell vol-
ume changes: 3; oxygen-glucose deprivation: 2; glucose deprivation: 3 neonatal rats.
Three experiments were unsuccessful, due to gradient insert breakdown (n = 1) and due
to problems with aCSF pH and slice viability (n = 2)). For each successful experiment, 4
slices could be selected for further investigation, resulting in a total of 40 evaluated hip-
pocampal slices. Of 2 neonatal rats, one hippocampus was used for measurements of the
hippocampal structure in an isolated complete hippocampus. The isolated complete hip-
pocampus of one adult rat was measured for comparison. 

4.4.2 Images of an isolated complete hippocampus
DWI images and ADC-maps of an isolated complete adult rat hippocampus and a neo-
natal rat hippocampus are shown in Fig. 4.2 (top: adult, bottom: neonatal rat). The main
hippocampal areas are outlined in the images in the left column. The cell body layers of
the CA and the DG can be clearly distinguished as they appear more dark in the DWI
image and bright in the ADC-map (right column). The contrast in the slices is more pro-
nounced in the adult rat hippocampus than in the neonatal rat, even though we opti-
mized the b-value for both images. 

Fig. 4.2   Images of an isolated complete adult rat hippocampus (top row) and a complete hippoc-
ampus of an 8 days old neonatal rat (bottom). Left column: diffusion weighted image, with the 
main hippocampal areas outlined. SUB is the subiculum, CA is the cornu ammonis (field 1 to 3) 
and DG is the dentate gyrus [Ama95]. Middle column: same images, without overlay. Right col-
umn: ADC-maps of the same samples. Resolution in the adult rat: 47 x 47 x 450 µm, using b-
value 1382 s/mm2. Resolution in the neonatal rat: 63 x 63 x 450 µm, using b-value 2090 s/mm2.



High resolution ADC and FA maps for the isolated complete neonatal rat hippocampus
are shown in Fig. 4.3 A and B, respectively, accompanied by a color-level indicator. The
ADC observed in the isolated hippocampus (Fig. 4.3A), which was not viable, was
much lower than in vitro (see Fig. 4.4C). The ADC was relatively high in the cell body
layers. The color-coded DTI map, in which the main eigenvector of the diffusion tensor
is mapped to an RGB channel and scaled with FA, is shown in Fig. 4.3C. Several ‘fiber’
orientations can be appreciated in the color-map: the red area (arrow 2) displays right-
to-left diffusion in the areas adjacent to the pyramidal cell layer of the CA1 area. At
arrow 3, the preferred direction of diffusion is along the septo-temporal axis (blue
areas). The molecular layer of the DG displays in-plane diffusion perpendicular to the
granule cell body layer (arrow 4). The FA and color-map show a spot with high anisot-
ropy (FA = 0.5, arrow 1), which is most likely an artifact. 
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Fig. 4.3   A: ADC-map of an isolated complete neonatal rat hippocampus. The ADC is given in 
units of 10-9 m2/s, shown in the color-level indicator. B: FA map. C: color-map with color-coding 
scheme for diffusion direction. Arrows: 1 indicates an artifact; 2 points to an area of diffusion per-
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Fig. 4.4   In vitro hippocampal slices. A: Positioning of the slices on the nylon mesh of the per-
fusion chamber. On top of the picture, the outline of the hippocampal areas is depicted. B: ADC-
map of the same slices displaying selected ROIs. C: the same ADC-map in color, for color-level 
indicator see Fig. 4.3A. D: anisotropy map, with the water signal contribution masked. For color-
level indicator see Fig. 4.3B. Resolution: 140 x 140 x 450 µm, with a b-value of 1628 s/mm2.
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4.4.3 Measurements on hippocampal slices 
An overview of 5 adjacent viable hippocampal slices positioned in the perfusion cham-
ber before an in vitro experiment is shown in Fig. 4.4. The ROI selection of these slices
and corresponding ADC-map and FA-map are shown in Fig. 4.4B-D. The intra-hippoc-
ampal areas were not well distinguishable as the resolution was lower than in the iso-
lated complete hippocampus (partial volume effect), but also because the contrast was
lower. The FA-map was difficult to interpret, as noise and partial volume effects obscure
the distinction of various hippocampal areas. 
Two control measurements were performed, without aCSF perturbations but with flow
discontinuation during imaging, to determine whether the ADC remained constant dur-
ing a 6 to 8 hr. time period. The average ADC measured in the baseline images in 40
hippocampal slices from 10 rats was 0.68 ± 0.08⋅10-9 m2/s, with an inter-hippocampus
variability of 12%. The average FA = 0.09 ± 0.02. In control slices, the ADC decreased
by ~8-10% during 8 hours (Fig. 4.6).

4.4.4 Osmotic perturbations 
Osmotic perturbations induced clear changes in the hippocampus ADC value, as shown
in Fig. 4.5A. In this graph, the relative value with respect to the control value at rOsm =
100% is plotted. Each symbol represents a different rat and thus a different experiment.
Hyper-osmolarity (rOsm = 110%), which induced cell shrinkage, resulted in a signifi-
cant increase of the ADC in all experiments (average increase to 108%, P < 0.05),
whereas hypo-osmolarity (rOsm = 80%), which induced cell swelling, resulted in an
ADC decrease (average ADC = 83%, P < 0.05). A further reduction in osmolarity
(rOsm < 80%) did not result in a further ADC decrease. In the third experiment (rat 3),
the average change was less than in the other two experiments. This might be due to the
poor quality of the baseline image. 
The changes in anisotropy were not so unambiguous and difficult to interpret, as each
experiment resulted in different changes (Fig. 4.5B). In the first experiment (rat 1),
hyper-osmolarity did not result in FA changes, whereas hypo-osmolarity resulted in a
significant FA increase (121%, P < 0.05). In the second experiment (rat 2), the relative
changes were negligible between rOsm = 110% and rOsm = 80%, whereas for further
reduction of rOsm to 70%, a significant FA decrease was observed. In the third experi-
ment, starting from rOsm = 110%, the FA increased significantly for decreasing rOsm to
90%, followed by a significant FA decrease upon further decreasing of the osmolarity. 

4.4.5 Oxygen-glucose deprivation
Although the ADC in the control measurement did not remain completely constant
within the first 8 hours, the relative changes were small compared to the changes fol-
lowing oxygen-glucose deprivation (Fig. 4.6). The oxygen concentration in oxygen-glu-
cose deprivation measurements was lower than 1%, similar to the protocol used by
Laake et al. [Laa99]. 
Upon induction of oxygen-glucose deprivation, within two hours the ADC was
decreased to a plateau of ~0.4-0.5⋅10-9 m2/s (~57% of the initial value). The ADC
remained decreased during the following 30-55 hours of the measurement (results not
shown). The initial decrease was similar in the two experiments, although the final ADC
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decrease was slightly different, which is better visible in the relative ADC graph
(Fig. 4.6B). It should be noted that the first 10 measurement points (30 minutes) were
obtained during perfusion of the hippocampal slices with the oxygen-glucose deprived
aCSF. Due to possible flow artifacts, these ADC values were not accurate, but useful to
show the initial trend. Upon discontinuation of the flow after 30 minutes, the ADC
accuracy increased. Because of the short time scale of the diffusion changes, DTI could
not be performed and, consequently, anisotropy information could not be obtained. 
Upon glucose deprivation without oxygen deprivation, the ADC decreased to ~52% of
its initial value, for all three experiments (average of 4 slices) shown, but much slower.
The ADC remained decreased (and constant) during the following 30-55 hours of the
measurement, similar to the oxygen-glucose deprivation situation. 
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Fig. 4.5   A: relative ADC as a function of relative osmolarity (rOsm), for three rats. B: relative 
anisotropy (FA) as a function of rOsm, for the same rats. For rat 1, the osmolarity was varied 
between rOsm = 80 - 110%, for the others between rOsm = 70 - 110%. Each point in these graphs 
represents an average ± standard deviation of 4 hippocampal slices. 

time in hours                                                         time in hours    

re
la
tiv
e 
AD
C
 (%
)

0 2 4 6 8

0.8

0.6

0.4

0.2

0 2 4 6 8

C (n=2 rats, 8 slices)     
OGD (n=2, 8 slices)
GD (n=3, 12 slices)

AD
C
 in
 1
0-
9  
m
2 /
s

120

100

  80

  60

  40

A                                                              B

C (n=2 rats, 8 slices)     
OGD (n=2, 8 slices)
GD (n=3, 12 slices)

Fig. 4.6   A: Absolute and B: relative ADC changes as a function of time for control (C), oxygen-
glucose deprivation (OGD), and glucose deprivation (GD). Each point in this graph is an average 
of 4 hippocampal slices. Error bars are not displayed to prevent information cluttering. Note that 
the relative scale of the ADC axis differs from that in Fig. 4.5. The control measurement is per-
formed with a different temporal resolution, because a complete tensor series had to be obtained. 
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4.4.6 Viability 
Staining following control measurements (Fig. 4.7, left column) shows that the majority
of the cells remained viable (indicated by green fluorescence of calcein in the cyto-
plasm). However, some cell damage was visible at the edges of the slice, probably
resulting from slice procurement (indicated by red fluorescence of PI in the nuclei,
shown most clearly in the image at the bottom row, obtained using a magnification of
10x). The same staining pattern was observed in slices directly following slice procure-
ment (results not shown). Staining following osmotic perturbations (middle column),
showed only a few areas of fluorescent PI, and thus little cell death, at a magnification
of 2.5x. At 10x, damage at the edges of the slice was visible, although the center of the
slice displayed green fluorescence of calcein and thus viable cells. Staining following
glucose deprivation for 5 hours was difficult, as the slices were substantially damaged.
One of the best slices, which was folded, is shown in the right column. Large areas of
high PI fluorescence were visible, indicating a large number of dead cells, although
green fluorescence and thus viable cells were still observed. No staining was performed
after oxygen-glucose deprivation, as these slices were too damaged to remove them
intact from the chamber. 

Fig. 4.7   CLSM images of neonatal rat hippocampal slices stained with calcein (green) and pro-
pidium iodide (red). Top row: 2.5x (image slice thickness 200 µm), the box indicates which area 
is displayed in the bottom row at 10x (slice thickness 15 µm). Left column: hippocampus after 
control measurement (8 hr. after decapitation). Middle: hippocampus after osmotic perturbations 
up to rOsm = 80% (11 hr. after decapitation). Right: hippocampus after glucose deprivation (9 hr. 
after decapitation), at 2.5x a slice thickness of 300 µm is used to image the folded hippocampal 
slice. 
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4.5 Discussion 

4.5.1 Images of an isolated complete hippocampus
To characterize the hippocampus structure and its diffusion anisotropy, measurements
were performed in an isolated complete neonatal rat hippocampus. The ADC observed
in the cell body layers is larger that the ADC in the surrounding layers. The cell body
layers consist of large cells (typically > 10 µm) compared to the components in the sur-
rounding layers (axons and dendrites typically < 0.5 - 1 µm) [Ama95, Dai02]. The
number of membranes encountered in the surrounding layers during the diffusion time is
larger than in the cell body layers. This is likely causing the lower ADC values in the
surrounding layers. 
The anisotropy values observed in the neonatal rat hippocampus are lower than those
reported for the mouse hippocampus in vivo [Zhan02] and the isolated adult rat hippoc-
ampus [She04]. This is likely related to the lower myelination state of the neonatal rat
brain [Suz94, Tur98]. Furthermore, anisotropy in the hippocampus is lower than in the
surrounding white matter tracts [Zhan02], suggesting that the hippocampal tissue layers
are directionally less well organized. Nevertheless, directionality can be identified in
several regions. In-plane diffusion perpendicular to the cell body layers is observed
(arrow 2 and 4 in Fig. 4.3C), in agreement with schematic drawings of the hippocampal
structure and connections [Ish90, Ama95, Tur98]. In several areas, the preferred direc-
tion of diffusion is along the septo-temporal axis (blue), corresponding to the longitudi-
nal projection areas as observed by Tamamaki et al. [Tam91]. Since slices are cut
perpendicular to the septo-temporal axis, these blue fibers are affected during slice pro-
curement, which could influence anisotropy and possibly also slice viability. The diffu-
sion directionalities observed in our study are similar to those observed in the mouse
hippocampus in vivo [Zhan02] and in the isolated complete adult rat hippocampus
[She04]. 

4.5.2 Measurements on hippocampal slices
Although hippocampal slices of adult rats have been imaged with NMR before [She02,
She03b], ADC and anisotropy measurements on neonatal rat hippocampal slices, which
are smaller and not fully developed (resulting in lower anisotropy), have not been per-
formed previously. Due to the different contrast in neonatal rats compared to adult rats
and due to the lower resolution used in our study, the intra-hippocampal areas are not
well distinguishable (Fig. 4.4). 
The average ADC observed in neonatal rat hippocampal slices (0.68 ± 0.08⋅10-9 m2/s) is
larger than that observed by Buckley et al. [Buc99a] in adult rat hippocampus (0.45 ±
0.10⋅10-9 m2/s at b = 1169 s/mm2) and smaller than the ‘fast ADC’ (0.97 - 1.26⋅10-9 m2/
s) observed in adult rat hippocampal slices using bi-exponential signal analysis [Bui99,
Buc99a, She02]. The inter-slice variability of the baseline measurement in our study is
12%, which might be due to differences in gestational age of the neonatal rats (between
8-12 days) and to differences in positioning. The latter can result in small variations in
the contribution of surrounding water (since ‘hard’ RF pulses are used). 
Anisotropy observed in hippocampal slices is much lower than in the complete hippoc-
ampus, which is likely due to partial volume effects, and due to the slice procurement
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method. Furthermore, the neonatal rat hippocampus contains few myelinated fibers,
making it a less suitable model to study anisotropy. 
During the control measurements, the ADC is not completely stable, as at the end of the
8 hr. measurement, an ADC reduction of 8-10% compared to its initial value is
observed. This means that changes in the slices occur during the period that they are
imaged with NMR. However, these changes are small and cell viability remains high, as
observed from the staining images (Fig. 4.7, left column). 

4.5.3 Osmotic perturbations 
A maximum ADC reduction to ~83% of its initial value was achieved by decreasing the
osmolarity of the aCSF, which induced cell swelling. Osmolarity reductions to values
lower than rOsm = 80% seemed to result in an ADC increase, though this increase was
not significant, as it was not clearly displayed in all slices. Anisotropy changes were less
pronounced and also showed larger variations between the three measurements. Upon
hypo-osmolarity, the FA increased (in 2 of the 3 experiments), until it suddenly dis-
played a significant decrease at further osmolarity reductions (at rOsm = 70-80%). 
ADC measurements upon osmotic perturbation have been performed in adult rat hippoc-
ampal slices previously [She03a], however as in that study bi-exponential signal analy-
sis was used, direct comparison with our measurements is not possible. 
For the rat hippocampus, an extracellular volume fraction fecs of ~0.14-0.2 has been
reported for various hippocampal areas [McB90, Per95, Maz98]. At rOsm = 80%, the
extracellular volume fraction was reported to be decreased by 46% [Fay02], correspond-
ing to the maximum ADC decrease obtainable in our system (~83% of the initial value).
For a further reduction of the osmolarity we did not observe a further ADC reduction. It
is unknown whether the volume changes are caused by glial swelling or neuronal swell-
ing [Fay02]. Our findings of approximately linear ADC dependency on the osmolarity
for rOsm between 80 and 110% (and thus on fecs) are in agreement with measurements
in the turtle cerebellum [Kri96, OSh00], where a reduction to rOsm = 80% resulted in a
decrease in fecs from ~0.2 to ~0.1 [Kri96], and an ADC reduction to ~85-90% [OSh00]. 
Cell volume regulatory mechanisms are not likely to have a large influence during these
osmotic perturbations: as reported in literature, the fecs reached a constant value and
remained constant for 30-40 minutes in aCSF with a reduced osmotic value [Fay02]. In
the turtle cerebellum, the ADC was reported to be constant for about one hour in
reduced osmolarity [OSh00]. 
The ADC rise and FA decrease following perfusion with aCSF of rOsm = 70% could be
caused by cell damage due to abnormal cell swelling. The degradation of restrictive bar-
riers would lead to a decreased tortuosity, resulting in an increased ADC and a
decreased FA. This notion is corroborated by CLSM images, that displayed additional
cell damage following perfusion with aCSF of rOsm = 70% (data not shown). 

4.5.4 Oxygen-glucose deprivation
Oxygen-glucose deprivation resulted in an ADC reduction to ~57% of its initial value
within two hours. The magnitude of the ADC reduction is comparable to the ADC
reduction observed in neonatal rat ischemia models in vivo [Too96b, Miy00, Ned99],
but occurs much slower. The slower process might be due to the fact that hippocampal
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slices are known to be in a compromised metabolic state [Lip99]. In ischemia models in
vivo, the ADC increased from its plateau after several days [Rum97, Ned99]. This ADC
increase was not observed in our model during the first 55 hours. This difference might
be due to the fact that isolated hippocampal slices lack systemic repair mechanisms and
responses (e.g. entry of macrophages). 
Comparison of our study with the cell injury model in adult rat hippocampus slices by
Shepherd et al. [She03b] is not straightforward, as these authors use bi-exponential sig-
nal analysis. They monitored diffusion changes in slices upon using neurotoxin, a sub-
stance that diminishes the calcium gradient over the cell membrane, which is therefore a
model for acute cell injury. They observed linear changes in the fast fraction as a func-
tion of time, up to a reduction of 20% at 8 hours after administration of neurotoxin
[She03b]. In our ischemia model, the changes in the ADC occur much faster than the
changes they observed in the fast fraction. 
Several studies have reported that the extracellular volume fraction fecs is decreased fol-
lowing ischemia, from ~0.20 to 0.05-0.11 in adult [Hos80, Syk94, Vor97] and from
~0.3-0.4 to 0.05 in neonatal rat white and gray matter [Too96b, Vor97]. In hippocampal
slices, the magnitude of the decrease in fecs is reported to be smaller and dependent on
the hippocampal region: the fecs in the CA1 was observed to decrease from 0.14 to 0.05
and in the CA3 from 0.2 to 0.13 [Per95]. These changes are in the same range as
changes following an increase in extracellular potassium inducing electrographic sei-
zures in hippocampal slices [McB90]. 
Changes in anisotropy directly following oxygen-glucose deprivation could not be
measured, as the time to obtain a complete DTI series was too large to adequately moni-
tor these changes. When the plateau in the ADC was reached, anisotropy measurements
showed similar values as in the baseline image. 
Using only glucose deprivation and no oxygen deprivation, the ADC also decreased to
the same value, but much slower. As the oxygenator was not used after induction of glu-
cose deprivation, the oxygen saturation was lower than in the control measurements, but
much larger than in the oxygen-glucose deprived aCSF. These experiments show that
oxygen deprivation is an important factor governing the time scale of the ADC changes
following ischemia as observed in vivo. Yager and Vannucci et al. [reviewed in Yag97
and Van98] concluded from their experiments that in the perinatal brain, glucose rather
than oxygen is deficient following hypoxic-ischemia [Yag97, Van98]. We have demon-
strated that clear differences exist between oxygen-glucose and solely glucose depriva-
tion in the first hours following ischemia, and that the differences disappear after 8
hours, when the ADC is reduced to the same value in both experiments. 

4.5.5 Discussion of the large ADC decrease following ischemia
The ADC decreased to approximately ~57% of its initial value following oxygen-glu-
cose deprivation and to ~83% following osmotic perturbations. No larger ADC decrease
could be induced in our system by osmotic perturbations. The ADC changes following
osmotic perturbations do not have to result exclusively from cell swelling, as we cannot
exclude that metabolic changes occur, caused by these perturbations, although these
effects are not likely to explain the large difference in ADC values between the two
types of perturbations. 
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The changes in fecs following ischemia are in the same range as the changes induced by
osmotic perturbations. It is therefore not likely that differences in ADC values between
both types of tissue perturbations are caused by differences in the extent of the cell
swelling. Therefore, cell swelling is not sufficient to explain the large ADC decrease
following ischemia and additional mechanisms have to contribute. A similar conclusion
has been drawn from simulations by Szafer et al. [Sza95]. 
Changes in the membrane permeability are considered to have a negligible effect on the
ADC [Lat94, Sza95]. It has been reported that, following ischemia, the intracellular
metabolite ADC is decreased [Duo98, Dij99]. This is an indication of changes in the
intracellular space, possibly influencing the water ADC [Duo98, Dij99]. If the intracel-
lular water ADC decreases, the measured (average) ADC decreases more than can be
attributed to cell swelling alone, as observed in our experiments.
Several factors have been reported to lead to reductions in the effective intracellular dif-
fusion: 1) reduced cytoplasmic streaming, 2) increased effective intracellular viscosity
and 3) increased intracellular tortuosity. With respect to the first factor, the effects of
cytoplasmic streaming have been shown to be negligible [Seh02a]. With respect to fac-
tors 2 and 3, it must be noted that the description of ‘effective intracellular viscosity’ as
used by Sehy et al. [Seh02a] includes changes in the translational mobility due to
increased intracellular tortuosity as discussed by Dijkhuizen et al. [Dij99]. It is likely
that following ischemia, the effective viscosity increases, due to the observed break-
down of microtubuli and neurofilaments [Pan96] and due to the swelling of cell
organelles (e.g. mitochondria). 

4.5.6 Limitations of our study
We realize that an in vitro model differs from in vivo tissue, e.g. due to the slice pro-
curement and the difference in temperature. The time scale of the ADC changes
observed in this study is longer than observed in vivo [Too96b, Miy00], which supports
the proposition that in vitro systems are not fully comparable to in vivo studies [Lip99].
However, as we measured the aCSF perturbations in the same system under similar con-
ditions, quantitative comparison of both types of perturbations is allowed. 
A technical aspect that could influence the ADC measurements is the use of ‘hard’ RF
pulses, resulting in a somewhat sinc-shaped slice profile with sidelobes causing an
unwanted contribution of aCSF to the signal. If the hippocampal slice thickness
increases due to cell swelling, the contribution of aCSF will decrease, resulting in a
decrease in the measured ADC. We calculated that in a worst case scenario, a maxi-
mum ADC change of 5-8% could be attributed to this effect. The actual contribution is
expected to be smaller, as the slices are fixed between two nylon meshes, thereby limit-
ing sample expansion. 
Another factor that influences the ADC and anisotropy calculations is the partial volume
effect, which occurs due to the relatively low resolution used, necessary to limit the
measurement duration. Voxels can contain different tissue and cell types, and as diffu-
sion changes are different in WM compared to GM [Sot00], these changes may be par-
tially obscured. Furthermore, to quantify the changes in diffusion, large ROIs,
containing a large hippocampal area, are selected. These regions are inhomogeneous,
which may further obscure changes in diffusion.
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The diffusion time used in this experiment was small compared to diffusion times usu-
ally used in clinical imaging. Theoretically, the ADC depends on the diffusion time
[Sza95], although several studies have reported that this dependency does not occur for
diffusion times in the range of ~3-100 ms in various kinds of tissue, suggesting that the
intracellular components also restrict the diffusion [Seh02b, Doe03]. We therefore
assume that we measure merely restricted diffusion, even with the short diffusion time
used in this study.
Anisotropy measurements are influenced by noise [Bass00a]. The signal to noise ratio
of the images acquired in this study is approximately 30-40 for the diffusion weighted
images, and 140 for the reference images. These values should be sufficient for the ani-
sotropy measured in this study to be originating from actual diffusion preferences, and
not completely from noise [Bass00a]. 
One last remark concerns the interpretation of the CLSM images. It is difficult to
remove the hippocampal slices from their position between the two nylon meshes with-
out causing additional tissue damage that could result in cell damage. The cell damage
observed in the slices can therefore be partially caused by tissue handling after comple-
tion of the measurements, which means that the actual cell damage due to aCSF pertur-
bations is likely to be smaller. 

4.6 Conclusions

We have shown that neonatal rat hippocampal slices can be used to investigate whether
ADC changes due to osmotic perturbations are of the same magnitude as ADC changes
upon oxygen-glucose deprivation. This investigation is important for the explanation of
the large ADC reduction following ischemia. Upon induction of oxygen-glucose depri-
vation, the ADC decreased to ~57% of the initial value within two hours. The magni-
tude of the ADC changes agrees with ADC changes observed in neonatal rat ischemia
models in vivo. The ADC reduction can not fully be explained by changes due to cell
swelling, since these only led to a maximum decrease to ~83% of the initial value.
Therefore, we conclude that in addition to cell swelling, ischemic tissue is subjected to
other changes contributing significantly to the ADC reduction. 
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5 Multi-shot versus single-shot DWI-EPI in the newborn 

To implement DTI in clinical practice, a fast imaging technique is necessary, which is
discussed in this chapter. We have compared two techniques: the ultrafast single-shot
DWI-EPI and the much slower multi-shot DWI-EPI. Both techniques suffer from arti-
facts and the choice between both is mainly determined by the occurrence of artifacts.
Furthermore, as the differences in patterns of artifacts between newborns and adults is
not fully understood, a phantom study, volunteer study and simulations were performed. 
Based on C. van Pul, F.G. Roos, O.S. Derksen, J. Buijs, M.T. Vlaardingerbroek, K. Kop-
inga, P.F.F. Wijn. A comparison study of multi-shot versus single-shot DWI-EPI in the
neonatal brain: reduced effects of ghosting compared to adults. Accepted for publica-
tion in Magn Reson Imaging (© Elsevier Inc.). 

5.1 Introduction

Diffusion Weighted Imaging (DWI) has been reported to be a promising technique to
detect hypoxic-ischemic lesions in the neonatal brain [Cow94, Rob99, Ind99, For00,
Wol01, McK02]. Instead of visualizing the relaxation characteristics, the mobility of
water molecules in a tissue is recorded and characterized by the Apparent Diffusion
Coefficient (ADC), which can be visualized in ADC-maps. After the onset of ischemia,
the ADC has been shown to be significantly decreased to about 40 to 50% of its origi-
nal value [Mos90, War92]. This acute drop in ADC occurs three to six hours before
changes in T2 and T1 become visible. DWI is therefore considered to be useful for the
early detection of ischemia [Bai98, Sot02]. 
In the neonatal brain, fast imaging is of utmost importance to avoid motion artifacts, as
newborns are likely to be restless during MR examinations. On the other hand, all struc-
tures in the neonatal brain are smaller than in the adult brain, thereby requiring a higher
resolution. To speed up the acquisition of the relatively large number of images neces-
sary to calculate the ADC-maps, several fast read-out sequences have been proposed,
such as conventional Echo Planar Imaging (EPI) [Man77, Tur90], Spiral EPI [Li 99],
Fast Spin-echo [Bru96, Hei01] and Fast Gradient Echo [Hei01], with or without the
application of Sensitivity Encoding (SENSE) [Bam01, Bam02]. Most frequently used is
conventional EPI. 
With EPI, the information in k-space can be acquired in one shot (single-shot EPI) or in
multiple shots (multi-shot EPI). The advantage of using the first is that because of the
short scan time, the single-shot DWI images become less sensitive to subject motion
[Tur90, Nor01b]. On the other hand, this technique is sensitive to magnetic susceptibil-
ity inhomogeneities, which result in distortions [Has96, Bast99]. Two other drawbacks
are that the technique can suffer from N/2-ghosting [Bru92, Buo97] and that blurring
occurs due to broadening of the point-spread-function caused by the relatively large sig-
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nal attenuation of the last echoes in the EPI train. Porter et al. showed that N/2-ghosts
can lead to severe artifacts in ADC-maps, which can be misinterpreted as diffusion
abnormalities [Por99]. 
In multi-shot EPI, more excitations are needed to acquire the information of one slice.
The SNR in multi-shot EPI is better than in single-shot and distortion and N/2-ghost
artifacts are less severe. However, multiple excitations have to be used and motion arti-
facts can become a problem [Atk00]. A navigator echo can be used to detect motion
[And94, Ord94, But96, But97, Vla99], although persistent irregular motion can still
result in image artifacts. 
The purpose of this study was to investigate whether for neonatal brain imaging in clini-
cal practice single-shot or multi-shot DWI-EPI should be preferred. In the neonatal
brain, the pattern of occurrence of artifacts may be different from the pattern in the adult
brain because of differences in size, physiology, and behavior. To elucidate this point, a
group of adult patients was scanned with single- and multi-shot DWI-EPI sequences as
well. Important factors to compare between the single- and multi-shot imaging tech-
niques are the presence of artifacts, the duration of the DWI sequence, the quality of the
image, and its diagnostic value, as evaluated by radiologists. The cause and occurrence
of artifacts was investigated in phantoms, simulations and volunteers. 

5.2 Subjects and methods

5.2.1 MRI protocol
A 1.0 T whole body system (Philips Gyroscan, Philips Medical Systems, Best, The
Netherlands) with gradients up to 21 mT/m in each main direction was used. The imag-
ing protocol consisted, apart from the single- and multi-shot DWI-SE-EPI series
(Section 5.2.2), of a T1-weighted series (spin-echo method with TE/TR = 18/568 ms for
neonatal and with TE/TR = 14/560 ms for adult brain) and a T2-weighted series (using
TSE in the neonatal brain with TE/TR=120/4381 ms with turbo factor TF = 16, and
FLAIR in the adult brain with TE/TR/IR=140/11000/2500 ms). 
To minimize patient motion, neonatal patients were sedated using chloralhydrate and
fixated using a vacuum pillow in an in-home developed tube positioned in the standard
birdcage head-coil. The head of adult patients was fixated in the head-coil using straps. 

5.2.2 Diffusion single- and multi-shot EPI protocols
Diffusion encoding was obtained by using Pulsed Field Gradients (PFGs) around the
(first) 180° RF-pulse for both the single-shot and multi-shot protocol. The sensitivity to
diffusion was expressed by the b-value, depending on the gradient strength G, gradient
lobe duration δ, and time between the onsets of the gradient lobes ∆ [Ste65a], see
Fig. 5.1. The ADC-map was calculated using 3 b-values (0, 400 and 800 s/mm2) with δ
= 21.1 ms, ∆ = 46.5 ms, G = 17.8 mT/m for b = 400 s/mm2, and G = 25.1 mT/m for b =
800 s/mm2. We used lower b-values than those typically used in the adult brain (1000 s/
mm2), because the ADC in neonatal white matter is higher than in adults. The optimal
b-value for neonatal brain white matter was calculated as indicated by Jones et al.
[Jon99, see Section 2.3.3]. 
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In the single-shot (SSh) DWI-EPI, the EPI read-out train began directly after the second
PFG (see Fig. 5.1A). All lines of the k-space were acquired after one 90°RF-pulse, only
part of the k-space was filled in order to reduce scan time. Within one minute, the scan
was completed, using two averages and with TE/TR = 94/3248 ms for the neonatal brain
(18 slices) and TE/TR = 94/4162 ms for the adult brain (22 slices). For a Field of View
(FOV) of 160 mm in the neonatal brain, the read-out gradient Gx was 21.0 mT/m and
the phase encoding gradient (‘blip’ Gy) was 0.46 mT/m. For the adult brain, with FOV
= 230 mm, these gradients were 20.4 and 0.32 mT/m, respectively. The voxel size in
neonates was 1.25 x 1.25 x 4.0 mm and in adults 1.80 x 1.80 x 5.0 mm. 
In multi-shot (MSh) DWI-EPI, a navigator echo was acquired after the first 180º pulse
(Fig. 5.1B) and the data acquisition started after the second 180° pulse. The amplitude
of the navigator echo was used to evaluate whether translational motion had occurred.
The acquired echoes were reacquired if considerable motion had occurred. The phase of
the navigator echo was used to correct the data retrospectively if only a small transla-
tional motion (and hence a small phase error) had occurred (PhaseTrack Method, Philips
Medical Systems, Best, The Netherlands). After each 90° pulse, 13 lines were acquired
with TEnav/TEsec/TR = 80/26/1846 ms and 80/22/1600 ms for the neonatal and adult
brain, respectively. The scan duration was 5 minutes, using only one average and includ-
ing cardiac triggering and navigator echo. Cardiac triggering was used to reduce motion
artifacts due to cerebrospinal fluid (CSF) pulsatility. Every part of the k-space was read-
out exclusively during the period in which no significant CSF motion occurred, ~300 ms
after the R-peak [Jia02]. Using the same FOV as for SSh DWI-EPI, the read-out gradi-
ent was 19.1 mT/m in the neonatal brain and 18.7 mT/m in the adult brain, and the
phase encoding gradients were 3.1 mT/m and 2.1 mT/m, respectively. 
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Fig. 5.1   Time diagrams of SSh DWI-EPI (A) and MSh 
DWI-EPI (B) with navigator echo (nav). The RF pulses and 
gradients in the x, y and z directions are shown. (The 
number of x- and y-gradients shown does not correspond to 
the actual EPI-factors of 101 in SSh and 13 in MSh). In 
(C), the preparation phases are shown.
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Both in SSh and in MSh DWI-EPI, preparation phases (see Fig. 5.1C) were used as EPI
calibration measurements (patent US6172502, by Philips Medical Systems, Best, The
Netherlands). Timing differences between positive and negative gradient echoes (prep1
and prep2 in Fig. 5.1C) resulted in a phase difference after Fourier transformation. This
phase difference was used to correct all images for timing mismatches that could result
in N/2-ghost artifacts (Section 5.2.3). 

5.2.3 Artifacts in DWI-EPI
As described in detail in books by Vlaardingerbroek et al. [Vla99] and Haacke et al.
[Haa99], several artifacts are likely to occur in EPI images: distortion, motion and N/2-
ghost artifacts. These artifacts are illustrated in Fig. 5.2. 
Distortion artifacts (Fig. 5.2B) are observed in areas where differences in local mag-
netic susceptibility induce magnetic field inhomogeneities. Especially the single-shot
EPI is extremely sensitive to small deviations in the magnetic field. 
Motion artifacts (Fig. 5.2C) occur if a patient moves during the acquisition, which
results in several low intensity ghosts in the image. In most MR images, motion arti-
facts can be easily recognized. However, the isotropic DWI image that is usually evalu-
ated is an average of DWI images in three orthogonal directions. For the ADC-maps,
even seven images are used. If motion artifacts have occurred in one of these images,
their effect is less well recognizable in the averaged image. In Fig. 5.2C, the dark rim
indicated by the arrow shows the result of a motion artifact in one of the seven images
used to calculated this ADC-map. 
A typical EPI artifact is the so-called N/2-ghost artifact (Fig. 5.2D), which is a replica
(called ghost) of the image (called parent) with a lower signal intensity, displaced at
exactly half the scan matrix. This artifact is caused by a modulation of the signal
between odd and even echoes, as positive and negative read-out gradients are used to
acquire the k-space data. Each echo can be shifted due to imperfect gradient timing, T2*
effects, and/or background gradients, which can be caused by eddy currents or mag-
netic field inhomogeneities. Because the ADC is determined from the relative signal dif-
ference between the diffusion weighted and unweighted image, the ghost usually
appears equally bright as the parent in the ADC-map. (Fig. 5.2D). This artifact is easily
recognized if the ghost signal intensity is high outside the imaged object (object is much
smaller than the used Field of View). If that is not the case, dark rims, like the one indi-
cated by the arrow in Fig. 5.2D, are visible and they could be misinterpreted as genuine
diffusion abnormalities. 
The two EPI preparation phases (Fig. 5.1C) are used to correct for phase errors result-
ing from an echo shift between odd and even echoes, thus reducing the sensitivity to
ghost artifacts. Imperfect gradient timing, but also background gradients that are
(almost) constant during read-out, are corrected with this method. However, if the prep-
aration phases are disturbed by artifacts, i.e. by a motion artifact in one of them, the cor-
rection method can induce ghost artifacts instead of correcting for it. 
Short-lived eddy currents that induce a non-symmetric EPI read-out gradient can result
in an alternating echo shift around the middle (vertical) line of k-space. This effect is not
completely corrected for by the preparation phases, and the same holds for T2* effects.
64 Multi-shot versus single-shot DWI-EPI in the newborn



5.2.4 Patient study

Patient study group
All neonatal and adult patients who obtained both SSh and MSh DWI-EPI during the
period of July 2002 to November 2002 as part of a normal clinical examination were
included in the evaluation. Informed consent was given by the parents of the neonatal
patients and by the patients themselves in the adult group. In total, 14 neonates and 17
adults were included. All patients had abnormalities of multiple origins. The abnormali-
ties observed in the images did not interfere with the evaluation of the two EPI
sequences. 

Postprocessing and statistical analysis
Isotropic DWI images were calculated as an average of the DWI images measured along
three orthogonal directions. ADC-maps were calculated for each of the three directions
and averaged to construct an isotropic ADC-map using the software of the MR scanner
itself. Detailed image analysis was performed using Mathematica 4.2 ® (Wolfram
Research, Inc., Urbana, IL). To evaluate the occurrence of artifacts, the chi-square-test
was used. A test result with P < 0.05 was considered to be significant [Dou99]. 

Artifacts in DWI and ADC images
The occurrence of artifacts was evaluated by analysing all images used to calculate the
isotropic DWI images and ADC-maps. In this way, motion artifacts in one of the images
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Fig. 5.2   A. MSh ADC-map of an 
adult patient, without artifacts. B. 
SSh ADC of the same patient with 
distortion artifact (frontal). C. MSh 
ADC with motion artifact (dark 
area, indicated by the arrow). D. 
SSh ADC of the same patient, with 
N/2-ghost artifact. E. SSh ADC in a 
newborn. 
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could be recognized and their effect on the averaged isotropic image could be traced.
This approach was different from the evaluation by the radiologists (see below), who
evaluated the interference of the artifact with the interpretation of the isotropic DWI and
ADC images. Only the motion and N/2-ghost artifacts were taken into account in this
analysis, as distortion artifacts usually affected only a small part of the image. 
The lower four slices of each patient were not evaluated, because these images were
severely distorted, both SSh and MSh images. The number of slices containing a motion
or N/2-ghost artifact (in one or more of the seven images per slice) was counted, as well
as the number of patients with image series containing artifacts in one or more slices. 

Qualitative evaluation
Two radiologists compared the MSh and SSh DWI-EPI images independently and
blinded to the clinical diagnosis. A complete double blind study was not possible,
because the SSh images could easily be distinguished from the MSh images, due to the
characteristic distortion in the lower slices of the SSh series. One of the radiologists had
been involved in previous clinical interpretations of the DWI images, the other had not. 
First the SSh isotropic DWI (b = 800 s/mm2) and ADC images were evaluated in com-
bination with T1- and T2-weighted images. In the next sessions, about one to two weeks
later, the isotropic MSh DWI and ADC images were evaluated. The reason to evaluate
both DWI and ADC images, and to evaluate those images together with the T1- and T2-
weighted images, was to keep it according to clinical practice.
The two readers rated independently: 
a the overall quality of DWI and ADC images (recognizability of brain structures) 
b the diagnosability of the images (images good enough for diagnosis)
c the level of interference with the interpretation (caused by motion, distortion, and N/

2-ghost artifact were separately rated)
A three-point rating scale was used (0-2). For the evaluation of items a and b, a score of
2 indicated good image quality and diagnosis possible, a score of 0 poor quality and dif-
ficult to interpret. For the evaluation of item c, a score of 2 indicated high level of inter-
ference caused by one of the artifacts (distortion, motion, N/2-ghost), a score of 0 meant
that no significant artifact was present in the data or that the artifact, if present, was not
interfering with the interpretation of the image at all. 

5.2.5 Studies to investigate the cause of artifacts
During the study, a remarkable difference in occurrence of N/2-ghost artifacts between
adults and newborns was observed. As the origin of the N/2-ghost artifact and of this
difference between adults and newborns was not well understood, three additional stud-
ies were performed. 

Phantom study
Several parameters were evaluated: the signal-to-noise ratio (SNR), the relative ghost
intensity (RGI) and the ADC. Four protocols were tested, being the SSh and MSh for
the neonatal brain and for the adult brain. A standard phantom that consisted of 1 liter
distilled water, containing 770 mg CuSO4.5H2O, 2000 mg NaCl, 1ml arquad (1%) and
0.05 ml H2SO4, was used. In all experiments, the FOV was chosen large, to allow ghost
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artifacts to occur without completely folding back into the parent. If the phantom had to
be replaced during experiments, the next image would be acquired after at least 20 min-
utes after repositioning to make sure that the fluid in the sample did not move anymore. 
The SNR was defined as the average signal in an ROI in the center of the phantom,
divided by the standard deviation of the signal in an ROI outside the phantom. The ROI
outside the sample was chosen in such a way that it did not contain signal from arti-
facts. The SNR was evaluated in the unweighted images (without PFGs). 
The average ADC was calculated in the same ROI in the center of the phantom. 
The RGI was defined as the signal in a ghost ROI outside the phantom (Sghost) as a per-
centage of the signal in the parent ROI (Sparent), similar to Buonocore et al. [Buo97]: 

(5.1)

In both ROIs, an average of the 20 pixels with highest signal intensity was used to make
the measurement less dependent on the exact ROI selection. The RGI was evaluated in
the unweighted images. 
The dependence of the RGI on the T2* effects was investigated by changing the concen-
tration of a paramagnetic contrast agent (Gadoteridol, Prohance, Bracco International,
0.5 M), and thus the T2* (and T2) of the phantom. 
The dependence of the RGI on eddy currents in the phantom was investigated by chang-
ing the salt concentration (NaCl). In a solution with higher conductivity, eddy currents
are expected to increase and ‘live’ longer. In this situation, the preparation phases will
correct for them as if they were constant background gradients. 

Simulations of T2* effects and short-lived eddy current effects 
Simulations of T2* effects and short-lived eddy current effects on ghost artifact were
performed using Mathematica 4.2 ® (Wolfram Research, Inc., Urbana, IL), in a similar
way as reported by Grieve et al. [Gri02]. A circular object was defined in a matrix of
256 x 256. By discrete inverse Fourier transformation, the corresponding k-space was
created. The x-direction of k-space was defined as the read-out direction, the y-direc-
tion as the phase-encoding direction. Various k-space manipulations were performed
(see below). Following manipulation, the images were Fourier-transformed and the
magnitude and phase images were displayed. 
N/2-ghosting is caused by a periodic (sine) function with period 2/N on top of the origi-
nal k-space data. This effect was simulated by multiplication of all even kx-lines by a
constant (< 1.0), representing the amplitude of the ripple. This effect can occur if after
each 90º pulse only two echoes are read out: one odd and even [Haa98]. As for SSh EPI
this is not a realistic situation, two additional, more realistic situations were simulated. 
1. The T2* effects can modulate the signal, because odd and even echoes are sampled in
opposite direction in time due to the meandering k-space trajectory. This can result in a
small amplitude difference at each sampling point between adjacent lines in k-space.
This effect was simulated by first reversing the even lines of the original k-space, to
place the echoes on a time-line that matched the EPI acquisition. Next, the time-line was
multiplied by a T2*-decay function, resembling the T2*-decay in the SE-EPI. The even

RGI 100
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Sparent
-----------------⋅=
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lines were reversed again and the image corresponding to the modulated k-space was
calculated. This simulation was performed for an ideal k-space, with the maximum sig-
nal exactly in the center, and for a k-space with all echoes off-center. Several T2*-decay
times were investigated. 
2. Short-lived eddy currents could result in an asymmetry in the read-out gradient, caus-
ing an alternating echo shift around the vertical middle line of k-space. These effects
were simulated by displacing all even kx-lines with a constant (in pixels). 

Influence of CSF motion in volunteers
To test the influence of CSF motion on artifacts in the SSh EPI sequence, volunteers
were scanned using three protocols. First a normal SSh protocol (with parameters simi-
lar as used in the adult patient group) was used. Next, a similar protocol was used, but
now with cardiac triggering to make sure that both preparation phases were measured in
the same phase of the cardiac cycle, and to prevent signal voids due to CSF motion, as
suggested by Skare et al. [Ska01]. A trigger delay of 300 ms was used to measure diffu-
sion during the period in which CSF motion is lowest [Jia02]. The third protocol was a
FLAIR protocol, with an IR-delay of 2500 ms, to decrease the influence of CSF motion
on the DW image. The repetition time TR was the same for the three protocols (TR =
4000ms) in order to keep the SNR constant. 
Five volunteers participated in this study. All five gave informed consent. Only 6 trans-
versal slices, positioned in the area of the lateral ventricles, were scanned. Each proto-
col was repeated 19 times. In each volunteer, the SNR, the RGI (Eq. (5.1)) and the
relative ADC were compared for all three protocols. The relative ADC (as used in
Fig. 5.6) was defined as the ADC of the dark-appearing ghost artifact in the white mat-
ter (see Fig. 5.2D) divided by the ADC in nearby normal white matter without artifacts. 

5.3 Results

5.3.1 Patient study

Artifacts in DWI and ADC images
For each of the 14 neonatal patients, 14 slices were evaluated (196 slices in total) and
for each of the 17 adult patients 18 slices (306 slices in total). The occurrence of motion
and N/2-ghost artifacts in these patient groups is shown in Table 5.1. Motion artifacts
did not occur in the single-shot (SSh) series, whereas ghost artifacts did not occur in the
multi-shot (MSh) series. In the neonatal brain, the number of slices affected by motion
artifacts (43 out of 196 slices) was significantly higher than in adults (24 out of 306
slices). N/2-ghost artifacts were only occasionally a problem in the SSh images of the
neonatal brain (9/196) whereas it occurred more frequently in adults (56/306).
The total number of artifacts in the neonatal brain was significantly higher in the MSh
series than in the SSh series. For adults, SSh contained more artifacts. Though not
explicitly evaluated, it was observed that less distortion occurred in the neonatal brain
than in the adult brain. N/2-ghost artifacts were frequently observed in slices in which
the ventricles were visible. These artifacts would result in reduced ADC values. 
68 Multi-shot versus single-shot DWI-EPI in the newborn



Qualitative appreciation 
The results of the qualitative evaluation are shown in Fig. 5.3. The rates given by both
radiologists for SSh and MSh series were averaged over all neonatal patients (N) and
over all adult patients (A). Small and insignificant differences in image quality and diag-
nosability ratings between SSh and MSh images were observed. For newborns, a small
preference for SSh DWI-EPI was seen, whereas for adults, MSh DWI-EPI was pre-
ferred. For newborns, the average score for the interference with the interpretation
caused by artifacts was much higher for the motion artifacts than for the other artifacts,
whereas for adults, the motion artifacts in MSh were rated in the same range as the dis-
tortion and N/2-ghost artifacts in the SSh DWI-EPI sequences (Fig. 5.3B). Most arti-
facts were recognizable (except for motion artifacts in some cases) and most artifacts
did not result in loss of information, because they were evaluated together with the T1-
and T2-weighted images. This might be the reason that the final scores between MSh
and SSh images did not differ significantly. 

  

 

 

 

 

MSh SSh 

Neonates 

14 P;196 S

Adults 

17 P; 306 S 

Neonates 

14 P; 196 S 

Adults 

17 P; 306 S 
Artifact  

P S P S  P S  P S  

Motion 9 43  6 24  0 0 0 0 

N/2-ghost 0 0 0 0 5 9 15 56

Table 5.1 Occurrence of artifacts in multi-shot and single-shot DWI-EPI. P represents the 
number of patients with one or more images containing artifacts. S represents the number of 
slices containing an artifact. In newborns, 14 patients P and 196 slices were evaluated. In adults, 
17 patients and 306 slices. 
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Fig. 5.3   A. The average score for image quality and diagnosability (all scores of both radiolo-
gists for neonates and all scores for adults are averaged). The higher the score, the better the 
quality or diagnosability of the images. B. The average score for the artifacts (motion, N/2-ghost, 
distortion). The higher the score, the more interfering the artefacts. A = adult protocol; N = neonatal 
protocol; MSh = multi-shot protocol; SSh = single-shot protocol.
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5.3.2 Artifacts investigation

Phantom study 
For each of the four protocols, 18 measurements were performed to determine the SNR,
the RGI (Eq.1) and the ADC. The results are shown in Fig. 5.4. The SNR was in the
same range for the SSh and MSh series (Fig. 5.4A), but the differences between the
adult and neonatal protocols were large, due to the larger voxel size in the adult proto-
cols. The ADC values differed less than 3% between the protocols (Fig. 5.4B) and were
in agreement with literature values for room temperature [Sim58, Mil72]. The RGI was
similar for adult and neonatal protocols, however a large difference was observed
between the SSh and MSh protocols (Fig. 5.4C). 
Three effects could influence the N/2-ghost artifact: T2* effects, eddy currents and phys-
iological effects. The influence of T2* effects was investigated by measuring RGI as a
function of Gadoteridol concentration. The results are shown in Fig. 5.4E and F. For low
concentrations (Fig. 5.4E), the RGI did not depend on the Gadoteridol concentration.
For high concentrations, the RGI seemed to increase (Fig. 5.4F). However, the T2-relax-
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Fig. 5.4   Phantom measurements. A. SNR for 4 protocols (notation: see below); B. ADC for 4 
protocols; C. RGI for 4 protocols. D. RGI as a function of NaCl concentration, for the adult SSh 
protocol. E,F. RGI as a function of gadoteridol concentration, for lower concentrations in E and 
for higher in F. For E and F, the adult SSh protocol is used. A = adult protocol; N = neonatal protocol; 
MSh = multi-shot protocol; SSh = single-shot protocol. 
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ation time had become very short, which resulted in a significantly reduced SNR, mak-
ing the measurement less reliable. The influence of eddy current effects was
investigated by measuring RGI as a function of NaCl, shown in Fig. 5.4D. For increas-
ing NaCl concentration and thus increasing conductivity, the N/2-ghost artifact reduced
significantly. The physiological effects are discussed in the volunteers part below. 

Simulations of T2* effects and short-lived eddy current effects 
The image used for simulations and its corresponding k-space are shown in Fig. 5.5A
and B. In C, the magnitude image is shown for a simulation of a large ripple in k-space,
using a multiplication factor 0.5. The signal intensity of the ghost was lower than that of
the parent image and depended on the multiplication factor (results not shown). 
Simulations using a strong T2*-decay (Fig. 5.5D) yielded blurred images. Blurring was
more pronounced in the phase encoding (y) direction than in the read-out (x) direction.
For a less strong T2*-decay, the blurring decreased. Ghosting did not appear, as the
amplitude of the ripple that originated from sampling the even lines reversed in time
was very small compared to the blurring that occurred due to the decay between adja-
cent lines in k-space. The results for the ideal and the off-centred k-space were similar. 
The magnitude image after eddy current simulation by displacement of the even kx-lines
by one pixel is shown in Fig. 5.5E, and for displacement by two pixels in Fig. 5.5F. The
signal intensity of the simulated N/2-ghost artifact varied along the read-out (x) direc-
tion. The exact pattern depended on the magnitude of the pixel displacement (compare
E and F). The pattern as observed in F resembled the pattern as observed in the phan-
tom study, in the patient study (see Fig. 5.2) and as reported by Porter et al. [Por99]. 

A                               B

C                               D

E                               F

x

y

kx

ky

Fig. 5.5   Simulation of N/2-ghost artifacts 
by manipulation of k-space. A, B: input 
image (256 x 256 pixels) and corresponding 
k-space. The magnitude image is shown 
after multiplication of even lines by factor 
0.5 (C), after simulation of T2*-decay 
effects (D), after eddy current simulation 
with displacement by 1 pixel (E) and after 
eddy current simulation with displacement 
by 2 pixels (F).
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A similar pattern as shown in Fig. 5.5E and F can be expected if the preparation phases
are disturbed by artifacts, resulting in an erroneous phase correction and inducing
thereby the N/2-ghosting artifact. 

Influence of CSF motion in volunteers
Three single-shot protocols were tested in 5 volunteers (19 scans per protocol per volun-
teer; in one volunteer, the FLAIR protocol was not tested), to investigate the influence
of CSF motion on the SNR, the N/2-ghost artifact and the ADC. The results are shown
in Fig. 5.6. The SNR was similar in all three protocols (Fig. 5.6A), with similar inter-
scan variability. The RGI was similar as well, however the inter-scan variation was
much larger for the normal single shot (‘no trig’ in Fig. 5.6B) and for the FLAIR proto-
cols (‘flair’) than for the cardiac-triggered protocol (‘trig’). The relative ADC was in the
same range for all protocols, although the inter-scan variability again was lowest in the
triggered protocol. 

5.4 Discussion

In this study we investigated whether for neonatal brain imaging in clinical practice sin-
gle-shot (SSh) or multi-shot (MSh) DWI-EPI should be preferred. As the SNR and the
image quality and diagnosability were not remarkably different, the choice between the
sequences was determined by the occurrence of artifacts. Some differences in the pat-
tern of occurrence of artifacts was expected. However, the finding that in the neonatal
brain N/2-ghost artifacts would not occur as frequently as in the adult brain was remark-
able. In this section, first the main results of the patient study are discussed. Next, the
causes and differences in the patterns of occurrence of artifacts are discussed, mainly
focused on explaining why N/2-ghost artifacts occur less frequently in the newborn. 
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Fig. 5.6   Volunteer study. Results for three protocols: 
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(‘trig’), and IR-SSh EPI ‘flair’. Shown are the SNR, the 
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5.4.1 Artifacts in the patient study
First of all, our study confirms that motion artifacts do not easily occur in SSh EPI
images and that MSh images do not suffer from N/2-ghost artifacts. The latter is most
likely caused by a combination of using cardiac triggering, making the preparation
phases less susceptible to motion artifacts, and a slightly different gradient timing than
used in single-shot, possibly reducing the effects of short-lived eddy currents. Distor-
tion is observed in both image types, but is most pronounced in SSh. In the ADC-maps,
N/2-ghost artifacts can interfere with the parent image and result in locally reduced
ADC values, shown in Fig. 5.2. The effect of ghosts in the ADC-maps has been reported
previously by Porter et al.[Por99]. They warned that this low ADC value could not eas-
ily be distinguished from genuine diffusion abnormalities and could therefore easily be
misinterpreted. In our clinical practice, the artifact always appeared in a similar fashion,
characterized by a dark half-elliptical shape (Fig. 5.2). Furthermore, as the DWI and
ADC images were always evaluated together with T1- and T2-weighted images in our
particular situation, misinterpretation was not an issue. On the other hand, the motion
artifacts were more difficult to recognize in the averaged DWI- and ADC images and
were therefore more likely to be misinterpreted than the N/2-ghost artifacts. Both the N/
2-ghost artifacts and the motion artifacts could result in reduced ADC values, in some
scans even reduced to 50% of its actual value, similar to findings following stroke
[Bai98, Sot00]. The ADCs in the affected areas cannot be used for diagnosis anymore. 
For neonatal brain imaging, it is clear that the ultrafast SSh DWI-EPI is preferable.
First, the image quality was evaluated to be in the same range for both SSh and MSh
series. Furthermore, the MSh series were significantly more frequently affected by arti-
facts compared to the SSh series, and the motion artifacts were (qualitatively) evaluated
to interfere more with the interpretation than distortion and N/2-ghost artifacts. 
In the adult brain, the choice is less clear. On one hand the scan time reduction by using
SSh was considerable. On the other hand, N/2-ghost artifacts occurred frequently
(despite the preparation phases to correct for it) and motion was only in a few patients
an issue. Using cardiac-triggering, to make sure that the preparation phases were
acquired in the same cardiac cycle, reduced the inter-scan variability. The N/2-ghost
artifacts still appeared, although the largely reduced ADC values would occur less fre-
quently. The FLAIR sequence has been proposed to minimize the N/2-ghost artifact, as
it diminishes the CSF contribution, which usually appears bright in the ghost [Por99].
However, in our study, ghosting still occurred in FLAIR sequences, and more impor-
tant, the artifacts still resulted in reduced ADC values. Altogether, the SSh images in
adult patients were significantly more often affected than the MSh. The latter finally
resulted in our decision that for adult brain imaging, we would have to use MSh EPI. 

5.4.2 Artifacts: differences between neonates and adults
Distortion artifacts in the SSh images were less pronounced in the neonatal brain than in
the adult brain. Due to the smaller FOV used in neonates, the gradient blips (Gy in
Fig. 5.1A) in the phase encoding gradient had a larger gradient strength. This reduced
the sensitivity of EPI to frequency differences induced by local magnetic field inhomo-
geneities, which in their turn caused by susceptibility differences. 
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In the neonatal brain, motion artifacts occurred more often than in the adult brain.
Although the neonates were sedated and special care was taken to fixate them with a
vacuum pillow, these differences could be expected as the neonates reacted to the loud
noise of the MRI-scanner. A navigator echo was used to detect motion and affected k-
space lines were reacquired. However, reacquisition was automatically stopped if per-
sistent irregular motion occurred. Better motion correction is possible using 2D-naviga-
tor echoes [But97, Vla99, Nor01b], but this method is not yet available in clinical
scanners. 
It is of interest that N/2-ghost artifacts were less frequently observed in neonates com-
pared to adults. The N/2-ghost artifacts are caused by a modulation of the signal
between odd and even echoes. Simulations show that the intensity of the ghost depends
on the amplitude of the k-space ripple (Fig. 5.5C) and that the pattern of the ghost
depends on the k-space shift between the odd and even echoes (Fig. 5.5E and F). The
ghost artifacts observed in the phantom and in patients typically display the pattern of a
k-space shift by 2 pixels (Fig. 5.5F). Image blurring due to T2* effects is also visible in
the phantom and in patients, but is less pronounced than in the simulations (Fig. 5.5D). 
The two EPI preparation phases (Fig. 5.1C) were used for phase correction in image
space and thus correcting for imperfect gradient timing. Physiological effects, like heart-
beat related motion of the CSF, could result in amplitude differences between the two
EPI preparation phases if the echoes are measured during different heart-phases. This
can result in an erroneous phase correction of the data, thereby inducing N/2-ghost arti-
facts instead of correcting for it. By using cardiac triggering, the preparation phases are
performed during the same heart-phase, excluding the occurrence of phase errors.
Another advantage of using cardiac triggering is that the trigger delay can be chosen
more than ~300 ms after the R-peak, in a period with less CSF motion. It has been
shown by Jiang et al. that in MSh series, CSF motion artifacts are the dominant source
of motion-related artifacts [Jia02]. In the volunteer study, we observed that the inter-
scan variability was smaller for the cardiac triggered EPI when compared to the normal
SSh and FLAIR sequences. Despite the triggering, N/2-ghost artifacts were still
observed and resulted in reduced ADC values (Fig. 5.6C), although the number of scans
that displayed largely reduced ADC values was limited. Ghosting appeared frequently in
slices in which the ventricles were visible. Wachi et al. observed a lower CSF velocity
in neonates than in adults, which might explain why more artifacts were found in the
adult study group than in the neonatal study group [Wac95]. 
The influence of T2*-decay on N/2-ghost artifacts was small. First, phantom measure-
ments showed that changing the gadolinium concentration had no large effects
(Fig. 5.4E). Second, simulations showed that image blurring is the most dominant effect
of T2*-decay and that the N/2-ghost artifact due to T2* effects is negligible (Fig. 5.5D). 
Short-lived eddy currents could result in N/2-ghost artifacts. An asymmetry in the read-
out gradient of the EPI sequence can result in an alternating echo displacement, exactly
as simulated in Fig. 5.5F. This effect can not be corrected for completely using the prep-
aration phases. For increasing concentrations of salt, the N/2-ghost artifacts reduced sig-
nificantly. If the conductivity is higher, eddy currents are expected to increase and to
‘live longer’. In this situation, the preparation phases will correct for them as if they are
constant background gradients and therefore N/2-ghost artifacts are reduced. One of the
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main differences between the neonatal and adult brain is that in newborns the white mat-
ter is less structured and contains more water, which is also apparent in the ADC differ-
ences between neonatal and adult white matter (the ADC in neonates is 30-50% higher
[Nei02]). The conductivity in the neonatal brain could be higher, due to the higher water
content and lower restriction. This effect could account partly for the lower number of
N/2-ghost artifacts observed in the newborn, although the eddy currents in humans are
expected to be smaller than the eddy currents obtained in the phantom containing NaCl.
Furthermore, the larger radius of the adult head will result in eddy currents circulating at
a larger radius, which could influence the effect of the eddy currents on the imaging gra-
dients. In experiments with phantoms of different volumes and similar geometry, it was
observed that for larger volumes of the phantom, the N/2 ghost signal intensity became
larger (results not shown). We suggest that a combination of the differences in conduc-
tivity, the differences in head size and the differences in CSF motion causes the differ-
ences in occurrence of N/2-ghost artifacts between adults and newborns. 

5.5 Conclusions

In the neonatal brain, the single-shot DWI-EPI sequence is to be preferred over the
multi-shot DWI-EPI, as it is much faster and shows significantly fewer artifacts. Arti-
facts can result in misinterpretation of the images, especially N/2-ghost and motion arti-
facts, which both can result in local ADC reductions. These low ADC values could be
misinterpreted as genuine diffusion abnormalities. The pattern of occurrence of artifacts
in neonates and adults is different. Neonates move more often during scanning, result-
ing in a higher incidence of motion artifacts in multi-shot series. On the other hand, dis-
tortion in the single-shot images is less severe in neonates due to the smaller field of
view used and the inherently larger strength of the phase encoding gradient blips. How-
ever, the most striking is that in the neonatal brain fewer N/2-ghost artifacts in the sin-
gle-shot images are observed, which is likely due to differences in CSF motion, head
size and conductivity between neonates and adults.
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6 DTI characteristics following ischemia in newborns

In this chapter, the temporal evolution of the Apparent Diffusion Coefficient (ADC),
Diffusion Tensor Imaging (DTI) components and anisotropy in the neonatal brain fol-
lowing hypoxic-ischemic white matter injury are investigated. Various indices exist for
quantification of the diffusion anisotropy. The characteristics of the indices and their
sensitivity to changes following ischemia are investigated, in order to determine which
anisotropy index is preferable for characterization of ischemia in the neonatal brain. 
Based on: C. van Pul, J. Buijs, M.J.A. Janssen, F.G. Roos, M. T. Vlaardingerbroek, P.F.F.
Wijn. Selecting the best index to follow the temporal evolution of ADC and diffusion ani-
sotropy after hypoxic-ischemic white matter injury in neonates. Accepted for publication
in AJNR Am J NeuroRadiology (© by the American Society of Neuroradiology). 

6.1 Introduction 

Pathophysiological changes due to perinatal hypoxic-ischemia can result in structural
and functional damage to the brain of the newborn. It is important to detect these
changes in an early stage, for which Diffusion Weighted Imaging (DWI) is a promising
technique [Cow94, Rob99, Ind99, For00, Wol01, McK02]. 
Diffusion Tensor Imaging (DTI) is an extension of DWI. The quantitative diffusion
coefficient (ACD) is measured in at least six directions to obtain information about the
main diffusion direction. This direction is assumed to coincide with the direction of
fiber bundles in white matter [Bass94a, Bass96]. It can be determined by calculating the
eigenvalues and eigenvectors of the diffusion tensor. Most visualization and quantifica-
tion methods for DTI information are based on anisotropy indices, which describe the
ratio between the eigenvalues of the diffusion tensor [Bass94, Bass96, Pie96, Bih01]. 
The temporal evolution of the ADC following ischemia is quite well-known from ani-
mal studies [Hoe01, see also Section 3.1], but anisotropy changes have not often been
taken into consideration. The first studies in neonates have shown that the temporal evo-
lution of the ADC follows more closely the pattern of adult stroke than that of rodents
[For00, McK02]. No data about the anisotropy are available. The characterization of the
temporal evolution is important for the interpretation of image findings and thus for the
diagnosis. Differences between the temporal evolution in newborns and in adults could
exist, because neonatal white matter is less structured and contains more water, reflected
by higher ADC and lower anisotropy values. Furthermore, the ADC and anisotropy
have been shown to depend on the gestational age [Nei98, Hup98, Hup01, Nei02]. 
Various anisotropy indices have been introduced and it is unclear which index is most
sensitive to detect changes in anisotropy in the neonatal brain. Among other characteris-
tics, the anisotropy index in the neonatal brain should be sensitive to relevant changes in
tissue structure, but insensitive to noise effects [Arm00]. 
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The purpose of this study was to investigate the temporal evolution of the ADC, the
three eigenvalues of the diffusion tensor and the anisotropy in the neonatal brain follow-
ing focal hypoxic-ischemic white matter injury. The second purpose was to evaluate
which anisotropy index is preferable for the characterization of ischemic lesions in the
newborn. In the process of selecting an appropriate anisotropy index, a study in adult
volunteers and in newborns with a normal MRI was performed to compare several well-
known anisotropy indices. Simulations were used to investigate the reliability and the
sensitivity to noise of these indices. Finally, the usefulness of three most promising ani-
sotropy indices for the detection of ischemic lesions in the neonatal brain was evaluated. 

6.2 Subjects and methods 

6.2.1 MRI protocol
A 1.0 T whole-body system (Philips Medical Systems, Best, The Netherlands) was
used, with gradients up to 21 mT/m in each main direction. The imaging protocol con-
sisted, besides the Diffusion Tensor Imaging (DTI) series that will be discussed below,
of a T1-weighted series (spin echo method TE/TR = 18/568 ms), a Turbo-Spin-Echo T2-
weighted series (TE/TR = 120/4381 ms) and an Inversion Recovery series (TE/TR/IR =
18/3436/400 ms). The neonatal patients were sedated with chloralhydrate (50 mg/kg one
hour before MRI and again 50 mg/kg half an hour before MRI) and fixated using a vac-
uum pillow. For all brain imaging, the standard birdcage head coil was used. 
DTI images were obtained using Pulsed Field Gradients (PFGs) in 6 directions with sin-
gle-shot EPI. 18 slices were recorded within two minutes with TE/TR = 94/3595ms. The
voxel size was 1.2 x 1.2 x 4 mm. Three b-values (0, 400 and 800 s/mm2) were used to
calculate the ADC, with δ = 20.06 ms, ∆ = 40.5 ms and G = 19.6mT/m for b = 400 s/
mm2 and G = 27.8 mT/m (by combining x, y and z gradients) for b = 800 s/mm2. The
optimal b-value was calculated as indicated by Jones et al. [Jon99, see Section 2.3.3]. 

6.2.2 Subjects

Adult volunteer group
The volunteer group consisted of 16 healthy adult volunteers, between the age of 18 and
47, 8 males and 8 females. All volunteers gave a written informed consent for MRI
measurements. The voxel size in the adult brain was 1.8 x 1.8 x 5 mm. 

Neonatal patient group
The study group was recruited from a group of asphyxiated neonates born at term age
with perinatal hypoxic-ischemic encephalopathy (HIE), who were treated in our neona-
tal intensive care unit (level 3). Perinatal hypoxic-ischemia was diagnosed when clini-
cal symptoms of neonatal encephalopathy were present in the first days of life together
with two or more of the following risk factors: fetal heart rate abnormalities; umbilical
artery pH < 7.10; meconium stained fluid; Apgar score after 5 minutes < 7 [Bar02].
Included in our study group were newborns with focal white matter injury due to perina-
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tal hypoxic-ischemia. Excluded from evaluation were children with congenital abnor-
malities, neuro-metabolic disease and perinatal infection. 
In total, 22 term newborns with HIE obtained a DTI scan between July 2002 and
November 2003 as part of a normal clinical examination. Parental informed consent was
always obtained before the MRI. The data were evaluated retrospectively. 
Study group: Eleven newborns had focal white matter injury (1 newborn was scanned at
two different time points). All were born after an uneventful pregnancy; the onset of
symptoms could be timed to the day of birth. The newborns had an average gestational
age (GA) of 39.5 ± 1.6 weeks and were scanned within 10 days after birth. The white
matter injury could be subdivided into an arterial infarct related to the asphyxia (n = 5),
a typical pattern of asymmetrical multi-focal lesions in the white matter as described by
Volpe [Vol95] (n = 4) or parasagittal infarcts, bilateral (n = 2). 
A follow up MR scan after three months was available for 8 of the 11 newborns. This
data was evaluated to determine the extent of the injury. Neurodevelopmental examina-
tions were performed at 3 months (n = 2 children), 6 months (n = 2) and 1 year (n = 7). 
Control group: As we did not have a control group of healthy newborns, we obtained
reference values from 10 full-term newborns (average GA is 39.3 ± 1.8 weeks), with
clinical symptoms of asphyxia with Sarnat 1-2 in 8 newborns, perinatal infection (n =
1), and persistent pulmonary hypertension (n = 1). All newborns had a normal MRI (n =
7) or an MRI with only minor pathology in the basal ganglia (n = 1), the cerebellum (n =
1) or the occipital WM (n = 1). Brain development and myelination in the frontal white
matter were assessed to be normal, based on T1- and T2-weighted images and it was ver-
ified that no abnormalities visible on the diffusion-weighted images. All children in this
group were developmentally normal at very short-term follow up (2-3 months). Neu-
rodevelopmental examinations were performed in 7 of the 10 children, at the age of 3-4
months (n = 2), 6 months (n = 2) and 1 year (n = 3). These children were all normal. For
3 children that were normal at short term, the long term follow up was not available. 

6.2.3 Postprocessing, image analysis and statistics
ADC-maps were calculated with the scanner software. Calculation of the eigenvalues,
eigenvectors, and anisotropy indices was performed using Mathematica 4.2 ® (Wolf-
ram Research, Inc., Urbana, IL). The three eigenvalues are called λ1, λ2, and λ3, from
largest value to smallest value, respectively. The ADC parallel to the structure is
reflected by λ1, the ADC perpendicular by the average of λ2 and λ3 [Bass94]. The ani-
sotropy indices as introduced in Section 2.4.1 were used. 
In volunteers and neonates with a normal MRI, ADC and anisotropy values were evalu-
ated in the corpus callosum (CC, ROI 1) and white matter (WM, ROI 2), as shown in
Fig. 6.1. The corpus callosum was chosen, because this structure contains compact
white matter, which myelinates earlier than the frontal lobe white matter [McG02]. The
neonatal values were compared to the adult values by calculating the difference between
both values divided by the adult value. 
In neonates with white matter lesions, the largest lesion was selected, if reliable ADC
and anisotropy calculation was possible and without artifacts in the region of the lesion.
The region of interest (ROI) was drawn manually around the lesion, following the
boundary of the lesion but including only white matter, and had the same volume in the
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contra-lateral measurement. Most newborns in our study group had asymmetric lesions
(n=9), making contralateral measurements possible. The contralateral tissue was
assessed to be normal, based on T1- and T2-weighted images. In the two children with
parasagittal infarcts, the injury was bilateral and the ‘contralateral’ measurements were
obtained from normal appearing white matter in a nearby region. The relative change in
the lesion (L) compared to the contralateral tissue (C) was defined as: 

(6.1)

The two control groups (I = adult volunteer group, II = full-term newborns with normal
MRI) were compared using the Student-t distribution. The data points of the temporal
evolution in the neonatal patient group with white matter injury (group III) were fitted
using a least squares fitting algorithm. Pearson’s correlation coefficient was calculated
using Mathematica 4.2 ®. To determine whether a trend was significant, a Student t-test
was used [Dou99]. A test result with P < 0.05 was considered to be significant. 

6.2.4 Visualization of anisotropy index characteristics and simulations 

Eigenvalue space plots 
The intrinsic characteristics of each anisotropy index can be visualized by using normal-
ized eigenvalue space plots, as introduced by Bahn [Bah99]. This method of visualiza-
tion gives insight into the sensitivity of the investigated anisotropy index to linear
(‘cigar-shaped’) and planar (‘pancake-shaped’) diffusion. For each index, this method
was used to determine whether linear and planar diffusion could be distinguished from
each other. More details on the eigenvalue space can be found in Bahn [Bah99]. The
value of the anisotropy index under investigation was calculated as a function of λ3/λ1
and λ2/λ1 and displayed in corresponding graylevel (Fig. 6.2), similar to the way used in
anisotropy maps. The combination of both a small λ2 and λ3 with respect to λ1 resem-
bles a more linear (cigar-shaped) diffusion ellipsoid, whereas the combination of a rela-
tively small λ3 with a λ2 and λ1 in the same range means that the diffusion is more
planar (pancake) shaped. 

1

2            2

Fig. 6.1   Definition of ROIs in the adult brain. ROI 1 = corpus callo-
sum. ROI 2 = white matter.
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Noise simulations 
Because anisotropy values are known to be lower in the neonatal brain because of the
lower degree of myelination [Nei02], it is important to know the noise sensitivity of
each index. Numerical simulations were performed to determine the noise sensitivity,
using a similar method as introduced by Basser and Pajevic [Bass00a]. 
For several sets of eigenvalues and eigenvectors, the diffusion tensor was calculated.
The six ADC components (because of six PFG directions) were determined. Gaussian
distributed noise was added to these ADC components (for two noise levels correspond-
ing to the adult and neonatal protocol), and next the noise-affected components of the
tensor were calculated. These were used to calculate the noise affected anisotropy indi-
ces. All calculations were performed in Mathematica, and were repeated 10,000 times. 
The input eigenvalues shown in Table 6.1 were in the same range as values for white
matter and corpus callosum in both neonatal and adult brain. Also an isotropic case was
simulated. The noise levels used were derived from water phantom measurements on
our 1.0 T system. The average SNR in the ADC-maps of 18 measurements using the
adult protocol was 64 and using the neonatal protocol it was 35.

Sensitivity to changes 
In clinical practice, the changes in a parameter are usually expressed as the relative
change with respect to the contralateral tissue; e.g. the ADC after ischemia is decreased
with ~50%. However, for anisotropy indices the sensitivity of this relative change to
changes in the eigenvalues is unknown. We visualized the relative change in the index
(defined by Eq. (6.1)) as a function of a relative change in one of the eigenvalues (‘fac-
tor’ times the eigenvalue). In this way, it can be visualized that some indices are more
sensitive to changes than others. Three input eigenvalue sets were used: the settings for
adult and neonatal WM, as defined in Table 6.1, and a nearly isotropic situation, arbi-
trarily chosen with λ1 = 1.6⋅10-9 m2/s, λ2 = 1.5⋅10-9 m2/s and λ3 = 1.4⋅10-9 m2/s. It was
not possible to investigate an isotropic situation in this way, because a change in anisot-
ropy would result in a division by zero. 
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6.2.5 Choice for three anisotropy indices 
The three most promising anisotropy indices to use in our clinical study would be
selected from the six indices (Table 2.1) according to the following criteria: in our opin-
ion, an anisotropy index should meet the requirements of 1) being sensitive to relevant
changes in tissue structure, 2) showing good contrast between isotropic tissue (e.g. gray
matter) and anisotropic tissue (e.g. white matter), 3) being distinguishable from noise
and 4) having a low inter-human variability. 

6.3 Results

6.3.1 Volunteers and newborns with normal MRI

Volunteers (group I)
The average ADC, eigenvalues (λ1, λ2, λ3), and 6 anisotropy values in 16 volunteers are
shown in Fig. 6.3A and B, for corpus callosum CC and white matter WM. The parallel
ADC (λ1) was larger in CC (1.63 ± 0.11 ⋅10-9 m2/s) than in WM (1.20 ± 0.06 ⋅10-9 m2/
s). For the perpendicular ADC (= (λ2+λ3)/2) no significant differences between CC and
WM were observed (0.52 ± 0.07 and 0.61 ± 0.06 ⋅10-9 m2/s, respectively). For most ani-
sotropy indices, the difference between CC and WM was about 30%, although for the
planar case (Cp), the index was the same, which means that the planar component of the
diffusion is the same in CC and WM. The error bars in Fig. 6.3 show the standard devia-
tion (variability) between subjects. The inter-human variability was smallest for FA
(10%), and largest for VR (22%). 

Newborns (group II)
In Fig. 6.3 C and D, the values for newborns with normal MRI are shown. The average
ADC in neonatal CC was 1.25 ± 0.13 ⋅10-9 m2/s and 40% larger than in adult CC, the
ADC in neonatal WM was 1.58 ± 0.19 ⋅10-9 m2/s and 94% larger than in adult WM. The

Table 6.1 Input values for noise simulations. The cases correspond largely to adult (group I) 
and neonatal (group II) corpus callosum (CC), white matter (WM), and an isotropic case (iso) as 
measured in our 1.0 T system, with corresponding signal-to-noise ration SNR. 

Name of input settings λ1
10-9 m2/s

λ2
10-9 m2/s

λ3
10-9 m2/s

SNR

Group I; Adult CC 1.6 0.7 0.35 64

Group II; Neonatal CC 2.0 1.2 0.65 35

Group I; Adult WM 1.2 0.8 0.45 64

Group II; Neonatal WM 2.0 1.6 1.3 35

Isotropic; Adult isoADC 0.88 0.88 0.88 64

Isotropic; Neonatal isoADC 1.3 1.3 1.3 35
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parallel ADC was similar for CC and WM (~1.9 ± 0.2 ⋅10-9 m2/s) and 14% and 61%
larger than in adult CC and WM, respectively. The perpendicular ADC was smaller in
CC than in WM (0.95 ± 0.12 and 1.39 ± 0.18 ⋅10-9 m2/s) and 83% and 127% higher than
in adult WM and CC, respectively. 
The anisotropy in CC was ~32-48% lower than in adults for all indices, except Cp (1%),
whereas in WM, the anisotropy was ~47-53% lower for all indices, except VR (70%). 
The average value for FA was relatively large compared to other indices and displayed
the smallest inter-human variability (15% in CC and WM). Indices with highest inter-
human variability are VR (up to 40% in WM), Cl (27% in CC) and Cp (27% in CC). 

6.3.2 Visualization of anisotropy index characteristics and simulations 

Eigenvalue space plots
To investigate the contrast between isotropic and linearly anisotropic diffusion, the nor-
malized eigenvalue space [Bah99] was visualized, see Fig. 6.4 for FA, RA, and Am. The
differences between FA and RA are small: the grayscale patterns in the eigenvalue space
are more or less similar. Clear differences between the patterns of FA and Am are visi-
ble. Am is high for linear diffusion and low for planar and isotropic diffusion, whereas
FA and RA are relatively high for planar diffusion as well. This means that these indi-
ces have a relatively high value in areas where fibers might be crossing. 
The anisotropy maps for FA, RA and Am in a newborn with hypoxic-ischemic lesions
are shown in Fig. 6.4, together with the corresponding T2-, IR-weighted, and ADC
image. The largest lesion in the white matter (arrow) was evaluated in the patient study.
Regions where linear diffusion occurs can be best seen in the Am- map. In FA- and RA-
maps, regions with planar diffusion can have a high signal intensity. 
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Noise simulations 
It is important to distinguish true anisotropy from noise artifacts. The influence of noise
on the anisotropy indices was investigated using simulations. The results are shown in
Fig. 6.5, for input values (Table 6.1) comparable to adult values (A, B) and neonatal val-
ues (and lower SNR) (C, D). For the anisotropic case, no significant differences between
the input and simulated values were observed, both for the adult and the neonatal case. 
For the isotropic case, the highest (λ1) and the lowest eigenvalue (λ3) deviated from
their input value, resulting in a bias in the anisotropy. This means that isotropic diffusion
can be erroneously interpreted as anisotropic, which can be clearly seen for FA, which
has the largest anisotropy of all indices for the isotropic case. Note that the difference
between the ‘false’ anisotropy (‘iso’ case) and the simulated anisotropy in white matter
(‘WM’) is still large for FA. For all indices except Cp, the ‘WM’-case differed signifi-
cantly from the ‘iso’-case (P < 0.05), although for Cl, it was hardly significant. 
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Sensitivity to changes
To investigate the sensitivity of the relative change in an anisotropy index to a change in
one of the eigenvalues, this relative change (Eq. (6.1)) was plotted as a function of
changes in λ1, λ2 and λ3, defined by a ‘factor’ times the original value. Showing all
indices in Fig. 6.6 would make the figure unclear. Therefore only the sensitivity to
changes for FA, RA and Am is shown. The equations describing all indices are only
valid as long as λ1 > λ2 > λ3. In each graph, the gray box denotes the area in which they
are valid. 
For input settings corresponding to adult WM (Fig. 6.6, top row), the relative change in
λ1 was approximately a linear function of λ1 in the range between 0.7 λ1 and 1.3 λ1, for
FA, RA, and Am (but the latter with a steeper slope). A drop of λ1 to 85% of its origi-
nal value (factor 0.85) resulted in a change of -16% in FA, -17% in RA, and -26% in
Am. A similar drop in λ2 resulted in +7%, +8%, and +16%, for FA, RA, and Am,
respectively. For a similar drop in λ3, the changes were comparable to the changes
observed for λ2, only Am increases less (+9%). 
In settings corresponding to neonatal WM, each anisotropy index appeared to be more
sensitive to changes than in the previous case (Fig. 6.6, middle row). Relatively small
changes in one of the eigenvalues resulted in larger changes: decreasing λ1 to 0.85 λ1
resulted in changes of -36% in FA, -37% in RA, and even -52% in Am. The index Am
was still the most sensitive to changes. 
For input settings close to isotropic, minor changes in one of the eigenvalues resulted in
large changes in the relative anisotropy change. The differences between the three ani-
sotropy indices became less pronounced for settings close to the isotropic case. 
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6.3.3 Choice for three anisotropy indices 
An intermediate discussion is necessary, to select the three most promising anisotropy
indices to use in our clinical study, based upon the criteria mentioned in Section 6.2.5.
All indices are evaluated with respect to requirements 2 to 4. Requirement 1 will be
investigated in Section 6.3.4. 
Anisotropic diffusion (e.g. in white matter) has to be distinguishable from isotropic dif-
fusion (e.g. in gray matter). It can be concluded from Fig. 6.3 that VR in neonatal WM
is too low to be really distinguishable from isotropic (value 0). All other indices in neo-
natal WM differ significantly from isotropic (P < 0.05). Furthermore, the index should
be sensitive to linear and not to planar diffusion, as the latter occurs in areas where fib-
ers cross, which will complicate the interpretation of anisotropy and changes therein.
From the analysis of the eigenvalue space plots, it can be concluded that only Am and
Cl (the latter is not shown in Fig. 6.4, but shows a similar grayscale pattern as Am) are
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sensitive to linear and not sensitive to planar diffusion. Cp is an index that is only sensi-
tive to pancake diffusion and is therefore less useful in this study. 
The noise sensitivity was evaluated using simulations (Fig. 6.5). Cp in neonatal WM
could not be distinguished from the isotropic case anymore, and Cl only barely. 
The highest inter-human variability was found in VR, Cp and Cl (Fig. 6.3). 
The three indices that performed best were therefore FA, RA, and Am. They are investi-
gated in the patient study to evaluate their performance in a clinical setting. 

6.3.4 Neonatal patient study
First the absolute values in the lesion and in the contralateral tissue as a function of time
after ischemia are discussed. However, the absolute values may be biased by the ADC
differences between newborns, as the inter-human variability is large. Therefore, the rel-
ative changes of the values in the lesion with respect to the values in the contralateral
tissue were calculated. These results are discussed in the second subsection. 

Absolute data
In Fig. 6.7, the absolute values of ADC, eigenvalues and anisotropy indices measured in
11 newborns with perinatal hypoxic-ischemia (12 measurement points) are plotted as a
function of time (in days after birth). Using a least squares fitting algorithm, it was
checked whether a trend in the data was present. The trendline is plotted only if the
trend was significant (P < 0.05). The ADC values in the lesions increased as a function
of the time (P = 0.02). The three eigenvalues (λ1, λ2, and λ3) also increased as a func-
tion of time, but only for the second and third eigenvalue (λ2 and λ3) the trend was sig-
nificant (P values of 0.03 and 0.002, respectively). The trend for λ3 was most
pronounced. All three anisotropy indices decreased as a function of time (P values for
FA and RA 0.008 and for Am 0.007), only the slope was different. In the contralateral
tissue, the anisotropy did not change with time (correlation coefficient squared r2 ~ 0). 

Relative data 
The relative change, as defined in Eq. (6.1), is shown in Fig. 6.8 for the data from
Fig. 6.7. The ADC was largely decreased after the insult. The relative ADC change
increased with time, but the trend was not significant (P = 0.3). In Fig. 6.8B it can be
seen that the third eigenvalue λ3 was more decreased during the first days after ischemia
than λ1 and λ2 (e.g. at day 2, λ3 is decreased by 68%, λ2 by 58% and λ1 by 46%). The
relative λ3 increased more rapidly than λ1 and λ2. Only the trend in the relative change
in λ3 was significant (P = 0.03, compared to 0.7 for λ1 and 0.20 for λ2). 
The anisotropy in the lesion was increased compared to the contralateral tissue and it
decreased towards normal within 10-11 days. The trend in the relative anisotropy was
most pronounced in Am, but for all indices, the correlation was about the same: r2 =
0.52 to 0.55 and significant (P values: 0.006 for FA and RA and 0.002 for Am). 
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6.3.5 Follow up 
In 8 of the 11 newborns, a follow up MR scan was performed at the age of 3 months. In
6 children, (severe) tissue loss and/or signal abnormalities were observed in the region
of the lesion, with abnormalities in the basal ganglia in 2 children. Mild to moderate
delay in myelination was observed in 6 children and normal myelination in 2. 
Clinical follow up showed severe neuromotor and mental delay in 3 children, cerebral
palsy in 2 and visual impairment in 1 child. Normal development was observed in 2
children at the age of 1 year, in 1 at the age of 6 months and in 2 at the age of 3 months. 
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6.4 Discussion 

6.4.1 Choice for three anisotropy indices 
As discussed in Section 6.3.3, the three anisotropy indices that appear to be useful in
clinical practice for neonatal brain studies are FA, RA, and Am. The advantage of the
first two is, besides that both are already often used, that the inter-human variability is
low, compared to the other indices (15% and 16% in neonatal WM). The advantage of
Am (with inter-human variability of 17% in WM) is that this index is sensitive to linear
and not to planar diffusion. This means that areas with crossing fibers, in which planar
diffusion occurs, are not detected with this index. 

6.4.2 Differences between newborns and adult volunteers 
One of the main differences between the neonatal brain and the adult brain is that in the
former the white matter is less myelinated and the brain contains more water, which is
reflected by the higher ADC and lower anisotropy. In newborns, we observed that the
ADC parallel to the fibers (λ1) was similar in WM and CC and the ADC perpendicular
to the fibers ( = (λ2+λ3)/2) was larger in WM than in the CC. All values were
larger than observed in adults. 
The anisotropy observed in WM and CC in newborns cannot be explained by myelin, as
both are not myelinated at birth [Vol95]. The anisotropic diffusion in both structures
might be due to the early wrapping of axons by glial processes, as suggested by Hüppi
et al. [Hup98]. The higher anisotropy in the CC can be explained by the fact that it is a
compact structure with a higher density of fibers than in the WM [McG02]. 
In newborns, both the parallel and perpendicular ADC were larger than in adults. As the
brain develops, the diffusion perpendicular to the white matter fibers will decrease due
to increased myelination. The decrease in parallel diffusion may originate from changes
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in cell density, intracellular structure of the axons and from the decrease in overall water
content in the brain during development [Nei02]. The average ADC observed in neona-
tal WM (1.58 ± 0.19 ⋅10-9 m2/s) is larger than in the term group studied by Hüppi et al.
(1.2 ± 0.1 ⋅10-9 m2/s, [Hup98]), but in the same range as values found by Neil et al.
(1.45 ± 0.12 ⋅10-9 m2/s, [Nei98]) and Tanner et al. (1.62 ± 0.16 ⋅10-9 m2/s, [Tan00]) in
the frontal WM in term newborns. The differences in ADC between our study and other
studies can be attributed to using a different DWI measurement technique. Furthermore,
although the children in our normal term group had a normal MRI and a normal out-
come, we cannot exclude that small ADC abnormalities occurred due to minor distur-
bances in WM tissue, which were not observed on the T1- and T2-weighted images. 
The inter-human variability was larger in the newborn group than in the adult group.
This can have several reasons. The global development of the white matter might have
been delayed, as mentioned above. Second, both the ADC and anisotropy depend on
gestational age, and the relatively large standard deviation in gestational age of the new-
borns can also cause a larger inter-human variability in the ADC and anisotropy indices. 

6.4.3 Decreased ADC and increased anisotropy in the acute phase
In the first days following the insult (the acute phase of the infarct), the ADC in new-
borns was largely decreased and all three anisotropy indices were significantly
increased, similar as observed in adult stroke [Zel99, Yan99, Sor99]. A relative change
in the parallel ADC (λ1) by about -50% was observed and in the perpendicular ADC (λ2
and λ3) by even -60 to -70%. 
Several mechanisms have been proposed to explain the reduction in the ADC in the ini-
tial stages of ischemia (see Section 3.3.1). Ischemic cell swelling has been observed his-
tologically and it correlates with a decreased ADC [Rum97, Ned99, Li 02]. The large
ADC decrease observed in our study, in particular in the parallel ADC, cannot be
explained by cell swelling alone (see also the results of Chapter 4 and Chapter 8). A
decrease in intracellular diffusion coefficient is likely to occur at the same time. This
suggestion is supported by findings of decreased ADCs of metabolites and/or marker
following ischemia [Nei96, Too96a, Duo98, Dij99].
In most explanations of ADC changes, the typical changes in anisotropy are not taken
into account. In our study, the perpendicular ADC is more decreased than the parallel
ADC in all patients, causing the anisotropy to be increased. Changes in the effective dif-
fusion coefficient of the extracellular space due to an increased tortuosity may account
for the larger change in perpendicular diffusion compared to parallel. 
In adults, Yang et al. observed increased FA values by 15-20% [Yan99]. We observed a
larger increase in newborns, e.g. ~125% at day 2 for FA and even higher values for RA
and Am (Fig. 6.8). The value of the relative change in anisotropy depends on the anisot-
ropy index that is used and on the initial anisotropy (and eigenvalues) of the tissue
before ischemic changes occurred, as shown in Fig. 6.6. Therefore, these values for the
relative change in anisotropy cannot directly be compared. 
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6.4.4 Temporal evolution of the ADC and the anisotropy in newborns
In general, the ADC is decreased by 40-60% and the anisotropy is increased in the ini-
tial phase following ischemia [Zel99, Yan99, Sor99, Car00]. The ADC remains
decreased during the first days. Subsequently, it increases and passes a (pseudo) normal-
ization, after which it is increased for several weeks (see Chapter 3). The ADC normali-
zation is seen at a later point in time in humans than in animal studies and is still a
subject of discussion [War96, Sot02]. The temporal evolution of the anisotropy is less
clear: in the animal model, the anisotropy decreased below its original value within sev-
eral hours [Car00], whereas in humans both decreased and increased anisotropy were
measured during the first days [Zel99, Yan99]. After about 10 days, the anisotropy was
decreased in most lesions and remained decreased [Zel99, Yan99]. 
In our study, the absolute ADC values, that were initially largely reduced, increased
with a significant trend, although normalization was not observed within the first 9 days
(Fig. 6.7). However, this trend may be biased by ADC differences between newborns, as
the inter-human variability was large. Therefore the relative ADC changes were calcu-
lated, in which the trend (Fig. 6.8) was not significant. These findings are in agreement
with findings in cortical injuries in newborns by Forbes et al. [For00], but not with find-
ings by McKinstry et al. [McK02], who reported pseudonormalization of the ADC
between day 7 and 8 in newborns [McK02]. 
The trend in the absolute values of the three eigenvalues was significant for changes in
λ2 and λ3, reflecting the diffusion perpendicular to the fibers. The parallel ADC
remained decreased in the first 10 days, whereas the ADC perpendicular to the fibers
increased. This resulted in a significant trend in the anisotropy, from initially increased
values heading almost linearly with time towards pseudonormalization between day 10
and 11. We suggest that the increasing ADC perpendicular to the fibers is caused by
membrane degradation and injury to the glial processes in the pre-myelination phase,
resulting in a lower tortuosity of the extracellular space. 
A limitation of our study is that we did not perform serial measurements in the same
newborn. Another limitation is that the contralateral tissue might be affected as well, as
global hypoxia is known to reduce the ADC in the whole brain [Arc98]. However, no
significant differences between the ADCs in the contralateral measurements and in the
normal control group were observed.
Although the anisotropy in the neonatal brain is lower than in the adult brain, with a
larger inter-human variability, relative changes in all three anisotropy indices can be
used to characterize WM lesions in addition to the ADC values, as shown by our data.
Am appears to be most sensitive to the changes in neonatal white matter, in agreement
to the results in Fig. 6.6. Differences between the temporal evolution in adult stroke and
in neonatal brain injury due to perinatal complications are likely due to the differences
in injury mechanisms as suggested by Neil et al. [Nei02] and McKinstry et al. [Kin02]:
adult stroke is a thromboembolic event, whereas in most neonates, the ischemic period
is followed by reperfusion directly after injury [Nei02, Kin02]. Another cause for differ-
ences might be that the complications occur in not fully developed brain tissue. 
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6.4.5 Usefulness in clinical practice
The DWI images and ADC-maps are considered to be important in our clinical prac-
tice, as more (small) lesions can be diagnosed than with only T1- and T2-weighted
images. An example of a patient in whom the ADC-map displays the lesion more
clearly than the T1- and T2-weighted images is shown in Fig. 6.4. The significance of
finding these lesions for the prognosis of the child is still a subject of investigation. In
general, the usefulness of ADC measurements has been recognized, as reviewed by Neil
et al. [Nei02]. 
The added value of the anisotropy information has to be further evaluated. Studies by
Hüppi et al. [Hup01] and Miller et al. [Mil02] have shown that anisotropy measure-
ments are promising for the early detection of impaired brain development in new-
borns. Our data indicate that for the interpretation of the temporal evolution after
ischemia, the eigenvalues give additional information that might be useful for the inter-
pretation of structural tissue changes. In addition, the anisotropy index may be a good
indicator for timing of the lesion in cases that the onset of the insult is not known. 

6.5 Conclusions 

Based on measurements in volunteers, measurements in newborns with normal MRI,
and numerical simulations, three anisotropy indices have been selected to test their use-
fulness in clinical practice: FA, RA and Am. All three indices appeared to be useful to
observe the temporal evolution of the anisotropy in white matter; the index Am showed
the strongest trend, and appeared to be the best index to monitor anisotropy changes. 
The changes following ischemia are characterized by a large decrease in all eigenvalues
(more than 40%), with a stronger decrease in diffusion perpendicular to the white mat-
ter fibers, resulting in an increased anisotropy (changes >100%). The ADC decrease, in
particular in the parallel ADC, can only be explained if, besides cell swelling, also the
intracellular diffusion decreases. The temporal evolution of the ADC following
ischemia did not show a significant trend in newborns in our study, in contrast to stud-
ies in adults [Zel99, Yan99]. However, the trend in the anisotropy is significant (P <
0.05), and governed by changes in the diffusion perpendicular to the fibers, which we
attribute to changes in membrane and myelin integrity. 
We have observed that anisotropy indices can respond differently to changes in one of
the eigenvalues, and that the value of the relative changes depends on the chosen index
but also on the anisotropy of the tissue under investigation. This is the reason that the
relative change in anisotropy following stroke in adults is smaller than the relative
change in anisotropy observed in neonates. 
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7 Fiber tracking in newborns at birth and at three months

Fiber tracking is a method for 3D visualization of diffusion tensor information. Using
this technique, the main white matter structures in the brain can be visualized. In this
chapter, the first results of using fiber-tracking in the neonatal brain are presented. 
Based on: C. van Pul, J. Buijs, A. Vilanova, F.G. Roos, P.F.F. Wijn, Fiber tracking in
newborns with hypoxic-ischemic injury at birth and at three months. Submitted. 
In Section 7.2, a brief summary is given of the new fiber tracking methods presented in
A. Vilanova, G. Berenschot, C. van Pul. DTI Visualization with streamsurfaces and
evenly-spaced volume seeding. Eurographics/IEEE TCVG VisSym 2004: 173-182.

7.1 Introduction

Cerebral white matter myelination is known to start in utero and to continue in the first
year of life [Vol95]. At birth, myelination is only observed in a few cerebral white mat-
ter structures, among them are the posterior limb of the internal capsule (PLIC) and the
central part of the corona radiata (CR). In the first months, the optic radiation (OR) and
splenium of the corpus callosum (CC) myelinate, followed by the anterior limb of the
internal capsule (ALIC) and the genu of the CC at 3-6 months [Vol95, Sie97, Pau01]. 
The process of myelination can be followed using conventional MRI techniques, like
T1- and T2-weighted images [Kna90], or by using the recently introduced technique of
Diffusion Tensor Imaging (DTI) [Nei98, Hup98, Nei02]. 
A preference in diffusion of water molecules along a particular direction (i.e. anisotropic
diffusion) reflects the underlying tissue structure. DTI is based on acquiring a tensor to
describe diffusion. The main eigenvector of the diffusion tensor defines the preferred
direction when the underlying tissue structure is linear (e.g. white matter) [Bass94a,b,
Mor02a]. Various methods are available for the visualization of the diffusion anisotropy
and the preferred direction (Section 2.4), e.g anisotropy maps that display the anisot-
ropy index [Bass96] and color-maps that visualizes the diffusion direction by color-cod-
ing the pixels [Mak97, Paj99, Wak04]. Recently, fiber tracking has been introduced.
Fiber tracking is a 3D visualization technique that reconstructs the underlying linear
structure defined by the diffusion tensor [Xue99, Con99, Jon99b, Mor02a]. 
White matter (WM) in the adult brain is highly myelinated and visualization of the main
diffusion direction corresponds to known white matter pathways in anatomy atlases, as
outlined in detail in a recently published fiber atlas [Wak04]. In neonates, white matter
is still developing. Diffusion anisotropy has been reported to occur before myelination,
and to increase with increasing myelination [Hup98, Nei98, Muk01, Nei02]. 
Preliminary results of fiber tracking in newborns at 3.0 T by Zhai et al. [Zhai03] show
that this technique is feasible in the neonatal brain, although only the major white mat-
ter tracts could be traced. In a case report of one neonate and two children (age ~2
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years), fiber tracking was shown to give additional information about the white matter
configuration in corpus callosum dysgenesis [Lee04]. Furthermore, asymmetry in the
pyramidal tracts was observed in children with congenital hemiparesis [Gle03]. 
A high incidence of (severe) motor problems has been reported for newborns with
hypoxic-ischemic injury in the white matter and/or in the basal ganglia [Vol95, Cow00,
Bar02]. In this study, we investigated the feasibility of using fiber tracking to detect dis-
turbances in the white matter development in newborns who suffered from hypoxic-
ischemia, using DTI both at birth and at the age of 3 months. Unbiased fiber tracking
was implemented to obtain global information without using a user-dependent region of
interest (ROI) selection procedure [Vil04]. Furthermore, we focused on a quantification
method for fiber tracking in the motor and somatosensory white matter tracts. 

7.2 Fiber tracking program

7.2.1 DTI tool
Recently, we introduced a visualization tool for DTI data [Vil04]. Several options avail-
able in this program are outlined (not all are mentioned): 
• Anisotropy index (Section 2.4.1): mapping is possible for several different anisotropy 

indices (FA, RA, Cl and Cp).
• Color-mapping and tensor glyphs (Section 2.4.2): color-maps can be used as a back-

ground for fiber tracking. For visualization of glyphs, a 2D ROI can be defined by the 
user in a cutting plane. The ROI is sampled uniformly. Glyphs for all sampled points 
are shown. The shapes of the glyphs can be chosen between ellipsoids or cuboids.

• Vector field visualization (Section 2.4.3): For global information, fiber tracking has 
been implemented. The fiber tracking is based on the line propagation technique 
[Mor02a], using second order Runge-Kutta for numerical integration. Stopping crite-
ria can be defined by the user, e.g. an anisotropy value smaller than a threshold value 
and an angle α larger than a threshold value (α is the maximum angle between con-
nected vectors in fiber tracking). For visualization, the user can also choose to dis-
play only fibers of a certain length (L). 

• Interactive seeding can be applied in different ways: single fiber, painting or using an 
ROI. Single fiber means that a fiber is immediately traced from a point defined by the 
user. If the user points to another position, the fiber is deleted and a new one is cre-
ated at the current position. The painting interaction is similar, but then the fibers are 
not deleted. A 2D ROI can be defined in one of the cutting planes and then its interior 
is sampled uniformly. Each sample is used as seed point. Single fiber and painting 
interactions are meant for interactively exploring the data and getting fast feed-back. 
The ROI is used when the region to be inspected is already known. 

• And and Or criterium: ROIs can be defined by the user. ROIs that are sampled uni-
formly to generate seed points are called ‘Or ROIs’. ROIs defined to show the fibers 
that pass through it are called ‘And ROIs’ obtained with the And criterium. If no ROI 
with Or criterium is defined, the whole volume is seeded and just the fibers that pass 
through the And ROI are shown. This method avoids missing structures due to under-
sampling of the ROI. 
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7.2.2 Surface tracing 
In areas where the main diffusion direction is not defined, the fiber tracking fails. For
example, when two fiber bundles cross, the diffusion is restricted to the plane defined by
the two bundles (Section 2.5.2). Any vector in this plane is a main diffusion direction.
We have presented a new method that extends fiber tracking to surface tracing when the
diffusion is restricted to a plane [Vil04]. Our approach is based on reconstructing the
structure defined by the tensor. It is left to the user to interpret what is the most proba-
ble underlying linear structure. 
When a fiber enters an area of planar anisotropy, a surface is traced until an isotropic or
linearly-anisotropic area is found. The surfaces generated by the algorithm will be called
streamsurfaces. Streamsurface tracing consists of the same main steps as fiber tracking:
seeding, surface integration and stopping criteria. In order to define the areas of linear
and planar anisotropy, the anisotropy indices Cl and Cp are used (see Table 2.1). Two
thresholds will be defined: TCl for Cl, and TCp for Cp. If Cl ≥ TCl, then fibers will be
traced. Else if Cp ≥ TCp then surfaces will be traced. TCl and TCp are defined by the
user. An example of a streamsurface is shown in Fig. 7.1, which displays a part of the
corpus callosum of a newborn. In this example, surface tracing adds information about
the structure of the white matter. Detailed information about the algorithm is beyond the
scope of this thesis and the reader is referred to our paper [Vil04]. 

7.2.3 Evenly-spaced volume seeding (volume tracing) 
Another problem in fiber tracking concerns the seedpoint selection. Usually, the seed
points are defined by the user, which requires prior knowledge about the structures in
the dataset. This method has the disadvantage that information can be easily missed
when abnormalities are present in the data. Furthermore, in the newborn brain it is
unknown which tracts can be visualized, which complicates fiber tracking. User inde-
pendent seedpoint selection is possible by regularly sampling the volume, and using
each sample as seed point [Zhan03]. However, this method is computationally expen-
sive. We use another approach to produce long and evenly spaced fibers. The user
defines how dense the visualization of the fibers must be by choosing the values for the
minimal distance between seed points and fibers, dl, and for the minimal distance
allowed between fibers once tracing has started, dc. Tracing of a fiber stops if it comes
too close to other fibers, that is for distances < dc. The algorithm has been described in
detail by Vilanova et al. [Vil04], and only a brief description is given in this section. 
The algorithm starts tracing an initial fiber in the voxel with maximum linear anisot-
ropy. Next, seedpoints are defined at a distance dl from this fiber. New fibers are, one by
one, traced from these seedpoints, until they stop because of the stopping criteria, or
until they come too close other fibers (dc). If all seedpoints have been treated, the same
procedure will start for all seedpoints at a distance dl from the next fiber in the queue. If
all fibers have been used, the next voxel position will be considered for seeding. If their
distance to any existent fiber is larger than dl, then a fiber will be traced and the proce-
dure will start again. The process will end when no voxel positions are left. Notice that a
seed point will not be used if it is at a distance smaller than dl from any fiber. 
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In Fig. 7.2, an example of volume tracing in the corpus callosum of a newborn is shown,
for various values for dl and dc. Using a value for dc smaller than dl results in longer
fibers, which gives a better visual effect. 

A                                        B                                         C
Fig. 7.1   Posterior view from the right side on fibers and streamsurfaces in the splenium of the 
corpus callosum in the newborn brain. A. fiber tracking without using streamsurfaces, stopping 
criterium: Cl < 0.20. The arrow indicates to the area with planar anisotropy, in which tracing is 
stopped. B. fiber tracking and streamsurface tracing, with TCl = 0.2 and TCp = 0.3. At the arrow, 
the traced surface is observed. C. similar as B, but now showing the possible prolongation of the 
fiber bundles (at the second arrow). The image is converted using edge detection to display the 
difference between fibers and background image more clearly. 

A                                                       B                                                       C   

Fig. 7.2   Top view of volume seeding in a newborn. A: volume tracing in the genu of the corpus 
callosum using a sampling distance dl = 1.6 mm and a minimal distance between the fibers of dc 
= 1.0 dl. B: the same newborn, with dl = 1.6 mm and dc = 0.5 dl. C: the same newborn, with dl = 
1.0 mm and dc = 0.5 dl. The difference in line density is clearly visible, and by using a lower 
value for dc, the fibers are traced more continuously. The image is converted using edge detec-
tion to display the difference between fibers and background image more clearly. 
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7.3 Subjects and methods

7.3.1 MRI protocol 
A 1.0 T MRI scanner (Philips Medical Systems, Best, The Netherlands) was used. The
imaging protocol consisted, besides the DTI series that will be discussed below, of a T1-
weighted series (Spin Echo method with TE/TR = 18/568 ms), a Turbo-Spin-Echo T2-
weighted series (TE/TR = 120/4381 ms) and an Inversion Recovery series (TE/TR/IR =
18/3436/400 ms). Neonatal patients were sedated with chloralhydrate and fixated using
a vacuum pillow. For all brain imaging, the standard birdcage head coil was used. 
Diffusion Tensor Imaging was performed using Pulsed Field Gradients (PFGs) in 6
directions with single-shot EPI. Twenty adjacent slices were recorded within three min-
utes with TE/TR = 82/3595ms and a voxel size of 1.56 x 1.56 x 3mm. The sensitivity to
diffusion was obtained using b-values 0, 400 and 800 s/mm2. The signal was averaged
two times (NSA = 2). 

7.3.2 Subjects

Adult volunteer group
The volunteer group consisted of 5 healthy adult volunteers, 3 males and 2 females (18
to 47 years old). All volunteers gave a written informed consent. The voxel size in the
adult brain was 1.8 x 1.8 x 3 mm and 30 adjacent slices were scanned within 4 minutes. 

Neonatal patient group 
The study group was recruited from a group of neonates born at term age with perinatal
hypoxic-ischemia (HI), who were treated in our neonatal intensive care unit. Perinatal
HI was diagnosed when clinical symptoms of neonatal encephalopathy were present in
the first days of life together with two or more of the following risk factors: fetal heart
rate abnormalities; umbilical artery pH < 7.10; meconium stained fluid; Apgar score
after 5 minutes < 7. All full-term newborns with perinatal HI would obtain an MR
examination if they were stable enough to be transported to the MR unit. All newborns
with pathology related to perinatal HI, visible on the first MR examination, obtained a
follow up MRI at the age of 3 months as a part of our normal clinical routine. Included
in our study group were all newborns from this group who obtained a DTI scan suitable
for fiber tracking at birth and at the age of 3 months. Excluded from evaluation were all
children with congenital abnormalities, neuro-metabolic disease and perinatal infection. 
In total, 10 term newborns were included between November 2002 and June 2004.
Parental informed consent was always obtained before the MRI. All included newborns
were born after an uneventful pregnancy. The newborns had an average gestational age
(GA) of 40.2 ± 1.6 weeks and were scanned within 17 days after birth. The follow up
MRI was performed at 3.4 ± 0.5 months. Neurodevelopmental examinations were per-
formed at 3 months (n = 4 children), 6 months (n = 3) and 1 year (n = 3). 
As we did not have a control group of healthy newborns, we obtained reference values
from 7 full-term newborns, with clinical symptoms of perinatal HI with Sarnat 1-2 (n =
5 newborns), of perinatal infection (n = 1), and of persistent pulmonary hypertension of
the newborn (n = 1). All newborns had a normal MRI (n = 4), some cortical highlighting
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(n=2) or an MRI with minor pathology in the cerebellum (n = 1). Brain development
and myelination was assessed to be normal, based on T1- and T2-weighted images. It
was verified that no abnormalities were visible on the diffusion-weighted images. Neu-
rodevelopmental examinations were performed in all children, at 3 months (n = 3 chil-
dren), 6 months (n = 2) and 1 year (n = 2). All children were developmentally normal.
The average GA in this group was 39.0 ± 1.6 weeks. Two children in this group
obtained a follow up MRI, including DTI, at the age of 3.5 months. 

7.3.3 Postprocessing and image analysis
ADC-maps were calculated with the scanner software. The DTI images were converted
into the file format used in the fiber tracking program using Mathematica 4.2 ® (Wolf-
ram Research, Inc., Urbana, IL). All images displayed in this chapter were obtained
using the fiber tracking program as briefly described in Section 7.2. It must be noted
that, in contrast to the conventional method of displaying radiological images, fiber
tracking images could not always be displayed from feet to head. Therefore, for all
images the viewpoint has been indicated. 
The color-maps were used to evaluate the directionality and the anisotropy of several
white matter structures. The structural information observed in the color-maps was com-
pared to the structures observed in color-maps as described by Makris et al. [Mak97],
Wakana et al. [Wak04] and Jellison et al. [Jel04]. Volume tracing was used to determine
which fiber structures were visible in a user-independent way (Section 7.2.3, with stop-
ping criteria shown in Table 7.1). The obtained fiber tracking images were compared to
the fiber tracking atlases as defined by Wakana et al. [Wak04] and Jellison et al. [Jel04].
The fiber structures observed in newborns with normal MRI served as a reference.
Some tracts have been reported to proceed close together, and to be oriented in a similar
direction, like the inferior fronto-occipital fasciculus (IFO) and the optic radiation (OR)
[Jel04, Kie04a,b]. These tracts could not be detected separately using color-mapping or
volume-tracing and will therefore be labelled as a combined tract (i.e. IFO/OR means
that the fiber path detected could correspond to both tracts). Separation of these tracts is
possible using ROIs with And criterium, which was not performed in this study for
these tracts. We use the words ‘fiber pathology’ if a visible asymmetry in the fiber pat-
tern between the left and right hemisphere was observed, or if a large deviation in the
fiber pattern was observed, when compared to the reference pattern in the control group. 
After determination which structures were visible, multiple ROIs were defined to visu-
alize the structures observed in volume tracing in more detail (ROI-based tracing). 
We have chosen to use the anisotropy index Cl as stopping criterium (and not FA or
RA), as Cl is more sensitive to linear anisotropy and less to planar anisotropy, as deter-
mined using normalized eigenvalue space plots [Bah99, Section 6.2.4]. The values for
Cl were based on the values measured in neonatal white matter and corpus callosum
(Chapter 6). To avoid information cluttering, the value at which tracing was stopped in
the volume tracing method was chosen larger than when using ROI-based tracing. 
Both in the volume tracing as in the ROI-based tracing methods, fibers were only dis-
played if they were longer than a user-defined length, as visualization of the smaller fib-
ers could result in additional information cluttering. For neonates at birth, a minimum
length of L > 3 mm was used, for children at the age of 3 months, L > 5 mm. 
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7.3.4 Quantification of PLIC-fibers and statistics
The motor and somatosensory pathways in the corona radiata pass perpendicular to the
transversal plane through the PLIC [Wee04]. These fibers will be referred to as PLIC-
fibers. To determine the length and volume of the PLIC-fibers, two ROIs were drawn
roughly around the PLIC in two adjacent transversal slices. We used the And criterium:
fiber tracking was initiated from all points in the volume, and only fibers passing
through both ROIs were displayed, similar to the method used by Mori and Wakana et
al. [Mor02b, Wak04]. If pathology was suspected to disturb fiber tracking, the pattern of
disturbance was checked by using volume tracing. The detected disturbance to the pat-
tern would determine whether normal ROI selection would be used or that the ROI
selection should be defined in other, nearby transversal slices, in order to prevent from
missing fibers due to ROI misplacement. Following visualization, the average length of
all PLIC-fibers was calculated. The fiber volume was defined as the volume of all pix-
els through which one or more fibers passed. It must be noted that not a ‘real length’ of
white matter fibers is obtained, but only an indication of the length of the linear diffu-
sion path of diffusing water molecules. This method of quantification was first tested on
volunteers, to determine the dependency on the stopping criteria. Next, the average
length and volume were determined in all newborns for three threshold values for Cl
(0.08, 0.10 and 0.12), at birth and at the age of 3 months. To compare values deter-
mined in the left and right hemispheres, a Student-t test was used. To compare values
determined in the group at birth and the same group of newborns at the age of 3 months,
a paired Student-t test was used. A P-value < 0.05 was considered significant [Dou99]. 

Table 7.1 Stopping criteria used for the various (patient) groups and evaluation methods. Cl is 
an anisotropy index sensitive to linear diffusion. For values of Cl below the threshold value, the 
tracing is stopped. α is the angle between connected vectors in fiber tracking. For values of α 
larger than the threshold value, tracing is stopped. L is the length of the displayed fibers. 

patient group Volume tracing
dl = 1.0 mm
dc = 0.5 dl

ROI-based tracing
4 to 6 ROIs
Or criterium

PLIC Fibers
2 ROIs
And criterium

adult volunteer - - Cl < 0.30
α > 10º
L > 0 mm

neonates 0 months Cl < 0.12
α > 10º
L > 3 mm 

Cl < 0.08
α > 10º
L > 3 mm 

Cl < 0.12
α > 10º
L > 0 mm

neonates 3 months Cl < 0.14
α > 10º
L > 5 mm 

Cl < 0.10
α > 10º
L > 5 mm 

Cl < 0.12
α > 10º
L > 0 mm 
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7.4 Results

7.4.1 Color-maps 
In Fig. 7.3, a set of color-maps of a newborn at the age of 6 days and at 3.5 months is
shown. This child was diagnosed to be normal, though at the age of 3.5 months, the ven-
tricles were somewhat widened. In the color-maps at 6 days, several white matter struc-
tures (such as the CC and the PLIC) can be recognised. All visible structures are
labelled and the abbreviations of the structures are given next to the figure. 
In the 7 newborns with normal MRI, the structures visible in the color-maps at birth
were evaluated. Between the brackets, the number of newborns is displayed in whom
the structure was well visible, as a fraction of the total group. Clearly visible at birth
were (for abbreviations: see Fig. 7.3): the PLIC (7/7), the ALIC (6/7), the IFO/OR (7/7
posterior, 6/7 middle and 1/6 frontal part), the FX (6/7), the CG (directly above the CC
in 6/7), and the SCR (7/7). Of the normal group, two children obtained an MRI at the
age of 3.5 months. A clear difference between the color-maps obtained at birth and at
3.5 months can be observed (Fig. 7.3). The ACR and PCR were better visible, as well as
the SFO and SLF. Also the IFO, CC and CG were more apparent. Still, most structures
were less pronounced than in adults, in whom we observe similar patterns as Makris et
al. [Mak97] and Wakana et al. [Wak04]. 
In the children with pathology, the color-maps showed a disturbed pattern compared to
the pattern observed in newborns with a normal MRI. In the affected areas, the anisot-
ropy was increased, which was apparent in white matter areas, but also in the gyri.
These findings correspond to observations in Chapter 6. 

7.4.2 Fiber tracking
In Fig. 7.4, fiber tracking images of the same newborn with normal MRI as used in
Fig. 7.3 are shown for various viewpoints at birth (left) and at 3.5 months (right). 
In the newborns with normal MRI, no differences between the right and left hemi-
spheres were observed. The main white matter structures that could be visualized using
fiber tracking at birth were: the CR (7/7), the CC (genu and splenium 7/7, completely 2/
7), the IFO/OR (7/7 posterior, 6/7 middle and 2/7 frontal), the FX (7/7), the CG (directly
above the CC in 5/7). All other fibers defined in the fiber tracking atlases [Wak04,
Jel04] could not be detected at birth yet. It must be noted that in some newborns, struc-
tures that were not well visible in the color-maps were visible in the fiber tracking
images. On the other hand, not all structures visible in the color-maps were traceable at
birth, e.g. usually the CG could only be traced in a small part. At the age of 3.5 months
(2 newborns with normal MRI available), the structures observed at birth were more
developed, although ‘new’ structures could not be detected. In the adults, all fibers as
outlined by Wakana et al. [Wak04] and Jellison et al. [Jel04] could be appreciated,
except for the brainstem fibers as our scan protocol only included the cerebrum.
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Fig. 7.3   Full-term newborn with normal MRI at day 6 (top 4 images) and the same newborn at 
the age of 3.5 months (lower 4 images). The main white matter structures are indicated, closely 
following the (fiber tracking) atlas as introduced by Wakana et al. [Wak04]. Note that the images 
are displayed from a viewpoint from the top, to make comparison with the images of the same 
newborn displayed in Fig. 7.4 possible. 

ACR = anterior region of
the corona radiata 
ALIC = anterior limb of
the internal capsule
ATR = anterior thalamic
radiation
CBT = corticobulbar tract
CC = corpus callosum
CC spl = CC splenium
CG = cingulum
CR = corona radiata
CST = corticospinal tract
EC = external capsule
FX = fornix
IFO = inferior fronto-
occipital fasciculus
OR = optic radiation 
PCR= posterior region of
the corona radiata
PLIC = posterior limb of
the internal capsule
SCR = superior region of
the corona radiata
SFO = superior fronto-
occipital fasciculus
STR = superior thalamic
radiation
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Fig. 7.4   Fiber tracking images in the same newborn as in Fig. 7.3, at the age of 6 days in the left 
column and at the age of 3.5 months in the right column. The main fiber structures are labelled, 
for labels see Fig. 7.3. Using stopping criteria as shown in Table 7.1 for ROI-based tracing. The 
viewpoint is indicated with respect to the patient coordinate system. The fiber tracts are color-
coded according to their direction, similar to the color-coding used in Fig. 7.3. 
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Table 7.2 Pathology and outcome in the neonatal patient group. << means strong asymmetry 
and < means some asymmetry, R = right, L = left. BG = Basal Ganglia. WM = white matter. The 
symbol * indicates prolongation of a tract due to high anisotropy. For all abbreviations denoting 
WM structures, see Fig. 7.3. 

 # Pathology 
at 0 months 

Fiber pathology 
at 0 months

Pathology 
at 3 months 

Fiber pathology 
at 3 months

Outcome 

1 Multi-focal WM 
lesions
R >> L

none remarkable mildly delayed 
myelination
R ~ L

none remarkable 3 months: 
normal

2 Multi-focal WM 
lesions 
R >> L

CR R < L local tissue loss 
R >> L

none remarkable 1 year: 
normal 

3 Multi-focal WM 
lesions 
R ~ L

IFO/OR R << L normal MRI none remarkable 6 months: 
normal

4 Bilateral BG 
injury 
R ~ L

CR << normal
IFO/OR R < L

low myelination 
in ALIC, spl CC 
R ~ L

CR R < L 6 months: 
moderate 
neuro-motor 
delay

5 Minor BG injury, 
edema in CC spl 
R

CC spl R << L
IFO/OR L < R

delayed myelina-
tion ALIC
R ~ L

IFO/OR L < R 3 months: 
normal 

6 Bilateral BG and 
diffuse WM 
injury 
R ~ L

anisotropy low
no fibers are visi-
ble 

atrophy in WM 
and BG
R ~ L

CR << normal
CC, CG and FX 
not visible

3 months: 
severe psy-
chomotor 
retardation

7 Large media inf-
arct + BG injury 
L 

CR L << R
CC spl L<< R, 
IFO/OR L << R

severe tissue loss 
in infarct 
L

CR L << R, 
IFO/OR L << R
CC spl and CG 
not visible 

1 year: R 
hemiplegia 

8 Large infarct + 
BG injury 
L 

CR L << R, 
CC spl L>>R*
IFO/OR L << R

severe tissue loss 
in infarct 
L

CR L << R, 
CC spl L < R, 
IFO/OR L << R

1 year: R 
hemiplegia

9 Infarct occipital, 
CC spl affected
L 

CC spl L>>R* 
IFO/OR L << R

delayed myelina-
tion in IC
R ~ L

CC spl R << L 6 months: 
hypertonia 
arms and legs

10 mild WM delay none remarkable widened ventri-
cles 

none remarkable 3 months: 
normal
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A                                            B

C                                            D
Fig. 7.5   Top view. A: newborn #8 at term age. B: the same newborn at 3 months. The arrow in 
A, B points at a region in which the fibers of the CR cannot be traced. C: newborn #9 at term. The 
left arrow indicates the infarct with low ADC. The right arrow points to the splenium of the CC, 
in which the fibers are prolonged in the affected hemisphere. D: the same newborn at 3 months. 
The splenium can be better traced in the affected hemisphere than in the non-affected. The fiber 
tracts are color-coded according to their direction, similar to the color-coding used in Fig. 7.3.

A                                            B

Fig. 7.6   A: top view of fiber 
tracking using volume tracing 
in a newborn with normal MRI. 
The artifacts (arrows) are typi-
cal for the single-shot DTI EPI 
technique that is used, and is in 
some subjects worse than in 
others. B: fiber tracking using 5 
ROIs for seedpoint selection, in 
the same newborn. 
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In newborns with pathology related to perinatal HI, deviations in the expected pattern of
fibers were observed in the regions of the pathology. A detailed overview of our find-
ings is given in Table 7.2. The patients are grouped according to pathology. 
Frequently affected fiber structures at birth were the CR (5/10), the IFO/OR (7/10) and
the CC (5/10). At the age of 3 months, disturbed fiber patterns were still visible in the
CR (4/10), the IFO/OR (3/10) and the CC (4/10). All children with disturbed patterns in
the CR at the age of 3 months displayed (major) motor problems. 
Two typical examples of fiber tracking in newborns with pathology (#8 and #9) are
shown at birth and at the age of 3 months in Fig. 7.5. Both newborns had an infarct in
the left hemisphere, in the first a larger area was affected than in the second. In new-
born #8 (top, left), the arrows indicate the fibers that are not traced in the corona radiata
(blue) at birth, due to the large infarct that also includes the basal ganglia. In the inf-
arcted region, the anisotropy was inhomogeneously increased. This resulted in some fib-
ers being traced in this area (straight lines near to the arrow), which we interpreted as
‘fiber artifacts’. Also clear is that the IFO/OR was not traced in the affected hemi-
sphere. At the age of 3 months (Fig. 7.5 top, right), the CR and IFO/OR were still not
traceable. In newborn #9, at birth the splenium of the CC displayed an area of low ADC
and high anisotropy (Fig. 7.5, bottom, left, right arrow). The anisotropy was more
increased in the left part of the CC than in the right, resulting in longer fibers traced at
the left than at the right. The IFO/OR was less visible in the affected hemisphere than in
the non-affected hemisphere. At the age of 3 months, a widened ventricle was observed
in the affected hemisphere. The development of the CC was more pronounced in the
affected hemisphere than in the non-affected hemisphere. 
One of the problems using volume tracing is displayed in Fig. 7.6. A shows the results
of volume tracing in a newborn in whom the artifacts in volume tracing due to artifacts
in the MR images were most pronounced. The displayed dataset is one of our worst
examples. In general, the artifacts appeared as less dense lines. They could easily be dis-
tinguished from ‘real’ fibers as they only occurred at the air-tissue boundaries. How-
ever, these artifacts caused cluttering. In our fiber tracking program, it is possible to
rotate the structures, to use thick or thin fibers, and to ‘look through’ the cluttering. In
Fig. 7.6B, the results of ROI-based tracing in the same newborn are displayed. The
ROIs were selected on the structures observed in the volume tracing image, but drawn
in such a way that artifacts at the boundaries were avoided. ROI-based tracing was used
to make detailed images. 

7.4.3 Quantification of PLIC-fibers 
An example of the PLIC-fibers traced using the And criterium in a normal newborn is
shown in Fig. 7.7 (top rows), with a viewpoint from the left and from the right, respec-
tively. At birth in the top row and at the age of 3 months in the next row. No remarkable
differences between the left and right hemisphere were observed. In Fig. 7.7 (lower
rows), the PLIC-fibers are shown for newborn #8, who is also displayed in Fig. 7.5. A
clear difference in fiber length and volume between the L and R hemisphere was
observed. Furthermore, the fiber structures observed in the non-affected hemisphere
appeared to be smaller compared to normal as well. 
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Fiber length quantification was first investigated in adult volunteers. As expected, the
length and volume depended on the stopping criteria used. For values for α > 10º, some
erroneous tracts were observed. Therefore, tracing was stopped for angles α > 10º to be
sure that this would not occur. In Fig. 7.8A and B, the average fiber length and volume
are shown as a function of the value for the stopping criterium Cl. In general, a linear
dependency was observed and more important, the average length and volume deter-
mined in the left and right hemispheres were comparable. For newborns with a normal

L                                             NORMAL                                                         R

L                                          PATHOLOGiCAL                                                R 

birth

3 months

birth

3 months

Fig. 7.7   Fibers of the corona radiata, viewpoint from the left in the left column and from the 
right in the right column. In the top 4 images, in a newborn with normal MRI at birth and at the 
age of 3 months. The difference in length and volume at the age of 3 months can be appreciated. 
In the lower 4 images, in a newborn with pathology (#8, also displayed in Fig. 7.5A, B). The L-R 
asymmetry is immediately clear. Using stopping criteria as shown in Table 7.1 for PLIC-fibers. 
The image is converted using edge detection to display the difference between fibers and back-
ground more clearly
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MRI, a similar linear dependency was observed for threshold values of Cl between 0.08
and 0.16. The determined length and volume were again similar in the two hemi-
spheres. Comparing values between newborns was possible, as long as the same stop-
ping criteria were used. At threshold value Cl = 0.12, the PLIC-fiber length in normal
newborns was 25 ± 4 mm, with a volume of 3.0 ± 1.0 cm3 for both hemispheres. 
In pathology, fiber lengths obtained at Cl = 0.12 were significantly reduced in 4 patients,
compared to the values derived from newborns with a normal MRI (Fig. 7.8C, values
outside the gray area display P < 0.05) and fiber-volumes were reduced in 5 patients
(Fig. 7.8D, P < 0.05). At 3 months, fiber lengths and volumes were significantly
increased (P < 0.01). Abnormal length and/or volume appeared in 3 newborns
(Fig. 7.8E,F, #6,7,8). However, no information on ‘normal values’ were available as
only two newborns with normal MRI were scanned at 3 months (N1 and N2 in Fig. 7.8). 
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Fig. 7.8   A, B: fiber length and fiber volume as a function of stopping value for Cl in adult vol-
unteers (averaged over 5 volunteers, the error bars display the inter-human variability). C,D: 
fiber length and volume in 2 normal newborns (N) and 10 patients at birth, with pathology as 
shown in Table 7.2. The error bars display the standard deviation of the fiber length observed. 
The gray area shows the 95% confidence interval obtained from 7 normal term newborns. E,F: 
fiber length and volume in the same 2 normals and 10 patients at 3 months. The triangular sym-
bol is used for the left (L) hemisphere, the box for right (R). 
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7.5 Discussion 

7.5.1 Interpretation of color-maps and fiber tracking 
Color-maps are useful to determine whether brain development in general is normal.
However, interpretations of these images about the presence of fiber structures are not
straightforward. For this, fiber tracking is better suitable. White matter structures that
can be visualized using fiber tracking at birth (in full-terms) include the corona radiata,
the corpus callosum, the fornix and the inferior fronto-occipital fasciculus in combina-
tion with the optic radiation. As the inferior fronto-occipital fasciculus is in some parts
close to the optic radiation [Jel04, Kie04a,b], separation of these tracts using volume
tracing was not possible. For visualization of white matter tracts in the neonatal brain,
different stopping criteria have to be used than those used in the adult brain, as the ani-
sotropy of the white matter is lower. In the neonatal brain, not all fiber structures as
observed in the adult brain [Wak04] could be traced. 
Diffusion anisotropy has been observed before myelination occurs [Hup98, Nei98]. Neil
et al. [Nei98] divided white matter regions at birth into three types: 1) those packed into
myelinated parallel bundles, 2) those with mostly unmyelinated parallel bundles, and 3)
those that are neither closely packed nor myelinated. WM tracts of type 1 are easily
traced, e.g the central part of the CR that is myelinated at birth [Hup98, Sie97, Cou02].
The splenium of the CC and the OR become myelinated within the first three months
and are of type 2. These tracts can be visualized at birth using fiber tracking, due to the
parallel orientation of the cell membranes. The WM of type 3 could not be visualized. 
In newborns with pathology, we observed disturbed fiber patterns. We must remark that
‘missing’ fibers in fiber tracking does not mean that the white matter fibers are discon-
nected, although it is an indication that processes have occurred that have disturbed the
diffusion. In some children in our study, fibers that were initially not traceable could be
traced in the follow up scan. In particular the fibers in the IFO/OR seemed to be better
traceable. It could be possible that a minor delay in development at birth results in a
lower anisotropy in a WM tract, which could for that reason not be traced at birth. How-
ever, most structures that displayed large fiber asymmetry at birth displayed the same
pattern of disturbance at the age of 3 months. All of the 4 patients with large fiber
pathology in the CR at the age of 3 months had a poor outcome (moderate to severe
motor problems). 
Several studies have reported that in patients with hemiparesis, the anisotropy is
decreased in the corona radiata and the pyramidal tracts, which has been associated with
loss of myelination and Wallerian degeneration [Wie99, Gle03]. In our study, loss of fib-
ers in the CR at birth was also visible at the age of three months in 4 of the 5 patients, in
two of these children this could be associated with Wallerian degeneration. 
In our previous study, ischemia was observed to result in an increased anisotropy in the
lesion (Chapter 6). In two children with ischemia in the splenium of the corpus callo-
sum, the increased anisotropy resulted in longer fibers being traced (Fig. 7.5C). The
implications of these observations are not clear. 
One of the limitations of our study concerns the selection criteria for our control group.
Even though all newborns in this group had a normal MRI and a normal follow up at
short term, we realise that the white matter in these newborns could be affected as they
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all obtained an MR examination for clinical purposes. However, the general fiber pat-
tern observed in these newborns are similar, with no asymmetry and therefore we
assume that this group can be used to obtain reference values. 

7.5.2 Quantification of PLIC-fibers
As the posterior limb of the internal capsule is myelinated at birth [Sie97, Hup98,
Cou02], ROI selection in this area results in a clear pattern of fibers (Fig. 7.7), which
includes the motor and somatosensory tracts [Wee04]. The fiber length and volume as
observed in adults and newborns with normal MRI does not display differences between
the left and right hemispheres, as long as the same stopping criteria are used. The inter-
human variability is larger in the calculated volume (32%) than in the length (16%),
which is due to the fact that the volume is quite sensitive to ‘erroneous tracts’, as cor-
roborated by the fact that the inter-human variability becomes smaller if more stringent
values are used as stopping criteria. 
Quantification of lengths and volumes of PLIC-fibers appears to be useful to detect
pathology, although the results must be carefully interpreted, as they depend on the stop-
ping criteria. In most cases, the pathology is directly visible due to the asymmetry in the
fiber tracking images, although in some patients the pathology is less clear. By using a
quantification technique, the smaller pathology might be detected earlier. Furthermore,
quantification could be useful to detect patients with global myelination delays in both
hemispheres. The implications of detecting this type of pathology for further develop-
ment is not clear yet and requires further study. 

7.5.3 Fiber tracking methodology aspects and limitations of our study
Volume tracing offers user-independent fiber tracking. The advantage of this method is
that all fibers are traced, and no ‘missing’ fibers occur as a result of ROI misplacement.
Furthermore, if fibers appear to be disrupted, tracking from a single ROI would result in
only part of the fibers being traced, whereas using volume tracing, all fibers, if present,
would be detected as long as they display anisotropic diffusion. The main problem of
the volume tracing method is that the typical DTI-EPI artifacts like image distortions
due to eddy currents and due to the air-tissue susceptibility effects can result in errone-
ously large anisotropy values. This results in what we call ‘fiber artifacts’ that can clut-
ter the image. ROI-based tracing results in images with less artifacts, but it requires
prior knowledge for correct ROI placement. By using first volume tracing to determine
the presence of fiber structures, followed by ROI placement based on the knowledge
obtained using volume tracing, the best of both techniques can be used. In the adult
brain, volume tracing results in finding a large number of fibers, and information clut-
tering easily occurs. By using larger values for the anisotropy stopping criterium, only
the large fiber tracts are displayed. However, information about the smaller tracts is lost. 
One of the main limitations of all current implementations in fiber tracking (our study,
but also in other studies this limitation has been reported [Wak04]) is that fiber tracking
is stopped in regions with planar anisotropy, as in those regions, no main direction of
diffusion can be determined. Especially in ROI-based tracing, fibers might be missed.
Our method of surface tracing is useful in cases that the fiber structure is investigated
manually (Fig. 7.1). However, it is at the moment left to the user to decide whether fur-
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ther tracing in planar regions occurs. In the volume tracing method, this on-going trac-
ing from areas with planar anisotropy is not yet implemented. 
It must be noted that the fiber tracking results should be carefully interpreted. First of
all, the technique is not yet validated, although in the myocardium, a good correlation
between the direction of the first eigenvector and histology has been shown [Sco98,
Hol00, Tse03]. For white matter, a good correspondence between fiber tracking results
and anatomy atlases has been observed [Mor02b, Wak04]. Recently, a good correspond-
ence between anatomical dissections and fiber tracking has been reported [Jel04]. 
Second, the fiber tracking technique is susceptible to several errors, as extensively dis-
cussed in the papers by Basser et al. [Bass00b], Tournier et al. [Tou02] and Mori et al.
[Mor02a]. In our clinical practice, we use a 1.0 T system and relatively large voxels in
which partial volume effects occur. Furthermore, the anisotropy is lower in the neonatal
brain than in the adult brain. The inherently lower signal to noise ratio (SNR) and lower
anisotropy affect the accuracy of fiber tracking. One of the problems that can occur due
this low SNR is ‘track jumping’, which means the fiber path will be determined errone-
ously [Bass00b]. Furthermore, the anisotropy in a voxel could be obscured due to par-
tial volume effects. Tournier et al. showed by simulations on synthetic data that the SNR
should be high to determine small fibers [Tou02]. It is likely that for this reason, we can-
not distinguish small fiber tracts that are close to each other, like the fornix and the ante-
rior commissure. However, although we realise that several optimization steps still have
to be taken, the main fiber tracts can be determined in the neonatal brain by using fiber
tracking. Furthermore, the topology of the determined fibers corresponds to expected
white matter structures.

7.6 Conclusions

We have shown the feasibility of using fiber tracking, and in particular a user independ-
ent volume tracing method, to study the neonatal brain. Pathology related to perinatal
hypoxic-ischemia resulted in different fiber patterns, compared to the fiber structures
detected in newborns with normal MRI. Pathology in the fiber tracts occurred frequently
in the corona radiata, which could be expected as a high incidence of (severe) motor
problems has been reported for asphyxiated newborns [Vol95, Cow00, Bar02]. Using
DTI at birth and at the age of three months, the development of pathology has been fol-
lowed. The children with minor fiber pathology at birth displayed normal patterns at the
age of three months. The short term follow up of these children was normal. In children
in whom the basal ganglia were affected, the corona radiata displayed severe fiber
pathology, at birth and at three months. These children displayed (severe) motor prob-
lems at short term follow up. 
By using a quantification method for fiber tracking, pathology could be shown clearly
as a difference between the hemispheres. Furthermore, significant differences in length
and volume were observed in newborns with pathology in the basal ganglia, compared
to newborns with a normal MRI. 
Further investigations are necessary to determine whether fiber pathology correlates
with the outcome, as our patient group is too small to reach definite conclusions. 
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8 Simulations of diffusion in white matter

To study diffusion characteristics of water molecules in a tissue and their effect on the
diffusion weighted MR signal, models can be used (Section 2.5). Several models have
been proposed in literature. These are in general used to predict the dependence of the
ADC or the measured signal on tissue and PFG parameters. One of the main problems
concerning modelling biological materials in general is that usually not all characteris-
tics of the material are known. 
In this study, we are interested in understanding the typical changes observed in the DTI
parameters following ischemia in white matter tissue. Therefore, we first investigate the
usefulness of the models available in literature to describe these changes. The models
are explored for a range of parameters that corresponds to the clinical situation. The
sequence parameters are chosen in accordance to clinical imaging parameters. The used
tissue parameters are based on literature values for white matter and are discussed in
Section 8.1. Furthermore, several changes are induced in the models to investigate their
effect on the simulated signal. These changes simulate the pathophysiological changes
following ischemia. 
Next, we introduce a new model, which is based on a combination of the discussed
models and the assumptions discussed in Section 2.5. This model will be explored for
the same range of parameters as used in the other models. In the last section, we com-
pare the modelling results to results obtained in experiments (Chapter 4 and Chapter 6). 
Before we start with discussing these models, we want to stress that such models are
only a crude approximation of reality, as the geometry of white matter tissue is far more
complex than approximations composed of parallel planes, spheres or cylinders. Fur-
thermore, several intrinsic tissue parameters are unknown as they cannot be measured
separately. Nevertheless, modelling gives more insight into the diffusion characteristics
and the dependence of diffusion on several tissue parameters. 

8.1 White matter parameters and sequence parameters 

The typical geometry of the axons in white matter, schematically drawn in Fig. 8.1,
plays an important role in the diffusion characteristics. Axons can be generalized as long
parallel structures. A minimal exchange of water molecules between them and the other
compartments is expected as the former are surrounded by thick myelin sheaths. The
axons are surrounded by glial cells, that are schematically drawn with spherical cross
sections. This is a rather crude approximation, as these cells and especially the oligoden-
droglial cells are known to wrap around the axons. All cells are surrounded by the extra-
cellular space (ECS). The water molecules in this compartment experience a tortuous
diffusion path. Typical values for white matter parameters are not well-known, as dis-
cussed previously in Section 2.5.1. The exact distribution and morphology of glial cells
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and axons depend on the brain region and cell dimensions vary largely. However, based
on the literature values as outlined in Section 2.5.1, several parameters can be esti-
mated, see Table 8.1. 
Following ischemia, typically changes in the intracellular volume fraction f (and tortu-
osity) are observed, with f changing from 0.6 to 0.95 in the rat pup brain and from 0.8 to
0.95 in the adult rat/cat brain and spinal cord [Schu80, Syk94, Too96b, Vor97]. Further-
more, changes in the intracellular diffusion coefficient might occur [Duo98, Dij99],
changes in permeability [Hel92, Bih01], and changes in glial and axon diameter due to
cell swelling [Ned99, Miy00, Li 02]. As cell morphological changes in white matter
mainly involve glial swelling, with only a small swelling of segments of axons [Pan96],
the variation in intracellular volume fraction is assumed to be mainly caused by varia-
tion in the glial volume fraction. 
In clinical applications, a range of b-values between 0 and 1000 - 1500 s/mm2 is typi-
cally used, with PFG parameters of δ between 10-20 ms and ∆ between 15-40 ms. In
experimental applications, the PFG parameters are usually smaller, with δ between 5-10
ms and ∆ between 10-15 ms. Therefore, a diffusion time (defined as τd = ∆ − δ/3) in the
order of 10 ms is used. 

View parallel to the axons

View perpendicular to the axons 

axon

glia cell

ECS

glia cell

axon

ECS

Fig. 8.1   Simplification of white mat-
ter consisting of three compartments: 
axons, glial cells and ECS
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8.2 Analytical models

Analytical models can be divided into three categories: the first consists of one-com-
partment models with a simple geometry for which Fick’s law of diffusion can be solved
analytically. The second consists of models based on two exchanging compartments for
which equations are derived to describe the ADC at long and at short diffusion times.
The third category consists of models that describe the exchange processes between dif-
ferent compartments more extensively, in two and three compartment systems. 

8.2.1 One-compartment models 
The magnetization in a one compartment model can be described as a function of three
‘tissue-related’ parameters: the compartment size a, the (intracellular) diffusion coeffi-
cient D and the wall relaxation M. One compartment models are not realistic to describe
white matter, but they can be useful to estimate the contribution of the axonal space to
the magnetization if measured perpendicular to the axons ( ). For highly struc-
tured white matter fibers, with thick myelin sheaths, the exchange of water molecules
between the intra-axonal space and its surroundings is expected to be negligible
(Section 2.5.1, point 3). 

Table 8.1 Typical tissue parameters as found in literature 

parameter symbol typical value and reference

axon diameter a = aax 1 µm [Pet91, Tan97, Far04].

(oligodendro-) glial 
diameter

agl 2-3 µm [Kor04], 3 µm [Sta97], 6 µm [Pan96], 6-8 µm 
[Ker99]. 
Used value: 3 µm.

extracellular volume 
fraction

 fecs 0.2 for adults [Schu80, Syk94], 0.3-0.4 for neonates 
[Vor97]. 

axonal and glial vol-
ume fraction

fax
fgl

Glia are 10x more abundant, however 10x smaller, there-
fore fax = fgl [Fos04, Kor04, Jun00]. fax of myelinated fib-
ers in human WM is 0.33 [Tan97]. Used value: 0.4 for both. 

extracellular diffu-
sion coefficient

Decs 3⋅10-9 m2/s, approximately water diffusion at 37º [Sim58, 
Mil72, Sza95]

intracellular (axonal 
and glial) diffusion 
coefficient

Dics
Dgl
Dax

0.4 - 1⋅10-9 m2/s, measured in large cells [Hsu97, 
Seh02a,b, Taka02]. 
Used value: 1⋅10-9 m2/s, similar to [Sza95]

membrane permea-
bility

P 0.1-5⋅10-5m/s [Fin87, Lat94, Sza95, Sta97]
Used value: 1⋅10-5m/s

ADC⊥
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Solving Fick’s law of diffusion analytically for simple geometries results in an average
propagator (  as in Section 2.2.1) that can be introduced in the short gradient
pulse approximation solution of the Bloch equation. The most common solutions are for
the magnetization of spins between two infinitely long parallel planes [Coy94, Sna02],
in infinitely long cylinders and in spheres [Cal95]. These solutions describe the echo
attenuation as a function of compartment parameters (a, D, M) and sequence parame-
ters, being the diffusion time τd = ∆ and q = (γ/2π)⋅δ⋅G. The diffusion length ld is
defined similar to Eq. (2.3), but with a different proportionality factor, as we consider
only the one-dimensional case:

. (8.1)

In this section, Coy and Callaghan’s solution for diffusion between two parallel, infi-
nitely long planes separated at a distance a and no wall relaxation is used [Coy94].
Simulations are performed for variations in a, D and ∆ (Fig. 8.2, top, middle and bot-
tom rows, respectively). The echo attenuation, called E/E0 for convenience (equivalent
to Eq. (2.11), without logarithm), is displayed as a function of q⋅a in Fig. 8.2, left col-
umn. The average propagator  is shown as a function of the displacement X in
the middle column. 
In clinical imaging, the echo attenuation is usually displayed by showing the echo atten-
uation as a function of the b-value, with , and  if δ << ∆. There-
fore, we have displayed E/E0 as a function of b (Fig. 8.2, right column), for a large range
of b-values compared to typical clinically used values. The shown range of b-values
corresponds to only a small range of q⋅a (maximum b reflects q⋅a = 0.23 for a = 1 µm).
The ADC as measured clinically is obtained from the initial slope of such a graph using
Eq. (2.11), for b-values typically lower than 1000 s/mm2. 

Results Coy and Callaghan model 
• Variation of the compartment size a between 1 and 5 µm shows that for all situations 

(with D = 1.0⋅10-9 m2/s and ∆ = 10 ms), the displacement function is not a gaussian 
but has a triangular shape (Fig. 8.2B). The diffusion is clearly restricted. The echo 
attenuation E/E0 as a function of q⋅a shows initially a similar diffraction pattern for 
all a, but with a different number of minima and with a different minimum value 
(Fig. 8.2A). The derived ADC (as calculated from Fig. 8.2C) varies between 
0.008⋅10-9 m2/s for a = 1 µm and 0.26⋅10-9 m2/s for a = 5 µm. 

• Variation of the diffusion coefficient D (Fig. 8.2D-F, with a = 1 µm, ∆ = 10 ms) does 
not result in changes in the diffraction pattern, the average propagator nor the ADC. 
The ADC equals 0.008⋅10-9 m2/s at a = 1 µm for all values of D. If the compartment 
size is chosen larger (a = 5 µm, results not shown), the shape of the average propaga-
tor depends on D: for small D,  has a somewhat more gaussian shape, 
whereas for increasing D, the propagator becomes triangular, accompanied by a 
slightly larger ADC value. The ADC depends on the value of D, but not strongly at 
values typically used in clinical practice. For very large values for a, the diffusion is 
unrestricted (large ADC) and the average propagator is a gaussian function. 

P X τd,( )

ld 2 D τd=

P X τd,( )

b 4π2
q

2τd= τd ∆=

P X τd,( )
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• Variation of the diffusion time ∆ (Fig. 8.2G-I) results in similar patterns for E/E0 and 
 as variation of D (Fig. 8.2D-F). However, if displayed as a function of b, the graph 

becomes different, because of the definition of b that includes the diffusion time τd (τd 
= ∆). The smaller the time ∆, the larger the signal decrease in the initial part of the 
graph and thus the larger the ADC value (ADC = 0.02⋅10-9 m2/s for ∆ = 4 ms and 
0.004⋅10-9 m2/s for ∆ = 20 ms). 

• The wall relaxation M can also be varied (results not shown), which results in a much 
lower probability of finding a particle at all, as wall relaxation removes the contribu-
tion of the particle to the signal. If wall relaxation occurs, the diffraction pattern shifts 
to the right, resulting in much lower values for the ADC [Coy94, Cal95]. 

Discussion Coy and Callaghan model
• The ADC calculated from the model is 0.008⋅10-9 m2/s for a = 1 µm. For unrestricted 

diffusion (using D = 1⋅10-9 m2/s) and at ∆ = 10 ms, the diffusion length ld would be ~ 
4.5 µm. However, as the compartment size is much smaller, the average propagator is 
not gaussian, which illustrates that the displacement of the molecules is highly 
restricted as they cannot move a distance larger than the compartment size. The diffu-
sion coefficient in this non-exchanging compartment can be approximated by using 
the RMS displacement of the average propagator. 
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The RMS displacement for a triangular shaped average propagator P is defined as 
[Wei04]: 

. (8.2)

Using Eq. (8.2), it can be shown that the ADC calculated in the model corresponds to 
a = 0.98 µm, which is approximately the input value a = 1 µm. 

• The calculated ADC ( ) is much smaller than experimentally measured ADC 
values for white matter (adults 0.8⋅10-9 m2/s and neonates 1.6⋅10-9 m2/s, Chapter 6), 
because only the ADC of the intra-axonal space is simulated. The glia, ECS and 
exchange are not taken into account. The ADCs are also much smaller than the intrac-
ellular ADCs measured in large neurons (~0.4-1.0⋅10-9 m2/s), because cell dimen-
sions of the latter are much larger (20-40 µm) and diffusion is therefore less restricted. 

• An approximation using cylindrical compartments instead of parallel planes would be 
more realistic for axons. This would result in diffraction patterns with minima occur-
ring at larger values of q⋅a [Cal95], yielding even lower values for the ADC, also 
shown in the approximation by Meier et al. [Mei03] for intracellular diffusion. 

• For large values of wall relaxation, the probability of finding a particle displaced over 
a large distance is small, as these particles are absorbed at the boundaries. Callaghan 
discussed that the contribution of wall relaxation is weak in most experimental condi-
tions, as otherwise no signal would be measured at all [Cal95]. 

• Typical changes following ischemia might include changes in a and D. The first 
results in significant changes in the , whereas the latter does not have any 
effect for parameters corresponding to cerebral white matter axons (because the 

 can be approximated using Eq. (8.2)). This means that only changes in the 
axonal diameter could contribute to the overall ADC reduction. However, as the 
derived ADC remains very low compared to average ADCs observed in WM, the 
contribution of changes in the intra-axonal space to the overall signal changes as 
measured perpendicular to the axons is small. Furthermore, changes following 
ischemia are mainly observed in the glial cells and in the extracellular volume frac-
tion (Section 3.1.2), which are not included in this model. 

• Using this model for glial cells is possible, but less realistic, because glial cells are 
likely exchanging with the extracellular space. The calculated ADC values would be 
somewhat larger (see first point of the results section). 

Therefore we conclude that this model is too simple to describe changes in cerebral
white matter tissue following ischemia, as it only describes the axonal contribution and
not the glia and ECS contribution. One important conclusion can be drawn from using
this model: for parameters used in clinical imaging (long diffusion times, small com-
partment size and intermediate diffusion coefficients), the displacement function is not
gaussian for small, non-exchanging compartments like axons, and the contribution of
these compartments to the tissue signal decay is small due to the low ADCs. 
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8.2.2 Two exchanging compartments
Several two-compartment models have been introduced, in which the magnetization is
described as a function of five tissue-related parameters: the intracellular fraction f, the
compartment size a, the intra- and extracellular diffusion coefficient Dics and Decs, and
the membrane permeability P. 
Two important models for the explanation of ADC changes following ischemia are the
model introduced by Latour et al. [Lat94], and the one introduced by Szafer et al.
[Sza95]. Both models are based on the derivation of equations for the ADC, for three
regimes of diffusion times, assuming that the ADC itself is correctly calculated. The
Latour model is derived for spherical cells (with cell radius a/2), whereas the Szafer
model is applicable to isotropic and anisotropic structures (tetragonal blocks with sides
a and length l). 

At ultrashort diffusion times, the ADC does not depend on permeability and cell dimen-
sions, but only on the intrinsic diffusion coefficients and volume fractions [Sza95]: 

, (8.3)

which is similar to Eq. (2.30) for complete exchange. 

 small
At short diffusion times, the ADC depends on the tissue parameters and the diffusion
time. Latour et al. [Lat94] have estimated that the effect of the membrane permeability
is negligible for these times. The ADC depends only on the diffusion time τd and the
surface to volume ratio (S/V) of the membranes, and it describes the deviation from the
bulk diffusion coefficient due to a small layer of water molecules near to the membrane: 

 [Lat94]. (8.4)

Szafer et al. [Sza95] use Monte Carlo simulations to show that in a model of parallel
fibers, the ADC parallel to the fibers does not depend on τd. However, for diffusion per-
pendicular to the fiber system, they observe a large ADC reduction in the first hun-
dredths of microseconds, related to restrictions in the extracellular space, as this space is
modelled to be very narrow. In the following period, the ADC reduces more slowly
depending on the intracellular diffusion coefficient and the cell dimensions. The ADC
approaches an asymptotic value for τd >> a2/2Dics, which happens at τd between 0.6-15
ms for a between 1-5 µm and Dics = 1⋅10-9 m2/s. In clinical applications, with a in the
order of 1-2 µm and longer τd (10-30 ms), the system is in the long diffusion time limit.
This is also concluded by Latour et al. from their experiments using red blood cells, as
they were not able to measure the short-time ADC behaviour, due to hardware limita-
tions on the minimum pulse length and diffusion time [Lat94]. This means that for clini-
cal applications (and most experimental applications), the short diffusion time behaviour
is not important. 

τd  0→

ADC fDics 1 f–( )Decs+=

τd

ADC D0 1
4

9 π
---------- S

V
--- D0τd– 

 =
Simulations of diffusion in white matter 117



At long diffusion times, the ADC becomes constant. Latour et al. have derived their so-
called ‘effective medium theory’ for spherical cells, analogous to conductivity in porous
material [Lat94]. The ADC can be calculated by solving: 

, (8.5)

with the effective intracellular diffusion D1 described by:

, (8.6)

with , and cics and cecs the intra- and extracellular water con-
centrations. 
Szafer et al. have derived equations analogous to resistance equations in a resistor net-
work [Sza95], both for diffusion parallel and perpendicular to fiber structures. Anisot-
ropy is therefore included in the model [Sza95]. For infinitely long fibers with a square
cross section (a x a), two approximations can be used. In the cases discussed in this sec-
tion, these are almost similar and therefore only one approximation is presented here
[Sza95]. The ADC parallel to the fibers is given by: 

, (8.7)

and the ADC perpendicular to the fibers: 

, (8.8)

with . (8.9)

The average ADC is defined as 1/3 ADC// + 2/3 . Szafer et al. have not further
considered the effects of anisotropy. However, anisotropy can be extracted from this
model quite easily. The parallel ADC is associated with the first eigenvalue λ1 of the
diffusion tensor, and the perpendicular ADC with the average of the second and third
eigenvalue (λ2, λ3) (Section 2.2.3). For this geometry, λ2 = λ3 = , and FA can be
calculated using the equation shown in Table 2.1. 
Note that for both models for , the ADC (for Szafer: ) becomes equal to
the effective intracellular diffusion D1, which is approximately zero as the numerator is
much smaller than the denominator for values typical for cells with a small diameter. 
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Results Latour model
The ADC is solved from Eq. (8.5) and Eq. (8.6), and is displayed in Fig. 8.3 as a func-
tion of the intracellular volume fraction f, for variations in the membrane permeability P
(Fig. 8.3A) and the intracellular diffusion coefficient Dics (Fig. 8.3B). The parameters
used in this figure are tabulated in Table 8.1. 
• The ADC depends strongly on f (Fig. 8.3 A and B): the larger f, the lower the ADC. 
• Increasing P results in minor increases in the ADC. For larger values for a, changes in 

P have more effect (results not shown). However, the ADC changes are still an order 
of magnitude smaller than the ADC changes resulting from changes in f. 

• Increasing a (results not shown) results in similar ADC increases as increasing P, 
which can be directly seen from Eq. (8.6) as P and a are combined in one product. 

• Increasing Dics does not result in significant changes in the ADC at P = 1⋅10-5 m/s. 
For larger membrane permeabilities (results not shown), the ADC slightly increases 
for increasing values of Dics. 

Results Szafer model
The behavior of ADC//,  and FA is displayed in Fig. 8.4 as a function of f, for
variations in P and Dics. 
• It is directly clear that both ADC// and  depend on the intracellular volume 

fraction f. As  decreases more than ADC// at increasing f, the anisotropy FA 
increases (approximately linear) with f. 

• Increasing P has no effect on ADC//, results in only minor increases in  and 
decreases in FA (Fig. 8.4, top row). For larger values for a (results not shown), 
increasing P has more effect, but to a much smaller extent than changes in f. 

• Increasing a results in similar changes as increasing P, as both are combined in Eq. 
(8.9). It does not have a significant effect on the ADCs and FA in the range typical for 
white matter axons (0.5-5 µm [Tan97], results not shown). 

• Increasing Dics (bottom row) results in a large increase in ADC// but not in . 
The dependence of ADC// on f is strongest for low values of Dics (Fig. 8.4D). FA is 
largest for high values of Dics (Fig. 8.4F).
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Discussion Latour and Szafer models
• Values for the ADC predicted by the Latour model are much smaller than the values 

observed in white matter in clinical studies for a typical intracellular fluid fraction f ~ 
0.8 (Table 8.2 and Chapter 6). We use a cell size of 1 µm, typical for white matter 
axons [Tan97]). Obviously, a spherical approximation is not valid, as axons are far 
from spherical. Glial cells can be approximated by spherical cells with a typical cell 
diameter of 3-6 µm. However, using larger values for a still result in values for the 
ADC lower than values typically observed in WM.

• The values for the ADC predicted by the Szafer model agree much better with experi-
mentally measured ADC values, although still lower than in human white matter (see 
Table 8.2). This might be due to using an approximation that does not take glial cells 
into account. Another possible explanation is that in reality the intrinsic Dics is larger 
than the value used in this model (Dics = 1.0⋅10-9 m2/s). The predicted value for the 
anisotropy for f = 0.8 is rather high compared to experimentally measured FA values 
(see Table 8.2). This is caused by the fact that in this model, the glial cells, for which 
isotropic diffusion is expected, are neglected.

• Typical changes following ischemia might include changes in a, Dics, P and f (the lat-
ter from 0.8 to 0.95). Changes in a and P do not result in significant changes in the 
ADCs in both models. Both Latour et al. [Lat94] and Szafer et al. [Sza95] had already 
concluded that (speculative) permeability changes of the cellular membranes follow-
ing ischemia are considered to have a negligible effect on the ADC, which is directly 
clear from Fig. 8.3 and Fig. 8.4.  
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• Changes in f clearly result in ADC changes, as shown for three typical values for f in 
Table 8.2. An increase in f from 0.8 to 0.95, as observed in experiments 
(Section 3.1.2), results in an ADC reduction to 15% of its original value in the Latour 
model, and to 62% in the Szafer model. The sensitivity to f in the Latour model is 
unrealistic, as these large ADC reductions have not been observed experimentally. 
The ADC decrease in the Szafer model is more realistic, though somewhat smaller 
than observed in experiments (Section 3.1.2) and additional changes have to occur to 
explain the large drop in the ADC [Sza95]. The ADC reduction is caused by a combi-
nation of both an increase in tortuosity in the ECS and an increase in intracellular 
water fraction, where diffusion is restricted. For larger intracellular diffusion coeffi-
cients, that are necessary to obtain more realistic ADC values, the ADC is less 
dependent on f (Fig. 8.4D). This shows the influence of redistribution of water mole-
cules over compartments with different diffusion coefficients. 

We conclude that the Latour model is not sufficient for describing diffusion in white
matter, as the ADC values calculated using the model are too low, most likely because
their theory is only applicable to spherical cells. The Szafer model, though being a sim-
plification that only includes axons and extracellular space, is useful to provide more
insight in the influences of changes in tissue parameters on the ADC. 

Table 8.2 Changes in the ADC resulting from changes in the intracellular volume fraction f in 
the Latour (denoted by L) and Szafer (denoted by S) models. Standard input: Decs = 3⋅10-9 m2/s, 
Dics = 1⋅10-9 m2/s, P = 1⋅10-5 m/s and a = 1 µm. The average ADC and FA measured in human 
corpus callosum (CC) and frontal white matter (WM) are included for comparison, both for 
neonates and adults (Chapter 6). 

 f ADC// 
10-9 m2/s

 
10-9 m2/s

average ADC 
10-9 m2/s

FA

0.6 L: -
S: 1.80 

L: -
S: 0.68 

L: 0.76 
S: 1.05 

L: -
S: 0.55 

0.8 L: -
S: 1.40 

L: -
S: 0.32 

L: 0.28 
S: 0.68 

L: -
S: 0.73 

0.89 L: -
S: 1.22 

L: -
S: 0.17 

L: 0.12 
S: 0.52 

L: -
S: 0.84 

0.95 L: -
S: 1.10 

L: -
S: 0.08 

L: 0.04 
S: 0.42 

L: -
S: 0.92 

adults
(f ~ 0.8)

CC: 1.6
WM: 1.2

CC: 0.52
WM: 0.61

CC: 0.89
WM: 0.81

CC 0.63
WM 0.43

neonates
(f ~ 0.6 to 0.7)

CC: 1.9
WM: 1.9

CC: 0.95
WM: 1.4

CC: 1.2
WM: 1.6

CC: 0.43
WM: 0.23

ADC⊥
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8.2.3 Diffusion coefficients for exchanging compartments 
An average permeability, as used in the previous section [Lat94, Sza95] does not appro-
priately describe the exchange at all diffusion times. Kärger et al. have derived the
dependence of the diffusion coefficient on the exchange of water molecules between
two compartments [Kar88, Pfe98a,b,c, Mei03]. This model describes the magnetization
by a system of two coupled differential equations in which the exchange between the
compartments is included by two exchange times, τics and τecs. The solution is described
by a sum of two exponentials, consisting of 5 tissue parameters (Dics, Decs, f, τics and
τecs), and 3 sequence parameters (δ, ∆ and G). Meier et al. have extended this model to
include the compartment size [Mei03]. This model focuses on the interpretation of bi-
exponential decay at large b-values (Section 2.5.1). The dependence of the ADC at
lower b-values on tissue related parameters is not discussed and not easily derived. 
The Kärger exchange equations have been used in a three compartment model by Stan-
isz et al. [Sta97]. In this model, both the ICS of axons and that of glial cells are included
as two separate compartments: axons are approximated by ellipsoids and glial cells by
spheres. Three differential equations are used to describe the echo attenuation, includ-
ing exchange and geometrical approximations. The main disadvantage of the Stanisz
model is that the system is finally described by nine independent tissue parameters and
three sequence parameters. These parameters are connected via complex relations which
include a large number of assumptions and approximations. The authors use the model
to obtain values for these nine independent physical parameters, by fitting the model to
the signal decay measured in a bovine optic nerve. However, the large number of varia-
bles and the complex relations hamper an unambiguous interpretation of the results. 

8.2.4 Numerical models 
A random walk approach simulates the movement of water molecules through a tissue
by calculating the position and orientation of the spin of each proton for a sequence of
time steps and is often used to prove the validity of analytical models [Sza95, Sta97,
Val01, Mei03]. The evolution of the magnetization in time is followed by keeping track
of the diffusing water molecules and which molecules ‘leave or enter’ the system, due to
absorption or reflection at a cell membrane. The problem is usually mapped onto a dis-
crete lattice and spins hop from point to point, accumulating phase. This method has not
yet been used extensively to simulate diffusion in NMR measurements, as the calcula-
tions in three dimensions are computationally expensive. Furthermore, the implementa-
tion is more complicated when various compartments with different diffusion properties
are to be taken into account, as using a simple lattice is not appropriate anymore. 
Another approach is based on numerically solving Fick’s law of diffusion for each time
step by defining the appropriate initial and boundary conditions, combined with a proper
description of the magnetic field gradients [Nov98, Sna02, Wee02a,b, Chi02, Hwa03].
One group has used a 3D finite difference model to solve the diffusion equations, with a
grid determined from a light-microscopy image of rat spinal cord white matter [Chi02,
Hwa03]. The grid therefore resembles the geometry of white matter. However, the
model was not used to derive the dependence of the signal on parameters that change
following ischemia. Both approaches seem to be useful, but require an extensive study
before they can be implemented, which is beyond the scope of this thesis. 
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8.3 Introduction of a new compartment model for two exchange limits

One compartment models are too limited to accurately describe the signal decay and dif-
fusion processes in white matter. Two-compartment models seem to be more realistic,
and the Szafer model results in values for the effective diffusion that are more or less
comparable to values observed in white matter, although still low. However, their model
overestimates the anisotropy and the influence of the intracellular volume fraction, as
glial cells are not taken into account. A three compartment model would be preferable,
but the interpretation is less unambiguous, as more variables are used. 
Although we realise the limitations of modelling, the models discussed in the previous
sections have proven effective to get an idea of the influence of some parameters. In this
section we introduce a new model, based on the analytical models discussed previously,
to investigate two configurations of a three compartment system. First, the assumptions
made in both configurations are discussed. Next, we use these two configurations to
investigate the influence of variations in tissue parameters. 

8.3.1 Model assumptions and model description
The first assumption concerns the use of a three compartment system for white matter,
comprising axons, glial cells and extracellular space. The intracellular volume fraction f
is given by fgl + fax. Following ischemia, the intracellular volume fraction is assumed to
change due to changes in the glial volume fraction. 
The second set of assumptions concerns the geometry of the compartments: we assume
that axons are infinitely long cylinders, that are surrounded by spherical glial cells. This
simplification ignores the fact that some glia are known to wrap around the axons, and
are not neatly oriented in rows around the axons. Furthermore, we assume that the cell
dimensions can be approximated by a ‘typical compartment size’, which neglects the
large range of cell sizes that are observed in white matter. 
The third set of assumptions concerns the exchange characteristics between the com-
partments. We derive a model for only two configurations: A and B, for which the
number of independent physical parameters in the three compartment system can be
reduced. In A, there is no exchange between the three compartments. In B, there is fast
exchange between glial cells and the ECS, and no exchange with the axons. For inter-
mediate exchange regimes, our model can in principle be extended to include the
exchange times, at the cost of making the results less interpretable due to too many
adjustable parameters. The range of validity of our approximations is not known. Gray
matter tissue, that consists of neuron cell bodies, glial cells and ECS, is generally
assumed to be in the fast exchange regime [Doe02], which means that the exchange
between glial cells and their surroundings is fast, thus making configuration B the most
likely configuration. The intra-axonal water, surrounded by thick myelin sheaths, will
not exchange significantly with the surrounding glial cells and extracellular space, based
on the fact that membranes restrict diffusion and myelin consists of many layers of
membranes. This implicitly assumes that all axons in white matter are myelinated,
which does not hold for the neonatal brain. However, for the main cerebral fiber tracts,
the axons are known to be largely myelinated and this assumption is valid. 
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The fourth set of assumptions concerns the derivation of the total signal decay. For fast
exchange (used in configuration B), the signal decay can be described by a single expo-
nential that contains an average ADC (see Section 2.5.1, point 3). For slow exchange
(used in configuration A and B), the signal decay is described by a sum of exponentials,
each corresponding to a separate compartment. We assume that the gaussian phase dis-
tribution is valid (see Section 2.3.4). 
The fifth assumption concerns the approximation of the diffusion coefficient of a non-
exchanging compartment. In Section 8.2.1, we have observed that for infinitely long
parallel planes, the average propagator for small compartments and relatively large dif-
fusion coefficients has a triangular shape. Hence we assume that the diffusion coeffi-
cient in the axonal compartment can be approximated by Eq. (8.2). In this
approximation, the ADC depend on the diffusion time τd, which is not used in the
Latour and Szafer models for long diffusion times. 
The sixth set of assumptions concerns the definitions for diffusion parallel and perpen-
dicular to the axons. 
• For the intra-axonal space, diffusion parallel to the boundaries is assumed to be 

described by a gaussian propagator, and described by the intrinsic intracellular diffu-
sion coefficient Dax. The diffusion perpendicular to the boundaries is approximated 
by the RMS displacement discussed in assumption 5. 

• For configuration A, the glial cells have a negligible exchange with the ECS. The 
restricted intra-glial diffusion is approximated by the RMS displacement discussed in 
assumption 5. The effective extracellular diffusion is given by Decs divided by the 
squared tortuosity λ2. The tortuosity depends on the intracellular volume fraction and 
on the orientation (see Eq. (8.12)) and is approximated using the tortuosity equations 
as described by Szafer et al. [Sza95] for random spherical cells. We realise that this 
tortuosity approximation is not completely true, as it does not take into account the 
different geometry (and thus tortuosity description) of the axons. However, for a first 
approximation, using the equations for spherical cells is closer to the actual situation 
than using the equations for cylindrical cells, as the axonal contribution only has to be 
taken into account for the diffusion perpendicular to the axons. 

• For configuration B, the glial cells are in fast exchange with the ECS. For the com-
bined glial-ECS compartments, the diffusion parallel and perpendicular to the axons is 
described by a weighted average of the intra-glial diffusion coefficient Dgl and the 
extracellular diffusion coefficient Decs, including a factor that takes the tortuosity λ 
into account. The tortuosity can now be approximated using the equations for ran-
domly placed parallel cylinders as discussed by Szafer et al. [Sza95]. 

The seventh assumption is that the effects of T2 differences between compartments are
negligible and that an effective T2 can be used. This is valid for parameters used in the
clinical settings (Section 2.5.2, point 2). 
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Configuration A: Three non-exchanging compartments
For this configuration, the signal decay is described by a sum of three exponentials,
each corresponding to a certain compartment. This configuration is described by 6 tissue
parameters (Dax, Decs, fgl, fax, agl, and aax, see Table 8.1) and 2 sequence parameters (b,
τd). The intracellular volume fraction f = fgl + fax. The signal decay is denoted as E/E0,
similar to the notation used in Section 8.2.1. Using all assumptions as discussed above,
E/E0 parallel (//) and E/E0 perpendicular ( ) to the axons are described by: 

, and (8.10)

, (8.11)

with  and . (8.12)

The diffusion time τd is equal to ∆ for very short gradient pulses, and equal to ∆ − δ /3
in the gaussian phase distribution approximation. The b-value is . 
The ADC is calculated from this equation using the first, linear part of the multi-expo-
nential decay to calculate the ADC as in Eq. (2.11). Taking the parallel ADC as λ1 and
the perpendicular ADC as λ2 and λ3, the FA can be calculated (Table 2.1). 

Configuration B: Fast exchange between glia and ECS
For this configuration, the signal decay is described by a sum of one exponential corre-
sponding to the axonal space and one exponential representing the glia-ECS system in
fast exchange. This configuration is described by 6 tissue parameters (Dgl, Dax, Decs, fgl,
fax, and aax, see Table 8.1) and 2 sequence parameters (b, τd). Using all assumptions dis-
cussed above, the signal decay E/E0 is described by:

, (8.13)

, (8.14)

with  and . (8.15)
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8.3.2 Results of the simulations

Results of configuration A
The dependence of the signal decay (both // and ) on the b-value is shown in Fig. 8.5
(rows with two graphs) for variation in Dax, aax and agl. Several characteristics are
observed: 
• For Decs ~ 3⋅10-9 m2/s, and aax and agl ~1-3 µm, it is directly clear from Eq. (8.10) 

and Eq. (8.11) that in the decay measured parallel to the axons, the contribution of the 
glial cells is negligible and that perpendicular to the axons only the extracellular space 
contributes to the signal. 

•  depends largely on the value of Dax (Fig. 8.5A) and on agl, but the latter only 
for large b (Fig. 8.5K). The decay does not depend on aax, as directly clear from Eq. 
(8.10). 

•  depends on aax and agl (Fig. 8.5G,L). Dax has no influence (see Eq. (8.11)). 

The ADC derived for b < 1000 s/mm2 is plotted in Fig. 8.5 as a function of the intracel-
lular volume fraction f, which is varied by varying the glial cell volume fraction fgl. The
results are shown in the rows with three graphs, for variations in Dax, aax and agl. Sev-
eral characteristics of the ADCs and FA are observed: 
• ADC// decreases for increasing f and increases for increasing Dax (Fig. 8.5C). For 

increasing agl, ADC// slightly increases (Fig. 8.5M). 
•  decreases for increasing f and increases for increasing aax and agl 

(Fig. 8.5I,N). Dax has no influence as the intracellular diffusion is approximated by 
the RMS displacement. 

• FA increases for increasing f and for increasing Dax (Fig. 8.5E), variations in aax and 
agl have a smaller influence. 

• In this configuration, Dgl is not included as a variable, as both for perpendicular and 
parallel diffusion, Dgl is approximated by Eq. (8.2). 

• Variation of τd between 0.03 and 90 ms results in negligible changes in ADC and FA 
(results not shown). 

• Using for the tortuosity  the approximation for cylindrical cells instead of the 
approximation for spherical cells [Sza95], similar patterns as shown in Fig. 8.5 are 
observed, however with higher anisotropy values. 

Results of configuration B
The dependence of the signal decay on the b-value is shown in Fig. 8.6 (rows with two
graphs) for variation in Dax, aax and Dgl. Several characteristics are observed: 
• In contrast to configuration A, all compartments contribute to the signal decay paral-

lel to the axons. For the decay perpendicular to the axons, the axonal contribution is 
still negligible.

• The multi-exponential behavior of  is more pronounced than in configuration 
A, and depends largely on the value of the Dax and somewhat on the value of Dgl 
(Fig. 8.6A, K, respectively). Variation in aax has no effect, as this parameter is not 
included in E/E0//. 

⊥

E/E0//

E/E0⊥

ADC⊥

λ⊥

E/E0//
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•  depends on aax, but only at large b-values (Fig. 8.6G). The influence of Dgl is 
considerable for the low b-value range (Fig. 8.6L) and that of Dax negligible 
(Fig. 8.6B).

The ADCs and FA are plotted as a function of f (varying fgl), for variations in Dax, aax
and Dgl. Several characteristics were observed: 
• ADC// decreases at increasing f, and increases at increasing Dax and Dgl 

(Fig. 8.6C,M). 
•  does not depend on Dax (see Eq. (8.14)), but increases for increasing aax 

(Fig. 8.6I). Increasing Dgl results in an increase in , and it influences the 
 dependence of f as well (Fig. 8.6N). 

• FA increases slightly for increasing f. FA increases for increasing Dax, whereas 
increasing aax and Dgl results in a small FA decrease. 

• In this configuration, agl is not included as a variable. 
• Variation of τd between 0.03 and 90 ms results in negligible changes in ADC and FA 

(results not shown).

Table 8.3 Changes in the ADC resulting from changes in the intracellular volume fraction f in 
configuration A and B. For standard input: Decs = 3⋅10-9 m2/s, Dgl = Dax = 1⋅10-9 m2/s, P = 1⋅10-5 

m/s and agl = 3 µm, aax = 1 µm. The average ADC and FA measured in human corpus callosum 
(CC) and frontal white matter (WM) are included for comparison, both for neonates and adults 
(Chapter 6). 

 f ADC// 
10-9 m2/s

 
10-9 m2/s

average ADC 
10-9 m2/s

FA

0.6 A: 0.97 
B: 1.58 

A: 0.42 
B: 0.61 

A: 0.60 
B: 0.93 

A: 0.49 
B: 0.54 

0.8 A: 0.61 
B: 1.34 

A: 0.22 
B: 0.48

A: 0.35 
B: 0.77 

A: 0.58 
B: 0.57

0.89 A: 0.49 
B: 1.20 

A: 0.14 
B: 0.41 

A: 0.26 
B: 0.68 

A: 0.67 
B: 0.59 

0.95 A: 0.41 
B: 1.10

A: 0.09 
B: 0.36 

A: 0.19 
B: 0.61 

A: 0.75 
B: 0.60 

adults
(f ~ 0.8)

CC: 1.6
WM: 1.2

CC: 0.52
WM: 0.61

CC: 0.89
WM: 0.81

CC 0.63
WM 0.43

neonates
(f ~ 0.6 to 0.7)

CC: 1.9
WM: 1.9

CC: 0.95
WM: 1.4

CC: 1.2
WM: 1.6

CC: 0.43
WM: 0.23

ADC⊥

E/E0⊥

ADC⊥
ADC⊥

ADC⊥
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Fig. 8.5   Configuration A:  and as a function of b for fgl = 0.4 (rows with 2 
graphs). ADC//,  FA, as a function of the intracellular fraction f (rows with 3 graphs). The 
figures reflect changes in Dax, aax and agl. Standard input: Decs = 3⋅10-9 m2/s, Dax = 1⋅10-9 m2/s, 
agl = 3 µm, aax = 1 µm, fax = 0.4. Using b = 1000 s/mm2 and τd = 10ms to calculate the ADC. 
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Fig. 8.6   Configuration B:  and as a function of b for fgl = 0.4 (rows with 2 
graphs). ADC//,  FA, as a function of the intracellular fraction f (rows with 3 graphs). The 
various figures reflect changes in Dax, aax and Dgl. Standard input: Decs = 3⋅10-9 m2/s, Dgl = Dax 
= 1⋅10-9 m2/s, aax = 1 µm, fax = 0.4. Using b = 1000 s/mm2 and τd = 10ms to calculate the ADC. 
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8.3.3 Discussion and comparison with other models
When comparing configuration A and B, both representing an exchange limit, several
differences and similarities can be observed: 
• First of all, the values for the predicted ADCs and FA are different. In configuration 

A, values for ADC// and  are much lower than experimentally measured ADC 
values. In configuration B, values for ADC// and  are more comparable to 
measured ADC values for adult WM, for an intracellular volume fraction f = 0.8, 
which is typical for normal tissue. 

• We consider configuration B to be the most likely of the two configurations dis-
cussed, as exchange between the glial cells and the ECS is expected [Doe02]. The 
predicted values seem to be more comparable to adult white matter tissue than the 
values predicted by the other models discussed in the previous sections. However, for 
neonatal white matter (typically f = 0.6 to 0.7), the predicted values are still too low, 
which might be caused by the fact that in neonatal white matter, the axons are rela-
tively less myelinated, and consequently, have a higher exchange, which is neglected 
in the model. 

• Typical changes following ischemia might include changes in the compartment sizes 
aax and agl, the diffusion coefficients Dax and Dgl, and the intracellular volume frac-
tion f. Changes in aax and agl do not result in large changes in the ADCs in both mod-
els. Changes in f clearly result in ADC changes, as shown for several typical values 
for f in Table 8.3. An increase of f to 0.95 results in an average ADC reduction to 54% 
of its original value in configuration A, and to 79% in configuration B. The latter 
decrease is relatively low, more comparable to ADC changes observed upon osmolar-
ity changes than following ischemia (discussed further in Section 8.3.4). To obtain a 
large ADC reduction in configuration B, additional changes have to occur. Reduced 
ADC values of metabolites and extracellular markers have been observed upon 
ischemia [Too96a, Duo98, Dij99, Dre01], and it is likely that these metabolite ADC 
changes are accompanied by changes in the intracellular water ADC as well. This 
would largely reduce the calculated average ADC in configuration B. 

• The increase in FA following ischemia can be explained by changes in the intracellu-
lar volume fraction in configuration A. However, in configuration B, FA hardly 
increases for increasing f. Furthermore, reducing the intra-axonal diffusion coeffi-
cient results in a large decrease in FA, instead of the expected increase. If only the 
intra-glial diffusion would decrease, FA would slightly increase. Only for very (unre-
alistically) low values of Dgl, the anisotropy would increase significantly for increas-
ing values of f (Fig. 8.6O). 

If we compare our model with the Latour and the Szafer models, several differences can
be observed. First of all, it might seem that our model involves more assumptions than
the other models discussed. This is not correct, as we did not explicitly discuss all
assumptions used in other models. 
• Our model, in both configurations, is very different from the Latour model. We have 

chosen a completely different geometry and the exchange between compartments is 
approximated in a different way. The Latour model predicts a large dependence of the 
ADC on the intracellular volume fraction f, with no dependence on the intracellular 

ADC⊥
ADC⊥
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diffusion coefficient Dics (Fig. 8.3). In our model, this dependence on f is predicted as 
well for both configurations. Contrary to the Latour model, in our model ADC// 
depends largely on the intracellular diffusion coefficient, which can be attributed to 
the difference in geometry. The Latour model cannot be used to investigate aniso-
tropic issues. 

• Our model (both configurations) is more comparable to the Szafer model, even 
though the latter is a two-compartment model in which exchange is approximated dif-
ferently. In the Szafer model, the ADC depends strongly on f and Dics. In our model, 
these dependencies are observed as well, but they appear to be less strong. The values 
for the ADCs calculated in configuration B are better comparable to adult white mat-
ter values than the values obtained from the Szafer model (Table 8.2 and Table 8.3). A 
large difference between the anisotropy calculated using our model and using the 
Szafer model is observed. In the Szafer model, unrealistically high values for FA are 
found, as glial cells (with isotropic diffusion) are not taken into account. In configura-
tion A, the dependence of FA on f is similar to the dependence observed in the Szafer 
model. In configuration B, the dependence is less pronounced. The values of FA 
obtained using our model are more comparable to measured values in adult white 
matter tissue: somewhat smaller than the FA in adult corpus callosum white matter 
and larger than FA values in adult frontal white matter tissue. 

Although in our model only two exchange limits are considered, configuration B yields
more realistic values for the ADCs in adult white matter than the values obtained using
the other models. In neonatal white matter, the ADC values predicted by our model are
much lower than the measured ADC values. We can explain this difference by the fact
that the assumption that no exchange occurs between the intra-axonal space and its sur-
roundings very likely does not hold for neonatal white matter. 
Our configuration B shows that changes in the intracellular volume fraction cannot
completely explain the large ADC reduction following ischemia. Changes in the intrac-
ellular diffusion coefficient, on the other hand, also result in large ADC changes and are
likely to contribute to the large ADC reduction upon ischemia.

8.3.4 Using our model to describe the results presented in this thesis

Comparison of model predictions with the results obtained in Chapter 4: 
In Chapter 4, the ADC is measured in rat pup hippocampal slices during perturbations
that simulate cell swelling and ischemia. The first point we like to emphasize is that hip-
pocampal tissue is quite different from white matter tissue. The cell body layers contain
relatively large cells (typically larger than 10 µm [Ama95, Dai02]. Therefore, only a
few cell membranes are encountered during the diffusion time in our experiment (7 ms),
although intracellular components (e.g. cell organelles, cytoskeleton) probably cause
some diffusion restriction. The layers surrounding the cell body layers are mainly occu-
pied by dendrites, axons and glial cells. The axons and dendrites have a cylindrical
shape (typically with a diameter of 0.2-0.5 µm with enlargements (varicosities) up to 3-
6 µm [Ama95, She98]). Diffusion is restricted and anisotropic in these layers, as these
axons and dendrites often take more or less parallel paths [Tur98, Dai02]. 
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In addition, the ADC measured in the experiments (in vitro) is an average of a large area
in the hippocampus, as individual hippocampal areas could not be distinguished at the
resolution used in our study. 
Nevertheless, our model can be used for an overall description of the experimental
results. The cell body layers occupy only a small part of the hippocampal area (see
Fig. 4.2). Therefore we assume that the main contribution to the signal comes from the
layers surrounding the cell body layers. As we have shown that the compartment size
has only a small effect in the range 1-5 µm, it is not necessary to change the input values
for a in our model. 
• Baseline values: The average ADC measured in the baseline images in 40 hippocam-

pal slices from 10 rats is 0.68 ± 0.08 ⋅10-9 m2/s, which is larger than the model predic-
tions from configuration A and more comparable, though still somewhat smaller, to 
ADC values obtained from configuration B. The measured ADCs are (much) larger 
than values predicted by the Latour model, but comparable to the values predicted by 
the Szafer model. The measured FA is 0.09 ± 0.02, which is close to the isotropic case 
and much lower than the anisotropy values from both model configurations. This low 
anisotropy could be explained by the fact that the voxel size is large compared to the 
cell dimensions. The tissue within a voxel is not necessarily homogeneous (as 
assumed in our model) and the possibility of finding one preferred direction of diffu-
sion is lower than in highly structured white matter tissue. 

• Changing the osmolarity of the perfusion fluid, thereby indirectly inducing cell swell-
ing, results in an ADC decrease to ~80-90% of the initial value. This cell swelling 
effect can be simulated by changing the intracellular volume fraction f. In Table 8.3, it 
is shown that increasing f from 0.8 to 0.95 results in a reduction of the average ADC 
to 54% in configuration A and to 79% in configuration B. As discussed previously, 
we consider configuration B to be the most likely configuration. The decrease of the 
ADC to 79% of its original value is within the same range as the changes observed 
experimentally when using osmotic perturbations in a rat pup hippocampal model. In 
the Latour and Szafer models, the predicted ADC decrease is much larger than the 
ADC decrease observed in our experiments. 

• Inducing oxygen-glucose deprivation results in much larger changes of the ADC in 
hippocampal slices, to ~50-60% of the initial value. In our model configuration A and 
in the Latour model, these changes can be completely described by a change in the 
intracellular fraction f. In configuration B and the Szafer model, this large decrease 
cannot be induced by changes in f and additional changes have to occur. A reduction 
in the intracellular diffusion coefficient is the most likely explanation, as this results 
in a large reduction of the average ADC. This is corroborated by the fact that reduc-
tions of the metabolite ADCs have been observed experimentally (Section 3.1.2). 

• The anisotropy is only monitored in the measurements using osmotic perturbations 
and seems to be increased in tissues in hypotone aCSF (swollen cells). This increase, 
however, is not significant and also not equal in all measured slices. In model config-
uration A, the anisotropy increases for increasing intracellular volume fraction, 
whereas in configuration B, the anisotropy does not change significantly. However, 
the observed anisotropy is much lower than predicted by the models, and the meas-
ured changes cannot directly be compared with model predictions. 
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Comparison of model predictions with the results obtained in Chapter 6: 
Typical values for adult and neonatal white matter have been shown in Table 8.2 and
Table 8.3 for comparison with the model predictions. 
• About the baseline values in newborns and adults, we already concluded that the val-

ues calculated using model configuration B give the best description of the adult 
white matter ADC values. The FA values predicted by this model are in the same 
range as FA values in adult brain corpus callosum white matter tissue and larger than 
frontal white matter tissue. However, all models underestimate the ADC values and 
overestimate the FA values in neonatal white matter, which we attribute to the fact 
that in neonatal white matter, the exchange between the intra-axonal space and its sur-
roundings may likely not be neglected. 

• Ischemia results in ADC changes to values typically around 50% of the contralateral 
value. In model configuration A and in the Latour model, these large ADC changes 
can result from changes in the intracellular fraction. In configuration B and the Szafer 
model, the ADC changes cannot be completely explained by changes in the intracellu-
lar volume fraction, and additional changes have to occur. In Fig. 8.6 it can be seen 
that changes in the intra-axonal and intra-glial diffusion coefficient result in large 
changes in the ADC. 

• The anisotropy increases upon ischemia in newborns. In the Szafer model and config-
uration A, this can result from changes in the intracellular fraction f. However, in con-
figuration B, the anisotropy FA increases only slightly with increasing f. Decreasing 
the intra-axonal diffusion coefficient results in a decrease in FA as well. Decreasing 
the intra-glial diffusion coefficient results in an increase in FA. In newborns, the 
measured values for the anisotropy are much lower than the values obtained in our 
model (and also in the Szafer model). This suggests that the model is not a good 
description of neonatal white matter, which is most likely due to the fact that 
exchange between axons and their surroundings cannot be neglected, because in the 
neonatal brain, many axons are still unmyelinated. 

8.4 Conclusions

In this chapter we have explored the DTI parameters as predicted by computer models,
including our own, upon changes in the input parameters that simulate morphological
changes due to ischemia in white matter tissue. The range of the used parameters corre-
sponds to the clinical situation. 
The simplifications used in all models are obvious: cells in white matter are not typi-
cally spherical or cylindrical, nor parallel planes, and the exact distribution of glial cells
and axons depends on the brain region. Cell dimensions vary largely, and hence the use
of an average cell size may be an oversimplification. Furthermore, several intrinsic tis-
sue parameters are unknown as they cannot be measured separately. Including exchange
is complicated, since in the literature a large range (35-600ms) of typical exchange
times has been reported [Mei03]. 
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The one-compartment models are too simple to describe changes in cerebral white mat-
ter tissue following ischemia. However, such models are useful to approximate the
axonal compartment in multi-compartment models. Of the two-compartment models
discussed in this chapter, the Latour model does not correctly describe white matter, as it
yields unrealistic values for the ADC and its geometry is not comparable to white mat-
ter. On the other hand, the Szafer model, although including only axons and extracellu-
lar space, is useful to provide more insight into the influence of several tissue
parameters on the ADC. However, the diffusion is underestimated and the anisotropy
overestimated, as the contribution of the glial cells is not taken into account. Both the
Latour and Szafer models have shown that changes of the membrane permeability P
have a negligible effect on the average ADC. More complex exchange models involve a
large number of variables, which complicates the interpretation. Numerical models are
more difficult to implement and have not been further investigated. 
We have derived a new model, based on the models discussed in the preceding sections.
This model describes a three compartment system, for two extreme cases of exchange.
The initial situation described by our model is comparable to values measured in adult
white matter. We have shown that the large ADC reduction observed following ischemia
cannot be explained by a change in the intracellular volume fraction f alone. A com-
bined effect of both changes in f and changes in the intracellular diffusion coefficient
can explain the large ADC reduction observed experimentally. This conclusion is in
agreement with the conclusions drawn in Chapter 4 and Chapter 6. 
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9 General discussion

The research described in this thesis has been focused on the application of Diffusion
Tensor Imaging (DTI) for the detection of hypoxic-ischemic injury in the neonatal brain.
This chapter starts with a discussion about the added value of DTI for neonatal brain
imaging (Section 9.1). DTI is a technique with great potential, but the interpretation of
the findings is complicated as the underlying tissue structure is complex. In Section 9.2,
the main limitations of DTI are addressed. The DTI signal changes following ischemia
and their interpretation are finally discussed in Section 9.3. 

9.1 Added value of DTI 

Two potential applications of DTI have been reported previously [Nei02]: to detect
pathology related to hypoxic-ischemia and to monitor brain maturation. The first appli-
cation has been suggested by several researchers, because decreased ADC values have
been observed in newborns with hypoxic-ischemic lesions [Rob99, Ind99, For00,
Wol01, McK02]. The ADC is considered to be of diagnostic value, especially in the
acute and subacute phase of the ischemia [Ind99, Wol01, Nei02], although its added
value is doubted by others, for reasons of low sensitivity [For00] and its unknown tem-
poral behaviour [McK02]. The latter authors reported that in particular on the first day
and around day 7, the ADC could incorrectly reflect normal findings [McK02]. We
observed that the ADC was decreased in hypoxic-ischemic lesions during the first 10
days following an insult (Chapter 6). As in our study no newborns were scanned on the
first day, we cannot conclude whether DTI is useful for early detection or not. The
(pseudo) normalization around day 7, which could confound the interpretation, was not
observed in our study. One limitation of all studies of DTI in the neonatal brain, includ-
ing ours, is that all study groups might be too small to be conclusive. 
In the acute phase following ischemia, we observed that the anisotropy was increased
(Chapter 6). This finding, although not reported previously for the neonatal brain, is in
agreement with adult stroke studies [Yan99, Zel99]. The added value of this informa-
tion is not yet clear, although the changes in the anisotropy or, rather, in the separate
eigenvalues reflecting diffusion parallel and perpendicular to the fibers, supports the
interpretation of changes due to ischemia (Chapter 6). 
The application of fiber tracking in the newborn brain is feasible and the additional
information about the fiber structures and abnormalities therein may have a prognostic
value (Chapter 7). The fiber patterns observed in newborns with pathology are different
from those observed in newborns with normal MRI. Pathology in the fiber tracts was
observed frequently in the corona radiata, which can be expected since a high incidence
of (severe) motor problems has been reported for asphyxiated newborns [Vol95, Cow00,
Bar02]. Using fiber tracking at birth and at the age of three months, the development of
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affected brain areas could be followed. Further investigations are necessary to deter-
mine whether fiber pathology correlates with outcome, as our patient group was too
small to draw definite conclusions. Nevertheless, our results are very promising. 
The second possible application concerns the monitoring of brain maturation. Both
ADC and anisotropy have been reported to depend on the gestational age of the new-
born [Nei02]. Both parameters were monitored in two groups of premature newborns at
term age: one group with and one without white matter injury [Hup01]. Whereas the
ADC did not differ significantly between the groups, the anisotropy was lower in sev-
eral white matter structures, such as the posterior limb of the internal capsule (PLIC)
and the central white matter [Hup01]. Using serial scanning, it appeared that the normal
increase in anisotropy with gestational age did not occur in several brain areas of prema-
tures with moderate white matter injury [Mil02]. 
With fiber tracking, we observed that the fiber patterns visible at birth were more devel-
oped in the follow up DTI after 3 months. Furthermore, both length and volume of the
PLIC-fibers were significantly increased (Chapter 7). The children with minor fiber
pathology at birth displayed normal patterns at the age of three months. The short term
follow up of these children was normal. In children with affected basal ganglia, the
corona radiata displayed severe fiber pathology in both scans. These children showed
(severe) motor problems at short term follow up. Further studies are necessary to deter-
mine the added value of these measurements. 

9.2 DTI and its limitations

Diffusion measurements using MRI are promising. However, the DTI information
should be interpreted carefully as the technique is influenced by noise, artifacts, and
sequence specific factors (e.g. b-matrix, gradient schemes). Furthermore, DTI is based
on the assumption that the underlying tissue structure can be described by effective dif-
fusion and relaxation properties. Each of these factors can limit the application of DTI. 
1) Noise affects the accuracy of the ADC calculations [Xin97, Jon99], which in their
turn affect the diffusion tensor components. This can result in a bias in the anisotropy
values [Bass00a]. In the newborn brain, the anisotropy is low and noise effects could
obscure the anisotropy of the underlying tissue (Chapter 6). A higher signal to noise
ratio (SNR) can be achieved by using more averages, but this increases scan time. By
using parallel imaging (SENSE), the SNR can be increased without increasing scan time
[Bam01, Bam02], and implementing this technique should be considered. Another way
of increasing the SNR is using a higher field strength. Commercial 3T MRI scanners
have recently been introduced and they seem to be useful for neuro-imaging in particu-
lar [Kim03]. However, a number of drawbacks were reported for single-shot DTI-EPI at
higher field strengths, such as the more severe geometric distortions and the shorter T2*
relaxation time, resulting in broadening of the point-spread function [Hun01]. Another
concern is the possible heating of the patient due to RF pulses. These effects become
larger at higher field strengths, i.e. at higher MRI frequencies [Sca03]. The deposited
energy can be reduced by modification of the pulse sequences, which should be consid-
ered carefully, in particular when newborns are imaged. 
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2) The artifacts in DTI imaging are typically the result of using a combination of strong
gradients (pulsed field gradients) and fast imaging sequences (see Chapter 5). To
acquire the large number of images required to calculate quantitative DTI information,
ultrafast imaging is necessary. Single-shot DWI-EPI is such a technique. However, this
method is susceptible to various artifacts, like distortion and N/2-ghosting. These arti-
facts can result in locally reduced ADC values and erroneously high anisotropy values.
The first can resemble ischemic lesions, the latter can affect fiber tracking (Chapter 7).
Though misinterpretation could be an issue, both artifacts can be recognised easily by
their typical appearance and are considered more a nuisance than a confounding factor.
Furthermore, these artifacts are smaller in newborns than in adults (Chapter 5). Hence,
the implementation of this technique for neonatal brain imaging is feasible without the
necessity of using calibration scans and/or artifact-correction software [Buo97, Bast00]. 
3) With respect to the sequence specific factors that influence the DTI parameters
(Section 2.3), we have to remark that in normal clinical routine the possibilities to opti-
mize these factors are limited. The b-matrix and the gradient schemes, for instance, are
pre-programmed in commercial MR scanners and usually not accessible. 
4) DTI is based on the assumption that the underlying tissue structure can be described
by effective diffusion and relaxation properties. This assumption is valid as long as the
measurement parameters are chosen within certain boundaries. For the range of b-val-
ues, echo times, and diffusion times used in clinical applications, the signal decay is
approximately mono-exponential, the tissue relaxation can be approximated by an effec-
tive T2, and the diffusion is in the long diffusion time limit (Section 2.5). The quantifica-
tion of the diffusion information in terms of an average ADC and an average anisotropy
is therefore possible. However, the directional information obtained from DTI only
reflects the direction of the underlying white matter tracts if within one voxel one main
direction is present. In the case of crossing fibers, planar anisotropy is measured and the
exact directional information, though clearly present, cannot be resolved (Section 2.5). 
For the interpretation of diffusion information outside these boundaries of the measure-
ment parameters, more complex models should be used. However, to be manageable,
models for white matter are (major) simplifications of the actual (complex) tissue struc-
ture (Section 2.5 and Chapter 8). Modelling is further complicated by the fact that sev-
eral tissue parameters (e.g. the compartment relaxation times and diffusion coefficients)
are still unknown. Before modelling in more detail is feasible, methods to determine
these unknown intrinsic tissue parameters should be developed first. 
DTI is the first method available to measure diffusion in vivo and to determine the
underlying tissue structure. Despite all limitations, DTI correlates with fiber anatomy as
long as it is used within the proper experimental boundaries. 

9.3 DTI parameters following ischemia

As discussed in Chapter 3 and Chapter 6, careful interpretation of DTI signal changes
following ischemia is necessary, as they depend on the time between the onset of symp-
toms and the measurement. In animal models, within half an hour after induction of
ischemia, the ADC is largely reduced. It remains reduced for several days, until it passes
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a (pseudo) normalization point, whereafter it is increased (Section 3.1). In adult stroke, a
similar pattern is observed, but the changes evolve much slower (Section 3.2). The exact
time scale and time point of (pseudo) normalization are still a subject of discussion. The
large range of (pseudo) normalization points reported in the literature (see Section 3.2)
is likely caused by the inhomogeneous patient population (with respect to stroke type,
patient age, etc.). In the neonatal brain, we observed an ADC reduction similar to that in
adult stroke, however, no (pseudo) normalization was observed within the first 10 days
(Chapter 6). On the other hand, the anisotropy displayed a significant trend, from an ini-
tial increase to (pseudo) normalization after about 10 days (Chapter 6). This anisotropy
normalization cannot be associated with tissue normalization, as in animal models at
this time point no tissue normalization has been observed histologically (Section 3.1).
The temporal evolution must be taken into account when interpreting DTI images. 
The large ADC reduction following ischemia has not been fully understood yet. It has
been associated with cell swelling and/or changes in the intracellular environment
(Section 3.3). We have used an in vitro model that consisted of neonatal rat hippocampal
slices to show that ADC changes resulting from osmotic perturbations, which induce
cell swelling, are smaller than ADC changes following oxygen-glucose deprivation,
which simulates ischemia (Chapter 4). In addition to cell swelling, ischemic tissue is
subjected to other changes that contribute significantly to the ADC reduction. We con-
sider changes in the intracellular diffusion coefficient to be the most likely explanation,
as decreased ADCs of intracellular metabolites have been observed following ischemia
[Duo98, Dij99]. This explanation is further supported by measurements in Chapter 6.
Changes following ischemia in neonatal white matter are characterized by a large
decrease in diffusion, both parallel and perpendicular to the fibers. The large decrease in
the parallel ADC can only be explained if, besides changes resulting from cell swelling,
also the intracellular diffusion decreases. Simulations have shown that changes in the
intracellular diffusion coefficient indeed have a large influence on the ADC (Chapter 8). 
The observed anisotropy increase following ischemia in newborns (Chapter 6) has also
been reported in adult stroke studies [Yan99, Zel99, Sot00]. We have hypothesized that
this increase is caused by the increased tortuosity of the extracellular space perpendicu-
lar to the white matter fibers. However, this hypothesis could not be proven. First, this
effect could not be investigated in our hippocampal slice model, as the changes follow-
ing oxygen-glucose deprivation were too fast to monitor with the currently imple-
mented DTI technique (Chapter 4). Furthermore, the observed changes in anisotropy
could not be explained unambiguously by modelling (Chapter 8), as the simulated ani-
sotropy depends largely on the model geometry and the assumptions concerning the
exchange of water molecules between the various compartments. 

In conclusion, DTI is feasible is a clinical setting, despite all limitations, and appears to
be useful for the detection of hypoxic-ischemic lesions in the newborn. An early detec-
tion of these lesions might become important in the future for the application of neuro-
protective strategies focused on reducing the extent of the hypoxic-ischemic injury.
However, these strategies are currently still in development [Pee01]. One other aspect is
that maturational changes in the white matter of newborns can be followed [Nei02], for
which in particular fiber tracking appears to be very promising. 
138 General discussion



References

Abe O, Nakane M, Aoki S, et al. MR imaging of postischemic neuronal death in the substantia nigra and tha-
lamus following middle cerebral artery occlusion in rats. NMR Biomed. 16:152-9, 2003. 
Aida N, Nishimura G, Hachiya Y, et al. MR imaging of perinatal brain damage: comparison of clinical out-
come with initial and follow-up MR findings. AJNR Am J Neuroradiol. 19:1909-21, 1998. 
Aitken PG, Breese GR, Dudek FF, et al. Preparative methods for brain slices: a discussion. J Neurosci Meth-
ods. 59:139-49, 1995.
Albers GW. Expanding the window for thrombolytic therapy in acute stroke. The potential role of acute MRI
for patient selection. Stroke. 30: 2230-2237, 1999. 
Amaral DG, Witter MP. Chapter 21 Hippocampal formation. In: The rat nervous system, 2nd edition, edited
by G. Paxinos. San Diego: Academic Press, 1995.
Anderson AW, Gore JC. Analysis and correction of motion artifacts in diffusion weighted imaging. Magn
Reson Med. 32:379-387, 1994.
Anderson AW, Zhong J, Petroff OAC, et al. Effects of Osmotically Driven Cell Volume Changes on Diffu-
sion-Weighted Imaging of the Rat Optic Nerve. Magn Reson Med. 35:162-167, 1996. 
Anderson AW, Xie J, Pizzonia J, Bronen RA, Spencer DD, Gore JC. Effects of cell volume fraction changes
on apparent diffusion in human cells. Magn Reson Imaging. 18:689-95, 2000. 
Arceuil dHE, Crespigny de AJ, Rother J, et al. Diffusion and perfusion magnetic resonanceimaging of the
evolution of hypoxic ischemic encephalopathy in neonatal rabbit. J Magn Reson Imaging. 8:820-828, 1998. 
Armitage PA, Bastin ME. Selecting an appropriate anisotropy index for displaying diffusion tensor imaging
data with improved contrast and sensitivity. Magn Reson Med. 44: 117-121, 2000.
Astrup J, Siesjo BK, Symon L. Thresholds in cerebral ischemia: ischemic penumbra. Stroke. 12:723-5, 1981. 
Atkinson D, Porter DA, Hill DL, Calamante F, Connelly A. Sampling and reconstruction effects due to
motion in diffusion-weighted interleaved echo planar imaging. Magn Reson Med. 44:101-109, 2000.
Bahn MM.  Comparison of scalar measures used in magnetic resonance diffusion tensor imaging. J Magn
Reson. 139: 1-7, 1999.
Baird AE, Warach S. Magnetic Resonance Imaging of Acute Stroke. J Cereb Blood Flow Metab. 18:583-609,
1998.
Bammer R, Keeling SL, Augustin M, et al. Improved diffusion-weighted single-shot echo-planar imaging
(EPI) in stroke using sensitivity encoding (SENSE). Magn Reson Med. 46:548-554, 2001.
Bammer R, Auer M, Keeling SL, et al. Diffusion tensor imaging using single-shot SENSE-EPI. Magn Reson
Med. 48: 128-36, 2002. 
Baratti C, Barnett AS, Pierpaoli C. Comparative MR Imaging Study of Brain Maturation in Kittens with T1,
T2, and the Trace of the Diffusion Tensor. Radiology. 210:133-142, 1999.
Barkovich AJ, Sargent SK. Profound asphyxia in the premature infant: imaging findings. AJNR Am J Neuro-
radiol. 16:1837-46, 1995a.
Barkovich AJ, Westmark K, Partridge C, Sola A, Ferriero DM. Perinatal asphyxia: MR findings in the first 10
days. AJNR Am J Neuroradiol. 16:427-38, 1995b. 
Barnett A, Mercuri E, Rutherford M, et al. Neurological and perceptual-motor outcome at 5 - 6 years of age
in children with neonatal encephalopathy: relationship with neonatal brain MRI. Neuropediatrics. 33: 242-
248, 2002.
Basser PJ, Mattiello J, LeBihan D. Estimation of the effective self-diffusion tensor from the NMR spin echo. J
Magn Reson B. 103: 247-254, 1994a. 
Basser PJ, Mattiello J, LeBihan D. MR diffusion tensor spectroscopy and imaging. Biophys J. 66:259-67,
1994b. 
Basser PJ, Pierpaoli C. Microstructural and physiological features of tissues elucidated by quantitative-diffu-
sion-tensor MRI. J Magn Reson B. 111: 209-219, 1996.
Basser PJ, Pierpaoli C. A simplified method to measure the diffusion tensor from seven MR images. Magn
Reson Med. 39:928-34, 1998. 
References 139



Basser PJ, Pajevic S. Statistical artifacts in diffusion tensor MRI (DT-MRI) caused by background noise.
Magn Reson Med. 44: 41-50, 2000a.
Basser PJ, Pajevic S, Pierpaoli C, Duda J, Aldroubi A. In vivo fiber tractography using DT-MRI data. Magn
Reson Med. 44:625-32, 2000b. 
Basser PJ, Jones DK. Diffusion-tensor MRI: theory, experimental design and data analysis - a technical
review. NMR Biomed. 15:456-67, 2002. 
Bastin ME, Armitage PA, Marshall I. A theoretical study of the effect of experimental noise on the measure-
ment of anisotropy in diffusion imaging. Magn Reson Imaging. 16:773-85, 1998.
Bastin ME. Correction of eddy current-induced artefacts in diffusion tensor imaging using iterative cross-cor-
relation. Magn Reson Imaging. 17:1011-1024, 1999.
Bastin ME, Armitage PA. On the use of water phantom images to calibrate and correct eddy current induced
artefacts in MR diffusion tensor imaging. Magn Reson Imaging. 18:681-7, 2000. 
Batchelor PG, Atkinson D, Hill DL, Calamante F, Connelly A. Anisotropic noise propagation in diffusion ten-
sor MRI sampling schemes. Magn Reson Med. 49:1143-51, 2003. 
Beaulieu C. The basis of anisotropic water diffusion in the nervous system - a technical review. NMR
Biomed. 15: 435-455, 2002. 
Benveniste H, Hedlund LW, Johnson GA. Mechanism of detection of acute cerebral ischemia in rats by diffu-
sion-weighted magnetic resonance microscopy. Stroke. 23: 746-754, 1992.
Berger R and Garnier Y. Perinatal Brain Injury. J Perinat Med. 28: 261-285, 2000.
Bernards JA, Bouman LN. Fysiologie van de mens, 6e druk. Houten: Bohn Stafleu van Loghum, 1994.
Bihan Le D, Breton E. Imagerie de diffusion in vivo par resonance magnetique nucleaire. CR Acad Sci Paris.
301: 1109-1112, 1985.
Bihan Le D, Turner R. Chapter 17 Diffusion and perfusion nuclear magnetic resonance imaging. In: Mag-
netic Resonance Angiography, Concepts and Applications, edited by Potchen EJ, Haacke EM, Siebert JE,
Gottschalk A. St. Louis: Mosby Year Book Inc., 1993.
Bihan Le D, Mangin JF, Poupon C, et al. Diffusion tensor imaging: concepts and applications. J Magn Reson
Imaging. 13: 534-546, 2001.
Black JA, Waxman SG, Ransom BR, Feliciano MD. A quantitative study of developing axons and glia follow-
ing altered gliogenesis in rat optic nerve. Brain Res. 380:122-35, 1986. 
Blackband SJ, Bui JD, Buckley DL, et al. MR microscopy of perfused brain slices. Magn Reson Med.
38:1012-5, 1997. 
Blankenberg FG, Loh NN, Bracci P, et al. Sonography, CT, and MR imaging: a prospective comparison of
neonates with suspected intracranial ischemia and hemorrhage. AJNR Am J Neuroradiol. 21:213-8, 2000. 
Bloch F. Nuclear Induction. Phys Rev 70: 460-474, 1946.
Bloom W, Fawcett DW. A Textbook of Histology, 12th ed.  Chapman and Hall, 1999 (1st ed. 1994) 
Boujraf S, Luypaert R, Osteaux M. b matrix errors in echo planar diffusion tensor imaging. J Appl Clin Med
Phys. 2:178-83, 2001. 
Bruder H, Fischer H, Reinfelder HE, Schmitt F. Image reconstruction for echo planar imaging with nonequi-
distant k-space sampling. Magn Reson Med. 23:311-23, 1992 .
Bruning R, Wu RH, Deimling M, Porn U, Haberl RL, Reiser M. Diffusion measurements in the ischemic
human brain with a steady-state sequence. Invest Radiol. 31:709-715, 1996. 
Buckley DL, Bui JD, Philips MI, et al. The effect of Ouabain on Water Diffusion in the Rat Hippocampal
Slice Measured by High Resolution NMR Imaging. Magn Reson Med. 41: 137-142, 1999a.
Bui JD, Buckley DL, Philips MI, Blackband SJ. Nuclear Magnetic Resonance measurements of water diffu-
sion in perfused hippocampal slice during NMDA induced excitotoxicity. Neuroscience. 93: 487-490, 1999.
Buonocore MH, Gao L. Ghost artifact reduction for echo planar imaging using image phase correction. Magn
Reson Med. 38:89-100, 1997.
Butts K, de Crespigny A, Pauly JM, Moseley M. Diffusion-weighted interleaved echo-planar imaging with a
pair of orthogonal navigator echoes. Magn Reson Med. 35:763-770, 1996.
Butts K, Pauly J, de Crespigny A, Moseley M. Isotropic diffusion-weighted and spiral-navigated interleaved
EPI for routine imaging of acute stroke. Magn Reson Med. 38:741-749, 1997.
Callaghan PT. Pulsed-gradient spin-echo NMR for planar, cylindrical and spherical pores under conditions of
wall relaxation. J Magn Reson A. 113: 53-59, 1995. 
Carano RA, Li F, Irie K, et al. Multispectral analysis of the temporal evolution of cerebral ischemia in the rat
brain. J Magn Reson Imaging. 12:842-58, 2000.
140 References



Chin CL, Wehrli FW, Hwang SN, Takahashi M, Hackney DB. Biexponential Diffusion Attenuation in the Rat
Spinal Cord. Magn Reson Med. 47: 455-460, 2002. 
Clark CA, Le Bihan D. Water diffusion compartmentation and anisotropy at high b values in the human brain.
Magn Reson Med. 44:852-9, 2000. 
Clark CA, Hedehus M, Moseley ME. Diffusion time dependence of the apparent diffusion tensor in healthy
human brain and white matter disease. Magn Reson Med. 45:1126-9, 2001. 
Clark CA, Hedehus M, Moseley ME. In vivo mapping of the fast and slow diffusion tensors in human brain.
Magn Reson Med. 47:623-8, 2002. 
Coelho. Zakwoordenboek der Geneeskunde. Arnhem: Elsevier, 2000.
Cohen Y, Assaf Y. High b-value q-space analyzed diffusion-weighted MRS and MRI in neuronal tissues - a
technical review. NMR Biomed. 15:516-42, 2002.
Conturo TE, McKinstry RC, Aronovitz JA, Neil JJ. Diffusion MRI: precision, accuracy and flow effects.
NMR Biomed. 8:307-32, 1995.
Conturo TE, McKinstry RC, Akbudak E, Robinson BH. Encoding of anisotropic diffusion with tetrahedral
gradients: a general mathematical diffusion formalism and experimental results. Magn Reson Med. 35: 399-
412, 1996. 
Conturo TE, Lori NF, Cull TS, et al. Tracking neuronal fiber pathways in the living human brain. Proc Natl
Acad Sci. 96: 10422-7, 1999. 
Counsell SJ, Maalouf EF, Fletcher AM, et al. MR imaging assessment of myelination in the very preterm
brain. AJNR Am J Neuroradiol. 23:872-81, 2002. 
Cowan FM, Pennock JM, Hanrahan JD, Manji KP, Edwards AD. Early detection of cerebral infarction and
hypoxic ischemic encephalopathy in neonates using diffusion-weighted magnetic resonance imaging. Neuro-
pediatrics. 25: 172-175, 1994.
Cowan F. Outcome after intrapartum asphyxia in term infants. Semin Neonatol. 5:127-40, 2000.
Coy A, Callaghan PT. Pulsed gradient spin echo nuclear magnetic resonance for molecules diffusing between
partially reflecting rectangular barriers. J Chem Phys 101: 4599-4609, 1994. 
Crespigny de AJ, Rother J, Beaulieu C, Moseley ME, Hoehn M. Rapid monitoring of diffusion, DC poten-
tial, and blood oxygenation changes during global ischemia. Effects of hypoglycemia, hyperglycemia, and
TTX. Stroke. 30:2212-22, 1999.
Dailey ME. Chapter 3 Optical imaging of neural structure and physiology: confocal fluorescence microscopy.
In: Brain Mapping: The Methods, 2nd ed. by Toga A, Mazziotta J. San Diego: Academic Press, 2002. 
Damon BM, Ding Z, Anderson AW, Freyer AS, Gore JC. Validation of diffusion tensor MRI-based muscle
fiber tracking. Magn Reson Med. 48:97-104, 2002.
Detre JA, Zager EL, Alsop DC, Harris VA, Welsh FA. Correlation of diffusion MRI and heat shock protein in
a rat embolic stroke model. J Neurol Sci. 148:163-9, 1997. 
Dijkhuizen RM, Berkelbach van der Sprenkel JW, Tulleken KA, Nicolay K. Regional assessment of tissue
oxygenation and the temporal evolution of hemodynamic parameters and water diffusion during acute focal
ischemia in rat brain. Brain Res. 750:161-70, 1997.
Dijkhuizen RM, Knollema S, van der Worp HB, et al. Dynamics of cerebral tissue injury and perfusion after
temporary hypoxia-ischemia in the rat: evidence for region-specific sensitivity and delayed damage. Stroke.
29:695-704, 1998a.
Dijkhuizen RM. Magnetic Resonance Imaging and Spectroscopy in Experimental Cerebral Ischemia. PhD
Thesis. Utrecht University, The Netherlands, 1998b. 
Dijkhuizen RM, de Graaf RA, Tulleken KA, Nicolay K. Changes in the diffusion of water and intracellular
metabolites after excitotoxic injury and global ischemia in neonatal rat brain. J Cereb Blood Flow Metab. 19:
341-349, 1999.
Dijkhuizen RM, Nicolay K. Magnetic resonance imaging in experimental models of brain disorders. J Cereb
Blood Flow Metab. 23:1383-402, 2003.
Dilenge ME, Majnemer A, Shevell MI. Long-term developmental outcome of asphyxiated term neonates. J
Child Neurol. 16:781-92, 2001.
Does MD, Beaulieu C, Allen PS, Snyder RE. Multi-component T1 relaxation and magnetisation transfer in
peripheral nerve. Magn Reson Imaging. 16:1033-41, 1998. 
Does MD, Gore JC. Compartmental Study of T1 and T2 in Rat Brain and Trigeminal Nerve In Vivo. Magn
Reson Med. 47: 274-283, 2002.
Does MD, Parsons EC, Gore JC. Oscillating gradient measurements of water diffusion in normal and globally
ischemic rat brain. Magn Reson Med. 49:206-15, 2003. 
References 141



Donkelaar Van CC, Kretzers LJ, Bovendeerd PH, et al. Diffusion tensor imaging in biomechanical studies of
skeletal muscle function. J Anat. 194:79-88, 1999. 
Dorsten van FA, Olah L, Schwindt W, et al. Dynamic changes of ADC, perfusion, and NMR relaxation
parameters in transient focal ischemia of rat brain. Magn Reson Med. 47:97-104, 2002.
Douglas C, Montgomery G. Applied Statistics and Probability for engineers. New York: John Wiley, 1999. 
Dreher W, Kuhn B, Gyngell ML, et al. Temporal and regional changes during focal ischemia in rat brain stud-
ied by proton spectroscopic imaging and quantitative diffusion NMR. Magn Reson Med. 39:878-88, 1998.
Dreher W, Busch E, Leibfritz D. Changes in Apparent Diffusion Coefficients of Metabolites in Rat Brain
After Middle Cerebral Artery Occlusion Measured by Proton Magnetic Resonance Spectroscopy. Magn Reson
Med. 45:383-389, 2001. 
Duong TQ, Ackerman JJ, Ying HS, Neil JJ. Evaluation of extra- and intracellular apparent diffusion in nor-
mal and globally ischemic rat brain via 19F NMR. Magn Reson Med. 40: 1-13, 1998. 
Duong TQ, Sehy JV, Yablonskiy DA, Snider BJ, Ackerman JJH, Neil JJ. Extracellular Apparent Diffusion in
Rat Brain. Magn Reson Med. 45: 801-810, 2001. 
Eis M, Hoehn-Berlage M. Correction of gradient crosstalk and optimization of measurement parameters in
diffusion MR imaging. J Magn Reson B. 107: 222-234, 1995. 
Els T, Rother J, Beaulieu C, de Crespigny A, Moseley M. Hyperglycemia delays terminal depolarization and
enhances repolarization after peri-infarct spreading depression as measured by serial diffusion MR mapping. J
Cereb Blood Flow Metab. 17:591-595, 1997.
Farlex Inc. http://encyclopedia.thefreedictionary.com, 2004
Fayuk D, Aitken PG, Somjen GG, Turner DA. Two Different Mechanisms Underlie Reversible, Intrinsic Opti-
cal Signals in Rat Hippocampal Slices. J Neurophysiol. 87: 1924–1937, 2002. 
Fenrich RFE, Beaulieu C, Allen PS. Relaxation times and microstructures. NMR Biomed. 14: 133-139, 2001.
Feuerstein GZ, Wang X. Animal models of stroke. Mol Med today 6: 133-135, 2000.
Finkelstein A. Water movement through lipid bilayer pores and plasma membranes: theory and reality. New
York: John Wiley and Sons, 1987. 
Fisher M. The ischemic penumbra: identification, evolution and treatment concepts. Cerebrovasc Dis. 17
Suppl 1:1-6, 2004.
Forbes KP, Pipe JG, Bird R. Neonatal hypoxic-ischemic encephalopathy: detection with diffusion-weighted
MR imaging. AJNR Am J Neuroradiol. 21: 1490-1496, 2000. 
Foster S. http://www.miracosta.cc.ca.us/home/sfoster/260chapters/Chapter%202.htm, 2004. 
Frank LR. Anisotropy in high angular resolution diffusion-weighted MRI. Magn Reson Med. 45:935-9, 2001. 
Frank LR. Characterization of anisotropy in high angular resolution diffusion-weighted MRI. Magn Reson
Med. 47:1083-99, 2002. 
Garcia JH, Liu KF, Ho KL. Neuronal necrosis after middle cerebral artery occlusion in Wistar rats progresses
at different time intervals in the caudoputamen and the cortex. Stroke. 26:636-42, 1995a.
Garcia JH, Wagner S, Liu KF, Hu XJ. Neurological deficit and extent of neuronal necrosis attributable to mid-
dle cerebral artery occlusion in rats. Statistical validation. Stroke. 26:627-34, 1995b. 
Ginsberg MD, Busto R. Rodent models of cerebral ischemia. Stroke. 20:1627-42, 1989. 
Glenn OA, Henry RG, Berman JI, et al. DTI-based three-dimensional tractography detects differences in the
pyramidal tracts of infants and children with congenital hemiparesis. J Magn Reson Imaging. 18:641-8, 2003. 
Green HA, Pena A, Price CJ, et al. Increased anisotropy in acute stroke: a possible explanation. Stroke. 33:
1517-1521, 2002.
Grieve SM, Blamire AM, Styles P. Elimination of Nyquist ghosting caused by read-out to phase-encode gra-
dient cross-terms in EPI. Magn Reson Med. 47:337-343, 2002.
Gulani V, Webb AG, Duncan ID, Lauterbur PC. Apparent diffusion tensor measurements in myelin-deficient
rat spinal cords. Magn Reson Med. 45: 191-195, 2001.
Guyton AC, Hall JE. Textbook of Medical Physiology, 10th ed.  Philadelphia: WB Saunders company, 2000. 
Haacke EM, Brown RW, Thompson MR, Venkatesan R. Magnetic Resonance Imaging, physical principles
and sequence design. New York: John Wiley and Sons Inc., 513-552, 1999.
Hagberg H, Bona E, Gilland E, Puka-Sundvall M. Hypoxia-ischaemia model in the 7-day-old rat: possibilities
and shortcomings. Acta Paediatr Suppl. 422:85-8, 1997. 
Hagen von dem EA, Henkelman RM. Orientational diffusion reflects fiber structure within a voxel. Magn
Reson Med. 48:454-9, 2002.
142 References



Hakumaki JM, Pirttila TR, Kauppinen RA. Reduction in water and metabolite apparent diffusion coefficients
during energy failure involves cation-dependent mechanisms. A proton nuclear magnetic resonance study of
rat cortical brain slices. J Cereb Blood Flow Metab. 20:405-11, 2000.
Hamann GF, Zoppo del GJ, Kummer von R. Hemorrhagic transformation of cerebral infarction: possible
mechanisms. Thromb Haemost 82 (suppl 1): 92-94, 1999.
Harris NG, Zilkha E, Houseman J, Symms MR, Obrenovitch TP, Williams SR. The Relationship between the
Apparent Diffusion Coefficient Measured by Magnetic Resonance Imaging, Anoxic Depolarization, and
Glutamate Efflux During Experimental Cerebral Ischemia. J Cereb Blood Flow Metab. 20:28-36, 2000.
Hasan KM, Parker DL, Alexander AL. Comparison of gradient encoding schemes for diffusion-tensor MRI. J
Magn Reson Imaging. 13:769-80, 2001. 
Hasegawa K, Litt L, Espanol MT, Sharp FR, Chan PH. Expression of c-fos and hsp70 mRNA in neonatal rat
cerebrocortical slices during NMDA-induced necrosis and apoptosis. Brain Res. 785:262-78, 1998.
Haselgrove JC, Moore JR. Correction for distortion of echo-planar images used to calculate the apparent dif-
fusion coefficient. Magn Reson Med. 36:960-964, 1996.
Heiland S, Dietrich O, Sartor K. Diffusion-weighted imaging of the brain: comparison of stimulated- and
spin-echo echo-planar sequences. Neuroradiology. 43:442-447, 2001.
Heiss WD. Ischemic penumbra: evidence from functional imaging in man. J Cereb Blood Flow Metab.
20:1276-93, 2000.
Helpern JA, Ordidge RJ, Knight RA. The effect of cell membrane permeability on the apparent diffusion
coefficient in water. In: Proc SMRM 1992: 1201.
Hoehn-Berlage M, Eis M, Back T, Kohno K, Yamashita K. Changes of relaxation times (T1, T2) and appar-
ent diffusion coefficient after permanent middle cerebral artery occlusion in the rat: temporal evolution,
regional extent, and comparison with histology. Magn Reson Med. 34:824-34, 1995.
Hoehn M, Nicolay K, Franke C, van der Sanden B. Application of magnetic resonance to animal models of
cerebral ischemia. J Magn Reson Imaging. 14: 491-509, 2001.
Holmes AA, Scollan DF, Winslow RL. Direct histological validation of diffusion tensor MRI in formalde-
hyde-fixed myocardium. Magn Reson Med. 44:157-61, 2000. 
Hornak JP. The Basics of MRI. http://www.cis.rit.edu/htbooks/mri, 1996. 
Horsfield MA. Mapping eddy current induced fields for the correction of diffusion-weighted echo planar
images. Magn Reson Imaging. 17:1335-45, 1999. 
Hossmann KA. Experimental models for the investigation of brain ischemia. Cardiovasc Res. 39:106-20,
1998.
Hsu EW, Aiken NR, Blackband SJ. A study of diffusion isotropy in single neurons by using NMR micros-
copy. Magn Reson Med. 37: 624-627, 1997. 
Huang IJ, Chen CY, Chung HW, et al. Time course of cerebral infarction in the middle cerebral arterial terri-
tory: deep watershed versus territorial subtypes on diffusion-weighted MR. Radiology. 221:35-42, 2001. 
Huang NC, Yongbi MN, Helpern JA. The influence of preischemic hyperglycemia on acute changes in the
apparent diffusion coefficient of brain water following global ischemia in rats. Brain Res. 757:139-45, 1997.
Hunsche S, Moseley ME, Stoeter P, Hedehus M. Diffusion-tensor MR imaging at 1.5 and 3.0 T: initial obser-
vations. Radiology. 221:550-6, 2001. 
Hüppi PS, Barnes PD. Magnetic resonance techniques in the evaluation of the newborn brain. Clin Perinatol.
24:693-723, 1997.
Hüppi PS, Maier SE, Peled S, et al. Microstructural development of human newborn cerebral white matter
assessed in vivo by diffusion tensor magnetic resonance imaging. Pediatr Res. 584-590, 1998.
Hüppi PS, Murphy B, Maier SE, et al. Microstructural brain development after perinatal cerebral white mat-
ter injury assessed by diffusion tensor magnetic resonance imaging. Pediatrics. 107: 455-460, 2001.
Imai H, McCulloch J, Graham DI, Masayasu H, Macrae IM. New method for the quantitative assessment of
axonal damage in focal cerebral ischemia. J Cereb Blood Flow Metab. 22:1080-9, 2002. 
Inder T, Hüppi PS, Zientara GP, et al. Early detection of periventricular leukomalacia by diffusion-weighted
magnetic resonance imaging techniques. J Pediatr. 134: 631-634, 1999. 
Inder TE, Anderson NJ, Spencer C, Wells S, Volpe JJ. White matter injury in the premature infant: a compari-
son between serial cranial sonographic and MR findings at term. AJNR Am J Neuroradiol. 24:805-9, 2003.
Ishizuka N, Weber J, Amaral DG. Organization of intrahippocampal projections originating from CA3 pyram-
idal cells in the rat. J Comp Neurol. 295:580-623, 1990. 
References 143



Jellison BJ, Field AS, Medow J, Lazar M, Salamat MS, Alexander AL. Diffusion tensor imaging of cerebral
white matter: a pictorial review of physics, fiber tract anatomy, and tumor imaging patterns. AJNR Am J Neu-
roradiol. 25:356-69, 2004.
Jiang H, Golay X, van Zijl PC, Mori S. Origin and minimization of residual motion-related artifacts in navi-
gator-corrected segmented diffusion-weighted EPI of the human brain. Magn Reson Med. 47:818-822, 2002.
Jobard B, Lefer W. Creating evenly-spaced streamlines of arbitrary density. In: Proc. Eurographics Work-
shop. Berlin: Springer Verlag, 43–56, 1997.
Johnson AJ, Lee BC, Lin W. Echoplanar diffusion-weighted imaging in neonates and infants with suspected
hypoxic-ischemic injury: correlation with patient outcome. AJR Am J Roentgenol. 172:219-26, 1999. 
Jones CK, Xiang QS, Whittall KP, MacKay AL. Linear combination of multiecho data: short T2 component
selection. Magn Reson Med. 51:495-502, 2004.
Jones DK, Horsfield MA, Simmons A. Optimal strategies for measuring diffusion in anisotropic systems by
magnetic resonance imaging. Magn Reson Med. 42:515-525, 1999.
Jones DK, Simmons A, Williams SC, Horsfield MA. Non-invasive assessment of axonal fiber connectivity in
the human brain via diffusion tensor MRI. Magn Reson Med. 42:37-41, 1999b. 
Junqueira LC, Carneiro J, Kelley RO. Functionele Histologie. Maarssen: Elsevier, 2000.
Kärger J, Pfeifer H, Heink W. Principles and application of self-diffusion measurements by nuclear magnetic
resonance. Adv Magn Res. 12: 1-89, 1988. 
Kastrup A, Neumann-Haefelin T, Moseley ME, de Crespigny A. High speed diffusion magnetic resonance
imaging of ischemia and spontaneous periinfarct spreading depression after thromboembolic stroke in the rat.
J Cereb Blood Flow Metab. 20:1636-47, 2000.
Kauppinen RA, Williams SR. Cerebral energy metabolism and intracellular pH during severe hypoxia and
recovery: a study using 1H, 31P, and 1H [13C] nuclear magnetic resonance spectroscopy in the guinea pig cer-
ebral cortex in vitro. J Neurosci Res. 26:356-69, 1990. 
Keir SL, Wardlaw JM. Systematic review of diffusion and perfusion imaging in acute ischemic stroke. Stroke.
31:2723-31, 2000.
Kerr JB. Atlas of Functional Histology. St. Louis: Mosby, 1999.
Kier EL, Staib LH, Davis LM, Bronen RA. Anatomic dissection tractography: a new method for precise MR
localization of white matter tracts. AJNR Am J Neuroradiol. 25:670-6, 2004a.
Kier EL, Staib LH, Davis LM, Bronen RA. MR imaging of the temporal stem: anatomic dissection tractogra-
phy of the uncinate fasciculus, inferior occipitofrontal fasciculus, and Meyer's loop of the optic radiation.
AJNR Am J Neuroradiol. 25:677-91, 2004b.
Kim DS, Garwood M. High-field magnetic resonance techniques for brain research. Curr Opin Neurobiol.
13:612-9, 2003. 
Knaap van der MS, Valk J. MR imaging of the various stages of normal myelination during the first year of
life. Neuroradiology. 31:459-70, 1990. 
Kornguth S. http://www.lifesci.utexas.edu/courses/brain/Steve'sLectures/Structure2.html, 2004. 
Krishnamoorthy KS, Soman TB, Takeoka M, Schaefer PW. Diffusion-weighted imaging in neonatal cere-
bral infarction: clinical utility and follow-up. J Child Neurol. 15:592-602, 2000.
Krizaj D, Rice ME, Wardle RA, Nicholson C. Water compartmentalization and extracellular tortuosity after
osmotic changes in cerebellum of Trachemys scripta. J Physiol. 492:887-96, 1996.
Kroenke CD, Ackerman JJH, Neil JJ. Magnetic resonance measurement of tetramethylammonius diffusion in
rat: comparison fo magnetic resonance and ionophoresis in vivo diffusion measurements. Magn Reson Med.
50: 717-726, 2003
Laake JH, Haug FM, Wieloch T, Ottersen OP. A simple in vitro model of ischemia based on hippocampal
slice cultures and propidium iodide fluorescence. Brain Res Brain Res Protoc. 4:173-84, 1999. 
Lancaster JL, Andrews T, Hardies LJ, Dodd S, Fox PT. Three-Pool Model of White Matter. J Magn Reson
Imaging. 17: 1-10, 2003
Lansberg MG, Thijs VN, O'Brien MW, et al. Evolution of apparent diffusion coefficient, diffusion-weighted,
and T2-weighted signal intensity of acute stroke. AJNR Am J Neuroradiol. 22:637-44, 2001. 
Latour LL, Svoboda K, Mitra PP, Sotak CH. Time-dependent diffusion of water in a biological model sys-
tem. Proc. Natl. Acad. Sci. 91: 1229-1233, 1994. 
Lee VM, Burdett NG, Carpenter A, et al. Evolution of photochemically induced focal cerebral ischemia in the
rat. Magnetic resonance imaging and histology. Stroke. 27:2110-8, 1996.
Lee SK, Mori S, Kim DJ, Kim SY, Kim SY, Kim DI. Diffusion tensor MR imaging visualizes the altered hem-
ispheric fiber connection in callosal dysgenesis. AJNR Am J Neuroradiol. 25:25-8, 2004. 
144 References



Li F, Silva MD, Sotak CH, Fisher M. Temporal evolution of ischemic injury evaluated with diffusion, per-
fusion-, and T2-weighted MRI. Neurology. 54:689-96, 2000a.
Li F, Silva MD, Liu KF, et al. Secondary decline in apparent diffusion coefficient and neurological outcomes
after a short period of focal brain ischemia in rats. Ann Neurol. 48:236-44, 2000b.
Li F, Liu KF, Silva MD, et al. Acute postischemic renormalization of the apparent diffusion coefficient of
water is not associated with reversal of astrocytic swelling and neuronal shrinkage in rats. AJNR Am J Neuro-
radiol. 23: 180-188, 2002.
Li TQ, Takahashi AM, Hindmarsh T, Moseley ME. ADC mapping by means of a single-shot spiral MRI tech-
nique with application in acute cerebral ischemia. Magn Reson Med. 41:143-147, 1999. 
Lin CP, Tseng WY, Cheng HC, Chen JH. Validation of diffusion tensor magnetic resonance axonal fiber imag-
ing with registered manganese-enhanced optic tracts. Neuroimage. 14:1035-47, 2001.
Lin CP, Wedeen VJ, Chen JH, Yao C, Tseng WY. Validation of diffusion spectrum magnetic resonance imag-
ing with manganese-enhanced rat optic tracts and ex vivo phantoms. Neuroimage. 19:482-95, 2003. 
Lin TN, Sun SW, Cheung WM, Li F, Chang C. Dynamic changes in cerebral blood flow and angiogenesis
after transient focal cerebral ischemia in rats. Stroke. 33:2985-91, 2002.
Lipton P. Ischemic cell death in brain neurons. Physiol Rev. 79:1431-568, 1999. 
Lookeren Campagne M, Thomas GR, Thibodeaux H, et al. Secondary reduction in the apparent diffusion
coefficient of water, increase in cerebral blood volume, and delayed neuronal death after middle cerebral
artery occlusion and early reperfusion in the rat. J Cereb Blood Flow Metab. 19:1354-64, 1999.
Lutsep HL, Albers GW, DeCrespigny A, Kamat GN, Marks MP, Moseley ME. Clinical utility of diffusion-
weighted magnetic resonance imaging in the assessment of ischemic stroke. Ann Neurol. 41:574-80, 1997. 
MacKay A, Whittall K, Adler J, Li D, Paty D, Graeb D. In vivo visualization of myelin water in brain by
magnetic resonance. Magn Reson Med. 31:673-7, 1994.
Maier SE, Vajapeyam S, Mamata H, Westin CF, Jolesz FA, Mulkern RV. Biexponential diffusion tensor analy-
sis of human brain diffusion data. Magn Reson Med. 51:321-30, 2004. 
Makris N, Worth AJ, Sorensen AG, et al. Morphometry of in vivo human white matter association pathways
with diffusion-weighted magnetic resonance imaging. Ann Neurol. 42:951-62, 1997. 
Mansfield P. Multi-planar image formation using NMR spin-echoes. J Physics C. 10:L5-L58, 1977.
Marks MP, Tong DC, Beaulieu C, Albers GW, de Crespigny A, Moseley ME. Evaluation of early reperfusion
and i.v. tPA therapy using diffusion- and perfusion-weighted MRI. Neurology. 52:1792-8, 1999. 
Mattiello J, Basser PJ, Bihan Le D. Analytical expressions for the b matrix in NMR diffusion imaging and
spectroscopy. J Magn Reson A. 108: 121-141, 1994. 
Mazel T, Simonova Z, Sykova E. Diffusion heterogeneity and anisotropy in rat hippocampus. Neuroreport.
9:1299-304, 1998.
McBain CJ, Traynelis SF, Dingledine R. Regional variation of extracellular space in the hippocampus. Sci-
ence 249:674-7, 1990.
McCulloch J, Komajti K, Valeriani V, Dewar D. Chapter 33 Beyond neuroprotection: the protection of axons
and oligodendrocytes in cerebral ischemia. In: Cerebrovascular Disease, 22nd Princeton Conference, edited by
Chan PH. Cambridge University Press, 2002. 
McGraw P, Liang L, Provenzale JM. Evaluation of normal age-related changes in anisotropy during infancy
and childhood as shown by diffusion tensor imaging. AJR Am J Roentgenol. 179: 1515-1522, 2002.
McKinstry RC, Miller JH, Snyder AZ, et al. A prospective, longitudinal diffusion tensor imaging study of
brain injury in newborns. Neurology. 59:824-833, 2002.
Meier C, Dreher W, Leibfritz D. Diffusion in compartmental systems. I. A comparison of an analytical model
with simulations. Magn Reson Med. 50: 500-509, 2003. 
Menon RS, Allen PS. Application of Continuous Relaxation Time Distributions to the fitting of Data from
Model Systems and Excised Tissue. Magn Reson Med. 20: 214-227, 1991.
Merboldt KD, Hanicke W, Frahm J. Self-diffusion NMR imaging using stimulated echoes. J Magn Reson. 64:
479-486, 1985.
Miller SP, Vigneron DB, Henry RG, et al. Serial quantitative diffusion tensor MRI of the premature brain:
development in newborns with and without injury. J Magn Reson Imaging. 16: 621-632, 2002.
Miller SP, Cozzio CC, Goldstein RB, et al. Comparing the diagnosis of white matter injury in premature new-
borns with serial MR imaging and transfontanel ultrasonography findings. AJNR Am J Neuroradiol. 24:1661-
9, 2003. 
Mills R. Self-Diffusion in Normal and Heavy Water in the Range 1-45C. J of Phys Chem. 77:685–688, 1972.
References 145



Miyasaka N, Kuroiwa T, Zhao FY, et al. Cerebral ischemic hypoxia: discrepancy between apparent diffusion
coefficients and histologic changes in rats. Radiology. 215:199-204, 2000.
Monette R, Small DL, Mealing G, Morley P. A fluorescence confocal assay to assess neuronal viability in
brain slices. Brain Res Brain Res Protoc. 2:99-108, 1998. 
Mori S, van Zijl PC. Fiber tracking: principles and strategies. NMR Biomed. 15:468-80, 2002a. 
Mori S, Kaufmann WE, Davatzikos C, et al. Imaging cortical association tracts in the human brain using dif-
fusion-tensor-based axonal tracking. Magn Reson Med. 47:215-23, 2002b. 
Morris MC, Zimmerman RA, Bilaniuk LT, Hunter JV, Haselgrove JC. Changes in brain water diffusion dur-
ing childhood. Neuroradiology 41: 929-934, 1999.
Moseley ME, Cohen Y, Mintorovitch J, et al.. Early detection of regional cerebral ischemia in cats: compari-
son of diffusion- and T2-weighted MRI and spectroscopy. Magn Reson Med. 14:330-346, 1990.
Mukherjee P, Miller JH, Shimony JS, et al. Normal brain maturation during childhood: developmental trends
characterized with diffusion-tensor MR imaging. Radiology. 221:349-58, 2001. 
Mulkern RV, Gudbjartsson H, Westin CF, et al. Multi-component apparent diffusion coefficients in human
brain. NMR Biomed. 12:51-62, 1999. 
Nagel HT, Vandenbussche FP, Oepkes D, Jennekens-Schinkel A, Laan LA, Gravenhorst JB. Follow-up of
children born with an umbilical arterial blood pH < 7. Am J Obstet Gynecol. 173:1758-64, 1995.
Nalin A, Frigieri G, Caggia P, Vezzalini S. State of the art of magnetic resonance (MR) in neonatal hypoxic-
ischemic encephalopathy. Childs Nerv Syst. 5:350-5, 1989.
Napadow VJ, Chen Q, Mai V, So PT, Gilbert RJ. Quantitative analysis of three-dimensional-resolved fiber
architecture in heterogeneous skeletal muscle tissue using nmr and optical imaging methods. Biophys J.
80:2968-75, 2001.
Nedelcu J, Klein MA, Aguzzi A, Boesiger P, Martin E. Biphasic edema after hypoxic-ischemic brain injury in
neonatal rats reflects early neuronal and late glial damage. Pediatr Res. 46:297-304, 1999.
Neeman M, Freyer JP, Sillerud LO. A simple method for obtaining cross-term-free images for diffusion ani-
sotropy studies in NMR microimaging. Magn Reson Med. 21:138-43, 1991. 
Neil JJ, Duong TQ, Ackerman JJ. Evaluation of intracellular diffusion in normal and globally-ischemic rat
brain via 133Cs NMR. Magn Reson Med. 35: 329-335, 1996.
Neil JJ, Shiran SI, McKinstry RC, et al. Normal brain in human newborns: apparent diffusion coefficient and
diffusion anisotropy measured by using diffusion tensor MR imaging. Radiology. 209: 57-66, 1998.
Neil J, Miller J, Mukherjee P, Huppi PS. Diffusion tensor imaging of normal and injured developing human
brain - a technical review. NMR Biomed. 15: 543-552, 2002. 
Neumann-Haefelin T, Kastrup A, de Crespigny A, et al. Serial MRI after transient focal cerebral ischemia in
rats: dynamics of tissue injury, blood-brain barrier damage, and edema formation. Stroke. 31:1965-72, 2000.
Nicolay K, Braun KP, Graaf RA, Dijkhuizen RM, Kruiskamp MJ. Diffusion NMR spectroscopy. NMR
Biomed. 14:94-111, 2001.
Niendorf T, Dijkhuizen RM, Norris DG, Lookeren Campagne van M, Nicolay K. Biexponential Diffusion
Attenuation in Various States of Brain Tissue: Implications for Diffusion-Weighted Imaging. Magn Reson
Med. 36: 847-857, 1996. 
Norris DG, Niendorf T, Leibfritz D. Health and infarcted brain tissues studied at short diffusion times: the ori-
gins of apparent restriction and reduction in apparent diffusion coefficient. NMR Biomed. 7: 304-310, 1994.
Norris DG. The effects of microscopic tissue parameters on the diffusion weighted magnetic resonance imag-
ing experiment. NMR Biomed. 14: 77-93, 2001a. 
Norris DG. Implications of bulk motion for diffusion-weighted imaging experiments: effects, mechanisms,
and solutions. J Magn Reson Imaging. 13:486-495, 2001b.
Novikov EG, Dusschoten van D, As  van H. Modeling of Self-Diffusion and Relaxation Time NMR in Multi-
Compartment Systems. J Magn Reson. 135:522-528, 1998. 
O’Shea JM, Williams SR, Bruggen N, Gardner-Medwin AR. Apparent Diffusion Coefficient and MR Relaxa-
tion During Osmotic Manipulation in Isolated Turtle Cerebellum. Magn Reson Med. 44: 427-432, 2000. 
Olah L, Franke C, Schwindt W, Hoehn M. CO(2) reactivity measured by perfusion MRI during transient focal
cerebral ischemia in rats. Stroke. 31:2236-44, 2000. 
Olah L, Wecker S, Hoehn M. Relation of apparent diffusion coefficient changes and metabolic disturbances
after 1 hour of focal cerebral ischemia and at different reperfusion phases in rats. J Cereb Blood Flow Metab.
21:430-9, 2001. 
Ordidge RJ, Helpern JA, Qing ZX, Knight RA, Nagesh V. Correction of motional artifacts in diffusion-
weighted MR images using navigator echoes. Magn Reson Imaging. 12:455-460, 1994.
146 References



Pajevic S, Pierpaoli C. Color schemes to represent the orientation of anisotropic tissues from diffusion tensor
data: application to white matter fiber tract mapping in the human brain. Magn Reson Med. 42:526-40, 1999.
Pantoni L, Garcia JH, Gutierrez JA. Cerebral white matter is highly vulnerable to ischemia. Stroke. 27:1641-
1646, 1996. 
Papadakis NG, Xing D, Huang CL, Hall LD, Carpenter TA. A comparative study of acquisition schemes for
diffusion tensor imaging using MRI. J Magn Reson. 137:67-82, 1999.
Papadakis NG, Xing D, Houston GC, et al. A study of rotationally invariant and symmetric indices of diffu-
sion anisotropy. Magn Reson Imaging. 17:881-92, 1999b. 
Papadakis NG, Murrills CD, Hall LD, Huang CL, Carpenter TA. Minimal gradient encoding for robust esti-
mation of diffusion anisotropy. Magn Reson Imaging. 18:671-9, 2000. 
Paus T, Collins DL, Evans AC, Leonard G, Pike B, Zijdenbos A. Maturation of white matter in the human
brain: a review of magnetic resonance studies. Brain Res Bull. 54:255-66, 2001.
Peeters C, van Bel F. Pharmacotherapeutical reduction of post-hypoxic-ischemic brain injury in the newborn.
Biol Neonate. 79:274-80, 2001. 
Peeters, C. Neuroprotective strategies following perinatal hypoxia-ischemia. PhD Thesis. Utrecht University,
The Netherlands, 2002.
Peeters C, Hoelen D, Groenendaal F, van Bel F, Bar D. Deferoxamine, allopurinol and oxypurinol are not
neuroprotective after oxygen/glucose deprivation in an organotypic hippocampal model, lacking functional
endothelial cells. Brain Res. 963:72-80, 2003. 
Peled S, Gudbjartsson H, Westin CF, Kikinis R, Jolesz FA. Magnetic resonance imaging shows orientation
and asymmetry of white matter fiber tracts. Brain Res. 780: 27-33, 1998.
Peled S, Cory DG, Raymond SA, Kirschner DA, Jolesz FA. Water Diffusion, T2 and Compartmentation in
Frog Sciatic Nerve. Magn Reson Med. 42: 911-918, 1999. 
Perez-Pinzon MA, Tao L, Nicholson C. Extracellular potassium, volume fraction, and tortuosity in rat hip-
pocampal CA1, CA3, and cortical slices during ischemia. J Neurophysiol. 74:565-73, 1995.
Perlman JM, Risser R. Can asphyxiated infants at risk for neonatal seizures be rapidly identified by current
high-risk markers? Pediatrics. 97:456-62,1996. 
Peters A, Palay SL, Websters H deF. The Fine Structure of the Nervous System. New York: Oxford Univer-
sity Press, 1991. 
Petty MA, Wettstein JG. White matter ischaemia. Brain Res Brain Res Rev. 31:58-64, 1999.
Pfeuffer J, Flogel U, Leibfritz D. Monitoring of cell volume and water exchange time in perfused cells by dif-
fusion-weighted 1H NMR spectroscopy. NMR Biomed. 11:11-8, 1998a. 
Pfeuffer J, Dreher W, Sykova E, Leibfritz D. Water signal attenuation in diffusion-weighted 1H NMR experi-
ments during cerebral ischemia: influence of intracellular restrictions, extracellular tortuosity and exchange.
Magn Reson Imaging. 16:1023-1032, 1998b. 
Pfeuffer J, Flögel U, Dreher U, Leibfritz D. Restricted diffusion and exchange of intracellular water: theoreti-
cal modelling and diffusion time dependence of 1H NMR measurements on perfused glial cells. NMR Biomed
11:19-31, 1998c.
Pierpaoli C, Basser PJ. Toward a quantitative assessment of diffusion anisotropy. Magn Reson Med. 36: 893-
906, 1996.
Plessis du AJ and Johnston MV. Hypoxic-Ischemic Brain Injury in the Newborn. Clinics in Perinatology. 24:
627-654, 1997. 
Porter DA, Calamante F, Gadian DG, Connelly A. The effect of residual Nyquist ghost in quantitative echo-
planar diffusion imaging. Magn Reson Med. 42:385-392, 1999.
Price WS. Pulsed-Field Gradient Nuclear Magnetic Resonance as a Tool for Studying Translational Diffu-
sion: Part 1. Concepts Magnetic Resonance. 9: 299-336, 1997. 
Pubmed. http://www.ncbi.nlm.nih.gov/PubMed/ , 2004. 
Putz R, Pabst R, Taylor AN. Sobotta Atlas of Human Anatomy, 20th ed.  Williams & Wilkins, 1993. 
Riet van de JE, Vandenbussche FP, Le Cessie S, Keirse MJ. Newborn assessment and long-term adverse out-
come: a systematic review. Am J Obstet Gynecol. 180:1024-9, 1999. 
Rijniers LA. Personal communications. 2004. 
Robertson RL, Ben-Sira L, Barnes PD, et al. MR line-scan diffusion-weighted imaging of term neonates with
perinatal brain ischemia. AJNR Am J Neuroradiol. 20:1658-1670, 1999.
Roelants AM, Groenendaal F, Beek FJ, Eken P, van Haastert IC, de Vries LS. Parenchymal brain injury in the
preterm infant: comparison of cranial ultrasound, MRI and neurodevelopmental outcome. Neuropediatrics.
32:80-9, 2001.
References 147



Ronen I, Kim KH, Garwood M, Ugurbil K, Kim DS. Conventional DTI vs. slow and fast diffusion tensors in
cat visual cortex. Magn Reson Med. 49:785-90, 2003.
Roohey T, Raju TN, Moustogiannis AN. Animal models for the study of perinatal hypoxic-ischemic encepha-
lopathy: a critical analysis. Early Hum Dev. 20;47:115-46, 1997.
Rother J, Waggie K, van Bruggen N, de Crespigny AJ, Moseley ME. Experimental cerebral venous thrombo-
sis: evaluation using magnetic resonance imaging. J Cereb Blood Flow Metab. 16:1353-61, 1996.
Rumpel H, Nedelcu J, Aguzzi A, Martin E. Late glial swelling after acute cerebral hypoxia-ischemia in the
neonatal rat: a combined magnetic resonance and histochemical study. Pediatr Res. 42: 54-59, 1997.
Rutherford MA, Cowan FM, Manzur AY, et al. MR Imaging of Anisotropically Restricted Diffusion in the
Brain of Neonates and Infants. Journal of Comp Ass Tom 15: 188-198; 1991.
Rutherford MA. MRI of the Neonatal Brain. Philadelphia: WB Saunders company, 2001. 
Scarabino T, Nemore F, Giannatempo GM, Bertolino A, Di Salle F, Salvolini U. 3.0 T magnetic resonance in
neuroradiology. Eur J Radiol. 48:154-64, 2003.
Schaefer PW, Grant PE, Gonzalez RG. Diffusion-weighted MR imaging of the brain. Radiology. 217:331-45,
2000.
Schlaug G, Siewert B, Benfield A, Edelman RR, Warach S. Time course of the apparent diffusion coefficient
(ADC) abnormality in human stroke. Neurology. 49:113-9, 1997.
Schuier FJ, Hossmann KA. Experimental brain infarcts in cats II. Stroke. 11:593-601, 1980. 
Schwamm LH, Koroshetz WJ, Sorensen AG, et al. Time course of lesion development in patients with acute
stroke: serial diffusion- and hemodynamic-weighted magnetic resonance imaging. Stroke. 29:2268-76, 1998. 
Schwarcz A, Bogner P, Meric P, et al. The existence of biexponential signal decay in magnetic resonance dif-
fusion-weighted imaging appears to be independent of compartmentalization. Magn Reson Med. 51:278-85,
2004. 
Scollan DF, Holmes A, Winslow R, Forder J. Histological validation of myocardial microstructure obtained
from diffusion tensor magnetic resonance imaging. Am J Physiol. 275:H2308-18, 1998. 
Sehy JV, Ackerman JJ, Neil JJ. Water and lipid MRI of the Xenopus oocyte. Magn Reson Med. 46:900-6,
2001. 
Sehy JV, Ackerman JJ, Neil JJ. Apparent diffusion of water, ions, and small molecules in the Xenopus oocyte
is consistent with Brownian displacement. Magn Reson Med. 48:42-51, 2002a. 
Sehy JV, Ackerman JJ, Neil JJ. Evidence that both fast and slow water ADC components arise from intracel-
lular space. Magn Reson Med. 48:765-770, 2002b. 
Shepherd GM, Harris KM. Three-dimensional structure and composition of CA3-->CA1 axons in rat hippoc-
ampal slices: implications for presynaptic connectivity and compartmentalization. J Neurosci. 18:8300-10,
1998. 
Shepherd TM, Blackband SJ, Wirth ED 3rd. Simultaneous diffusion MRI measurements from multiple per-
fused rat hippocampal slices. Magn Reson Med. 48:565-9, 2002. 
Shepherd TM, Wirth ED 3rd, Thelwall PE, Chen HX, Roper SN, Blackband SJ. Water diffusion measure-
ments in perfused human hippocampal slices undergoing tonicity changes. Magn Reson Med. 49:856-63,
2003a. 
Shepherd TM, Thelwall PE, Blackband SJ, Pike BR, Hayes RL, Wirth ED 3rd. Diffusion magnetic reso-
nance imaging study of a rat hippocampal slice model for acute brain injury. J Cereb Blood Flow Metab.
23:1461-70, 2003b. 
Shepherd TM, Ozarslan E, King MA, Mareci TH, Blackband SJ. Diffusion tensor imaging and tractography
of the isolated rat hippocampus. In: Proc ISMRM 2004: 725, . 
Shevell MI, Majnemer A, Miller SP. Neonatal neurologic prognostication: the asphyxiated term newborn.
Pediatr Neurol. 21:776-84, 1999. 
Sie LT, van der Knaap MS, van Wezel-Meijler G, Valk J. MRI assessment of myelination of motor and sensory
pathways in the brain of preterm and term-born infants. Neuropediatrics. 28:97-105, 1997.
Simpson JH, Carr HY. Diffusion and Nuclear Spin Relaxation in Water. Phys Rev 111:1201-1202, 1958. 
Skare S, Hedehus M, Moseley ME, Li TQ. Condition number as a measure of noise performance of diffusion
tensor data acquisition schemes with MRI. J Magn Reson. 147:340-52, 2000. 
Skare S, Andersson JL. On the effects of gating in diffusion imaging of the brain using single shot EPI. Magn
Reson Imaging. 19:1125-1128, 2001.
Skare S. Optimisation strategies in diffusion tensor MR imaging. PhD Thesis. Karolinska Institutet Stock-
holm, Sweden, 2002.
Snaar JEM. NMR of Porous Bio-Systems. PhD Thesis. Wageningen University, The Netherlands, 2002. 
148 References



Sorensen AG, Wu O, Copen WA, et al. Human acute cerebral ischemia: detection of changes in water diffu-
sion anisotropy by using MR imaging. Radiology. 212: 785-792, 1999.
Sotak CH. The role of diffusion tensor imaging in the evaluation of ischemic brain injury - a review. NMR
Biomed. 15: 561-569, 2002.
Stanisz GJ, Szafer A, Wright GA, Henkelman RM. An analytical model of restricted diffusion in bovine optic
nerve. Magn Reson Med. 37: 103-111, 1997.
Stanisz GJ, Kecojevic A, Bronskill MJ, Henkelman RM. Characterizing white matter with magnetization
transfer and T(2). Magn Reson Med. 42:1128-36, 1999. 
Stejskal EO, Tanner JE. Spin diffusion measurements: spin echoes in the presence of a time-dependent field
gradient. J Chem Phys. 42: 288-292, 1965. 
Stejskal EO. Use of spin echoes in a pulsed magnetic-field gradient to study anisotropic, restricted diffusion
and flow. J Chem Phys. 43: 3597-3603, 1965b. 
Stieltjes B, Kaufmann WE, van Zijl PC, et al. Diffusion tensor imaging and axonal tracking in the human
brainstem. Neuroimage. 14:723-35, 2001.
Sukstanskii AL, Ackerman JJ, Yablonskiy DA. Effects of barrier-induced nuclear spin magnetization inho-
mogeneities on diffusion-attenuated MR signal. Magn Reson Med. 50:735-42, 2003. 
Sumiya Y, Torigoe K, Gerevich Z, Kofalvi A, Vizi ES. Excessive release of [3H] noradrenaline by veratridine
and ischemia in spinal cord. Neurochem Int. 39:59-63, 2001. 
Suzuki M, Raisman G. Multifocal pattern of postnatal development of the macroglial framework of the rat
fimbria. Glia. 12:294-308, 1994. 
Sykova E, Svoboda J, Polak J, Chvatal A. Extracellular volume fraction and diffusion characteristics during
progressive ischemia and terminal anoxia in the rat spinal cord. J Cereb Blood Flow Metab. 14:301-11, 1994. 
Szafer A, Zhong J, Gore JC. Theoretical model for water diffusion in tissues. Magn Reson Med. 33: 697-712,
1995.
Takahashi M, Hackney DB, hang G, et al. Magnetic resonance microimaging of intraaxonal water diffusion in
live excised lamprey spinal cord. Proc Natl Acad Sci. 99: 16192-16196, 2002. 
Takegami T, Ebisu T, Bito Y, et al. Mismatch between lactate and the apparent diffusion coefficient of water
in progressive focal ischemia. NMR Biomed. 14:5-11, 2001. 
Takeoka M, Soman TB, Yoshii A, et al. Diffusion-weighted images in neonatal cerebral hypoxic-ischemic
injury. Pediatr Neurol. 26:274-81, 2002. 
Tamamaki N, Nojyo Y. Crossing fiber arrays in the rat hippocampus as demonstrated by three-dimensional
reconstruction. J Comp Neurol. 303:435-42, 1991. 
Tang Y, Nyengaard JR, Pakkenberg B, Gundersen HJ. Age-induced white matter changes in the human brain:
a stereological investigation. Neurobiol Aging. 18:609-15, 1997. 
Tanner JE,. Transient diffusion in a system of permeable barriers. Application to NMR measurements with
pulsed field gradients. J Chem Phys 69: 1748-1754; 1978. 
Tanner SF, Ramenghi LA, Ridgway JP, et al. Quantitative comparison of intrabrain diffusion in adults and
preterm and term neonates and infants. AJR Am J Roentgenol. 174:1643-9, 2000.
Taylor DG, Bushell MC. The spatial mapping of translational diffusion coefficients by the NMR imaging
technique. Phys Med Biol. 30:345-349, 1985.
Thelwall PE, Grant SC, Stanisz GJ, Blackband SJ. Human erythrocyte ghosts: exploring the origins of multi-
exponential water diffusion in a model biological tissue with magnetic resonance. Magn Reson Med. 48:649-
57, 2002. 
Toorn van der A. Localized in vivo NMR spectroscopy. Applications to experimental brain ischemia. PhD
Thesis Utrecht University, The Netherlands, 1995
Toorn van der A, Dijkhuizen RM, Tulleken CA, Nicolay K. Diffusion of metabolites in normal and ischemic
rat brain measured by localized 1H MRS. Magn Reson Med. 36: 914-922, 1996a.
Toorn van der A, Sykova E, Dijkhuizen RM, et al. Dynamic changes in water ADC, energy metabolism,
extracellular space volume, and tortuosity in neonatal rat brain during global ischemia. Magn Reson Med.
36:52-60, 1996b.
Torrey HC. Bloch equations with diffusion terms. Phys Rev. 104: 563-565, 1956. 
Tournier JD, Calamante F, King MD, Gadian DG, Connelly A. Limitations and requirements of diffusion ten-
sor fiber tracking: an assessment using simulations. Magn Reson Med. 47:701-8, 2002.
Tseng WY, Wedeen VJ, Reese TG, Smith RN, Halpern EF. Diffusion tensor MRI of myocardial fibers and
sheets: correspondence with visible cut-face texture. J Magn Reson Imaging. 17:31-42, 2003.
References 149



Tuch DS, Reese TG, Wiegell MR, Makris N, Belliveau JW, Wedeen VJ. High angular resolution diffusion
imaging reveals intravoxel white matter fiber heterogeneity. Magn Reson Med. 48:577-82, 2002. 
Turner R, Le Bihan D, Chesnick AS. Echo-planar imaging of diffusion and perfusion. Magn Reson Med.
19:247-253, 1991.
Turner DA, Buhl EH, Hailer NP, Nitsch R. Morphological features of the entorhinal-hippocampal connection.
Prog Neurobiol. 55:537-62, 1998.
Valckenborg, RME. NMR on technological porous materials. PhD Thesis. Eindhoven University of Technol-
ogy, the Netherlands, 2001. 
Vannucci RC, Vannucci SJ. A model of perinatal hypoxic-ischemic brain damage. Ann N Y Acad Sci.
835:234-49, 1997.
Vavasour IM, Whittall KP, MacKay AL, Li DK, Vorobeychik G, Paty DW. A comparison between magnetiza-
tion transfer ratios and myelin water percentages in normals and multiple sclerosis patients. Magn Reson Med.
40:763-8, 1998. 
Veldhuis WB. Neuroprotection Against Exctitoxicity and Inflammation in Acute Ischemic Stroke. PhD The-
sis. Utrecht University, The Netherlands, 2003.
Verkman AS. Water permeability measurement in living cells and complex tissues. J Membr Biol. 173:73-87,
2000. 
Vermeulen RJ, Fetter WP, Hendrikx L, Van Schie PE, van der Knaap MS, Barkhof F. Diffusion-weighted
MRI in severe neonatal hypoxic ischaemia: the white cerebrum. Neuropediatrics. 34:72-6, 2003. 
Vilanova A, Berenschot G, Pul van C. DTI Visualization with streamsurfaces and evenly-spaced volume seed-
ing. Eurographics/IEEE TCVG VisSym 173-182, 2004. 
Vlaardingerbroek MT, Boer den JA. Magnetic Resonance Imaging, 2nd ed. Berlin: Springer-Verlag, 1999. 
Volpe JJ. Anterior fontanel: window to the neonatal brain. J Pediatr. 100:395-398, 1982.
Volpe JJ. Neurology of the newborn, 3rd ed.  Philadelphia: WB Saunders company, 1995. 
Volpe JJ. Neurobiology of periventricular leukomalacia in the premature infant. Pediatr Res. 50: 553-562,
2001.
Vorisek I, Sykova E. Ischemia-induced changes in the extracellular space diffusion parameters, K+, and pH in
the developing rat cortex and corpus callosum. J Cereb Blood Flow Metab. 17:191-203, 1997. 
Vorisek I, Hajek M, Tintera J, Nicolay K, Sykova E. Water ADC, Extracellular space volume and tortuosity in
the rat cortex after traumatic injury. Magn Reson Med. 48: 994-1003, 2002
Wachi A, Kudo S, Sato K. Characteristics of cerebrospinal fluid circulation in infants as detected with MR
velocity imaging. Childs Nerv Syst. 11:227-230, 1995.
Wachowicz K, Snyder RE. Assignment of the T(2) components of amphibian peripheral nerve to their micro-
anatomical compartments Magn Reson Med. 47: 239-245, 2002. 
Wakana S, Jiang H, Nagae-Poetscher LM, van Zijl PC, Mori S. Fiber tract-based atlas of human white matter
anatomy. Radiology. 230:77-87, 2004. 
Warach S, Chien D, Li W, Ronthal M, Edelman RR. Fast magnetic resonance diffusion-weighted imaging of
acute human stroke. Neurology. 42: 1717-1723, 1992.
Warach S, Mosley M, Sorensen AG, Koroshetz W. Time course of diffusion imaging abnormalities in human
stroke. Stroke. 27: 1254-1256, 1996.
Webb S, Munro CA, Midha R, Stanisz GJ. Is multicomponent T2 a good measure of myelin content in periph-
eral nerve? Magn Reson Med. 49:638-45, 2003. 
Weedman Molavi D. Neuroscience Tutorial. The Washington University School of Medicine. http://thala-
mus.wustl.edu/course. 2004. 
Weerd van der L. Magnetic Resonance Imaging of Plants: plant water status and drougth stress response. PhD
Thesis. Wageningen University, The Netherlands, 2002. 
Weerd van der L, Melnikov SM, Vergeldt FJ, Novikov EG, As van H. Modelling of Self-Diffusion and Relax-
ation Time in Multi-Compartment Systems with Cilindrical Geometry. J Magn Reson. 156:213-221, 2002. 
Weisstein E. Mathworld. http://mathworld.wolfram.com, 2004. 
Westin CF, Maier S, Khidhir B, Everett P, Jolesz F, Kikini R. Image processing for diffusion tensor magnetic
resonance imaging. In: Proc. MICCAI 1999: 441–452. 
Wezel-Meijler van G, van der Knaap MS, Oosting J, et al. Predictive value of neonatal MRI as compared to
ultrasound in premature infants with mild periventricular white matter changes. Neuropediatrics. 30: 231-238,
1999a. 
Wezel-Meijler van G. A study on brain maturation, neuro-imaging and neurodevelopment in preterm infants.
PhD Thesis. Vrije Universiteit Amsterdam, The Netherlands, 1999b. 
150 References



Whittall KP, MacKay AL, Graeb DA, Nugent RA, Li DK, Paty DW. In vivo measurement of T2 distributions
and water contents in normal human brain. Magn Reson Med. 37:34-43, 1997. 
Wick M, Fujimori H, Michaelis T, Frahm J. Brain water diffusion in normal and creatine-supplemented rats
during transient global ischemia. Magn Reson Med. 42:798-802, 1999.
Wieshmann UC, Clark CA, Symms MR, Franconi F, Barker GJ, Shorvon SD. Anisotropy of water diffusion
in corona radiata and cerebral peduncle in patients with hemiparesis. Neuroimage. 10:225-30, 1999. 
Wimberger DM, Roberts TP, Barkovich AJ, Prayer LM, Moseley ME, Kucharczyk J. Identification of "pre-
myelination" by diffusion-weighted MRI. J Comput Assist Tomogr. 19: 28-33, 1995.
Wolf RL, Zimmerman RA, Clancy R, Haselgrove JH. Quantitative apparent diffusion coefficient measure-
ments in term neonates for early detection of hypoxic-ischemic brain injury: initial experience. Radiology.
218:825-833, 2001.
Worth A, Makris N, Wedeen V, Caviness V, Kennedy D. Fusion of MRI data for visualization of white mat-
ter bundles. http://neuro-www.mgh.harvard.edu/cma/staff/ajw/MICCAI98/ MICCAI98.html, 1998. 
Xing D, Papadakis NG, Huang CL, Lee VM, Carpenter TA, Hall LD. Optimised diffusion-weighting for
measurement of apparent diffusion coefficient (ADC) in human brain. Magn Reson Imaging. 15:771-84, 1997. 
Xue R, van Zijl PC, Crain BJ, Solaiyappan M, Mori S. In vivo three-dimensional reconstruction of rat brain
axonal projections by diffusion tensor imaging. Magn Reson Med. 42:1123-7, 1999. 
Yager JY, Thornhill JA. The effect of age on susceptibility to hypoxic-ischemic brain damage. Neurosci
Biobehav Rev. 21:167-74, 1997. 
Yam PS, Takasago T, Dewar D, Graham DI, McCulloch J. Amyloid precursor protein accumulates in white
matter at the margin of a focal ischaemic lesion. Brain Res. 20;760:150-157, 1997. 
Yam PS, Patterson J, Graham DI, Takasago T, Dewar D, McCulloch J. Topographical and quantitative assess-
ment of white matter injury following a focal ischaemic lesion in the rat brain. Brain Res Brain Res Protoc.
2:315-22, 1998.
Yang Q, Tress BM, Barber PA, et al. Serial study of apparent diffusion coefficient and anisotropy in patients
with acute stroke. Stroke. 30: 2382-2390, 1999.
Yongbi MN, Huang NC, Branch CA, Helpern JA. The application of diffusion-weighted line-scanning for the
rapid assessment of water ADC changes in stroke at high magnetic fields. NMR Biomed. 10:79-86, 1997.
Zaheer A, Ozsunar Y, Schaefer PW. Magnetic Resonance Imaging of Cerebral Hemorrhagic Stroke. Topics in
Magnetic Resonance Imaging. 11: 288-299; 2000. 
Zelaya F, Flood N, Chalk JB, et al. An evaluation of the time dependence of the anisotropy of the water diffu-
sion tensor in acute human ischemia. Magn Reson Imaging. 17: 331-348, 1999.
Zhai G, Lin W, Wilber KP, Gerig G, Gilmore JH. Comparisons of regional white matter diffusion in healthy
neonates and adults performed with a 3.0-T head-only MR imaging unit. Radiology. 229:673-81, 2003. 
Zhang J, van Zijl PC, Mori S. Three-dimensional diffusion tensor magnetic resonance microimaging of adult
mouse brain and hippocampus. Neuroimage. 15:892-901, 2002.
Zhang S, Demiralp C, Laidlaw D. Visualizing diffusion tensor MR images using streamtubes and streamsur-
faces. IEEE TCVG VisSym 454–462, 2003.
Zhang S, Bastin ME, Laidlaw DH, Sinha S, Armitage PA, Deisboeck TS. Visualization and analysis of white
matter structural asymmetry in diffusion tensor MRI data. Magn Reson Med. 51:140-7, 2004. 
Zoppo del GJ, Kummer von R, Hamann GF. Editorial: Ischaemic damage of brain microvessels: inherent
risks for thrombolytic treatment in stroke. J Neurol Neurosurg Psychiatry. 65: 1-9, 1998. 
References 151



152 References



Summary 

Injury to the brain of a newborn can be caused by a period of oxygen and nutrients defi-
ciency (hypoxic-ischemia), which can occur as a consequence of complications during
delivery, such as placental dysfunction or a compressed umbilical cord. The pattern and
the extent of the brain injury largely determine the neurological and developmental con-
sequences (called outcome) for the newborn. The detection of injury at an early stage is
essential for the development of strategies to limit permanent brain damage and for
prognosis of the (neurological) development. 
Magnetic Resonance Imaging (MRI) is currently considered to be the most useful tech-
nique for detailed visualization of the extent of the injury. Recently, Diffusion Weighted
MRI (DWI) has received attention, as it shows potential for the detection of ischemic
injury in an early stage. The contrast in DWI is determined by the diffusion of water
molecules in a tissue. DWI is sensitive to diffusion changes that are directly related to
pathophysiological changes (e.g. cell swelling). Ischemia results in visible changes in
DWI images at least two to three hours before changes are visible on conventional MRI. 
The tissue structure influences the diffusion direction of the water molecules. If diffu-
sion in one particular direction is preferred, the diffusion is called anisotropic. This pre-
ferred direction then reflects the directional information of the underlying tissue
structure, such as white matter fiber structures. By measuring diffusion in at least six
directions, this information can be obtained. This method is called Diffusion Tensor
Imaging (DTI). The additional information about the directionality can be used to visu-
alize the white matter structures in the brain. Abnormalities in white matter structures
can be detected earlier by using DTI, which may have a prognostic value. 

The research described in this thesis was focused on the application of Diffusion Tensor
Imaging (DTI) for the detection of hypoxic-ischemic brain injury in newborns. In the
first part of this thesis, the DTI technique, its limitations, and the interpretation of the
DTI information are addressed. In the second part, the feasibility and added value of
DTI for the detection of neonatal brain injury are investigated. 

In Chapter 2, the principles of Diffusion Tensor Imaging are explained, including meth-
ods to quantify the average diffusion and the directionality. Several methods to visual-
ize DTI information are presented, like anisotropy index mapping and fiber tracking.
The quantification and visualization of DTI is complicated by several factors, such as
noise and artifacts. Furthermore, the DTI technique is based on several assumptions
about the underlying tissue structure, of which the validity is discussed in detail. Despite
all limitations, DTI is the first method available to measure diffusion in vivo non-inva-
sively. The directional information predominantly reflects the underlying (micro) tissue
structure. 
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In Chapter 3, a detailed overview of DTI changes following ischemia is given, based
on literature. This temporal evolution is important to understand which pathophysiologi-
cal changes are reflected by changes in DTI parameters. This point has been addressed
extensively in a large number of studies of animal models, in particular the rat cerebral
ischemia model. In the first section, a general time line for DTI changes is extracted
from 27 studies of cerebral ischemia in the rat. In the second section, findings in human
studies (adults and neonates) are compared to the time line obtained in the first section.
The DTI changes caused by normal maturation of brain white matter are briefly
described. Finally, the yet unsolved questions concerning DTI signal changes are dis-
cussed, in particular the large reduction of the ADC (Apparent Diffusion Coefficient)
following ischemia. 

Because the DTI signal changes are not fully understood yet, an in vitro model is intro-
duced in Chapter 4. The model consists of neonatal rat hippocampal slices, which are
kept viable in a perfusion setup. These slices can be subjected to osmotic perturbations,
which induce cell swelling, and to oxygen-glucose deprivation, which simulates
ischemia. Changes in the diffusion properties of these slices following perturbations
have been measured using a 4.7 T experimental setup. 
We have shown that the ADC changes resulting from osmotic perturbations are smaller
than ADC changes following oxygen-glucose deprivation. Therefore, we conclude that
the large ADC reduction observed following ischemia cannot be explained completely
by cell swelling. This means that in ischemic tissue, additional changes occur that con-
tribute significantly to the ADC reduction. We consider changes in the intracellular dif-
fusion coefficient to be the most likely explanation. Anisotropy measurements following
the different perturbations could not be compared, as the temporal resolution of DTI was
too low to monitor the fast changes following oxygen-glucose deprivation. 

To implement DTI in clinical practice, a fast imaging technique is necessary, which is
discussed in Chapter 5. We have compared two techniques: the ultrafast single-shot
DWI-EPI and the much slower multi-shot DWI-EPI. Both techniques suffer from arti-
facts. Single-shot EPI frequently displays distortion and N/2-ghosting artifacts, whereas
multi-shot EPI is susceptible to motion artifacts. Artifacts may give rise to misinterpre-
tation of the images, as they can result in local ADC abnormalities, making the meas-
urement unsuitable for quantitative ADC evaluation. 
We observed that the patterns of occurrence of artifacts in neonates and adults are differ-
ent. Neonates move more often during scanning than adults, resulting in more motion
artifacts in the multi-shot technique. On the other hand, distortion in the single-shot
images is less severe in neonates, because of the smaller field of view used and the
inherently larger strength of the phase encoding gradient blips. However, the most strik-
ing result is that in the neonatal brain fewer N/2-ghosting artifacts are observed in the
single-shot images than in the adult brain. This could be caused by differences in CSF
motion, head size and conductivity between neonates and adults. Taking into account all
mentioned factors, single-shot EPI is preferred for neonatal brain diffusion imaging. 
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Various anisotropy indices exist for quantification and visualization of diffusion direc-
tionality. It is unclear which index is most useful to detect changes in anisotropy in the
neonatal brain. In Chapter 6, the characteristics of several indices and their sensitivity
to changes following ischemia in white matter are determined. Based on measurements
in volunteers, measurements in newborns with normal MRI, and numerical simulations,
three anisotropy indices (FA, RA and Am) have been selected for further investigation.
All three indices seem to be useful to follow the temporal evolution of the anisotropy;
the index Am shows the strongest trend and appears to be the best index for monitoring
anisotropy changes. 
The changes following ischemia are characterized by a large decrease of the diffusion,
with a stronger decrease perpendicular than parallel to the fibers. This large decrease
can only be explained if, besides cell swelling, the intracellular diffusion coefficient
decreases. In newborns, the diffusion remains at a low value during the first ten days
following the injury. On the other hand, the anisotropy which is increased in the initial
phase following ischemia decreases to normal values in the following ten days. In the
chronic phase, the anisotropy is decreased. We showed that the anisotropy changes are
governed by changes in the diffusion perpendicular to the fibers, which we assign to
changes in membrane and myelin integrity.

In Chapter 7, the feasibility of fiber tracking in the neonatal brain is investigated. Fiber
tracking is a 3D visualization technique that reconstructs the underlying linear structure
defined by the diffusion tensor. This technique can be used to visualize the main white
matter tracts in the brain. In most studies, fiber tracking is initiated in user-defined
regions of interest, which requires prior knowledge about the structures in the dataset. In
this study, we introduce a user independent volume tracing method. This method proves
useful to study the neonatal brain in particular, because in newborns the white matter
tracts are not fully developed and it is currently unknown which structures can be visu-
alized. 
We have shown that several white matter tracts can already be visualized at birth,
among them the corona radiata, the corpus callosum, and the fornix. Furthermore, in
newborns with pathology related to perinatal hypoxic-ischemia we observe different
patterns of fibers compared to the patterns in newborns with normal MRI. Especially the
white matter fibers in the corona radiata appear to be affected, which is in agreement
with the reported high incidence of (severe) motor problems in asphyxiated newborns.
Using DTI at birth and at the age of three months, the development of injured regions
can be monitored. By using a quantification method, significant differences in the length
and volume of the fibers in the corona radiata have been observed between newborns
with pathology in the basal ganglia and newborns with a normal MRI. Additional inves-
tigations are necessary to determine whether detected fiber pathology correlates with the
observed outcome. 

In Chapter 8, several computer models used to simulate diffusion of water molecules in
a tissue are discussed. All models introduced in the literature are simplifications of the
actual tissue structure. One-compartment models are only useful to describe the diffu-
sion properties in a separate compartment, such as the axonal compartment. Two com-
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partment models appear to be more realistic, in particular the Szafer model, which
describes axons and extracellular space. This model has been used to investigate the
dependence of the ADC on several tissue parameters. However, the diffusion is underes-
timated and the anisotropy overestimated, as the contribution of the glial cells is not
taken into account. Changes of the membrane permeability are shown to have a negligi-
ble effect on the average ADC for a range of parameters characteristic for white matter
tissue and for the DTI sequences used in clinical practice. 
We have introduced a new model, which describes a three-compartment system for two
extreme cases of exchange of water molecules across the membranes. Though still being
a simplification of reality, the initial situation described by our model is comparable to
values measured in adult white matter. We have shown that the large ADC reduction
observed following ischemia cannot be fully explained by changes in the intracellular
volume fraction. Changes in the intracellular diffusion coefficient are shown to result in
large ADC reductions. Further research is necessary before modelling in more detail is
feasible. In particular, methods to determine the unknown intrinsic tissue parameters
should be developed first. 

Finally, in Chapter 9, the main results of the research presented in this thesis are dis-
cussed. DTI in the neonatal brain proves to be feasible, despite all limitations. It appears
to be useful for the detection of hypoxic-ischemic lesions in the newborn. Early detec-
tion might become important in the near future for the application of neuroprotective
strategies. One other aspect of DTI is that maturational changes in white matter can be
followed, for which fiber tracking is a useful tool. 
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Samenvatting 

Hersenschade bij een pasgeborene kan veroorzaakt worden door een periode van een
tekort aan zuurstof en voedingsstoffen (hypoxische-ischemie), welke kan ontstaan als
gevolg van complicaties tijdens de bevalling, zoals het disfunctioneren van de placenta
of een afgeknelde navelstreng. Het patroon en de uitgebreidheid van de hersenschade
bepalen de neurologische gevolgen en de ontwikkeling van de pasgeborene, de
zogenaamde ‘outcome’. Het detecteren van deze schade in een vroeg stadium is essen-
tieel voor de ontwikkeling van strategieën om permanente hersenschade te beperken en
voor de prognose van de (neurologische) ontwikkeling. 
Magnetic Resonance Imaging (MRI) wordt op dit moment beschouwd als de meest
bruikbare techniek om de uitgebreidheid van de schade te visualiseren. Recentelijk heeft
Diffusion Weighted Imaging (DWI) aandacht gekregen, aangezien het hiermee moge-
lijk lijkt om ischemische schade vroegtijdig te detecteren. Het contrast in DWI wordt
bepaald door de diffusie van watermoleculen in een weefsel. DWI is gevoelig voor dif-
fusieveranderingen die direct gerelateerd zijn aan pathofysiologische veranderingen
(bijvoorbeeld celzwelling). Ischemie resulteert in veranderingen in DWI beelden die
minimaal twee tot drie uur eerder zichtbaar zijn dan op conventionele MRI beelden. 
De weefselstructuur bepaalt de diffusierichting van de watermoleculen. Als er een
voorkeur bestaat voor diffusie in één richting wordt de diffusie anisotroop genoemd.
Deze voorkeursrichting geeft dan richtingsinformatie over de onderliggende weefsel-
structuur, zoals bijvoorbeeld witte stof vezelstructuren. Door de diffusie in minimaal zes
richtingen te meten kan deze informatie worden verkregen. Deze methode wordt Diffu-
sion Tensor Imaging (DTI) genoemd. De aanvullende richtingsinformatie kan worden
gebruikt om de witte stof banen in de hersenen te visualiseren. Afwijkingen in de witte
stof structuur kunnen eerder gedetecteerd worden door gebruik te maken van DTI, dit
kan mogelijk een prognostische waarde hebben. 

Het onderzoek dat beschreven is in dit proefschrift heeft zich geconcentreerd op de toe-
passing van Diffusion Tensor Imaging (DTI) voor de detectie van hypoxisch-ische-
mische hersenschade bij pasgeborenen. In het eerste gedeelte van dit proefschrift
worden de DTI techniek, haar beperkingen en de interpretatie van DTI informatie be-
sproken. In het tweede deel worden de haalbaarheid en de toegevoegde waarde van DTI
voor het detecteren van hersenschade bij pasgeborenen onderzocht. 

In hoofdstuk 2 worden de principes van Diffusion Tensor Imaging beschreven, inclusief
methoden om de gemiddelde diffusie en de richtingsinformatie te kwantificeren. Ver-
schillende methoden om DTI informatie te visualiseren worden gepresenteerd, zoals het
anisotropie-index beeld en fiber tracking (‘vezel volgen’). De kwantificatie en visualisa-
tie van DTI wordt bemoeilijkt door verschillende factoren, waaronder ruis en arte-
facten. Bovendien is de DTI techniek gebaseerd op een aantal aannames over de
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onderliggende weefselstructuur, waarvan de geldigheid in detail besproken wordt.
Ondanks alle beperkingen is DTI de eerste beschikbare methode om niet-invasief de dif-
fusie te meten in vivo. De richtingsinformatie weerspiegelt voornamelijk de onder-
liggende (micro) weefselstructuur. 

In hoofdstuk 3 wordt een gedetailleerd overzicht gegeven van veranderingen in DTI na
ischemie, gebaseerd op literatuur. Deze temporele evolutie is belangrijk om te begrijpen
welke pathofysiologische veranderingen corresponderen met de DTI parameters. Dit is
in een groot aantal proefdierexperimenten bestudeerd, in het bijzonder in het model van
cerebrale ischemie in de rat. In de eerste sectie wordt een algemene tijdslijn bepaald uit
27 studies naar cerebrale ischemie in de rat. In de tweede sectie worden bevindingen
van studies in de mens (volwassen en neonataal) vergeleken met de tijdslijn uit de eerste
sectie. De DTI veranderingen die veroorzaakt worden door de normale ontwikkeling
van de witte stof worden kort beschreven. Tenslotte worden de nog onopgeloste vragen
met betrekking tot de DTI signaalveranderingen besproken, met name de grote ADC
(Apparent Diffusion Coefficient, ‘schijnbare diffusiecoëfficiënt’) verlaging na ischemie. 

Omdat de DTI signaalveranderingen nog niet volledig begrepen zijn wordt in hoofdstuk
4 een in vitro model geïntroduceerd. Het model bestaat uit hippocampus plakjes van een
pasgeboren rat, welke in leven gehouden worden in een perfusiesysteem. Deze plakken
kunnen worden blootgesteld aan osmotische perturbaties, die celzwelling induceren, en
zuurstof- en glucose-deprivatie, dat ischemie simuleert. Veranderingen in de diffusie-
eigenschappen van deze plakken ten gevolge van de perturbaties zijn gemeten met een
experimentele 4.7 T opstelling. 
Wij hebben aangetoond dat de ADC veranderingen ten gevolge van osmotische pertur-
baties kleiner zijn dan de ADC veranderingen na zuurstof- en glucose-deprivatie.
Daarom concluderen we dat de forse ADC verlaging na ischemia niet volledig ver-
klaard kan worden door celzwelling. Dit betekent dat in ischemisch weefsel additionele
veranderingen plaatsvinden die een significante bijdrage aan de ADC verlaging le-
veren. Wij beschouwen veranderingen in de intracellulaire diffusiecoëfficiënt als de
meest waarschijnlijke verklaring. Anisotropiemetingen na de verschillende perturbaties
konden niet vergeleken worden, omdat de temporele resolutie van DTI te laag was om
de snelle veranderingen na zuurstof- en glucose-deprivatie te volgen. 

Om DTI in de klinische praktijk te kunnen implementeren is een snelle afbeeldingtech-
niek noodzakelijk. Dit wordt besproken in hoofdstuk 5. We hebben twee technieken
vergeleken: de ultrasnelle single-shot DWI-EPI en de veel langzamere multi-shot DWI-
EPI. Beide technieken hebben last van artefacten. Single-shot EPI vertoont vaak distor-
sie en N/2-ghosting artefacten, terwijl de multi-shot EPI gevoelig is voor bewegings-
artefacten. Artefacten kunnen leiden tot misinterpretatie van de beelden omdat zij kun-
nen resulteren in lokale ADC afwijkingen. Dit maakt de meting onbruikbaar voor kwan-
titatieve ADC evaluatie. 
Wij hebben geobserveerd dat de patronen waarin artefacten voorkomen verschillen tus-
sen neonaten en volwassenen. Neonaten bewegen vaker dan volwassenen tijdens het
scannen, wat resulteert in meer bewegingsartefacten in de multi-shot techniek. Daar
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staat tegenover dat distorsie in de single-shot minder storend is bij pasgeborenen, door
de kleinere Field of View en de daardoor hogere sterkte van de fase-codeer gradiënten.
Echter, het meest opvallend is dat in de hersenen van pasgeborenen minder N/2-ghost-
ing artefacten worden waargenomen in de single-shot beelden. Dit zou kunnen worden
veroorzaakt door verschillen in CSF beweging en geleidbaarheid tussen pasgeborenen
en volwassenen. Rekening houdend met alle genoemde factoren wordt de voorkeur
gegeven aan single-shot EPI voor het afbeelden van diffusie in de hersenen van pasge-
borenen. 

Er bestaan verschillende anisotropie-indices om de diffusierichting te kwantificeren en
visualiseren. Het is nog onduidelijk welke index het meest bruikbaar is om de veran-
deringen in anisotropie in de hersenen van pasgeborenen te beschrijven. In hoofdstuk 6
worden de karakteristieken van verschillende indices en hun gevoeligheid voor veran-
deringen na ischemie in de witte stof bepaald. Gebaseerd op metingen in vrijwilligers, in
pasgeborenen met normale MRI en numerieke simulaties zijn drie anisotropie-indices
(FA, RA en Am) geselecteerd voor verder onderzoek. Deze drie indices lijken bruik-
baar om de temporele evolutie van de anisotropie te volgen; de index Am laat de duide-
lijkste trend zien en blijkt de beste index om de anisotropieveranderingen te volgen. 
De veranderingen na ischemie worden gekarakteriseerd door een grote afname van dif-
fusie, met een grotere afname loodrecht op dan parallel aan de vezels. Deze grote
afname kan alleen verklaard worden als naast celzwelling de intracellulaire diffusie-
coëfficiënt afneemt. In pasgeborenen blijft de diffusie verlaagd in de eerste tien dagen
na optreden van de schade. Daar staat tegenover dat de anisotropie, die verhoogd is
direct na ischemie, in de volgende tien dagen weer afneemt naar normaal. In de chro-
nische fase is de anisotropie verlaagd. De anisotropieveranderingen worden bepaald
door veranderingen in diffusie loodrecht op de witte stof vezels, wat we toeschrijven aan
veranderingen in membraan- en myeline-integriteit. 

In hoofdstuk 7 wordt de haalbaarheid van fiber tracking in de hersenen van pasge-
borenen onderzocht. Fiber tracking is een 3D visualisatietechniek die de onderliggende
lineaire weefselstructuur, zoals gedefinieerd door de diffusie tensor, reconstrueert. Deze
techniek kan worden gebruikt om de voornaamste witte stof banen in de hersenen te vi-
sualiseren. In de meeste studies wordt fiber tracking gestart in een gebied van interesse
dat door de gebruiker gedefinieerd wordt. Dit vereist voorkennis over de structuur in de
dataset. In deze studie introduceren wij een gebruikersonafhankelijke ‘volume tracing’
methode. Deze methode is met name in de hersenen van pasgeborenen bruikbaar, omdat
in pasgeborenen de witte stof banen nog niet volledig ontwikkeld zijn en het op het
moment niet bekend is welke structuren gevisualiseerd kunnen worden. 
Wij hebben aangetoond dat een aantal witte stof banen al bij de geboorte gevisualiseerd
kunnen worden, waaronder de corona radiata, het corpus callosum en de fornix. Boven-
dien worden in pasgeborenen met pathologie gerelateerd aan perinatale hypoxische-
ischemie veranderde patronen van witte stof banen gezien in vergelijking met de patro-
nen in pasgeborenen met een normale MRI. Met name de witte stof banen van de
corona radiata zijn aangetast, wat overeenkomt met het gerapporteerde vaker
voorkomen van (ernstige) motorische problemen in pasgeborenen met asfyxie. Door
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gebruik te maken van DTI bij geboorte en op de leeftijd van drie maanden kan de
ontwikkeling van de beschadigde gebieden gevolgd worden. Met behulp van een kwan-
tificatiemethode zijn significante verschillen waargenomen in lengte en volume van de
vezels in de corona radiata tussen pasgeborenen met pathologie in de basale kernen en
pasgeborenen met een normale MRI. Verder onderzoek is noodzakelijk om te bepalen of
de gedetecteerde vezel pathologie correleert met de waargenomen outcome. 

In hoofdstuk 8 wordt een aantal computermodellen besproken dat gebruikt wordt om de
diffusie van watermoleculen door een weefsel te simuleren. Alle in de literatuur geïntro-
duceerde modellen zijn een vereenvoudiging van de werkelijke weefselstructuur. Eén-
compartiment modellen zijn alleen bruikbaar om de diffusie-eigenschappen in een
afzonderlijk compartiment te beschrijven, zoals bijvoorbeeld het axonale compartiment.
Twee-compartimenten modellen lijken meer realistisch, met name het Szafer model, dat
axonen en de extracellulaire ruimte beschrijft. Dit model is gebruikt om de afhankelijk-
heid van de ADC van een aantal weefselparameters te onderzoeken. Echter, de diffusie
wordt onderschat en de anisotropie overschat, omdat de bijdrage van de glia cellen niet
meegenomen is. Van veranderingen in membraanpermeabiliteit wordt aangetoond dat
dit een verwaarloosbaar effect op de gemiddelde ADC heeft voor het bereik van para-
meters die karakteristiek zijn voor de witte stof en voor de DTI sequenties die in de kli-
nische praktijk gebruikt worden. 
Wij hebben een nieuw model geïntroduceerd dat een drie-compartimenten model
beschrijft voor twee extreme gevallen van uitwisseling van watermoleculen over het
membraan. Hoewel het nog steeds een vereenvoudiging van de werkelijkheid is, is de
beginsituatie zoals beschreven in ons model vergelijkbaar met waarden die gemeten zijn
in de witte stof van volwassenen. We hebben aangetoond dat de grote ADC verlaging na
ischemie niet volledig verklaard kan worden door veranderingen in de intracellulaire
volumefractie. Veranderingen in de intracellulaire diffusiecoëfficiënt blijken te resul-
teren in een aanzienlijke ADC verlaging. Aanvullend onderzoek is nodig voordat mo-
delleren in meer detail uitvoerbaar is. Er moeten vooral methoden ontwikkeld worden
om de niet bekende intrinsieke weefselparameters te bepalen. 

Tenslotte worden in hoofdstuk 9 de belangrijkste resultaten uit dit proefschrift bespro-
ken. DTI in de hersenen van pasgeborenen is haalbaar, ondanks alle beperkingen. Het
lijkt nuttig te zijn om hypoxisch-ischemische laesies in pasgeborenen te detecteren. De
vroegtijdige detectie kan mogelijk belangrijk zijn om in de toekomst neuroprotectieve
strategieën toe te kunnen passen. Een ander aspect van DTI is dat veranderingen door
rijping van de witte stof gevolgd kunnen worden, waarvoor fiber tracking een bruikbare
methode is. 
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Ah! Nooit eerder in al mijn studiejaren heb ik zoveel onmisbaars moeten doen, 
waar ten slotte toch geen spoor van overblijft. 

Als mijn proefschrift klaar is, zal er met geen woord gewag worden gemaakt 
van ontvelde schouders, geschaafde knieën, de beukende hoofdpijn, 

de muggen en de vleesetende vliegen. 
Ik zal er niet over peizen er met wie dan ook over te praten. 

Daarover en over alles wat nog komen kan... perhaps. 
Ik denk aan de duizenden onderzoekers die er, net als ik, niet over gepeinsd hebben 

er met wie dan ook over te praten: 
schuldeisers, honger, brandwonden, lange tochten voor niets, tegenwerking, bedrog. 

Ik geef toe aan een onbedwingbare neiging mijn fantasie te laten gaan 
over de verschrikkelijkste van alle mogelijkheden: 
dat het allemaal voor niemendal zou blijken te zijn. 

 
W.F. Hermans, Nooit meer slapen

27ste druk. De Bezige Bij, Amsterdam 2003 (eerste druk 1966). 
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Dankwoord

Een van mijn favoriete boeken is ‘Nooit meer slapen’, van WF Hermans. Het cynisme
van de beschreven promovendus over de eenzame weg van het onderzoek is herkenbaar
(voor vrijwel iedere promovendus). Maar in mijn geval heb ik zoveel steun van zoveel
mensen gehad, dat ik me gelukkig nooit eenzaam in een onherbergzame opdracht heb
hoeven voelen. Door het onderzoek deels in het Máxima Medisch Centrum en deels bij
de faculteit Natuurkunde van de Technische Universiteit Eindhoven uit te voeren was er
voor alle vragen altijd bij iemand een antwoord te vinden. Zonder iemand tekort te doen
wil ik een aantal mensen met naam noemen:

Pieter Wijn, bedankt voor de vrijheid die je me gegeven hebt om mijn eigen onderzoek
op te zetten. Dit was niet altijd gemakkelijk, maar daardoor heb ik wel de aspecten die
me het meest interesseerden kunnen uitzoeken. Vooral de spiegel-sessies, waarbij je
aandacht had voor hoe een fysicus tegen het onderzoek in een ziekenhuis dient aan te
kijken, waren leerzaam. Bedankt voor de opleidingsplaats tot klinisch fysicus. 

Rinus Vlaardingerbroek, andere gepensioneerden lossen af en toe puzzels op, jij daaren-
tegen houdt jezelf (en mij…) het liefst met complexe (diffusie-) theorieën bezig. Zonder
Annie en haar voedselhulp aan noodlijdende fysici was dit overigens niet mogelijk ge-
weest. Ik kom graag weer langs voor tafelgrillen, gourmetten of de gehaktbal met jus. 

Klaas Kopinga, jouw nuchterheid bij het experimenteren heeft ons er altijd doorheen
geholpen, ook als wij de gradiënt naar de USA terug wilden sturen (of gewoon uit het
raam wilden gooien). Klaas Nicolay, dankzij jouw kritische kijk op het onderzoek heb
jij ons aangespoord om zeer nauwkeurig de condities van het in vitro model te contro-
leren, bedankt voor alle feedback. Anna Vilanova, zonder jou hadden we het Fiber
Tracking nooit van de grond gekregen. Alle gezamenlijke brainstormsessies, visualisa-
tie-pogingen en jouw programmeer-(tover-) kunst hebben uiteindelijk tot een mooi pro-
gramma geleid. Gustav Strijkers, alle discussies over DTI en de technische beperkingen
hebben o.a. geleid tot het gedetailleerde Chapter 2, bedankt voor het doorlezen daarvan. 

Jan Buijs, door jouw achtergrondinformatie bij iedere patiënt is voor mij de motivatie
om de techniek verder te ontwikkelen altijd groot geweest. Bedankt voor de samenwer-
king en voor alle kopjes koffie die in jullie gang beter waren dan in onze gang in het
MMC. George Roos, bedankt voor de input in ons onderzoek, vooral wat betreft het nut
voor de dagelijkse klinische praktijk, welke wij in ons enthousiasme weleens vergeten.
Sjoerd Derksen, jouw enthousiasme (en geduld) om ons te leren hoe wij de pathologie
in de beelden moesten interpreteren is zeer waardevol geweest. 

Alle vrijwilligers bedankt voor de medewerking en het stilliggen tijdens MRI opnames. 
Dankwoord 163



De afdeling Klinische Fysica heeft ervoor gezorgd dat ik altijd een goede thuisbasis had
in het Máxima Medisch Centrum. Rian, door jouw warme persoonlijkheid heb ik me al-
tijd in de groep thuisgevoeld, bedankt voor de vele gezellige gesprekken. De klifio’s
bedankt: Bart voor alle drukte, o.a. wanneer je de mimiek van je kinderen nadeed. Irene,
voor de mooie duikverhalen, ik zou nog steeds een keer meegaan. Ralph, jouw huwelijk
met stagiaire Agnes is voor ons een onvergetelijk bezoek aan Polen en een geweldig
feest geweest, en niet te vergeten danken wij aan jullie onze huidige woning! Jannie,
eerst als afstudeerster, daarna als collega, bedankt voor alle verhalen (‘oma’), het samen
hardlopen op de Red Hot Chili Peppers en de Hoegaardens. Chris, jij bedankt voor de
hilariteit binnen de groep, wie was er ook-al-weer hyperactief? 

Alle afstudeerders die ik heb mogen begeleiden, bedankt voor jullie enorme inzet!
Natascha, de altijd gezellige vrijdagmiddagen bij de MRI-aortaklepstudie zal ik niet snel
vergeten. Geert, bedankt voor de gradiëntspoel en alle goede Belgische bieradviezen.
Maurice, de DTI visualisatie had zonder jou en alle vrijwilligers niet zo voor elkaar kun-
nen komen. Jouw kerstdiner-bavarois blijft top! Guus, jouw en Anna’s Fiber Tracking
programma heeft een geweldig resultaat opgeleverd. Veel succes met het volleyballen.
Ward, jij bedankt als teamgenoot bij de scrapheap challenge om een werkende opstel-
ling te krijgen (als het maar glimt…). Jouw ‘2d_hahn_spin_echo_WARDss90_PFG-
_modgrads_looped_turbo_tensor_T2map_2phase’ blijft mooi. Volgende keer win ik bij
het karten. Cindy, geen diffusie maar angiografie voor jou, bedankt voor de Limburgse
taal, vlaai en verhalen. Verder ook de stagiaires bedankt: Sorin voor de literatuurstudie,
Charlotte voor de lesie-detectiemethoden, Gijs voor de fiber tracking. Ook alle andere
studenten bedankt voor de bijdrage aan de gezelligheid binnen de groep. 

Alle nog niet genoemde radiologen (Weerdenburg, Pasmans, Rasenberg, Booij, Plaisier,
Tseng), bedankt voor alle uitleg, hulp en beoordelingen van MRI en DWI beelden. Het
MR-team (Gonnie, Hanneke, Judith, Jolanda, Christian, Helma, Ester, Remco, Olaf,
Marie-Jose, Lia, Lianne, Astrid, Kim, Desire, Servaas) bedankt voor het verzamelen van
alle data en de fijne samenwerking! Natuurlijk was dit alles niet mogelijk zonder de
ondersteuning vanuit verschillende afdelingen, zoals o.a. de medische technologie,
neonatologie, radiologie en de bieb. Verder heb ik bij projekten op een aantal afdelin-
gen (o.a. bij sportgeneeskunde, cardiologie, nucleaire) de smaak van het werk als kli-
nisch fysicus alvast mogen proeven: hopelijk wordt dit de komende jaren versterkt.

Op de TU/e heb ik op mijn tweede werkplek uiteindelijk mijn experimentele opstelling
en metingen voor elkaar gekregen dankzij hulp van een aantal mensen in de capaciteits-
groep ‘Transport in Permeabele Media’! Jef, jouw geduld en het eindeloos repareren
van onze gradiëntset heeft ervoor gezorgd dat we niet wanhopig werden. Larry, bedankt
voor alle hulp, met de grote gradiënt, maar ook voor de grote voorraad luer locks. Jo,
door jouw handigheid hebben we dit model voor elkaar gekregen, geweldige samen-
werking leidt tot record-tijden! Hans, bedankt dat wij altijd uit jouw lab een grote
hoeveelheid spullen konden lenen. Jaap, zonder jouw gouden handen hadden er heel wat
onderdelen aan de opstelling ontbroken. En jouw gezelligheid en de BBQ’s bij jou en
Diana zijn voor herhaling(en) vatbaar. 
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Mijn kamergenootjes: het was erg gezellig met jullie. Lourens, jij bent
en blijft een bron van informatie, of het gaat om de politiek of om de
roddels op de groep. Wanneer laten we weer sferische koeien los?
Anneriet, bedankt voor de goede discussies over (vak-)literatuur en
natuurlijk voor alle ‘trouw-informatie’, jullie feest was erg goed! Henk,
jouw verhalen over inspannings-diagnostiek komen me nu goed van

pas, van jouw info over outdoor-materialen heb ik nu al bijna twee jaar plezier! Alle
andere (oud-)AIO’s van de groep: Roland, Jelena, Willem, Geralda, Bart, Edwin, Anke
en nu ook Ward, het was gezellig met jullie, want door de hoge trAIO- (=trouwende
AIO) dichtheid was er aan feesten geen gebrek. Natuurlijk alle overige vakgroepleden
(N en BMT) bedankt: Leo, Henk, Herman, Marijn en Jeanine. En niet te vergeten Ria
voor alle ondersteuning en de studenten voor de gezelligheid. Zonder de faculteitswerk-
plaats (Marius, Henk, Ginny, Jan, Frank en Han) en de bieb was het niet gelukt. 

De experimentele opstelling had niet opgezet kunnen worden zonder het cellab van
BMT (René van Donkelaar) en het experimentele neurologie lab van het UMCU (Dop
Bär, Peter Sodaar en Marjolein Vliem). Bovendien waren andere ‘collega’s MRI’ in den
lande altijd behulpzaam, dank voor de discussies. 

Vanuit Philips is er vaak een antwoord gekomen op al onze vragen, in het bijzonder
dank aan Jan Verwoerd, naast alle MRI-hulp is natuurlijk de Harvard onvergetelijk! Jan
Groen, jouw uitleg heeft altijd duidelijkheid kunnen scheppen als de sequence develop-
ment mode geen antwoord kon bieden. Frank Hoogenraad, bedankt voor de discussies
over DTI in de praktijk. Geran Peeren, bedankt voor de gradiënt-ontwerp hulp. 

In de (soms spaarzame) vrije tijd is er gelukkig altijd genoeg afleiding geweest. Over
jullie, mijn vrienden, mag ik nu natuurlijk geen pagina’s volschrijven, dus vandaar deze
wat algemene benadering: allemaal bedankt voor de vriendschap voor, tijdens en hope-
lijk ook na het promoveren. De zweefvliegclub(s) voor alle vliegavonturen maar ook
voor alles op de grond: feesten, wedstrijden, Keiheuvel, Les Menuires, St. Auban,... Dat
het maar altijd Banaal Thermisch mag blijven. De groep oud-Juvenaters voor alle gezel-
lige feesten, etentjes en de ‘weet-je-nog-in-Rome-verhalen’. De ‘oud-vakgroep-Optica’:
het is een divergente bundel geworden, maar toch wel coherent gebleven… Na alle pro-
moties maar weer allemaal verhuizen voor de volgende feesten? Bas en Adriaan
bedankt voor de cultureel-verantwoorde kant van het leven. 

Mijn hele familie wil ik bij deze bedanken voor alle steun en interesse. Mam en Pap,
zonder jullie (opvoeding en) steun had ik dit boekje nooit af gekregen. Dank je, Pap,
voor de introductie in het (berg-) zweefvliegen en Mam, voor alle gezellige moeder-
dochter uitstapjes. Maarten, jij blijft een onmisbare broer en bron van discussies. 
Tenslotte René, nu dit af is hebben we samen twee proefschrift-periodes overleefd…
Jouw gezond kritische houding en jouw luisterend oor hebben sommige wat emo-
tionelere AIO-dips weer in perspectief kunnen plaatsen. Met jou ga ik mee de bergen
door, waar je ook gaat (op naar Zuid-Amerika). Ik hoop dat we samen nog lang kunnen
reizen en heel wat (beta-) discussies voeren. 

[Rij04]
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