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Chapter 1 introduction and aims

INTRODUCTION

Preterm and Term neonatal brain injury

Although in the last decades advances in fetal and neonatal medicine 
have reduced mortality in neonatal intensive care units in the Western 
world, the morbidity due to brain injury remains high1-3. Patterns of neo-
natal brain injury can be roughly divided in (1) term and (2) preterm pat-
terns. Table 1 shows the number of infants admitted to the NICU in the 
Sophia Children�’s Hospital between March 2008 and March 2010 with a 
typical �‘neurological�’ diagnosis. The table highlights differences in diag-
noses between preterm and term infants in relation to gender. In preterm 
infants the most common diagnoses are: persistent flaring (hypersignal 
intensity seen in periventricluar white matter using cranial ultrasound), 
intraventricular haemorrhage and venous infarction. In term infants peri-
natal asphyxia and perinatal stroke are most often reported.

Early prediction of neurodevelopmental outcome after neonatal brain 
injury would provide important information to parents, doctors and re-
searchers. Important, because many studies show a high incidence of 
neurodevelopmental disability among survivors of preterm birth4-6. Early 
recognition of a high risk of abnormal development would offer parents 
and health care workers the possibility to take action in optimizing out-
come. For example by starting early targeted physiotherapy, speech 
therapy, pedagogic advice etc. Several of these neurological deficits, 
which occur following neonatal brain injury, are linked to white matter 
injury and more recently also to subplate injury7. 

In term infants there is a high reported incidence of stroke (Table 1). 
Incidence rates of neonatal arterial ischemic stroke are currently esti-
mated at approximately 1 in 2300 live births8, higher than the annual 
rate of adult large vessel stroke. The morbidity of perinatal stroke lasts a 
lifetime, which lays a heavy burden on individuals, families, and society. 
Up to 75% of survivors of perinatal stroke show neurological deficits or 
epilepsy9. 
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Early recognition of neonatal brain injury and assessment of risks of later 
impairment is difficult. Clinical and biochemical tests are of limited use 
to predict several aspects of long-term outcome. This is why advanced 
neuroimaging techniques are needed. To improve our knowledge of di-
agnosis, timing and evolution of perinatal brain injury such as stroke and 
preterm white matter and subplate injury is pivotal to be able to provide 
early proxy outcome measurements.

Magnetic resonance imaging (MRI) is a non-ionizing and non-invasive 
neuroimaging tool, which provides unique anatomical detail of neonatal 
brain tissue. It offers good spatial resolution and high quality soft tissue 
contrast and allows visualizing and quantifying the micro-architecture of 
brain structures in vivo10.

Thus, MRI presents clinicians and researchers with objective, in vivo 
information regarding brain anatomy, pathology and -due to recent ad-
vances- functional and physiological characteristics10. 

Described by Le Bihan et al. in 1986, diffusion-weighted (DW) imag-
ing has rapidly evolved and is now routinely used11. The most common 
application of DWI is the early detection of ischemia. By incorporating 
directionality into diffusion weighted measurements, diffusion-tensor im-
ages (DTI) can be obtained. DTI provides means of investigating tissue 
microstructure in vivo. 

DTI measurements offer great potential in the study of white matter- and 
subplate damage in preterm infants. So far, however, the clinical use of 
this technique is restricted by the lack of normal reference values for 
preterm infants. Part of this thesis is aimed at providing reference values 
of both white matter tracts and the subplate for the clinical interpretation 
of DTI images in preterm infants.

DWI plays an important role in diagnosing neonatal stroke. However, 
the evolution of DWI in neonatal stroke is less well described. New DTI 
postprocessing techniques allows to visualize secondary network injury. 
Thus DTI may lead to better understanding of the variability in neurologi-
cal outcomes seen in perinatal stroke.
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This thesis explores diffusion weighted imaging (including DTI) in the 
newborn brain, and attempts to focus on clinical and research questions 
likely to be encountered by neonatologists and paediatric radiologists 
regarding neonatal neuroimaging. The research described in this thesis 
focuses on �‘normal�’ white matter development and subplate evolution of 
the very low birth weight infant and on term born neonatal stroke. First 
an introduction to diffusion tensor imaging is given.

Introduction to Diffusion Tensor Imaging 
(DTI)
Diffusion tensor imaging (DTI) provides an opportunity to quantify the 
micro-architecture of biological tissue in vivo. This is especially impor-
tant in studies that involve biological samples in which the boundar-
ies influencing diffusion are so small that they cannot be displayed by 

Diagnosis Preterm (M/F) Term (M/F)
IVH grade 2 and 3 40 (22/18) 2 (2/0)

Venous infarction 11 (7/4) 0 

PHVD 8 (7/1) 1 (1/0)

Persistent  aring on CUS (>1w) 60 (32/28) 0

PVL-cystic 1 (0/1) 0

Intrapartum asphyxia 9 (5/4) 38 (21/17)

Meningitis 5 (4/1) 6 (4/2)

Stroke 5 (2/3) 22 (18/4)

Neonatal seizures eci 2 (1/1) 7 (2/5)

Congenital brain anomalies 9 (6/3) 7 (4/3)

Cerebellar haemorrhage 9 (6/3) 0

Cranial birth trauma 5 (3/2) 5 (3/2)

Total No Infants (M/F) 164 (95/69) 88 (55/33)

Table 1
Showing the number of infants with a neurological diagnosis admitted on the NICU of the So-
phia�’s Childrens Hospital in 2 years (March 2008-March 2010). A total of 1420 children were 
admitted in those two years of which 766 (54%) male. (Research database �‘Dudink/Roon�’).

M = male, F = female, IVH= intraventricular haemorrhage, PHVD = post haemorrhagic ventricular 
dilatation, CUS = cerebral ultrasound, PVL = periventricular leucomalacia, eci = e causa ignota.
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conventional magnetic resonance imaging techniques. In recent years 
studies have shown that DTI is a promising method for characterizing 
micro-structural changes or differences associated with neurodevelop-
ment, neuropathology and neuroprotection strategies12. 

This chapter describes the physical basis of diffusion in tissue and how 
this can be used. It is a brief and basic description of DTI and for further 
reading I would like to refer to the recently published book of Dr. Johans-
en-Berg and Dr. Behrens �‘Diffusion MRI; from quantitative measurement 
to in vivo neuroanatomy�’13.

Basics of diffusion 

Robert Brown (1773-1858), a Scottish botanist, made an important dis-
covery in 1827: he noted pollen grains, which were suspended in water, 
were constantly moving (now called �‘Brownian motion�’). Brown had un-
intentionally described the phenomenon of self-diffusion of water mol-
ecules; i.e. the constant random thermal motion of all molecules above 
zero degrees Kelvin.

In 1905 another historical figure played an important role in the �‘theory 
of diffusion�’: Albert Einstein. He proved that the square displacement of 
molecules from their starting point over time (t), averaged over all the 
molecules in a sample [r2], is directionally proportional to the observa-
tion time (t). 

[r2] = 6Dt

The constant (D) is the diffusion coefficient.

The distribution of squared displacements takes a Gaussian form, with 
the peak beginning at zero displacement. The diffusion coefficient of 
pure water at 20°C is roughly 2.0 × 103 mm2/s and increases at higher 
temperatures (e.g. the diffusion of water at body temperature (37C) is 3 
x 10-3mm2/s).
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With diffusion MRI the diffusion coefficient is not measured directly, but 
it is deduced from the observations of the displacements over a given 
time period. When water molecules encounter any hindrance along their 
random walk such as cell membranes, the mean square displacement 
per time unit will be lower than when observed in �‘free�’ water. When ap-
plying Einstein�’s equation to compute the diffusion coefficient it will �“ap-
pear�” that the diffusion coefficient is lower. So we refer to the �‘apparent 
diffusion coefficient�’ (abbreviated to ADC)15.

Biological diffusion

The diffusion of water in biological tissues occurs inside, outside, 
around, and through cellular structures. As mentioned above, the diffu-
sion of water is primarily caused by random thermal fluctuations but is 
also modulated by the interactions with cellular membranes, and sub-
cellular structures and organelles. Cellular membranes hinder the dif-
fusion of water, causing water molecules to take more complex paths, 
thereby decreasing the mean squared displacement. The diffusion tortu-
osity increases and corresponding apparent diffusivity decreases either 
because of cellular swelling or because of increased cellular density16. 
Both hindered and restricted diffusion reduce the apparent diffusivity of 
water. Liquefaction due to necrosis, as a result of a breakdown of cellu-
lar membranes, decreases tortuosity and increases the ADC. In fibrous 
tissues including muscle tissue and cerebral white matter, water diffu-
sion is relatively unrestricted in the direction parallel to the fiber orienta-
tion. On the other hand, water diffusion is highly restricted and hindered 
in the directions perpendicular to the fibers. Thus, the diffusion in fibrous 
tissues is anisotropic.
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How can we measure water diffusion 
using MRI? 

DTI is based on traditional MRI. A book explaining MRI physics in an 
accessible, beginning-level way is �‘From picture to proton�’ by McRobbie 
et al17.

MR sequences can rendered sensitive to diffusion by adding magnetic 
field gradients (the magnetic field is varied in a linear manner over the 
volume of interest). The most basic MR equation is the Larmor equation, 
which states: the precessional frequency of spins in a magnetic field is 
directly proportional to the strength of the field. Thus a gradient imposes 
a position dependent precessional frequency of spins. When spins are 
precessing at different frequencies with respect to each other over a 
period of time they will acquire a certain phase difference with respect 
to each other. This phase effect is reversed by the application of a simi-
lar gradient of opposite polarity or of the same amplitude, duration and 
polarity but following the application of a 180 degrees refocusing pulse 
such as in a �‘spin-echo experiment�’.

Figures representing free diffusion of water in an isotropic sample: e.g. the random walk water 
molecules in a glass of water (left) versus restricted diffusion in an anisotropic sample: e.g. a 
bundle of axons (right). In the isotropic case the diffusion is similar in all directions, in the aniso-
tropic case the diffusion is larger in one direction (parallel to the direction of the axons) than in 
the other (perpendicular to the fiber bundle).
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The MR method mostly used for diffusion measurements is the �‘pulsed 
gradient spin echo�’ method. It was introduced by Stejskal and Tanner: 
they incorporated two diffusion-sensitizing linear magnetic-field gradi-
ents into a �‘spin-echo sequence�’ one placed on either side of the 180 
degree radio-frequency pulse of the MR coil18.

The phase shift �‘ �’ of a gradient pulse of magnitude �‘g�’ of duration �‘ �’ on 
a spin at position �‘r�’ is given by:

(r) = gr

for static spins and by: 

 =  gr(t)dt

for moving spins

Diffusion sensitized spin-echo sequence. (A) The 90-degree excitation and 180 degree refo-
cusing pulses form a spin-echo at the echo-time TE. (B) The pulse sequence can be sensitized 
for diffusion by applying a pair of pulsed-field gradients, with amplitude g, surrounding the 180 
degree pulse. The definition of the gradient pulse duration, , and the time separation between 
the gradient pulses, , are indicated.
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�‘Y�’ is the gyromagnetic ratio, which is a nuclei specific constant. For hy-
drogen y= 42,6 MHz/Tesla.

Only motion in the direction of the gradient causes a change in phase of 
the spin. When there is no diffusion, the phase difference is zero. The 
phase shift is cancelled out, because the 180-degree pulse in the spin-
echo sequence reverses the sign of the phase angle. This causes the 
static spins to be all in phase with respect to other spins at the same 
spatial location, which gives a maximum echo signal. Diffusing spins 
will not be in phase with respect to the other spins at the same spatial 
location, which is leading to signal attenuation19. The amount of attenu-
ation �‘A�’ caused by diffusion is determined by the ADC and a so-called 
�’b-factor�’ (b), which describes the strength of the diffusion sensitivity.

A = exp( bADC)

 and

b = 2g2 2(   /3)

In which �‘ �’ is the gyromagnetic ratio, �‘ �’ the duration of the gradient 
pulse, and �‘ �’ the time between the onsets of the two gradient pulses. 

The intensity of the signal is also affected by T2 relaxation. To know 
the amount of this effect, a measurement that is not diffusion weighted 
(S(0)) is required. The measured signal S(b) is: 

S(b) = AS(0)

Now ADC can be calculated: 

ADC = 1ln(S(b))
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The diffusion tensor

When the diffusion is anisotropic it cannot be described by a single scalar 
coefficient. Instead it is now dependent on a (three-dimensional) direc-
tion. The amount of signal attenuation A is now dependent on the relative 
position between the principal diffusion direction and the applied mag-
netic gradient vector B. Commonly, and similarly to the one-dimensional 
equation a multivariate Gaussian model is used for the attenuation. This 
Gaussian model is not valid in areas where fibers intersect. Instead, 
more complex models, such as mixtures of Gaussians, will be used.

 A tensor representation (D) is then required:

Mean ADC x 10�–3 mm2/second (+/-SD)
Grey Matter:
Thalamus 0,99 (0,08) 20-25

Basal ganglia 1,17 (0,06) 20-22,24

Cortex 1,21 (0,04) 20,21,23,25

White matter:
ALIC 1,14 (0,04) 20,21,25,26

PLIC 1,05 (0,02) 20-22,24,25

CSO 1,53 (0,07) 20-27

Cerebellum: 1,13 (0,03) 20-22,24

ALIC = anterior limb of internal capsule, PLIC = posterior limb of internal capsule, CSO= centrum 
semi ovale.

Table 2 
Shows mean ADC values (+/- SD) for different brain structures in healthy term born infants as 
found in literature.
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The diagonal elements Dxx,Dyy and Dzz represent the ADC along the 
axes x,y and z in the frame in which the gradients are applied. The off 
diagonal elements allow for the principal diffusion direction to be differ-
ent from one of the main axes x,y and z in the frame. To determine the 
diffusion tensor, diffusion weighted images along at least 6 directions 
have to be collected and an image that is not diffusion weighted (b = 0). 

The diffusion tensor is often thought of in terms of an ellipsoid with an 
internal reference frame: the eigensystem. The principal axes of the el-
lipsoid are given by eigenvectors and the lengths are given by the dif-
fusional distance variance in a given time (eigenvalues: 1, 2, 3). The 
eigenvector-eigenvalue pairs together contain all information available 
in the original tensor. 

Anisotropy Indices

Several indices represent the amount of diffusion anisotropy of the dif-
fusion tensor. The indices are based on the eigenvalues of the tensor. 
Some indices only distinguish between anisotropic and isotropic diffu-

Ellipsoids are used to represent diffusion displacements for the diffusion tensor. The diffusion is 
highly anisotropic in fibrous tissues such as white matter and the direction of greatest diffusivity 
is generally assumed to be parallel to the local direction of white matter bundles.
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sion, other indices also divide the anisotropy in two types: linear (cigar 
shape) and planar (pancake shape) anisotropy. Two anisotropy indices 
most used in literature are fractional anisotropy (FA) and relative anisot-
ropy (RA)28. 

 

The range of FA and RA is between one (anisotropic) and zero (isotro-
pic).

 

Although FA appears to be sensitive to a large spectrum of pathologi-
cal conditions in humans and animals, the full tensor shape cannot be 
simply described using a single scalar measure. Different eigenvalue 
combinations can give the same values of FA and thus shows that diffu-
sion anisotropy does not describe the full tensor shape or distribution. 
Several studies have suggested that eigenvalue combinations will add 
information to the underlying pathology. For instance radial diffusivity 
(( 2+ 3)/2) appears to be modulated by myelin in white matter, whereas 
the axial diffusivity ( 1) is more specific to axonal degeneration29.

The tensor orientation (described by the major eigenvector) is another 
important measure. It is assumed that in diffusion tensors with high an-
isotropy, the major eigenvector direction is parallel to the direction of 
white matter tracts. This is often represented using an RGB (red-green-
blue) color map to indicate eigenvector orientations30. These color maps 

The shape of the ellipsoid determines the FA value.



21

are very useful for surveying the organization of white matter in the brain 
and for identifying major white matter tracts in 2D.

DTI has a great ability to identify specific white matter tracts on the ei-
genvector color maps31. DTI has been proven useful for mapping white 
matter anatomy relative to lesions for preoperative planning and post-
operative follow-up32.

 

Figure showing a typical DTI color map: the ma-
jor eigenvector direction indicated by color (red 
= R/L, green = A/P, blue = S/I) weighted by the 
FA (note that specific tract groups can be identi-
fied). (A full color version of this illustration can be 
found in the color section).

Figure showing different rep-
resentations of a DTI scan of a 
patient of 30 weeks gestation. 
(I) FA-map showing a relatively 
high FA values (green) of the 
cortex (arrow) and the highest 
FA values (red) of the genu of the 
corpus callosum (arrowhead). 
(II) Showing a B0 map. (III) Color 
map in which the major eigenvec-
tor direction is indicated by color 
(red = R/L, green = A/P, blue = 
S/I) signal intensity weighted by 
FA values. Different white mat-
ter tracts can be delineated such 
as the external capsule (arrow-
head). Note the radial organiza-
tion of the cortex (arrow). (IV) 
ADC map showing a clear radial 
organization of the cortex (corti-
cal plate and subplate). (A full 
color version of this illustration 
can be found in the color sec-
tion).
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Tensor Visualization

Another approach for visualizing white matter tracts is in 3D, by using 
white matter tractography33. �‘Fiber tracking�’ algorithms can be broadly 
classified into two types: deterministic and probabilistic. Initial research 
focused mainly on deterministic tractography. The assumption is that the 
principal eigenvector is parallel to the underlying dominant fiber orienta-
tion in each voxel. 

This algorithm proceeds from an initially determined point in the direc-
tion of the principal eigenvector from voxel to voxel. In deterministic trac-
tography two thresholds are often applied. The first is a minimum value 
of anisotropy: the tracking is terminated if the tract enters a region below 
this value. A second threshold is an angular threshold: the maximum 
angle a path can turn between each step to prevent impossible turns in 
fiber orientation. 

There are limitations to the deterministic approach, including: (1) only 
one reconstructed trajectory per seed point is produced and it will not 
show branching of white matter tracts, (2) no indication towards the 
confidence of the reconstructed trajectory is given (3) voxels containing 
multiple fibers of different orientations have a reduced net anisotropy 
and the fiber tracking program can terminate the tractography.

Figures showing an abstract representation of an 8 x 8 grid (left and right). Within the voxels 
the averaged ellipsoids are shown. Streamline tractography (right) propagates a fiber tract (red 
lines) in the direction of principal eigenvector, preserving voxel-to-voxel directional information. 
(A full color version of this illustration can be found in the color section).
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Probabilistic algorithms 
work in the same way 
to the deterministic ap-
proach but instead of 

reconstructing a single trajectory from a seedpoint, a large number of 
pathways are propagated from the seedpoint. The direction for each 
next step is drawn from a distribution of possible orientations33. Probabi-
listic algorithms facilitate the reconstruction of trajectories into and from 
areas of low anisotropy such as deep gray matter34. 

Using probabilistic tractography it is now possible to visualize connec-
tions between the thalamus and the cortex in adults and in children34,35. 

Despite the promising results, there are several limitations of tractogra-
phy. In the discussion (chapter 10) of this thesis I will elaborate on these 
limitations of DTI.

How to interpret DTI measurements?

Interpretation of changes in the measured diffusion tensor should be per-
formed with care. Many studies focus on the diffusion anisotropy (mostly 
FA), which may not be enough to characterize the tissue changes. For 
example, white matter neuropathology often causes anisotropy to de-
crease, which may result from either increased radial (perpendicular) 
diffusivity and/or reduced axial (parallel) diffusivity12. Interpretation is 
further complicated by other factors including image noise (both thermal 
and physiologic), artifacts (misregistration of DW images from eddy cur-
rents or head motion), partial volume averaging between tissues in large 

Sagittal image of connectivity 
distributions in the corticospi-
nal tracts in a preterm infant 
imaged at 42 weeks gestational 
age obtained using probabilis-
tic tractography. (A full color 
version of this illustration can 
be found in the color section).
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voxels (signal mixing), and regions of crossing WM tracts. However, de-
spite these limitations, DTI is a sensitive marker of neuropathology. The 
best example is how in the acute phase of brain ischemia, the mean dif-
fusivity significantly decreases in the lesion. After several days (~5�–7), 
it starts to pseudo-normalize, but chronic ischemic lesions (> 2 weeks) 
typically demonstrate significantly increased mean diffusivity. Another 
example is how demyelination seems to cause the radial diffusivity to 
increase, with minimal influence on the axial diffusivity. The effects of 
vasogenic edema on DTI measurements are similar to that of inflamma-
tion: diffusivity is increased and the anisotropy is decreased. In Chapter 
2 of this thesis the use of DWI in the neonatal period is discussed. 

With increasing number of reports focusing on the research and clinical 
application of DTI appearing every year and DTI postprocessing tools 
continuously being more advanced, exciting times seem to be ahead of 
us. 

 

Aims of the study

The general aim of this thesis was to use state-of-the-art DTI to help 
researchers and clinicians answer remaining questions concerning im-
portant common term- and preterm brain injuries: white matter- and sub-
plate injury of the preterm and arterial ischemic stroke of the term infant. 

This thesis describes the results of 6 original studies and 2 reviews. The 
studies in chapters 5 and 7 were performed at the Hammersmith Hospi-
tal, Imperial College London (United Kingdom). The other studies were 
performed at the Sophia Children�’s Hospital, ErasmusMC, Rotterdam 
(The Netherlands).

The specific aims of the studies presented in this thesis are:

- To review the present literature on the applications of DTI in the neo-
nate,



25

- To use DTI to evaluate �‘normal�’ brain maturation of white matter 
tracts,

- To use DTI to evaluate the �‘normal�’ involution of the subplate,

- To study the effects of high b values on DTI images of the neonatal 
brain,

- To review the present literature on magnetic resonance imaging of 
neonatal stroke; focusing on diffusion weighted imaging,

- To evaluate the evolution of neonatal stroke on diffusion weighted 
imaging,

- To evaluate network injury in neonatal stroke, using diffusion weight-
ed imaging.

The studies addressing these aims are described in this thesis. First 
Chapter 2 presents an overview of the literature on the applications of 
diffusion tensor imaging in the neonate. Chapter 3 describes the results 
of a DTI study evaluating the �‘normal�’ maturation of white matter tracts 
of VLBW infants scanned in the first week of life at different gestational 
ages. Chapter 4 reports the results of a DTI study on the �‘normal�‘ invo-
lution�’ of the subplate of VLBW infants of different gestational ages. In 
chapter 5 the results are reported of the effect of high b-values on DTI 
indices and assessment of brain pathology in the neonatal brain. Chap-
ter 6 reviews the state-of-the-art imaging techniques in neonatal stroke, 
focussing on diffusion weighted imaging and network lesions. Chapter 7 
assesses the evolution of unilateral perinatal arterial ischemic stroke on 
diffusion weighted and conventional MR imaging. Chapter 8 systemati-
cally describes imaging findings of DWI scans of perinatal brain lesions 
looking for early secondary changes in pulvinar associated with primary 
cortical or white matter injury. Chapter 9 reports the findings of a study 
that reveals acute network injury in neonatal stroke using DTI. Chapter 
10 gives an overview of the main findings and conclusions of the reviews 
and original studies of this thesis, and after a general discussion possible 
future directions are discussed. The thesis is then summarized in Dutch.
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Abstract

White matter injury and abnormal maturation are thought to be major 
contributors to the neurodevelopmental disabilities observed in children 
and adolescents who were born preterm. Early detection of abnormal 
white matter maturation is important in the design of preventive, protec-
tive, and rehabilitative strategies for the management of the preterm 
infant.

Diffusion Tensor Imaging (DTI) allows non-invasive, in vivo visualization 
and quantification of white matter tracts and has become a valuable tool 
in assessing white matter maturation in children born preterm. We will 
review the use of DTI to study white matter maturation and injury in the 
preterm brain.
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Introduction

Advances in neonatal intensive care have led to significant improve-
ments in the survival of very premature infants, but have not yet reduced 
the high incidence of neurodevelopmental disability1,2. The most com-
mon cerebral neuropathology observed in premature infants is believed 
to be white matter injury and its effects on the overlying cerebral cortex 
from sensory deafferentation and/or axotomy3-5.

Although postmortem histo- and pathophysiology studies have given in-
sights into cerebral injury in the premature infant, the development of 
specific preventive, protective, and rehabilitative strategies for preterm 
brain damage is still restricted by a lack of understanding of white mat-
ter injury5. 

Diffusion tensor imaging (DTI) allows us to study white matter matura-
tion in vivo. DTI is unique in its ability to non-invasively visualize and 
quantify white-matter tracts in the human brain6,7. It is superior to T1-
weighted and T2-weighted imaging in detecting unmyelinated or premy-
elinated fibre tracts and in assessing the microstructural organization of 
the developing white matter8. Quantitative measures derived from DTI 
provide objective and reproducible assessment of white matter and offer 
great potential in the study of white matter damage in preterm infants9,10.

In this review, we introduce the technical aspects of neonatal DTI. We 
then discuss changes in DTI parameters associated with brain matura-
tion and injury seen in infants born preterm. 

 

Technical aspects of neonatal DTI

If diffusion-sensitizing gradients are applied during an MR experiment, 
the resulting MR image become sensitive to the random (Brownian) mo-
tion of water along the direction of the gradient11. When motion of water 
along six or more non-collinear directions is analyzed, a mathematical 
tensor can be calculated that describes the motion of water in the stud-
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ied tissue7. This tensor can be conceptualised as an ellipsoid of which 
the long axis represents the direction with the highest diffusivity; the 
magnitude of its diffusivity is given by the major eigenvalue ( 1) and 
its direction is called the major eigenvector. Perpendicular to the major 
eigenvector are the two short axes: the median and minimum eigenvec-
tors, with their eigenvalues 2 and 312,13. 

Structures within the brain tissue such as cell membranes, macromole-
cules, and WM fibres hinder water motion. In cerebral WM water diffuses 
preferentially along the direction of axons and is restricted perpendicular 
to axons. This directional dependence is termed anisotropy. The degree 
of anisotropy of white matter is thought to result from factors such as: 
number of axons and their parallel orientation, degree of myelination 
and presence of other cells such as glial cells14. 

Using DTI, the separate values of 1, 2, 3 in an imaging voxel can be 
quantified.

Averaged mean diffusivity (Dav) then can be calculated as one third of 
the trace of the diffusion tensor, ( 1, 2, 3)/3, and provides the overall 
magnitude of water diffusion. Dav is independent of anisotropy. Dav is 
a useful parameter which can serve as an indicator of brain maturation 
and/or injury15,16. Various anisotropy indexes exist to describe the ratio 
between the eigenvalues. Although many different kinds of anisotropy 
indexes exist (see table), there is still some debate which index is most 
sensitive to detect changes in anisotropy in the neonatal brain17. For 
neonatal brain studies the anisotropy indexes that are mostly used are 
fractional anisotropy (FA) and relative anisotropy (RA).

Index Introducing Authors Equation

FA Basser and Pierpaoli6
 

RA Basser and Pierpaoli6
 



35

The DTI information can be assessed using various visualization tech-
niques, usually based on anisotropy indexes. Red-green-blue (RGB) 
colour-coded directionality maps (colour-maps) indicate the orientation 
of the major eigenvector of the diffusion tensor. In colour maps the major 
eigenvectors are colour-coded, showing position and direction of white 
matter tracts (by convention: red for left-right, blue for superior-inferi-
or, and green for anterior-posterior). The brightness in colour maps is 
weighted by the fractional anisotropy in a given voxel (Figure 1).

Fibre tracking algorithms can be 
broadly classified into two types: de-
terministic and probabilistic. Initial 
research focused mainly on determin-
istic tractography. The assumption is 

that the principal eigenvector is parallel to the underlying dominant fibre 
orientation in each voxel. This algorithm proceeds from an initially de-
termined point in the direction of the principal eigenvector from voxel 
to voxel. In deterministic tractography two thresholds are often applied. 
The first is a minimum value of anisotropy: the tracking is terminated if 
the tract enters a region below this value. Using a minimum FA value, 
tract reconstruction can avoid entering gray matter and regions of poor-
ly defined principal fibre orientation. A second threshold is an angular 
threshold: the maximum angle a path can turn between each step to pre-
vent impossible turns in fibre orientation. In the literature there seems to 
be no consensus on the maximum curvature threshold18. When applying 
these thresholds a lot of factors have to be taken into account including: 
age at scanning, anatomy, step size and voxel dimensions18.

Postmortem histology studies have shown that cerebral white matter is 
largely composed of different white matter tracts running closely togeth-
er, making it difficult to define a single ROI on a DTI image that includes 

Figure 1.
Red-green-blue FA color map. Red represents 
fibres in the left-right direction, blue represents 
fibres in the superior-inferior direction and green 
represents fibres in the anterior-posterior direction. 
(A full color version of this illustration can be found 
in the color section).
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only the fibres of the white matter tract of interest. A solution can be to 
define an additional ROI, which the reconstructed pathway either has to 
include or exclude19. 

There are limitations to the deterministic approach, including: (i) only 
one reconstructed trajectory per seed point is produced and it will not 
show branching of white matter tracts, (ii) voxels containing multiple fi-
bres of different orientations have a reduced net anisotropy and fibre 
tracking can terminate the tractography (iii) no indication towards the 
confidence that one can assign to a reconstructed trajectory is given.

Probabilistic algorithms work in the same way but instead of reconstruct-
ing a single trajectory from a seedpoint, a large number of pathways are 
propagated from the seedpoint. The direction for each next step is drawn 
from a distribution of possible orientations18 (Figure 2).

Probabilistic algorithms are less dependent upon well defined principal 
eigenvectors, and typically do not have an anisotropy threshold as a ter-
mination criteria, but the only stopping criterion is the angular deviation 
between successive steps. This facilitates the reconstruction of trajec-

Figure 2.
Sagittal image of connectivity distributions in the corticospinal tracts in a pre-
term infant imaged at 42 weeks gestational age obtained using probabilistic 
tractography. (A full color version of this illustration can be found in the color 
section).
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tories into and from areas of low anisotropy such as the gray matter20,21. 
There are various probabilistic algorithms available; the main difference 
between them is the mechanism by which a sample is drawn from the 
inherent distribution of fibre orientations. The result is a map quantifies 
the confidence that a pathway can be found, between each voxel and 
the seedpoint18. 

Using probabilistic tractography it is now possible visualize and quan-
tify connections between the thalamus and the cortex in adults and in 
children20,22. Volumes of thalamo-cortical projections in a two year old 
ex preterm were reduced on the side ipsilateral brain injury22 (Figure 3).

The ability to visualize and quantify connections between thalamus and 
cortex offers the possibility of studying normal development and aber-
rant neural connectivity in infants and may improve our understanding of 
the aetiology of the cognitive deficits associated with preterm birth.

Figure 3.
Thalamo-cortical projections displayed on the infants native T2 weighted image in 
(a) infant with normal imaging and (b) infant with porencephalic cyst (key: red = con-
nections from frontal/temporal cortex, y = connections from parietal/occipital cor-
tex, green = connections from motor cortex and blue = connections from somato-
sensory cortex). Reprinted from SJ Counsell, LE Dyet, DJ Larkman, RG Nunes, 
JP Boardman, JM Allsop, JA Fitzpatrick, L Srinivasan, FM Cowan, JV Hajnal, MA 
Rutherford, AD Edwards. Thalamo-cortical connectivity in children born preterm 
mapped using probabilistic magnetic resonance tractography. NeuroImage 2007; 
34: 896-904 with permission from Elsevier. (A full color version of this illustration 
can be found in the color section).
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To measure diffusion values in different areas in the brain �‘regions of 
interest�’ (ROIs) can be placed directly onto diffusion tensor images, 
however the global changes occurring in the developing neonatal brain 
cannot be fully captured by ROI analysis. Also, studies using ROI are 
subjective, and require a priori definitions of the spatial locations of dif-
ferent brain structures, which is difficult when comparing many brain 
regions or large subject groups. Automated whole-brain measurement 
techniques for analyzing MRI data can overcome these problems and 
are being increasingly used. A common technique is voxel-based mor-
phometry. VBM uses image registration to bring brain images from differ-
ent subjects into a common coordinate system for analysis23.

A limitation of VBM however, is to determine whether apparent differ-
ences highlighted using VBM are due to differences in brain regions or 
to local misalignment. Tract-based spatial statistics overcomes some of 
the limitations of both ROI and VBM approaches to analyze neonatal 
data. TBSS aligns diffusion tensor FA data from different subjects via a 
nonlinear registration algorithm. The mean FA image is then created and 
thinned to create a mean FA skeleton, which represents the centres of 
all tracts common to the group. Each subject's aligned FA data is then 
projected onto this skeleton prior to applying voxelwise statistics24. The 
method therefore represents an observer-independent method of ana-
lyzing neonatal DTI data without requiring spatial smoothing and can 
offer new insights into the development of the preterm brain. 

In a recent study using TBSS Anjari et al demonstrated significantly lower 
FA in the centrum semiovale, frontal white matter and genu of the corpus 
callosum in a group of preterm infants at term equivalent age compared 
to age and sex-matched term-born controls, with the most immature in-
fants displaying additional and more extensive reductions in FA25 (Figure 
4). In addition, using a combination of TBSS and probabilistic diffusion 
tractography to assess the association between structure and function 
in the visual system in preterm infants at term equivalent age, FA in the 
optic radiations was fond to be correlated with contemporaneous visual 
assessment score26 (Figure 5).
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Figure 4.
The effect of preterm birth on FA at term equivalent age. Mean FA skeleton overlaid on the 
mean FA map. Regions of the mean FA skeleton in green represent areas where there were 
no significant differences in FA values in the preterm infants imaged at term compared to the 
term-born controls. Areas in blue are regions where the FA was significantly lower in the pre-
term group (a�–d), and can be observed in the centrum semiovale (a), frontal white matter (b) 
and genu of the corpus callosum (c). Those infants born  28 weeks gestational age (e�–h) had 
greater regions of reduced anisotropy within the centrum semiovale (e), frontal white matter (f) 
and genu of the corpus callosum (g), and displayed additional reductions in FA in the posterior 
aspect of the posterior limb of the internal capsule (g) and the external capsule (g). Reprinted 
from: M Anjari, L Srinivasan, JM Allsop, JV Hajnal, MA Rutherford, AD Edwards, SJ Counsell. 
Diffusion tensor imaging with tract-based spatial statistics reveals local white matter abnormali-
ties in preterm infants. NeuroImage 2007;35: 1021-7 with permission from Elsevier. (A full color 
version of this illustration can be found in the color section).

Figure 5.
Probabilistic tractography of the optic radiations 
in an infant who was born at 26 weeks gestational 
age and imaged at 40 weeks post-menstrual age 
shown on the infant�’s native T2 weighted image. 
Reprinted from: L Bassi, D Ricci, A Volzone, JM 
Allsop, L Srinivasan, A Pai, C Ribes, LA Ramenghi, 
E Mercuri, F Mosca, AD Edwards, FM Cowan, MA 
Rutherford, SJ Counsell. Probabilistic Diffusion 
Tractography of the Optic Radiations and Visual 
Function in Preterm Infants at Term Equivalent 
Age. Brain 2008; 131: 573-582. by permission of 
Oxford University Press. (A full color version of this 
illustration can be found in the color section).
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There are many technical factors that affect image quality in diffusion 
imaging which include: the acquisition sequence, magnet field strength, 
and gradient amplitude and b-value used. We have not discussed these 
considerations here but recommend a recent article by Mukherjee et al 
in which the major technical factors that affect image quality in diffusion 
MR imaging are evaluated in detail27. 

WM maturation in the preterm brain

Changes in DTI parameters during early development provide unique 
in vivo insight into the structural basis of WM maturation. WM average 
apparent diffusion coefficient (Dav) values differ between the premature 
and term brain. Dav values decrease with increasing age during devel-
opment until they reach adult values. This is reflected by a 30�–50% high-
er ADC in neonates than in adults9,15,28,29. In early development, changes 
in Dav take place more rapidly and are not simultaneous in all brain re-
gions. Also Dav maps of the preterm brain show contrast between white 
and gray matter (Dav values for white matter are higher than those for 
gray)28. These findings of contrast between white and gray matter Dav 
maps of the preterm brain despite their similar water content is consis-
tent with the idea that white matter is less restrictive to overall water 
motion than gray matter.

Brain water content decreases dramatically with increasing gestational 
age and it can explain the rapid decrease of Dav values observed be-
tween early gestation and term age. Also increasing complexity of white 
matter structures with increasing myelination constrict water motion and 
contribute to the decrease in Dav values. This is reflected by a 40�–60% 
lower anisotropy in neonates than in adults9,15,28,29. Measurements of the 
three separate eigenvalues ( 1, 2, 3) confirm this notion. During white 
matter development decreases in diffusion are observed principally in 
2, 3 (and not in 1), which reflect changes in water diffusion perpen-

dicular to white matter fibres30. This decrease in radial (lambda horizon-
tal) diffusivity indicates changes due to premyelination and myelination.
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WM anisotropy indices values also differ between preterm and term 
brain. For children beyond term and for adults, FA and RA values for 
cortical gray matter are consistent with zero, meaning that water diffu-
sion in gray matter is essentially isotropic at the resolution achievable 
in vivo. FA and RA values for white matter areas, on the other hand, 
are relatively low in infants and increase steadily with increasing age15,30-

32. 

The increase in anisotropy values of white matter during development 
appears to take place in two phases: (i) showing an increase before the 
histological appearance of myelin, attributed to changes in white matter 
structure which accompany the �‘premyelinating state�’8. The �‘premyeli-
nating state�’ is characterized by a number of histological changes: axon 
calibre changes, increasing numbers of axonal microtubule-associated 
proteins and number of oligodendrocytes, together with an increase in 
axonal conduction velocity and changes in Na/K-ATPase activity8. The 
increase in anisotropy associated with premyelination takes place be-
fore the histological appearance of myelin and in the absence T1- or T2-
weighted imaging changes (ii) a second increase in anisotropy values 
is associated with the histological appearance of myelin and its matu-
ration14. However, it is important to note that myelin accounts for only 
about 20% of anisotropy in white matter. Other factors playing a role in 
anisotropy are: axon packing, internal axonal structure, membrane per-
meability to water and tissue water content14. As an example the com-
missural fibres in the splenium and the genu of corpus callosum show 
the highest anisotropy values in the preterm human brain even although 
these fibres are largely unmyelinated in the newborn period32. Their high 
anisotropy is in part due to a high degree of parallel organization.

When studying early human WM maturation using DTI one has to take 
into account that WM of the preterm infant has a high vulnerability to 
inflammatory mechanisms and oxidative processes and a high injury risk 
during the postnatal preterm period5. Also developing preterm brains are 
exposed to different stimuli in the NICU compared to the environment of 
the uterus. Growing evidence shows that this will effect the WM matura-
tion25,33. Solution to this would be to study normal WM maturation in the 
foetal brain34,35. Foetal motion is a major problem for in utero diffusion 
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tensor imaging. However, new methodologies to achieve 3D high resolu-
tion in utero foetal brain DTI show promising results36.

Preterm WM injury assessed with DTI

In addition to providing information on WM maturation, DTI can be used 
to assess brain injury. Changes in diffusion characteristics can provide 
early evidence of both focal and diffuse brain injuries associated with 
preterm birth.

Over the past decades advances in neonatal intensive care have result-
ed in improved survival rates of preterm infants37,38. However, long-term 
neurological deficits amongst the survivors are increasingly recognized. 
Literature reports an incidence of spastic motor deficits in 10% of pre-
term survivors and up to 50% ex-preterms show learning difficulties or 
have behavioural problems in adolescence1,2,39.

Several forms of brain injury are observed in premature infants includ-
ing: intraventricular hemorrhage (IVH), periventricular haemorrhagic in-
farction (PVHI), and periventricular white matter injury (PWMI). PWMI 
includes a spectrum of cerebral injury ranging from focal to general WM 
lesions (e.g. punctate WM lesions, diffuse excessive high signal intensity 
(DHESI) and cystic periventricular leucomalacia (PVL))40. Whereas the 
incidence of IVH and cystic PVL has decreased with advanced medical 
treatment strategies, the incidence of PWMI seems to be stable41. PWMI 
is now considered the most common cause of brain injury in preterm 
infants and the leading cause of chronic neurologic morbidity42. Factors 
implicated in the pathogenesis of PWMI during prematurity include hy-
poxia, ischemia, and chronic exposure to infection and inflammation42. 
DTI allows recognizing injury in specific WM tracts in children and has 
become a useful tool to assess WM damage.

DWI/DTI can be extremely useful for highlighting regions of acute white 
matter injury (Figure 6). However, the quantitative measures obtained 
from DWI/DTI can provide further insight into the nature of white mat-
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ter injury/ mal-development. Miller et al. reported a significant increase 
in ADC values with increasing GA in the frontal white matter and vi-
sual association areas in infants with moderate white matter injury43. 
In addition, the normal maturational increase in RA was absent in a 
number of white matter regions in infants with moderate white matter 
injury and in the frontal region in infants with only minimal white matter 
injury43.

Diffuse excessive high signal intensity (DEHSI) on T2 weighted imaging 
is a common finding in preterm infants at term-equivalent age but the 
neuropathologic correlates of DEHSI are unknown44. DWI has showed 
that infants with DEHSI have WM ADC values similar to preterm infants 

Figure 6.
Preterm infant born at 29 weeks GA and imaged at 30 weeks (a-d) and 40 weeks (e and f) 
post-menstrual age. T2 weighted image at the mid-ventricular level (a) and basal ganglia level 
(b) demonstrating multiple abnormalities in the white matter (arrows). DT image at the mid-
ventriculal level (c) and basal ganglia level (d) showing these regions as high signal intensity. 
Cystic lesions have developed at term equivalent age (e and f).
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with major focal lesions, suggesting DEHSI to be a diffuse WM abnor-
mality, consistent with widespread axonal and oligodendrocyte abnor-
malities45,46.

Huppi et al compared quantitative measures of diffusion at term among 
premature infants with perinatal WM injury (including PVL) with infants 
without WM injury. They found a lower RA in the central WM area, but 
also in the underlying posterior limb of the internal capsule47. The lower 
RA in the cerebral WM site of injury (central WM) suggested a destruc-
tion of central fibre tracts or an impaired subsequent development or 
both. 

A number of DTI studies have investigated the effect of PVL on brain de-
velopment in later childhood to adulthood using anisotropy indices and 
scoring systems based on a visual assessment colour-coded maps48-51. 
These studies have shown that although injury to the corticospinal tracts 
is thought to be the major determinant of motor impairment in children 
with PVL, sensory pathways (including the posterior thalamic radiation) 
may be playing an even more important role48. These studies are indica-
tive of the complexity of white matter involvement in PVL46,50,51.

Tractography studies have shown involvement of the sensory and motor 
pathways, corpus callosum, posterior limb of the internal capsule and 
superior longitudinal fasciculus and disrupted connections between the 
thalamus and the cortex (Figure 3) in children and adolescents with PVL 
and HPI22,48-50,51. Nagae et al showed that in patients with PVL (scanned 
at a mean age of 6 years) both the retrolenticular part of the internal cap-
sule and the posterior thalamic radiation (which include thalamocortical 
and corticothalamic white matter tracts) were affected the most51.

Summary

Improved understanding of early white matter damage in preterm infants 
is essential if more effective preventive, protective, and rehabilitative 
strategies are to be developed. DTI has been shown to provide non-



45

invasive and quantitative means for evaluating preterm brain maturation 
and injury in vivo. DTI allows us to study brain connectivity and plasticity 
and has contributed to our understanding of preterm WM maturation, 
WM injury and plasticity. Recent advances in the DTI postprocessing 
such as probabilistic tractography and TBSS have given new insights 
in subtle abnormalities of cerebral white matter associated with preterm 
birth which are thought to be responsible for neurobehavioral sequelae. 
DTI research offers great potential to gain new insights and bring us a 
step further in reducing WM damage of the preterm infant.
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Abstract 

Background and purpose
Advances in neonatal intensive care have not yet reduced the high in-
cidence of neurodevelopmental disability among very low birth weight 
(VLBW) infants. As neurological deficits are related to white matter in-
jury, early detection is important. Diffusion tensor imaging (DTI) could 
be an excellent tool for assessment of white matter injury. Our purpose 
was to provide DTI fractional anisotropy (FA) reference values for white 
matter tracts of VLBW infants for clinical use. 

Materials and methods
We retrospectively analyzed DTI images of 28 VLBW infants (26-32 
weeks gestational age) without evidence of white matter abnormalities 
on conventional MRI sequences, and normal developmental outcome 
(assessed at age 1-3 years). For DTI an echoplanar sequence with dif-
fusion gradient (b=1000 s/mm2) applied in 25 non-collinear directions 
was used. We measured FA and apparent diffusion coefficient (ADC) of 
different white matter tracts within 4 days of life. 

Results 
Our quantitative investigation characterized the age related trends in 
fractional anisotropy in pyramidal tracts (right PLIC: r= 0.530, p<0.01, 
left PLIC: r=0.405, p<0.05). 

Conclusion 
Normative data are provided for white matter tracts in preterm infants. 
Fractional anisotropy of the pyramidal tracts, measured in the first few 
days after birth, is related to gestational age.
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Introduction 

The last decade has seen improved survival for very low birth weight 
(VLBW) preterm infants1,2. The survivors, however, still show high inci-
dence of neurodevelopmental disability, despite advances in foetal and 
neonatal intensive care3-5. These neurological deficits are usually related 
to white matter injury6,7. So early detection of abnormal white matter mat-
uration will be important in the design of preventive, protective, and re-
habilitative strategies for the management of the critically ill newborn8,9. 

The clinical evaluation of these infants may not provide either adequate 
diagnostic or prognostic information on white matter injury. Various neu-
roimaging techniques have become available, however, that may be of 
help. Cranial ultrasound is such a technique used in premature infants 
but is not as sensitive as MR imaging, which shows better soft tissue 
contrast10. Yet, conventional T1- and T2-weighted MR imaging sequenc-
es also have limited value in the evaluation of the preterm brain, as they 
do not allow visualization of specific white matter tracts before the onset 
of myelination. Most white matter tracts of the premature cerebrum are 
unmyelinated, except for a few pathways �– e.g. the pyramidal tract �– that 
mature early, as the infant approaches term-equivalent age11,12. 

Diffusion tensor imaging (DTI) is unique in its ability to visualize and 
quantify white matter tracts in the human brain. It is superior to T1 and 
T2-weighted imaging in detecting unmyelinated or pre-myelinated fiber 
tracts and therefore likewise in assessing the microstructural organiza-
tion of the developing white matter13. DTI anisotropy measurements offer 
great potential in the study of white matter damage in VLBW infants. So 
far, however, the clinical use of this technique is restrained by the lack of 
normal reference values for VLBW infants. 

Four groups have described reference values for white matter DTI pa-
rameters at different gestational ages (Table 1). Nevertheless, the popu-
lations studied each included no more than four infants without white 
matter damage on conventional imaging, scanned within days after birth 
and gestational age less than 32 weeks14-17. And then, as sizes and 
shapes of the regions of interests (ROIs) in these studies differ, compari-



54

Chapter 3 Fractional Anisotropy of white matter tracts in very-low-birth-weight infants

son between the studies is difficult. We therefore set up a retrospective 
study aimed at providing reference values for the clinical interpretation 
of DTI images in VLBW infants. 

Material and Methods 

Subjects 
The Erasmus MC Ethical Review Board approved the study, and written 
informed parental consent was obtained for each subject. The images 
used in this study had been obtained within the framework of a study 
in which premature infants of different gestational age underwent se-
rial conventional and DTI acquisitions to evaluate white matter develop-
ment. The inclusion criteria for our study were birth at gestational age of 
25 to 32 weeks, no evidence of white matter injury on conventional MR 
and scanned within four days of life. Besides, developmental outcome 
assessed at age 1-3 years needed to be normal. Gestational age was 
calculated from the mother�’s last menstrual period or estimated from 
early ultrasound (<18 weeks of pregnancy). Exclusion criteria were in-
traventricular hemorrhage, ventriculomegaly, congenital infection, brain 
malformation or a multiple congenital anomaly syndrome. Furthermore, 
preterm infants whose images were severely motion degraded were ex-
cluded since evaluation of these scans was not possible. During the 25 
months of the study period (between March 2004 and April 2006), 41 in-
fants were scanned and 32 met our study criteria. Four MR exams were 
excluded due to severe motion artefacts, so 28 patients were included. 

Reference Gestational 

age (weeks)

Scan

 week

No. of 

patients

No. with 

gestational 

age <32 weeks

MR  eld

 strenght (T)

ROI

[14] <37w 28-43 27 <5 1.5 FTa

[15] 24-36 28-39 17 <5 1.5 Manual

[16] 24-36 28-39 14 <5 1.5 Manual

[17] 26-30 28-40 6 <5 1.5 Manual

Table 1
Overview of relevant literature

aROI placement with fiber tracking
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Neurodevelopment monitoring 
The infants�’ hospital charts were reviewed for neurodevelopmental out-
come. They had all been neurologically assessed at 3, 6, 12 and 24 
months, and Denver scores were used to monitor neurodevelopment18. 
At 24 months the Bayley Scales of Infant Development second edition 
(BSID-II) had been administered as well19. All patients had shown normal 
neurodevelopment according to the most recent examination.  

Conventional MR imaging
Images had been acquired using standard scanning protocols. All imag-
ing was performed on a 1,5 Tesla GE EchoSpeed scanner (GE Medical 
Systems, Milwaukee, WI). The imaging protocol included a T1-weighted 
(spin echo, TR/TE = 500/11ms) and a T2-weighted sequence (spin echo 
with TR/TE = 3000/120ms) with a slice thickness of 4 mm and a 0.4 mm 
gap. For DTI an echoplanar sequence with diffusion gradients (b=1000 
s/mm2) applied in 25 non-collinear directions was used with a slice thick-
ness of 3 mm with no gap. An average of 20 slices was recorded within 
4 minutes using TR/TE = 9150/98-91 ms. The FOV was 20 cm, the scan 
matrix 128 x 128 and the reconstruction matrix 256x256. 

All patients were scanned using a MR-compatible incubator with a spe-
cialized high-sensitivity neonatal head coil (LMT), which allowed DTI 
imaging at high spatial resolution and high SNR. The incubator provided 
for controlled temperature and humidity, as well as MR compatible pulse 
oximetry and ventilator. This set-up allowed for imaging in this most vul-
nerable patient population in a stable and safe microenvironment20-22. 
We used mouldable earplugs and neonatal earmuffs to reduce the noise. 
No sedation was given. Pads around the infant�’s head kept movement 
to a minimum. 

Diffusion tensor post-processing
Diffusion tensor images were transferred to a GE Advantage Windows 
workstation (General Electric Medical Systems, Milwaukee, WI) for post 
processing using Functool 2000 software (General Electrics). DTI mea-
sures the diffusion of water in each voxel and the extent to which water 
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diffuses in particular directions as a result of the micro structural char-
acteristics of the tissue imaged. High anisotropy indicates that the mag-
nitude of diffusion is very unequal in different directions. The complex 
nature of anisotropic diffusion in the brain has been described by a diffu-
sion tensor, which contains information about the magnitude of diffusion 
in different directions. Each tensor contains a set of three eigenvalues, 
which are related to the major, intermediate, and minor axes of a dif-
fusion ellipsoid. The principal eigenvector (1) specifies the direction in 
which water diffusion is greatest. Fractional anisotropy (FA) measures 
the fraction of the magnitude of the diffusion tensor that can be ascribed 

to anisotropic diffusion23-25. For iso-
tropic diffusion ( 1 = 2 = 3), FA is 
zero, and in the case where there is 
a strongly preferred direction of diffu-
sion ( 1 >> 2 = 3), FA approaches 
one.

The tracts selected for quantization 
in the study included commissural 
tracts (corpus callosum: splenium 
and genu), projection tracts ((pos-
terior limb of the internal capsule 
(PLIC), anterior limb of the internal 
capsule (ALIC)) and optic radiation 
(OR)) and association tracts (exter-
nal capsule (EC)).

Regions of interest
DTI measurements were taken from 
multiple ROIs positioned bilaterally 
within individual white matter tracts. 

Figure 1 
Example of a fractional anisotropy map 
(gestational age 30 weeks) on which the 
ROIs were placed. (A full color version of 
this illustration can be found in the color 
section).

Figure 2 
We performed fiber tracking in each of the ROIs 
to confirm the right location (example show-
ing the corticospinal tracts (gestational age 28 
weeks). (A full color version of this illustration 
can be found in the color section).
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For the placement we used standard size, round shaped 16 pixels ROIs. 
ROI placement was done on the FA maps and was validated against 
corresponding average diffusion (Dav) maps and color maps [Figure 1, 
Figure 2, Figure 3]. We also performed fiber tracking in each of the ROIs 
to confirm the right location. We then looked for the maximum pixel val-

ue within the ROI [Figure 4, Figure 
5]. Two researchers experienced in 
neonatal DTI did all measurements. 
Statistical analysis of the relation-
ship between FA of the white mat-
ter tracts and gestational age was 
analyzed by correlation analysis 
(Pearson product moment correla-
tion, SPSS 13.0.1).  

Figure 3 
We confirmed ROI placement on the color-
maps (example showing the colormaps of a 
patient with gestational age of 30 weeks). (A 
full color version of this illustration can be 
found in the color section).

Figure 4 
Delineating the Corpus Callosum with a 
free hand ROI placement on a FA map. (A 
full color version of this illustration can be 
found in the color section).

Figure 5
Automating calculation of the maximum FA 
pixel value within the ROI on a FA map. (A 
full color version of this illustration can be 
found in the color section).
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Results 

Patient characteristics 
Gestational ages at birth ranged from 26 to 32 weeks (mean 28 weeks 
and 5 days) (Table 2). Mean weight at birth was 1148 grams and mean 
head circumference was 26.4 cm. All patients had shown normal neu-
rodevelopment as defined by the Denver- or Bayley scoring system ac-
cording to the most recent examination.  

FA and ADC of standard pixel size ROIs 
We plotted average FA and ADC values of 16 pixel ROIs of the differ-
ent white matter tracts against gestational age. We found a significant 
correlation between gestational age and FA of the right PLIC (r=0.530, 
p<0.01) as well as the left PLIC (r=0.405, p<0.05) [Figure 6, Figure 7]. 
No significant correlations were found for the other tracts. We found 
no correlation between average ADC values and gestational age in the 

Structure FA ADC

Mean (SD) Mean (SD)

Posterior limb of the 
internal capsule

0.349 (0.028) 1.09 (0.05)

Anterior limb of the 
internal capsule

0.242 (0.033) 1.27 (0.091)

External capsule 0.175 (0.188) 1.29 (0.097)

Optic radiation 0.270 (0.042) 1.30 (0.126)

Corpus callosum 
(genu)

0.42 (0.048) 1.24 (0.111)

Corpus callosum (splenium) 0.442 (0.056) 1.27 (0.131)

Table 2
Tract statistics (FA and ADC mean values and standard deviations) and significant differences 
in FA and ADC between tracts
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Figure 6 
Average FA values of 16 pixel ROIs of the PLIC.

Figure 7 
Maximum FA ROI values of the PLIC.



60

Chapter 3 Fractional Anisotropy of white matter tracts in very-low-birth-weight infants

studied tracts. Maximum FA values of the PLIC The maximum FA val-
ues of the ROI were plotted against gestational age and also showed a 
significant correlation between gestational age and FA of the right PLIC 
(r=0.517, p<0.01) and the left PLIC (r=0.530, p<0.01). Except for the 
right external capsule we saw no other significant correlations between 
FA and gestational age. Compared with standard size ROI mean FA val-
ues of the PLIC, the maximum values were a mean 0.05 higher. 

Comparison between tracts 
DTI values varied between white matter structures. FA was highest in 
the commissural tracts of the corpus callosum (splenium>genu), deep 
projection tracts (internal capsule). FA was lowest in association tracts 
(external capsule). 

Discussion

Our aim was to provide clinicians with reference values for the evalua-
tion of diffusion tensor images of white matter tracts in VLBW infants. A 
literature search identified four similar studies. Comparison with these 
studies seems irrelevant as each included no more than four infants 
evaluated below a gestational age of 32 weeks within the first days of 
life. We were able to study scans of 28 infants VLBW without white 
matter damage within the first four days of life. We found a statistically 
significant correlation between gestational age and FA of the PLIC. Dif-
ferences were observed between white matter tracts: FA was highest in 
commissural, followed by deep projection and association tracts. Others 
found the same hierarchy in the perinatal brain and in fully myelinated 
adult tracts16,26. 

Different anisotropy indexes can be used to study the anisotropy of white 
matter tracts: fractional anisotropy (FA), relative anisotropy (RA), axial 
anisotropy (Am) etc. We focused on FA, the most frequently used an-
isotropy index. FA has a high sensitivity for studying anisotropy in white 
matter tracts16; it has a higher signal to noise ratio than RA for anisotro-
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pic regions27,28. Previous studies showed that FA was the most sensitive 
significantly discriminating DTI parameter in pair wise comparisons be-
tween different tracts in premature infants16. In most tracts FA increases 
significantly by the week, whereas weekly decreases in apparent dif-
fusion coefficients (ADC) values are smaller and less discriminative in 
most regions16. A growing number of studies have reported FA values 
of injured tracts29,30. Nevertheless, we should realize that FA is only one 
of the functions that describe the diffusion tensor. Although aberrant FA 
values seem to be a sensitive detector of abnormal tissue one could also 
use the relative magnitudes of the 3 principal eigenvectors to describe 
diffusion.  

What determines anisotropy in white matter tracts? The value of the 
anisotropic index is determined by size, shape and composition of physi-
cal obstructions, as well as the space between them. Myelin, fast axonal 
transport, the axonal cytoskeleton (neurofilaments and microtubules), 
and local susceptibility gradients do not seem to have any major impact 
on anisotropic water diffusion32,33. Indeed, intact membranes are thought 
to be the main contributing factor to anisotropy. The corpus callosum, 
with a coherent parallel organization, has the highest FA values. Cal-
losal fibre tracts, however, do not show a significant increase of FA with 
increasing gestational age, as the PLIC does. This might be due to the 
fact that myelination progress in the callosal fibers is slower than in the 
projection fibres at this age.  

Studying DTI parameters of VLBW white matter tracts is challenging for 
many reasons. One of these challenges was to determine a standard 
for the size and shape of the ROIs. A ROI is a controlled identifica-
tion of a given area of an image for numerical analysis and the area of 
anatomy being scanned that is of particular importance in the image. 
Different authors have used different ways to set their ROIs. The rea-
son we compared two techniques was to achieve better reproducibility. 
Maximum values might be an alternative in which the value is given by 
the software. Fiber tracking, colormaps and ADC maps are established 
but time consuming techniques for the verification of tracts. We trust 
that automatic verification will become common practice in the future. A 
possible solution for ROI comparisons between researchers is the use of 
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a neonatal brain atlas coordinate system. Individual brain images could 
then be transformed into a common coordinate space and the ROIs can 
be placed at specific topographic coordinates. Our research group is 
currently looking into this option. 

Another serious challenge was the signal-to-noise ratio (SNR) and spa-
tial resolution constraints due to the very low anisotropy of premyelin-
ating white matter and the tiny size of white matter tracts in premature 
newborns. Using a custom-made MR-compatible incubator with a high 
sensitivity neonatal head coil that improved image quality, spatial resolu-
tion and patient comfort we were able to overcome this challenge.  

Better understanding of normal preterm white matter development is es-
sential to encourage the use of DTI for evaluation and treatment of white 
matter injury. Early diagnosis of white matter abnormalities means that 
early intervention might be possible. We are exploring the feasibility of 
perinatal brain repair, and new MR imaging techniques like DTI will en-
able us to improve our understanding of how the developing brain re-
sponds to our interventions. 

Conclusion 

In conclusion, our study gives anisotropy values for VLBW children with 
normal outcome that can be used as reference values. This work adds to 
our understanding of normal preterm white matter development. 
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Abstract

Background and purpose
Many intervention studies in preterms aim to improve neurodevelopmen-
tal outcome, but short term proxy outcome measurements are lacking. 
Cortical plate and subplate development could be such a marker. Our 
aim was to provide normal DTI reference values for the cortical plate and 
subplate of preterm infants.

Materials and Methods
As part of an ongoing study we analyzed DTI images of 19 preterm 
infants without evidence of injury on conventional MRI, with normal out-
come (Bayley-II assessed at age 2), and scanned in the first four days of 
life. Fractional anisotropy (FA) and apparent-diffusion-coefficient (ADC) 
values in frontal and temporal subplate and cortical plate were measured 
in single and multiple voxel regions-of-interest placed on predefined re-
gions. 

Results
Using single voxel ROIs, statistically significant inverse correlation was 
found between gestational age and FA of the frontal (r=-0.5938,p=0.0058) 
and temporal (r=-0.4912,p=0.0327) cortical plate. ADC values had 
a significant positive correlation with gestational age in the frontal 
(r=0.5427,p=0.0164) and temporal (r=0,5540,p=0.0138) subplate. 

Conclusion
Diffusion tensor imaging allows in vivo exploration of evolving cortical 
plate and subplate. We show FA and ADC values of subplate and cortical 
plate in VLBW infants with normal developmental outcome, which can be 
used as reference values. 
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Introduction

Advances in neonatal intensive care have led to significant improve-
ment in survival of very low birthweight (VLBW) infants1,2. However sur-
vivors of preterm birth still show a high incidence of neurodevelopmental 
disability. Up to 25-50 % of VLBW infants have cognitive and attention 
deficits, often without marked motor deficits3-5. Early detection of abnor-
mal brain maturation is important in the design of preventive, protective 
and rehabilitative strategies for the management of VLBW infants. White 
matter injury is believed to be the most common type of injury seen 
in preterm infants and is associated with neurological deficits seen in 
VLBW infants later in life6,7. However, it is difficult to relate cognitive and 
attention deficits entirely to white matter disease. Instead it seems more 
likely that these deficits are secondary to sensory deafferentation and/
or axotomy8. 

The human cerebral cortex develops through a series of stages during 
which complex histogenetic events occur in several transient anatomic 
layers. Many of these layers disappear as the fetus approaches term. 
The laminar structure of the developing cortex comprises the marginal 
zone, cortical plate (CP) and the subplate (a band of cells lying below 
the developing cortical plate).

The subplate is a transient laminar compartment of the human fetal 
cerebral wall, which plays an important role in the developing cortical 
architecture. The subplate develops around week 13 of gestation and 
gradually disappears at 32-34 weeks. The structure is thought to be the 
main synaptic zone of the human fetal cortex based on the rich input of 
�‘waiting�’ afferents from cortical plate and thalamus. It plays a major role 
during the phase of cortical target area selection9. The subplate is a site 
of early neural activity, it is seen as substrate for functional plasticity and 
is considered to be selectively vulnerable for hypoxic/ischemic injury. 
All this renders the subplate a structure of great interest in the study of 
preterm brain injury9-12. 

The subplate can be visualized with conventional and diffusion tensor 
magnetic resonance imaging (DTI)13-16. In contrast to conventional ana-
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tomical imaging, DTI can provide information about the microstructural 
organization within the neural tissue in vivo17. Studies have shown that 
diffusion anisotropy can be used to study brain development15,18. DTI can 
thus be used to quantify microstructural organization of the subplate in 
vivo. Maas et al. used DTI to delineate early laminar organization of the 
cerebrum in two extremely premature infants14. Gupta et al performed 
DTI on 15 aborted fetuses and 5 term infants to look at regional FA val-
ues including the subplate15. There is a lack of DTI reference values for 
the subplate in healthy VLBW infants in the first week of life. Reference 
values of the subplate could be used as a tool to quantify the efficacy of 
interventions in clinical trials. In addition, these reference values might 
enable the pediatrician to identify infants at risk for suboptimal develop-
ment already in the first phase of life.

We set up a prospective study aimed at providing DTI reference values 
for the CP and subplate zone VLBW infants.

Materials and Methods 

Subjects
The Erasmus MC Ethical Review Board approved the study and written 
informed parental consent was obtained for each subject. The MR scans 
used in this study had been obtained within the framework of a study in 
which premature infants of different gestational ages underwent serial 
conventional and DTI acquisitions to evaluate white matter development. 
All MR scans were obtained without sedation. The inclusion criteria for 
our study were birth at gestational age 25�–32 weeks, no evidence of 
cerebral injury on conventional MRI (T1- and T2-weighted images) and 
scanned within 4 days of birth. Developmental outcome assessed at age 
of 2 years needed to be normal. Gestational age was calculated from the 
mother�’s last menstrual period or estimated from early US (<18 weeks 
of pregnancy). Exclusion criteria were ventriculomegaly, congenital in-
fection, brain malformation or a multiple congenital anomaly syndrome. 
During the 25 months of the study period (March 2004 to April 2006), 
41 infants were scanned and 32 met our study criteria. Four MR exami-
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nations were excluded due to severe motion degradation and 9 due to 
other artifacts, so 19 patients were included.

Neurodevelopment monitoring 
All children were neurologically assessed at 2 years of age and Bay-
ley scales of infant development second edition (BSIDII) were used to 
monitor neurodevelopment19. All patients had shown normal neurodevel-
opment according to their neurological examination and Bayley scores 
(Bayley scores within one standard deviation of the mean were consid-
ered within normal limits; i.e. > 85).

Conventional MR imaging 
Images were acquired using standard scanning protocols. All imaging 
was performed on a 1.5-T GE EchoSpeed scanner (GE Medical Sys-
tems, Milwaukee, Wis.). The imaging protocol included T1-W (spin echo, 
TR/TE 500/ 11 ms) and T2-W sequences (spin echo, TR/TE 3,000/ 120 
ms) with a slice thickness of 4 mm and 0.4 mm gap. For DTI an echopla-
nar sequence with diffusion gradients applied in 25 non-collinear direc-
tions was used with a slice thickness of 3 mm and no gap (b=1,000 s/
mm2). An average of 20 slices was recorded within 4 min using TR/ TE 
9,150/98�–91 ms. The FOV was 20 cm, the scan matrix 128×128 and the 
reconstruction matrix 256×256. All patients were scanned using an MR-
compatible incubator with a specialized high-sensitivity neonatal head 
coil (Lammers Medical Technology, Lubeck, Germany). Pads around 
the infant�’s head kept movement to a minimum. Moldable earplugs and 
neonatal earmuffs were used to reduce noise. The incubator provided 
controlled temperature and humidity as well as MR compatible pulse 
oximetry and ventilation.

Diffusion tensor postprocessing
Diffusion tensor images were transferred to a GE Advantage Windows 
workstation (General Electric Medical Systems, Milwaukee, Wis.) for 
postprocessing using �‘Functool�’ software (General Electrics). 
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DTI measures the diffusion of water in each voxel and the extent to 
which water diffuses in particular directions as a result of the micro-
structural characteristics of the tissue imaged. FA measures the frac-
tion of the magnitude of the diffusion tensor that can be ascribed to 
anisotropic diffusion20-22. For isotropic diffusion ( 1= 2= 3), FA is zero, 
and in the case where there is a strongly preferred direction of diffu-
sion ( 1>> 2= 3), FA approaches a value of one. The apparent diffusion 
tensor (ADC) was calculated from the eigenvalues for each voxel as 
follows: ( 1 + 2 + 3)/3, and provides the overall magnitude of water 
diffusion. ADC is independent of anisotropy and also a useful parameter 
for brain maturation23.

Two strategies for regions of interest (ROI) placement were used. First 
we placed two rows (right and left hemisphere) of single voxel ROIs 
along a straight line on an axial slice through the foramen of Moro (Fig-
ure 1); this line prolongated the long axis of the lateral ventricle through 
the subplate and CP. Next we placed two rows on an axial slice through 
the pedunculi of the brainstem from the top of the temporal horn to the 
CP right and left (Figure 1). We identified the voxel most representing the 

cortical plate and subplate 
visually on the b0-reference 
image. We cross-correlated 
this with the T1- and T2 
weighted scans and the 
ADC and FA maps.

In the second method we 
placed standard-size, round-
shaped 16-voxel ROIs 
in the region of the subplate 

Figure 1.
Top image shows ROI placement 
(row of single voxels) both frontal (A) 
and temporal (B) regions. The image 
below shows the same ROI place-
ment on a cartoon. (A full color ver-
sion of this illustration can be found 
in the color section).
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on the same axial slices 
as mentioned in the first 
method. In temporal re-
gions it was more difficult 
to place the 16 voxel ROI 
in the centre of the corti-
cal plate and we decided 
to use this method for the 
subplate only because else 
we suspected too much in-
terference from partial-vol-
ume effects. We identified 
the subplate visually on the 
b0-reference image. We 
cross-correlated this with 
the T1- and T2 weighted 
scans and the ADC and 
FA maps (Figure 2). Two 
researchers experienced 
in neonatal DTI achieved 
consensus on ROI place-

ment and measurements readings. For every ROI, 1,2,3 was measured 
and FA and ADC were calculated.

Statistical analysis
The relationship between FA and ADC of the CP and gestational age and 
between the subplate and gestational age was analyzed by correlation 
analysis (Pearson product moment correlation, SPSS 13.0.1).

Results

Patient characteristics 
Gestational ages at birth ranged from 26 to 31 weeks (mean 29 weeks 
1 day). All infants were appropriate for gestational age. Mean weight at 

Figure 2. 
Showing different scan sequences of the same patient 
(GA 30w). (a) T1-weighted image, (b) T2-weighted im-
age, (c) B0-image showing low signal intensity (SI) of 
CP and a ROI placed in area of the subplate, (d) ADC 
map showing low (dark blue) ADC value of the cortex 
(arrow) and intermediate ADC values of the subplate 
(arrowhead), (e) colour map (red representing right�–
left, green representing antero-posterior, and blue rep-
resenting supero-inferior anatomical directions), (f) FA 
map, showing high FA values of the cortex (arrow) and 
low FA values (blue) of the subplate zone (arrowhead). 
(A full color version of this illustration can be found in 
the color section). 
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birth was 1,135 g and mean head circumference was 26 cm, 9 of the 
infants were girls. In 91% antenatal steroids were given. The median 
APGAR score at 5 minutes was 9 (range 5-10). No infections were re-
ported in the first week of life. Except for one patient, all infants received 
respiratory support in the first week of life.

FA and ADC calculations 
For both ROI methods, we plotted the calculated FA and ADC values of 
the CP and the subplate against GA. No statistically significant differenc-
es based on a two tailed paired Student�’s t-test (at a significance level of 
P<0.05) were found comparing FA and ADC values between the left and 
right hemispheres in each subject. Therefore, the values obtained from 
the left and right were averaged to obtain the mean FA and ADC of the 
different ROIs (Table1).

FA and ADC of single voxel ROIs
A statistically significant inverse correlation was found between GA 
and FA of the frontal (r=-0.5938, p=0.0058) and temporal (r=-0.4912, 
p=0.0327) CP (figure 3,4). No significant correlations between ADC and 
the CP were detected. ADC had a significant correlation with GA in the 
frontal (r=0.5427, p=0.0164) and temporal (r=0.5540, p=0.0138) sub-
plate (Figure 3). No correlation was found between FA values in the 
frontal and temporal subplate and GA.

FA and ADC of ROIs of standard 16 pixel size
A statistically significant correlation was found between GA and ADC of 
the frontal (r=0.505, p=0.027) and temporal (r=0.301, p=0.015) subplate 
(Figure 4).
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Figure 3. FA and ADC of single voxel ROIs
A statistically significant inverse correlation was found between gestational age (GA) and frac-
tional anisotropy (FA) of the frontal (r=-0.5938, p=0.0058) and temporal (r=-0.4912, p=0.0327) 
cortical plate (CP). No significant correlations between apparent diffusion coefficient (ADC) 
and the CP were detected. ADC had a significant correlation with GA in the frontal (r=0.5427, 
p=0.0164) and temporal (r=0.5540, p=0.0138) subplate. 

Figure 4. ADC of ROIs of standard 16 pixel size
A statistically significant correlation was found between gestational age (GA) and apparent 
diffusion coefficient (ADC) of the frontal (r=0.505, p=0.027) and temporal (r=0.301, p=0.015) 
subplate. 
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Discussion

We provide clinicians with reference values for the evaluation of diffu-
sion tensor images of the CP and subplate in VLBW infants with normal 
outcome at two years of age. A statistically significant inverse correlation 
was measured between GA and FA values of the frontal and temporal 
cortical CP. ADC values were found to have a significant positive cor-
relation with GA in the frontal and temporal subplate. 

ADC and FA values of cortical plate
Our observation of decreased cortical FA values with increasing gesta-
tional age after 26 weeks seems consistent with published data15,18,24. 
Before 26 weeks a gradual increase in the cortical FA values has been 
reported. Neurons that form the cerebral CP migrate to their destina-
tions along radial glial fibers25. It is thought that the observed increase in 
the cortical FA values during early GA (<27 weeks) could be associated 
with this radial organization and with the radial orientation of the apical 
dendrites of pyramidal cells26. The decline in the cortical FA after 27 
weeks probably reflects a degradation in the radial organization. In time 
radial glial cells differentiate into astrocytes and gradually retract their 
ventricular and pial attachments, also neocortical maturation will take 
place which results from neuronal growth, afferents ingrowth, dendrites 

Single voxel ROI Frontal subplate 

mean (SD)

Temporal subplate 

mean (SD)

Right Left Right Left

FA 0,069 (0,02) 0,061 (0,02) 0,08 (0,02) 0,075 (0,02)

ADC x 10�–3 mm2/second 1,539 (0,14) 1,519 (0,13) 1,593 (0,14) 1,609 (0,16)

16 voxel ROI Frontal subplate 

mean (SD)

Temporal subplate 

mean (SD)

Right Left Right Left

FA 0,09 (0,03) 0,08 (0,03) 0,103 (0,02) 0,09 (0,02)

ADC x 10�–3 mm2/second 1,509 (0,16) 1,52 (0,17) 1,509 (0,09) 1,527 (0,12)

Table 1

Mean FA and ADC values in the frontal and temporal subplate
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elaboration and synapse formation26,27. These processes are an impor-
tant basis of later functional connectivity. In agreement with others we 
have demonstrated a low cortical ADC. We did not find a significant cor-
relation between GA and ADC values of CP, which is probably due to the 
close age range of our patients. McKinstry et al did find an increase in 
ADC values of the CP until 32 weeks and a decrease hereafter18. These 
divergent findings might reflect a difference of ROI location between the 
two studies. It is known that the rate of CP development varies, depend-
ing on its location which could also explain the differences found. 

ADC and FA values of subplate
The subplate is a transient fetal cerebral zone, which serves as the 
�‘waiting compartment�’ for growing cortical afferents9. The SP is a lami-
nar structure, which consists of tissue with large extracellular spaces 
and an abundance of glycosaminoglycans28. It is most prominent around 
22 weeks and disappears at around 32-34 weeks. In the ROIs corre-
sponding with the subplate region we measured medium diffusivity and 
low anisotropy values. These findings seem to be consistent with earlier 
findings and might reflect the relatively lower cellularity of this region14. 
The finding of low FA values in the subplate region are consistent with 
observation of more randomly scattered cells seen on histology, per-
haps also due to the mixture of interdigitating radial and tangential fibers 
within this lamina14,29. We found an increase of ADC values in the region 
of the subplate between 26 and 31 weeks of gestation. These findings 
might be explained by the assumption that either a decrease in cellular-
ity (associated with programmed cell death) in certain areas or the loss 
of interconnections of the brain could outweigh the decrease in overall 
water content during brain maturation30-32.

Studying DTI parameters of the subplate of VLBW infants is challeng-
ing for many reasons. One of the challenges is to determine a practical 
ROI size, shape and location. We choose to examine subplate in the 
temporal and frontal lobe because the subplate is clearly visible during 
the gestational ages studied and these regions are related to associa-
tive or �‘executive�’ functions, which are increasingly recognized as being 
impaired in children born preterm.
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A limitation of this study is that at 2 years of age it remains difficult to ex-
clude global injury or interference with normal development with certain-
ty. Although the developmental testing of premature infants at two years 
of age with the use of the Bayley Scales of Infant Development provides 
an early opportunity to estimate future developmental capabilities, the 
correlation of developmental assessments with ultimate developmental 
achievement would greater for assessments at five years of age or even 
later. So in future studies longer follow up is necessary.

We compared two techniques to achieve better reproducibility. However 
both methods have limitations. In the single-voxel method, we use the 
best corresponding voxel out of a row of voxels on a line crossing the 
subplate and CP. This technique will be more prone to artefacts then a 
standard multi/voxel ROI. The multi-voxel ROI placed in the middle of 
a structure such as the subplate will be more prone to partial-volume 
effects. Because single voxel ROI placement allows us to follow the 
changes of 1, 2, 3 values seen in cross sections of the brain we found 
the single voxel method a useful way to study DTI parameters of the SP 
and CP. We found that the voxels with the lowest FA values correlated 
well with the voxels representing the middle of the SP region. However 
because of the limitations mentioned we do recommend using the multi 
voxel ROI method.

Using interobserver independent (semi-) automatic subplate segmenta-
tion might be the best way to cope with these limitations and will allow 
measurements of the complete subplate instead of a limited number of 
locations. However, the use of (semi-) automatic postprocessing algo-
rithms does require specialized computing knowledge and will be less 
accessible for clinical purposes. 

In this study we used a b value of 1,000 s/mm2 to allow exact compari-
sons between early and later scans of the study subjects made at dif-
ferent ages (including scans made at 6 weeks and 1 year). We realize a 
lower b value for scanning the preterm brain would be optimal. The opti-
mal b value can be calculated as indicated by Jones et al33. The choice 
of dti scan parameters (including b-values) have shown to effect both 
ADC and FA values. In a recent study we examined the effect of high b 
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values on FA and ADC in different neonatal brain regions. ADC values 
decreased with increasing b-value in all regions studied. In white matter, 
there was an approximately linear trend in the reduction of ADC with in-
creasing b-value, whereas in the thalamus ADC declined more slowly at 
higher b-values. There was no consistent change in FA with increasing 
b-value in the neonatal brain34.

Another serious challenge is the signal to noise ratio (SNR) and spa-
tial resolution constraints due to the very low anisotropy of premyelin-
ating white matter and the tiny size of white-matter tracts in premature 
newborns. Using a custom-made MR-compatible incubator with a high-
sensitivity neonatal head coil that improved image quality and spatial 
resolution we were able to overcome these problems.

Conclusion

Secondary disturbances of cortical connectivity seem a logical anatom-
ical substrate for some of the neurodevelopmental deficits seen in a 
large number of VLBW infants. Early diagnosis of subplate abnormalities 
is important for developing intervention strategies and for exploring dif-
ferent ways of perinatal brain repair.

Given the important role of the subplate in normal development of the 
CP and its selective vulnerability to hypoxic�–ischemic brain injury, a 
better understanding of normal subplate development is essential. Our 
study provides normal DTI reference values for evaluation of cortical 
brain maturation. 
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Abstract

Background and Purpose
Diffusion weighted magnetic resonance (MR) imaging studies of the 
adult brain have shown that contrast between lesions and normal tissue 
is increased at high b values. We considered whether diffusion tensor 
imaging (DTI) obtained at high b values would be useful in assessing 
pathology in the neonatal brain.

Materials and Methods
We studied 17 neonates, median (range) age of 10 (2-96) days, who 
were undergoing MR imaging for clinical indications. DTI was performed 
on a Philips 3 Tesla Intera system with b values of 350, 700, 1500 and 
3000 s/mm2. Regions of interest were positioned in the central white 
matter at the level of the centrum semiovale, frontal and occipital white 
matter, splenium of the corpus callosum, posterior limb of the internal 
capsule and the thalamus.

Results
Isotropic diffusion image contrast and lesion to normal tissue contrast 
increased with increasing b value. ADC values decreased with increas-
ing b value in all regions studied. However, there was no change in FA 
with increasing b value. 

Conclusion
The increase in diffusion image contrast observed at high b values may 
be useful in identifying lesions in the neonatal brain.
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Introduction

Diffusion weighted magnetic resonance (MR) imaging is increasingly be-
ing used to investigate neonatal cerebral pathology. Previous studies 
have shown that diffusion weighted imaging (DWI) is able to demon-
strate lesions that are not always discernable on conventional MR imag-
ing and the utility of this imaging technique for assessing infarction and 
metabolic disorders in the neonatal brain is established1-5. In addition 
to the qualitative assessment of injury, diffusion tensor imaging (DTI) 
provides directionally invariant measurements of mean diffusivity and 
diffusion anisotropy. These objective measurements provide information 
regarding water molecular mobility, which reflect tissue microstructure 
and thereby provide insight into mechanisms of brain development and 
disease processes.

Diffusion weighted MR imaging with b values over 2000 s/mm2 has 
been performed in animal studies, in the adult brain and in infants6-15. 
These studies suggest that diffusion contrast characteristics are altered 
at higher b values. In addition, adult studies of cerebral infarction and 
white matter disease have shown increased lesion conspicuity at higher 
b values and so it is possible that high b value DTI in neonates may also 
improve lesion conspicuity13,14.

To our knowledge, the only studies investigating the effects of high b val-
ue diffusion imaging in the neonatal brain were done on infants whose 
conventional MR imaging was considered normal and did not examine 
the full diffusion tensor8,15. In this study we considered whether diffusion 
imaging at high b values enhances contrast between lesions and normal 
tissue in neonates, and thereby increases lesion conspicuity. Further-
more, we acquired diffusion data in 6 non-collinear directions of sensiti-
sation, enabling us to examine the effects of high b values on diffusion 
anisotropy.

The aims of this study were i) to assess isotropic diffusion weighted image 
contrast and lesion conspicuity at b values between 350 and 3000s/mm2 
and ii) to assess whether apparent diffusion coefficient (ADC) or fractional 
anisotropy (FA) in the neonatal brain change with increasing b value.
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Methods

Ethical permission for this study was granted by the Hammersmith Hos-
pitals Research Ethics Committee. Written, informed parental consent 
was obtained for each infant prior to scanning.

Subjects

The study group consisted of 17 neonates, 8 male and 9 female, of ges-
tational ages ranging from 26 to 42 weeks, who underwent MR imaging 
for clinical indications. The median (range) age of the infants at scan-
ning was 10 (2-96) days [median post menstrual age at scanning = 41 
(39 - 45) weeks]. One infant was imaged twice. The characteristics of 
the infants and clinical indications for imaging are described in Table 1. 
Neonates were sedated for imaging with oral chloral hydrate (20-50 mg/
kg). Pulse oximetry and electrocardiograph were monitored throughout 
the procedure. Ear protection was used for each infant (Natus MiniMuffs, 
Natus Medical Inc., San Carlos CA, USA). An experienced neonatolo-
gist, trained in MR imaging procedures, was in attendance throughout 
the MR examination. 

MR Imaging

MR imaging was performed on a Philips 3 Tesla Intera system (Phil-
ips Medical Systems, Best, The Netherlands) using a 6 channel phased 
array head coil. Transverse T2 weighted fast spin echo (FSE) and 3D 
MPRAGE images were acquired prior to obtaining DTI. The conventional 
MR images were assessed by an experienced neonatal neuro-radiolo-
gist (MAR).

Single shot echo planar imaging DTI was acquired in 6 non-collinear 
directions with b values of 0, 350, 700, 1500 and 3000 s/mm2. The pulse 
sequence parameters used were as follows; TR 5000ms, TE 100ms, 
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slice thickness 4mm, FOV 220mm, matrix 96 x 96. NSA was increased 
with increasing b value; 2 NSA (b = 350 s/mm2), 4 NSA (b = 750 s/mm2), 
6 NSA (b = 1500 and 3000 s/mm2). The duration of the diffusion gradient 
pulses was 36 ms and the time interval between their leading edges was 
49 ms for all b values. The b value was increased by increasing the am-
plitude of the diffusion gradients (maximum 21 mT/m). In addition, DTI 
was obtained using the same parameters described above on a spheri-
cal phantom containing dimethyl sulfoxide (DMSO).

Data Analysis

Phantom data 
Measurements were taken from a circular region of interest (ROI) mea-
suring 740mm2. In order to assess hardware or pulse sequence errors, 
ADC and FA values were plotted against b value.

Infant data 
Image contrast and lesion conspicuity at each b value were assessed vi-
sually by 2 investigators (SJC and MAR) and by calculating the contrast 
ratio as described by Meyer16. The contrast ratio between unmyelinated 
white matter (WM) (frontal WM) and central gray matter (GM) (thala-
mus), between unmyelinated WM and partially myelinated WM (central 
WM at the level of the centrum semiovale), and between partially my-
elinated, highly anisotropic WM (PLIC) and central GM was determined 
using equation [1]13. The contrast ratio between lesions and adjacent 
tissue in infant 4 and infant 17 was also assessed.

CR = S1 �– S2  [1]
 S1 + S2

CR = contrast ratio, S1 and S2 are the signal intensities of regions on the 
isotropic diffusion images.
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In addition, ROIs were positioned in the central WM at the level of the 
centrum semiovale, frontal WM at the level of the basal ganglia, occipital 
WM, the splenium of the corpus callosum, the posterior limb of the inter-
nal capsule (PLIC) and the thalamus on the ADC and FA maps. ADC and 
FA values were plotted against b value for each region. 

Results

Phantom data
Phantom data showed little change in ADC (Figure 1a) or FA (Figure 1b) 
over the range of b values.

Infant data 
Visual assessment of isotropic diffusion weighted images 

At b = 350 s/mm2 unmyelinated WM was high signal intensity relative to 
central GM and the cortex. Highly anisotropic WM regions such as the 
PLIC were demonstrated as very slightly hyperintense relative to the 
thalamus. 

Figure 1
a. Graph demonstrating ADC value versus b value in a spherical DMSO phantom.
b. Graph demonstrating FA value versus b value in a spherical DMSO phantom.
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At b = 700 s/mm2 there was little contrast between unmyelinated WM 
and central GM. The PLIC was seen as very slightly hyperintense rela-
tive to the thalamus.

At b = 1500 s/mm2 unmyelinated WM was low signal intensity relative to 
central and cortical GM. Highly anisotropic WM regions were hyperin-
tense relative to both GM and unmyelinated WM. 

At b = 3000 s/mm2 unmyelinated WM was extremely low signal relative 
to central and cortical GM. Highly anisotropic WM fibre bundles were 
markedly hyperintense relative to other brain tissues. The cerebellum 
was demonstrated as very high signal intensity.

Figure 2
Isotropic diffusion weighted image at the level of the basal ganglia in an infant (infant 3) who had 
no evidence of abnormality on conventional or diffusion weighted imaging.
I. b = 3000 s/mm2

II. b = 1500 s/mm2

III. b = 700 s/mm2

IV. b = 350 s/mm2
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Figure 2 shows isotropic diffusion weighted images at the level of the 
centrum semiovale and the basal ganglia level for the 4 different b val-
ues in an infant who had no evidence of abnormality on conventional MR 
or diffusion imaging (infant 3). 

Visual assessment of lesion conspicuity on isotropic 
diffusion weighted images and ADC maps
In the cases of acute infarction, no new lesions were identified on iso-
tropic diffusion weighted images obtained at higher b values compared 

Figure 3
A. Isotropic diffusion weighted images and b. ADC maps demonstrating a left middle cerebral 

infarct in a term born infant (infant 4) and abnormal signal intensity in the left posterior limb 
of the internal capsule and left thalamus (arrow).

 I. b = 3000 s/mm2

 II. b = 1500 s/mm2

 III. b = 700 s/mm2

 IV. b = 350 s/mm2

B. Isotropic diffusion weighted images demonstrating Wallerian degeneration in the cortico-
spinal tracts of the left mesencephalon (arrow). Susceptibility artefact appears reduced on 
the higher b value isotropic diffusion weighted images, thereby allowing the infarct in the left 
temporal lobe to be more clearly visualised (arrowhead). 

 I. b = 3000 s/mm2

 II. b = 1500 s/mm2

 III. b = 700 s/mm2

 IV. b = 350 s/mm2



95

to those observed at lower b values. However, the contrast between 
regions of abnormality and adjacent tissue increased with increasing 
b value. Signal intensity change in the corticospinal tracts distal to the 
region of infarction consistent with Wallerian degeneration was much 
more clearly seen on the ADC map obtained from the b = 3000 s/mm2 

diffusion data than on those obtained at the lower b values. High b value 
DTI also clearly showed abnormal signal intensity of thalamic nuclei re-
lated to the injured cortex. Figure 3 shows isotropic diffusion weighted 
images of a left anterior branch middle cerebral artery infarction with 
abnormal signal intensity in the PLIC (Figure 3a), and Wallerian degen-

Figure 4
Isotropic diffusion weighted images of a term 
born infant with transient hyperhomocystein-
aemia and Sotos syndrome (infant 9) demon-
strating low signal intensity lesions in PLIC
I. b = 3000 s/mm2

II. b = 1500 s/mm2

III. b = 700 s/mm2

IV. b = 350 s/mm2

Figure 5
Isotropic diffusion weighted images in a term-
born infant with a left sided middle cerebral 
artery infarction (infant 11) at 4 weeks of age 
demonstrating residual abnormal high signal 
intensity in the posterior limb of the internal 
capsule on the left on the b = 3000 s/mm2 
isotropic diffusion weighted image (arrow). 
Not demonstrated on the images obtained at 
lower b values. T2 shine through in the region 
of the infarct is reduced at high b values.
I. b = 3000 s/mm2

II. b = 1500 s/mm2

III. b = 700 s/mm2

IV. b = 350 s/mm2



96

Chapter 5 High b value diffusion tensor imaging of the neonatal brain at 3 Tesla

eration in the mesencephalon (Figure 3b). Susceptibility artefact in the 
frontal and temporal regions appeared diminished on the high b value 
diffusion weighted images and a region of infarction in the left temporal 
region was more clearly seen on the b = 3000 and b = 1500 s/mm2 iso-
tropic diffusion weighted images compared to those obtained at lower b 
values (Figure 3b).

In an infant with transient hyperhomocysteinaemia and a later diagnosis 
of Sotos syndrome (infant 9), regions of low signal intensity represent-
ing cystic lesions were observed within the PLIC and the corona radiata 
on the b = 3000 s/mm2 isotropic diffusion image. These lesions were not 
identified on the isotropic diffusion images obtained at lower b values 
(Figure 4). Additionally, follow up images at one month of age in infant 11 
with a left posterior branch middle cerebral artery infarct demonstrated 
abnormal high signal intensity within the left PLIC on the b = 3000 s/
mm2 isotropic diffusion image. This lesion was not observed at lower b 
values. T2 shine-through in the region of infarction was observed on the 
isotropic diffusion weighted images obtained at b = 350 s/mm2. This was 
reduced at b = 700 s/mm2, and was not observed on the b = 1500 and b 
= 3000 s/mm2 isotropic diffusion weighted images (Figure 5). 

Figure 6
Isotropic diffusion weighted image 
at the level of the basal ganglia in 
a term born infant who had a his-
tory of perinatal asphyxia (infant 
17). Lesions in the basal ganglia 
and in the mesencephalon were 
visualised on the isotropic diffu-
sion weighted images obtained 
at b = 3000 and b = 1500, which 
were not seen at lower b values.
I. b = 3000 s/mm2

II. b = 1500 s/mm2

III. b = 700 s/mm2

IV. b = 350 s/mm2
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In 3 out of the 4 infants presenting with hypoxic-ischemic encephalop-
athy (HIE) (infants 8,10,14) no new lesions were identified on high b 
value DTI. However, in infant 17, lesions in the basal ganglia and in the 
mesencephalon were visualised on the isotropic diffusion weighted im-
ages obtained at b = 3000 and b = 1500, which were not seen on those 
obtained at lower b values (Figure 6).

Contrast ratio on normal appearing 
isotropic diffusion weighted images
The contrast ratio between unmyelinated WM (frontal WM) and central 
GM (thalamus) and partially myelinated WM (central WM at the level of 
the centrum semiovale) increased with increasing b value for those in-
fants who had no focal lesions on conventional MR or diffusion imaging. 
The contrast ratio between the thalamus and the PLIC also increased 
with increasing b value. Figure 7 shows contrast ratios for PLIC versus 
thalamus, thalamus versus frontal WM and the central WM of the cen-
trum semiovale versus the frontal WM for infant 3.

Figure 7
Graph demonstrating 
contrast ratios between 
adjacent tissues on iso-
tropic diffusion weighted 
images of an infant whose 
conventional and diffu-
sion weighted imaging 
appeared normal (infant 
3) and between areas of 
abnormal signal intensity 
and adjacent tissues on 
isotropic diffusion weight-
ed images (infant 4).
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Contrast ratio of lesions to adjacent tissue 
on Isotropic diffusion weighted images
Figure 7 shows the contrast ratios obtained for the signal intensity of the 
isotropic diffusion weighted images of a left sided middle cerebral artery 
territory infarct (infant 4) versus adjacent WM, the abnormal PLIC versus 
the adjacent thalamus and the region of Wallerian degeneration in the 
corticospinal tracts versus the adjacent mesencephalon tissue. The con-
trast ratio between lesion and adjacent tissue increased with increasing 
b value for all regions of abnormality examined.

ADC values
ADC values decreased with increasing b value in all regions studied. In 
WM there was an approximately linear trend in the reduction of ADC with 
increasing b value, whereas in the thalamus ADC declined more slowly 
at higher b value. Figure 8a shows change in ADC with b value for infant 
3 who had no evidence of pathology on conventional MR or diffusion 
weighted imaging.

Figure 8 
a. Graph demonstrating ADC values versus b value for an infant whose conventional and 

diffusion weighted imaging appeared normal (infant 3).
b. Graph demonstrating FA values versus b value for an infant whose conventional and 

diffusion weighted imaging appeared normal.
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FA values
There was no consistent change in FA with increasing b value in the 
neonatal brain. Figure 8b shows change in FA with b value for infant 3. 

Discussion

This study shows that image contrast and lesion conspicuity on isotropic 
diffusion weighted images increases with increasing b value. Our results 
show that, for b values between 350 and 3000 s/mm2, FA values are not 
altered by increasing b value, but ADC values in the white matter and 
central gray matter decease with increasing b value. 

We observed that contrast on isotropic diffusion weighted imaged in-
creases at b values over 700 s/mm2. Similar to adult studies of infarc-
tion, our instances of acute infarction demonstrated that lesion conspi-
cuity was increased at higher b values13. This was particularly striking in 
showing abnormal signal intensity changes distal to the infarction con-
sistent with early Wallerian degeneration in the brain stem and in the 
PLIC. In addition, high b-value DTI made abnormal signal intensity in the 
ipsilateral thalamus more conspicuous. It has been shown that newborn 
stroke involving extensive parts of cerebral cortex immediately leads to 
secondary network injury in the thalamus presenting as hypersignal on 
DWI19. Amongst our cohort in a neonate with an anterior branch middle 
cerebral artery infarction, higher b-values revealed more clearly abnormal 
signal intensity of the thalamic nuclei related to the injured cortex. The 
relevance of network injury for prognosis is as yet unknown. The use of 
higher b-values to reveal acute network injury might give more insights.

New lesions were identified in one infant with Wallerian degeneration in 
the posterior limb of the internal capsule on follow-up imaging and in one 
infant with early but transient hyperhomocysteinaemia and Sotos syn-
drome on the isotropic diffusion weighted images obtained at a b value 
of 3000 s/mm2, that were not observed on the images obtained at lower 
b values. This suggests that the increase in isotropic diffusion image 
contrast with increasing b value may have an important clinical utility in 
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identifying lesions in some pathologies in the neonatal brain. In acute 
asphyxia, for example, the diagnostic role of DWI/DTI in the evaluation 
of deep gray matter injury is still not clear. In some cases DWI underesti-
mated the extent of lesions or provided no further information compared 
to conventional MR imaging, whilst in other cases lesion detection was 
increased on DWI20. Future studies using high b value DTI in acute as-
phyxia are required to ascertain whether there is a role for this technique 
in assessing brain lesions in acute perinatal asphyxia. 

Reductions in ADC values with increasing b values have previously been 
demonstrated in animal adult and paediatric studies6,7,8,9,11-13. In the adult 
brain, the ADC value of myelinated white matter becomes lower than 
that of gray matter with increasing b value9,10. In this study, ADC values 
in the partially myelinated PLIC became lower than ADC values in the 
thalamus at higher b values. However, ADC values in the other white 
matter regions studied here remained higher than those obtained in the 
central gray matter at all b values, reflecting the higher ADC of unmyelin-
ated white matter compared to myelinated white matter23,24. In addition, 
whilst the reduction in ADC with increasing b value was approximately 
linear in the white matter, the rate of reduction in ADC values in the 
thalamus decreased at higher b values, suggesting that the difference 
between ADC values in the fast and slow compartments is less in central 
gray matter than in unmyelinated white matter. The change in measured 
ADC with different b values must be taken into account when attempting 
to compare diffusion data obtained at different imaging centres. 

To our knowledge, the change in diffusion anisotropy with increasing 
b value has not been previously investigated in neonates, and the re-
sults of previous studies in adults are conflicting. One study observed 
no change in FA with increasing b value, consistent with the findings of 
our study, and suggests that the reduction in ADC is proportional for all 
eigenvectors of the diffusion tensor9. However, a more recent DTI study 
observed that FA of the slow component was significantly higher than 
that of the faster component11. This concurs with previous estimates of 
anisotropy (the anisotropy index) in the different compartments9-12. The 
reasons for the differing results between these adult brain studies are 
not clear, as both examined central gray matter and the PLIC and used b 
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values up to 5000 s/mm2. However, it is possible that the differing results 
are due to the different approaches to calculating FA. Yoshiura et al used 
the same method as that used in our study to calculate FA at each b 
value, whilst Maier et al obtained fits for the fast and slow components of 
diffusion on a pixel by pixel basis using all measured b values, and then 
calculated FA separately for the 2 components9,11. Further DTI studies, 
over an extended range of b values and using the method described by 
Maier are required to confirm that FA does not change with increasing b 
value in the neonatal brain11.

Our results show a wide range of ADC and FA values in different regions 
in infants with no abnormalities identified on conventional or diffusion 
weighted imaging. These findings are in agreement with previous DTI 
studies in neonates at low b values, which have demonstrated greatest 
anisotropy in the highly organised white matter bundles of the corpus 
callosum and PLIC23. The lower ADC values and larger FA values in the 
central white matter of the centrum semiovale compared to the frontal 
and occipital white matter probably reflect the more advanced matura-
tion of this white matter region, as the corticospinal tracts of the pre and 
post central sulcus show evidence of myelination in term neonates, but 
the occipital white matter does not show evidence of myelination until 3 
months and the frontal white matter until around 6 months after birth25. 
Diffusion anisotropy in the thalamus is lower than in the white matter in 
adults and neonates which is consistent with the cytoarchitecture of this 
structure24-27. 

One of the disadvantages of high b value DTI is that SNR is reduced. 
Whilst the higher SNR afforded by imaging at 3Tesla means that high b 
value DTI of the neonatal brain is feasible, even at this field strength, 
multiple signal averages were required to achieve adequate SNR. This 
increases image acquisition time and hence susceptibility to image deg-
radation due to patient motion, which is of particular importance when 
imaging neonates. In order to avoid prohibitively long examination times, 
we investigated only 4 different b values in this study. This prevented 
us from exploring the possible non-monoexponential nature of diffusion 
signal decay at high b values. 
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Conclusions

Our results show that up to b values of 3000 s/mm2, FA is not altered 
by increasing b value, but ADC values in the white matter and central 
gray matter decease with increasing b value. In all of the white matter 
regions we studied this decrease was approximately linear, however in 
the thalamus the decrease in ADC with increasing b value appeared to 
be non-linear. Isotropic diffusion image contrast and lesion conspicuity 
increased with increasing b value. In acute infarction DTI obtained at 
high b values more clearly revealed secondary network injury in the ip-
silateral thalamus and some lesions were identified in other pathologies 
on high b-values that were not visible at lower b values. Therefore, high 
b value DTI may have an important clinical utility in identifying lesions in 
the neonatal brain and understanding the timing and site of injury sec-
ondary to primary insults.
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Abstract

Neonatal stroke occurs in 1 in 2300�–5000 live births, the incidence of 
which is lower than that in adults, but still higher than that in childhood. 
The higher incidence of perinatal stroke in preterm and term infants com-
pared to stroke in childhood may be partly explained by higher detection 
rates using routine fetal ultrasound and postnatal cranial sonography. 
In addition, there is greater availability of magnetic resonance imaging 
(MRI) for neuroimaging in preterm and full-term infants, which is due in 
part to the availability of MR-compatible incubators and MR systems at 
or near the neonatal intensive care unit. In addition, the wide range of 
MR techniques, such as T2-, diffusion- and susceptibility-weighted im-
aging allows improved visualization and quantification of neonatal stroke 
or hypoxic�–ischemic injury. This chapter reviews the MR neuroimaging 
modalities that actually assist the clinician in the detection of neonatal 
stroke.
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Rationale for magnetic 
resonance imaging (MRI)

In contrast to adult stroke, the clinical presentation of neonatal stroke 
is often non-specific, including seizures, apnea, lethargy, poor feeding, 
hypotonia and asymmetrical weakness.1 Ambiguous neonatal symptoms 
often delay the diagnosis, which can affect neurological outcome. The 
delay in diagnosis eliminates a reasonable therapeutic window for pos-
sible neuroprotection. In an attempt to minimize this delay as much as 
possible, physicians (neonatologists, pediatricians, and pediatric neu-
rologists) have several non-invasive imaging options.

The first and often easiest option is cranial sonography, but this tech-
nique suffers from operator dependence and has not been found to be 
an objective tool for the detection and monitoring of neonatal stroke. An 
exception may be perforator stroke, which can be easily detected with 
cranial sonography.2 A second option is computed tomography (CT) of 
the brain. Its advantage of rapid image acquisition and minimal use of 
sedation is tempered by its clear disadvantages that include radiation 
exposure and its low sensitivity for detection of early, small or infratento-
rial infarcts.

The third non-invasive imaging choice is MRI, which is the most sensi-
tive technique to detect early stroke, particularly in the posterior circula-
tion. MRI also carries no radiation risk and has multiple image contrasts 
that allow visualization of blood vessels of the neck and head and can 
be performed without having to administer intravenous contrast agents. 
Despite logistical issues, such as the need for sedation (which can be 
minimized or eliminated in the very early neonate) and competition for 
scanner time, MRI is the imaging modality of choice, especially for pial 
stroke. It not only allows early detection of stroke, but also eliminates 
various differential diagnoses by its unique ability to acquire multiple 
contrasts between different tissues by adjusting imaging parameters, 
without loss of significant signal, resolution, or anatomical detail.

We will focus on commonly used sequences for the detection of neonatal 
stroke: T1-weighted (T1WI), T2-weighted (T2WI) and diffusion-weighted 
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imaging (DWI) and their changes over time. Furthermore, we will discuss 
additional techniques, such as diffusion tensor imaging (DTI), MR an-
giography (MRA), perfusion-weighted MRI (PWI), MR proton spectros-
copy (MRS), susceptibility weighted imaging (SWI), and functional MRI 
(fMRI). These additional techniques may provide a more accurate diag-
nosis and allow determination of time of onset and the underlying cause 
of neonatal stroke. More importantly, these neuroimaging approaches 
could provide and define a window for neuroprotective therapy. Finally, 
we will describe some new features for post-processing of neuroimaging 
data that could enable more accurate assessment of the extent of brain 
damage from neonatal stroke and the expected neurological outcome.

Current MRI modalities 
for neonatal stroke

T1- and T2-weighted MRI
Within the first week after neonatal stroke, T2WI shows increased signal 
intensity (SI) in the affected cortex and white matter. Vasogenic edema 
in combination with cytotoxic edema increases the overall water content 
in the infarcted tissue, resulting in prolonged T2 relaxation times. This 
can make the infarct visible on T2WI between 24 and 48 h after its on-
set,3 although it is sometimes poorly delineated due to the normal T2 
hyperintensity of immature white matter. The visual disappearance of 
the affected cortical ribbon during this stage represents the so-called 
�‘missing cortex sign�’.4 On T1WI the affected cortex exhibits low SI in 
the first week, from about day 2 after the onset of stroke. It is important 
to remember that the immature brain, particularly in the neonate, has a 
high water content that can confound MRI results (Fig. 1).5, 6

Next, from 1 week to 1 month, high SI is seen in the cortex on T1WI 
(cortical highlighting) and low cortical SI is seen on T2WI. Tanaka et 
al. showed an increase in lipid-laden microglia by day 7 in a rat model 
of focal brain ischemia.7 Lectin staining revealed a correlation between 
T1 values and number of microglia observed.8 The high protein content 
and accumulation of manganese in reactive astrocytes has also been 
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suggested to be integral to the SI changes on T1WI.9 The low cortical SI 
seen on T2WI is thought to be related to petechial hemorrhages, release 
of myelin lipids, and/or calcifications.4

An intermediate variegated or �‘checkerboard�’ pattern of mixed high and 
low SI in the areas of infarction can appear after 2�–3 weeks in the neo-
nate and subsequently progresses into areas of cystic tissue loss after 
1�–2 months.

Diffusion-weighted imaging
Numerous animal experiments have shown restricted diffusion within the  
nfracted parenchyma minutes after ischemia �– possibly due to a net shift 

Figure 1
T1- and T2-weighted imaging of neonatal stroke. Serial T1 (upper row) and T2 (lower row)-
weighted sequences within the first 3 months following perinatal stroke at term, involving the 
right middle cerebral artery (MCA) in its cortical area, sparing deep grey matter (complete pial 
MCA stroke). Stages of organization visualized here are discussed in the text. Tissue loss 
starts at the end of the second week. Reprinted from: Dudink J, Mercuri E, Al-Nakib L, Govaert 
P, Counsell SJ, Rutherford MA, Cowan FM. Evolution of unilateral perinatal arterial ischemic 
stroke on conventional and diffusion weighted MR imaging. AJNR Am J Neuroradiol, first pub-
lished on Feb 26, 2009 as ©by American Society of Neuroradiology.
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of water from the extracellular space to the �‘slow�’ diffusion compartment 
of the intracellular space.10 The resultant cytotoxic edema is due to a net 
slowing of the water diffusion, with resultant high DWI SI.11, 12

DWI findings in the first week after ischemic injury are characterized by 
a hyperintense SI, with little change in the first few days after symptom 
onset, but a slowly decreasing SI thereafter.13 DWI SI is not only influ-
enced by water diffusibility but also by intrinsic T2 properties. This effect 
is called �‘T2 shine-through�’ and can contribute to differences seen in 
DWI SI evolution between adults and newborns.14, 15

The quantitative measure of DWI, the apparent diffusion coefficient 
(ADC), is a reflection of water mobility within the tissues and is with-
out T2 influence. Quantifiable ADC maps can help determine the age of 
ischemic lesions as shown in several adult stroke studies.15, 16, 17 Early af-
ter injury the SI is opposite to DW images, such that shortly after stroke 
the infracted area is hypointense due to cellular swelling that restricts 
water movement.18 The lowest ADC values seem to occur around day 3 
after lesion onset and may take 4�–21 days for pseudonormalization.16, 17, 

19 A recent review of ADC values within normal neonates and those with 
strokes demonstrates significant regional differences between white and 
grey matter regions in the neonatal brain.6 The value of DWI and ADC 
in neonatal stroke imaging is that it is the most sensitive marker for 
delineation of infarction and hypoxic�–ischemic injury compared to more 
conventional imaging modalities such as T2WI. Thus, the first line of 
imaging of a putative neonatal stroke patient should be DWI.

Diffusion tensor imaging
A recent variant of DWI is application of diffusion gradients in multiple di-
rections, to obtain water motion along different directions within the cere-
bral tissue. Thus, DTI allows the quantification and visualization of white 
matter pathways in vivo.20, 21 DTI can also provide information about the 
organization of brain tissue and is sensitive to microstructural changes, 
even in the absence of abnormalities on conventional MR images. DTI 
characterizes the 3D spatial distribution of water diffusion in each MRI 
voxel. In cerebral white matter (WM), water diffuses preferentially along 
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the direction of axons and is restricted perpendicular to axons by myelin 
(Fig. 2).22 This directional dependence is termed anisotropy.

Averaged mean diffusivity (Dav, or Trace) can be calculated as one-third 
of the trace of the diffusion tensor, and provides the overall magnitude 
of water diffusion. Dav is a useful parameter (similar to ADC) that can 
serve as an indicator of brain maturation and/or injury. Various anisot-
ropy indices have been developed to describe the ratio between the ei-
genvalues (directional vectors from DTI) but there is still some debate as 
to which index is most sensitive for detecting anisotropy changes within 
the neonatal brain.23 The anisotropy indices used primarily for neona-
tal brain studies are relative anisotropy (RA) and fractional anisotropy 
(FA). Quantification of these indices provides a comparative measure to 
standardized controls and may be useful in subtle instances of neonatal 
stroke or hypoxic�–ischemic injury.

DTI information can be assessed using various visualization techniques, 
the most popular being red�–green�–blue (RGB)-coded directionality 
maps indicating the orientation of the major eigenvector of the diffu-
sion tensor (Fig. 2). The directionality information allows for another DTI 
visualization technique, �‘fiber tracking�’, which allows reconstruction of 
3D white matter tracts by assuming that the orientation of the largest 

Figure 2
Diffusion tensor imaging. A magnet-
ic resonance image of a term infant 
with left complete middle cerebral 
artery infarction: (I) T1-weighted 
image, (II) T2-weighted image, 
(III) fractional anisotropy (FA) map 
showing distorted FA values in the 
region of the infarction and (IV) 
RGB (red�–green�–blue) directional-
ity color map. Two regions of inter-
est (ROIs) are placed on the FA map 
(III) on the posterior limbs of the 
internal capsules showing clear dif-
ferences in FA values between the 
contralesional (1 = 0.447) and the 
ipsilateral (2 = 0.295) sides. (A full 
color version of this illustration can 
be found in the color section).
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component of the diagonalized diffusion tensor represents the orienta-
tion of dominant axonal tracts.24 However, tractography requires longer 
imaging time and significant computational post-processing to visualize 
these data sets.

DTI, like DWI, can serve as an early indicator of stroke as it often dem-
onstrates abnormalities on water diffusion maps well before convention-
al MRI.25 A wealth of DTI data is available on animals and adults, but DTI 
data in human neonatal stroke are limited.26 In contrast to ADC alone, 
the improved ability of DTI to distinguish between white and grey matter 
can allow separate quantitative assessment of these tissues in response 
to stroke. A future role for DTI could allow evaluation of neuroprotective 
strategies and assessment of their efficacy in different cerebral tissues. 
Maturation of white matter after stroke and its consequences for white 
matter connectivity can be followed throughout an infant's development, 
by correlating abnormalities on DTI and neurologic cognitive outcome.27

Magnetic resonance angiography/venography
In neonates with suspected stroke, the initial MR brain imaging protocol 
should include magnetic resonance angiography (MRA) and/or magnetic 
resonance venography (MRV) of the great arteries and veins at the neck 
and head. In children and adults MRA is as sensitive as conventional 
angiography for the detection of vasculopathy of the internal carotid 
and major cerebral arteries, but less sensitive for detection of smaller 
vessels.28, 29, 30 Compared to adults, neonates have smaller vessels with 
lower blood flow velocities, making MRA and MRV of the neonatal brain 
a challenging procedure, not only to visualize the vascular anatomy, but 
also for assessing diameter and flow. MRA can be used to obtain ana-
tomical and hemodynamic information at the level of the internal carotid 
arteries, vertebrobasilar arteries and circle of Willis. MRV can give ana-
tomical and hemodynamic information of the superficial and deep ve-
nous system.

Three MRA/MRV methods are currently available: time of flight (TOF), 
phase contrast (PC) and contrast-enhanced (CE) MRA. TOF MRA (2D or 
3D) visualizes the arterial lumen by inflow of unsaturated blood through 
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an image slice with pre-saturated static tissue.31 The 2D TOF technique 
is more sensitive to slow arterial or venous flow whereas the 3D TOF 
MRA has the ability to cover a larger volume, which allows visualization 
of a larger trajectory of arteries with a high spatial resolution and a high 
signal-to-noise ratio (SNR). Especially in cases of suspected dissec-
tion of one of the cervical arteries, 3D TOF MRA is a better option than 
2D TOF MRA. An important drawback of TOF MRA is its susceptibility 
to flow void artifacts, especially distal to a severe stenosis due to tur-
bulence of blood flow,32 which can result in exaggeration of stenosis. 
In addition, thrombus with T1 bright signal can also mimic flow signal, 
resulting in misinterpretation of patent vasculature.

PC MRA uses the phase shift in the signal induced by flowing blood 
where the signal intensity is directly correlated to the blood velocity and 
enables visualization of small vessels with slow-flowing blood. An ad-
vantage of PC MRA is the ability to create phase velocity maps that can 
be used for quantitative measurements of blood volume flowing through 

Figure 3 
Phase contrast (PC) magnetic resonance angiography (MRA). A 5-day-old term boy who pre-
sented with inconsolable crying and apnea. The 3D PC MRA shows no filling of straight sinus or 
deep veins (A) and transverse sinus on the left side (B) suggestive of deep venous thrombosis. 
Operator-selected velocity thresholding may on the other hand also be the cause of non-visu-
alization of veins, therefore sonographic confirmation of absence of flow in the left transverse 
sinus will establish the diagnosis.
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a vessel. It also provides for better suppression of background brain tis-
sue than the TOF MRA method (Fig. 3). Moreover, PC MRA gives infor-
mation on flow direction and presence of collateral flow. This information 
can be crucial, given the large interindividual variability in the anatomy 
of the circle of Willis.33 PC MRA can also be performed in a 2D and 3D 
mode but the 3D mode has a disadvantage of relatively long scanning 
time, introducing potential venous contamination.

CE MRA is another MRA method to visualize the head and neck arter-
ies.34, 35 It uses an intravenous bolus of gadolinium, a contrast agent, to 
shorten T1 relaxation of the blood. This allows utilization of larger flip 
angle to generate a stronger signal with improved background suppres-
sion in combination with less signal saturation (Fig. 4 and Fig. 5). To 
avoid venous contamination, the CE MRA sequences need to be fast 
and bolus-triggered. The advantages of CE over PC and TOF MRA in-
clude better visualization of small vessels and collaterals, as well as 
fewer flow-related artifacts (compare 3D PC MRV of Fig. 3A to CE MRV 
of Fig. 4A, performed in the same patient).

Figure 4
Two different patients illustrating Magnetic Resonance Angiography (MRA). (A) A late arterial 
phase 3D contrast-enhanced (CE) MRA in a 5-day-old term boy reveals no enhancement of 
the internal cerebral veins. The straight sinus and the vein of Galen enhance but there is no 
enhancement of the internal cerebral veins, suggesting deep venous thrombosis. (B) A 3D CE 
MRA follow-up of a 1-year-old girl who had bleeding in the right parieto-occipital region at birth 
(white arrow). The follow-up was performed to rule out an underlying vascular malformation and 
the MRA demonstrated no malformation. It was concluded that there was a posterior truncal 
infarction in the MCA territory (*), likely due to thromboembolism.
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In all MRA/MRV methods, maximum intensity projections (MIPs) can be 
reconstructed, providing multiple views of the vascular anatomy. These 
can be helpful in demonstrating anatomic variation and extracranial 
sources of collateral circulation. Due to very low flow in the deep and 
superficial intracranial venous system, MRV can give the false interpre-
tation of an occlusion, especially when using the TOF or PC technique. 
Correlation with the sonographic findings is highly recommended.

In summary, all MRA/MRV methods can demonstrate absence of flow, 
suggesting total occlusion, anatomical variants, or reduced flow within 
the affected artery or vein, indicative of partial vessel occlusion. PC MRA 
provides additional information about the direction of flow in the affected 
and surrounding vessels. An unanswered question remains whether an-
atomical variations in vasculature predispose to injury, but future studies 
may resolve these issues (Table 1).

Perfusion-weighted MRI
Perfusion-weighted MRI (PWI) allows the assessment of cerebral he-
modynamics from semi-quantitative maps of cerebral blood flow (CBF), 
cerebral blood volume (CBV), mean transit time (MTT), and time to peak 
(TTP). CT PWI is routinely performed in adults suspected of having a 
stroke, but MRI-derived PWI may be preferable for children, and es-
pecially neonates, as there is no radiation exposure, acquisition times 
are short, and better spatial coverage is achieved. Theoretically, PWI is 
even better suited to neonates as they have faster heart rate and smaller 
perfusion cross-sectional brain area than adults. But in spite of all this, 
PWI is not routinely used in neonates suspected of having had a stroke. 
One important reason is that the interpretation of the semiquantitative 
maps is complex due to age-related changes in brain perfusion and lack 
of normative data (similar issues are present for much of neonatal imag-
ing). For the detection and understanding of pathology it would seem 
essential to have the requisite knowledge of changes in brain hemo-
dynamics, both for normal neonates and for those with stroke. Another 
difficulty with PWI studies of the neonatal brain is the occurrence of mo-
tion artifacts, which prevent reliable quantification.
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Today, two different MR PWI methods are available. The method most 
commonly applied is the so-called dynamic susceptibility contrast tech-
nique. It is based on a decrease of T2 or T2* effect related to the passage 
of paramagnetic contrast material through the capillary bed.36 Using the 

MRA technique Advantage Disadvantage Indications
TOF MRA 2D No intravenous con-

trast necessary

Worse background 

suppression than 

PC MRA Flow 

void artifacts

Vascular anatomy

TOF MRA 3D No intravenous contrast 

necessary Larger scan vol-

ume Better SNR than 2D

Worse background 

suppression than 

PC MRA Flow 

void artifacts

Vascular anatomy

PC MRA 2D No intravenous con-

trast necessary Flow 

direction information

Small area of 

coverage

Vascular anatomy 

and hemodynam-

ics ( ow volume 

and direction)

PC MRA 3D No intravenous con-

trast necessary Flow 

direction information 

Larger scan volume 

Better SNR than 2D

Relatively long 

scanning time

Vascular anatomy

CE MRA High SNR Faster scanning 

time than TOF and PC

Need for bolus 

tracking in the 

case of MRA in 

arterial phase

Vascular anatomy

Perfusion: dynamic 

susceptibility contrast

Assessment of 

brain perfusion

Need for con-

trast agent

Hemodynamics

Arterial spin labelling No intravenous contrast 

assessment of brain 

perfusion within selected 

intracranial arteries

Dif cult to perform 

in neonates due 

to high heart rate

Hemodynamics

Table 1. Magnetic resonance angiography (MRA) techniques.

CE, contrast-enhanced; PC, phase contrast; SNR, signal-to-noise ratio; TOF, time of flight; 2/3D, 
two/three-dimensional.
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drop in MR signal intensity we can assess multiple cerebral hemodynam-
ics. For example, the time evolution of the contrast agent concentration 
can be monitored by acquiring dynamic images of the brain. Using this 
technique, Takahashi et al. found a lower CBF in neonates compared to 
older children and adults.37 They also described age-dependent regional 
differences in cerebral perfusion, related to physiological development 
within the brain. In the neonate, the cerebral perfusion of the occipital 
lobe is prominent compared to the other brain regions. The frontal as-
sociation cortex is the last region to show an increase in cerebral perfu-
sion, far beyond the neonatal period, predominately during adolescence. 
A large study by Ball and Holland showed age-dependent differences 
in normal CBV between grey-to-white-matter.38 The normal CBV ratio 
in neonates was not established because only a few neonates were in-
cluded in this study. The most important finding from this study was that 
CBV, CBF and MTT maps should be symmetrical for both hemispheres 
in healthy children. Susceptibility-weighted PWI in neonates is further 
complicated by the difficulty of administering an adequate bolus of con-
trast agent and the need for a central line.

The second PWI method is arterial spin labeling (ASL), where inflowing 
protons (in red blood cells) are given a different magnetic state than the 
surrounding static tissues. The change in tissue magnetization is directly 
related to local cerebral perfusion. Unlike the dynamic susceptibility con-
trast technique, ASL does not require administration of a contrast agent 
and has the possibility of selective assessment of the contributions of 
all the great arteries feeding the brain. Thus, each vessel's perfusion 
territory can be mapped separately. There are two major categories: 
pulsed ASL and continuous ASL.39 Each can be used for selective per-
fusion territory mapping of the internal carotid artery (ICA), vertebro-
basilar artery (VBA), anterior cerebral artery (ACA) and middle cerebral 
artery (MCA) territories.40 Quantification of CBF in children with severe 
steno-occlusive disease, such as sickle cell disease, can be problematic 
with ASL, owing to the relatively large contribution of collateral flow to 
the cerebral perfusion. In addition, labeled blood, flowing via collateral 
pathways, will arrive to the brain parenchyma with some delay, which 
results in overestimation of MTT delay and underestimation of the CBF. 
Several compensatory methods have been developed to correct for dif-
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ferent arterial transit times.41, 42 Fortunately, severe steno-occlusive dis-
ease is rare in neonates. Only a few research groups worldwide have 
some experience with ASL as a tool for assessment of brain perfusion in 
the pediatric population.43 In neonates ASL is not routinely feasible due 
to a rapid heart rate.

Both PWI methods can assess focal or global cerebral hypoperfusion, 
such as in neonates who suffer a traumatic or spontaneous vascular 
dissection44 or thromboembolic vessel occlusion. In adults suspected of 
having had a stroke, PWI is mostly performed primarily to compare with 
DWI or DTI results, to identify brain tissue at risk for progressing dam-
age or future infarction. Regional differences between PWI and DWI 
yield information about the core and penumbra of ischemic tissues and 
can be important in clinical management decisions in the neonate. At 
the present time it is not clear, regrettably, whether a penumbra exists 
in some neonates suspected of stroke. One reason is the variability in 
tissue response. After the onset of ischemia PWI can show hypo- or hy-
perperfusion. For example, it is not clear whether hyperperfusion in an 
area of focal infarction with reduced ADC values is a normal reperfusion 
response of the neonatal brain. However, instead of preventing further 
infarction, it is more likely that reperfusion triggers neovascularisation 
and increased delivery of metabolites, which can result in increased tis-
sue injury. Further research using serial PWI in neonates is needed to 
understand these processes as the response of the immature neonatal 
brain to ischemia may differ from that in adults.

Proton MR spectroscopy
It is beyond the scope of this review to provide the physical basis of 
proton MR spectroscopy (MRS) but a review by Roberts and Mikulis 
is comprehensive.45 Proton MRS provides information about common 
metabolites such as: N-acetyl-aspartate (NAA) as a neuronal marker, 
choline-containing compounds (Cho) which reflect membrane turnover, 
creatine (Cr) as a bioenergetic marker, glutamate/glutamine (Glx) which 
are involved in many metabolic pathways, myoinositol (mIns) that is in-
volved in the activation of protein C kinase, and finally, lactate/lipids 
that may reflect ischemic or necrotic processes.46 Lactate can often be 
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observed in MRS spectra from ischemic brain tissue, due to anaerobic 
glycolysis. To date, only a few studies have used MRS for stroke detec-
tion47, 48, 49 but MRS has been used with great success in neonatal and 
pediatric trauma.50 As in severe asphyxia, brain tissue damaged by a 
neonatal stroke is characterized by reduced NAA and increased lactate, 
although to some extent this is dependent on the time interval between 
insult and scanning.

Emerging MR modalities 
for neonatal stroke

Functional magnetic resonance
Functional magnetic resonance imaging (fMRI) is an effective method 
to study brain function, using changes in blood-oxygen-level-dependent 
(BOLD) signals related to increased neuronal activity.51 Many research-
ers have applied this method to examine brain activity in patients suf-
fering or having suffered from a variety of different diseases.51, 52, 53, 54 
Although sensitivity and speed of fMRI has improved due to faster ac-
quisition techniques, stronger computational power and new processing 
algorithms, only a few studies have used fMRI to study neonatal stroke. 
These few studies focused primarily on the plasticity of the brain after 
stroke, whereas fMRI has not been used for evaluation of the neonatal 
brain in the setting of acute stroke. In summary, fMRI may be useful for 
short- and long-term follow-up to monitor for relocation of cortical func-
tion. The usefulness of fMRI in evaluation of neonatal stroke remains 
uncertain.

Volumetric determination of stroke volumes
Volumetric analysis is an established method for studying a variety of 
neurological disorders in the adult and pediatric populations.55, 56, 57 Re-
cently Ashwal et al., in an animal study using 3D volume measurement, 
demonstrated that lesion volume and location correlated with the degree 
of functional deficit.58 Volumetric analysis may improve the assessment 
of the total and regional extent of injury needed for clinical decision-
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making of therapeutic options and monitoring the effectiveness of neu-
roprotective strategies. Although current volumetric analysis of adult or 
neonatal stroke is still uncommon,59 work is in progress to minimize the 
drawbacks. The primary reasons for limited clinical use of volumetric 
data are: (i) post-processing time for volumetric reconstruction of the 
3D data set, (ii) the need for sophisticated software, (iii) current require-
ments for manual operator-dependent analysis, and (iv) overlay of volu-
metric data with localization to anatomical regions. Currently, only man-
ual segmentation methods can reliably delineate the ischemic margins 
and tissues and this approach is very operator dependent.

Obenaus and Ashwal have developed an automated computational anal-
ysis for 3D data sets (Fig. 6).18 Manual segmentation can take 2�–3 h 
but the automated computer analysis can be less than 1 min and has 

Figure 5 
Venous phase contrast-enhanced magnetic resonance venography (CE MRV). A term girl pre-
sented with perinatal asphyxia; the T1-weighted image (A) demonstrated bleeding with a feath-
ery shape (arrows) in the deep white matter. This was confirmed by the large deposits of blood 
(*) on T2-weighted images (B). The 3D CE MRV (C) shows normal enhancement of the venous 
structures and ultrasound confirmed patency of both internal cerebral veins, the superior sagit-
tal and both transverse sinus.
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excellent concordance with �‘ground-truth�’ manual segmentation (<5% 
variance). Aiming at better discriminatory power to distinguish between 
normal and ischemic brain tissue, which then would allow better assess-
ment of severity and regional distribution, they used a whole-brain his-
togram analysis method.18 Others have applied this method as well, pri-
marily in tumors,60 but Holtmannspotter et al.61 also used it for evaluation 
of adult stroke patients, by analysing ADC histograms for assessment 
of severity and therapeutic evaluations. These ADC histograms can be 
used for automated threshold discrimination between normal and injured 

Figure 6
Volumetric reconstructions assist in localizing neonatal hypoxic ischemic injury. Volumetric re-
constructions of magnetic resonance datasets can assist in localizing regions of injury in the 
arterial ischemic stroke and hypoxic ischemic injury neonate. (A) Using apparent diffusion co-
efficient (ADC) maps we can threshold for all ADC values below a value (<50 × 10 6 mm/s2), 
allowing rapid 3D localization of the lesion (patient was scanned at 4 days after birth). (B) In the 
same patient the T2 maps can also be used to localize the lesion. Note that the injury location 
and volume are different within this patient between the two imaging modalities and these dif-
ferences may represent salvageable tissues. The 12-month outcome of this left middle cerebral 
artery occlusion patient was right hemiplegic cerebral palsy. (C) 3D volumetric hypoxic ischemic 
injury volumes from axial MRI scans of three newborns. The severity scaling (mild, moderate, 
severe) was determined from 12-month outcomes using their neurological outcome score. In-
dividuals with poorer outcomes had higher percentage of injury (Courtesy of S. Ashwal). (A full 
color version of this illustration can be found in the color section).
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regions. These early studies could have a great impact on the clinical 
decision-making process regarding neuroprotective treatment choices.

Higher field strength
The current clinical standard of 1.5T for MRI is rapidly being replaced 
by 3T MRI. The major advantage of 3T imaging is increased SNR, which 
allows for better DTI and MRA (as well as improved future use of MRS 
and fMRI). The increased susceptibility effects at 3T also make sus-
ceptibility-weighted PWI more robust (although still not quantitative). 
The higher field strengths can be used either to acquire MRI of similar 
quality (similar SNR to 1.5T) in a significantly shorter time period, or to 
acquire imaging of a higher quality (improved SNR compared to 1.5T) 
in the same amount of time. Standard neuroanatomic imaging can be 
performed in less time, allowing additional acquisition of other useful 
MR modalities, for example DTI and PWI. DTI, in turn, will be of better 
quality, allowing for higher resolution Dav and FA maps, and for better 
quality assessment of white matter imaging and fiber tracking, respec-
tively. These parameters, in turn, can be used to quantify the amount of 
damage to regions of white matter and specific white matter tracts.62, 63 
Unfortunately, the noise from gradient switching on 3T scanners is sig-
nificantly louder than that on 1.5T imagers, so it is essential to provide 
protection for children's ears. These and other considerations may make 
it more difficult to perform scans without sedation in the neonate.

Susceptibility-weighted imaging
This is a relatively new technique and is composed of a velocity-com-
pensated 3D gradient-echo sequence, with unique post-processing. 
While 3D gradient echo imaging has been used previously to detect 
blood products, the novelty and power of SWI is that it uses both the 
magnitude and phase MR information.64, 65 These two pieces of MR data 
are then combined after post-processing to provide high resolution SW 
images that have higher contrast-to-noise ratios, due to local suscepti-
bility differences between tissues. SWI has been shown to be useful in 
measuring iron content, blood products and calcium deposits. Several 
investigators have showed applicability in a variety of different diseases, 
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such as multiple sclerosis, trauma, tumors, vascular malformations, as 
well as stroke.64, 65, 66, 67, 68, 69 SWI can explain the occurrence of stroke due 
to sinovenous thrombosis much better than conventional imaging, as 
this condition is characterized by a higher concentration of intravascular 
deoxyhemoglobin due to venous stasis and greater prominence of col-
lateral veins due to a nearby obstruction. SWI can also show thrombus 
in acute arterial stroke where the clot appears hypointense on SWI due 
to high concentrations of deoxyhemoglobin (Fig. 7).65

SWI is optimized to delineate the extent of parenchymal brain hemor-
rhage often seen in sinovenous infarction (Fig. 7). In addition Tong et 
al., in a recent review of pediatric and neonatal applications of SWI, 
described improved visibility of deep medullary veins in the penumbra 
region around an infarct, suggesting impaired CBF in the penumbra.70 In 
particular, they reported an asymmetry in prominence of the medullary 

Figure 7
Susceptibility-weighted 
imaging for hemorrhage 
in a term neonate illus-
trating extensive hemor-
rhage (A, B) due to a deep 
venous thrombosis that 
can be visualized with 
this new imaging method. 
The hemorrhage is also 
visible to a lesser extent 
on T1- (C) and T2-weight-
ed images (D). The SWI 
and T2-weighted images 
shows the enlarged inter-
nal cerebral veins due to 
thrombosis (arrow). The 
primary occlusion was at 
the great cerebral vein of 
Galen.
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veins just above the area of infarction, and speculated that this may be 
due to increased oxygen extraction in the penumbra region �– possibly 
correlating with salvageable tissue at risk. Similar evidence from term 
neonates with global hypoxia or asphyxia would appear to lend support 
to this hypothesis but more research is required for validation of this 
interesting finding (Fig. 8)

Thus, SWI can provide useful additional information in stroke and other 
neonatal conditions. However, clinical implementation is hampered by 
limited commercial availability. In addition, acquisition and post-process-
ing techniques often vary between manufacturers. Also, the relative lack 
of availability of higher field strength (3T) MRI scanners is slowing the in-
troduction of SWI for assessment of neonatal and pediatric populations. 
However, given the additional information it provides to the clinician, it is 
likely that SWI will become part of routine pediatric MRI protocols.

Figure 8
Susceptibility weighted imaging of prominent veins in neonatal hypoxia. (A) Control neonate 
showing a normal distribution of prominent veins. (B) In a profoundly hypoxic neonate the num-
ber of observable veins increases dramatically. It has been hypothesized that the appearance 
of these veins is due to increased extraction of oxygen and metabolic substrates after severe 
injury (Courtesy of D. Kido).
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Network injury

Awareness of network injury has increased due to the possibility of com-
bining visible abnormalities from different MR modalities with expert 
knowledge about complex functional brain anatomy. This intriguing con-
cept may lead to better understanding of the variability in neurological 
outcomes in perinatal stroke.

Recently, Govaert et al. presented the concept of secondary axonal ef-
fects of cell injury in nuclei connected to the primary lesion sites in neo-
nates with arterial ischemic stroke.71 Such effects are expected as axonal 
changes may first transmit excitotoxic injury and later result in cell death 
due to lack of trophic support. This study evaluated seven term infants with 
cortical stroke, showing hyperintensities in the pulvinar on DWI (Fig. 9). 

Injury types included complete MCA, posterior cerebral artery, internal 
carotid artery, and multiple arterial territory strokes. ADC values in the 
secondarily injured pulvinar were significantly higher than in the region 
of the primary cortical injury. Because the pulvinar was outside of the 

primary territory of in-
farction, and because 
these infants showed no 
evidence of hypoxia, the 
authors concluded that 
imaging suggested acute 
secondary injury to the 
pulvinar, i.e. following 
primary damage of their 
cortical targets and/or 
connecting axons.

Figure 9
Network injury, showing second-
ary injury to the pulvinar region 
of the thalamus (arrow) in a term 
neonate with left complete mid-
dle cerebral artery infarction as 
the primary injury.
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Also the early stage of Wallerian degeneration in the corticospinal tract 
affected by stroke may be a manifestation of this network injury con-
cept.72, 73, 74, 75, 76, 77 Corticospinal tract hypersignals on DWI (with de-
creased ADC values) follows hyperintensities within the stroke area by 
hours (although it may be absent within the first day after the insult) 
and then subsides in the second to third week after the event. Often 
at later time points there is a return to normal diffusion in the stroke 
area (pseudonormalization). These hypersignals likely correspond to 
axonal swelling and restriction of axoplasmic transport.73 The timing fits 
the early stage of Wallerian degeneration where axonal breakdown pre-
cedes myelin breakdown, the latter starting after about 4 weeks with first 
protein and later lipid dissolution in the myelin sheath, often resulting 
in permanent T2 hypersignal. A readily accessible method to quantify, 
in the acute stage, the extent of hypersignal in descending tracts can 
be obtained by thresholding grey values in the affected versus unaf-
fected side. This approach refines the hypersignal, demonstrating that 
the middle part of the cerebral peduncle is an important prognostic site 
for cerebral palsy.78 The interplay between axonal and myelin degenera-
tion and injury can also be exquisitely assessed using radial and axial 
diffusion tensor metrics (see DTI above).

Many other studies have shown these secondary axonal effects by visu-
alizing or measuring ADC differences in many brain regions in neonates 
�– not only for stroke but also for global forebrain ischemia and leuko-
malacia.79, 80 Tractography studies demonstrate reduced FA and axonal 
fiber count in corticospinal and corticobulbar tracts in adolescents with 
perinatal white matter lesions and cerebral palsy.81, 82 These and future 
studies will uncover new patterns of network injury in the near future 
(Fig. 10).

The concept of secondary lesions is complex where acute injury may 
lead to cell necrosis followed by the maturation phenomenon where the 
time course of necrosis is dependent on the severity of injury. Apopto-
sis can follow a similarly fast time course, but in some instances it may 
take up to a week for a neuron to slowly die. The different time span 
between insult and admission to the hospital as well as the diversity in 
vulnerability of different brain regions currently make treatment difficult. 
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Therefore, keeping neuronal networks partially functioning by applica-
tion of neuroprotective treatments, such as pharmacological therapy and 
cooling, may be an approach for improved neurological outcomes. Fu-
ture research efforts should be directed at determining the relevance of 
delineating network injury, its influence on prognosis, and the impact of 
early treatment of a newborn with stroke.

Conclusion

There are numerous MRI modalities available to the clinician to diagnose 
and monitor prognosis in the neonatal brain after stroke. While much still 
needs to be learned about the current MR armamentarium, new meth-
ods and approaches to MR imaging will expand the toolkit available to 

Figure 10
Corticothalamic network injury. Examples of possible network injuries from primary injury to 
various cortical areas resulting in secondary injury to different nuclei (in matching colors). (A full 
color version of this illustration can be found in the color section).
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help neonates. While development of new sequences is critical to the 
advancement of neonatal imaging, computational and post-processing 
methods are equally important. Thus, neonatal stroke imaging is still 
in its infancy and much research and clinical application of novel ap-
proaches are needed to assist the clinical evaluation of neonatal stroke.
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Abstract 

Background and purpose
Knowledge of the sequence of signal intensity (SI) change on conven-
tional and diffusion weighted (DW) imaging following perinatal arterial 
ischemic stroke (PAIS) is limited, adding to the difficulty in timing the 
onset of PAIS. We report PAIS evolution on serial conventional and DW 
MR scans from symptomatic term infants.

Materials and Methods
We documented serial changes on T1 and T2-weighted and DW images 
over 3 post-natal months after unilateral PAIS. A visual SI scoring sys-
tem was used (-1=lower, 0=equal, 1=higher) compared to the contral-
esional hemisphere. 

Results
We analyzed 43 scans (mean age first scan day 4) from 21 term infants. 
Changes in SI on conventional T1 and T2 images were remarkably con-
sistent between infants. The cortex was of low SI on T1 and high SI on 
T2 until day 6 when SIs reversed and cortical highlighting was seen for 
1-2 months. The white matter was high SI on T1 in the first 8-9 days and 
on T2 for >2 weeks before becoming low SI. Secondary SI changes re-
mote from the infarction were seen in the thalamus and brainstem in the 
first week and atrophy was seen from 4 weeks. All DW images showed 
high SI of the affected region until at least day 4, which fell to =/below 
that of the contralesional hemisphere by day 12. 

Conclusion
The pattern of SI change on conventional and DW images following 
PAIS was remarkably consistent between patients suggesting that PAIS 
in symptomatic term-born infants occurs within a very limited time frame 
around birth.
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Introduction

Perinatal arterial ischemic stroke (PAIS) is an important cause of long-
term neurologic morbidity including cerebral palsy, epilepsy and cog-
nitive impairment1-6. The incidence of neonatally symptomatic PAIS is 
at least 1/4000 term liveborn infants7. Newborn term infants with PAIS 
most often present with seizures having been thought well after birth 
with Apgar scores and cord pH values that were considered normal1. 
These seizures may be, but are not always, contralateral to the site of 
infarction, are mostly clonic in nature, and can be subtle8; sometimes 
the presenting symptoms are apnea, duskiness, poor feeding, hypotonia 
and irritability9,10. PAIS is occasionally associated with hypoxic-ischemic 
encephalopathy (HIE)11,12. The timing of presentation is often more than 
12 hours after birth and may be up to 3-4 days. 

MRI is the neuroradiologic investigation of choice for PAIS13,14. Diffusion-
weighted (DW) imaging can detect neonatal ischemic brain injury within 
24 hours of its onset with the acute changes being seen for several 
days15,16. As the initial clinical symptoms can be subtle and knowledge 
of the exact time of onset of the stroke in neonates is usually uncertain 
care must be exercised in the interpretation of DWI for timing the onset 
of the lesion17. Literature on radiologic criteria for timing of PAIS onset 
combining conventional and DW imaging is limited and includes mostly 
case descriptions15,16-23. The aim of the study was to evaluate the time 
course of SI changes assessed visually from conventional and DW MRI 
in term-born infants with unilateral PAIS.

Subjects and Methods

Patients
The study is part of a longitudinal project documenting the evolution of 
neonatal brain lesions of both inborn and referred infants at the Ham-
mersmith and Queen Charlotte�’s Hospitals, London, UK. Data were col-
lected between 1994 and 2004. As part of this study all infants who pre-
sented with neonatal seizures or other symptoms known to occur with 
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stroke for which no other explanation was found underwent neonatal 
brain MRI. Study approval was granted by the Research Ethics Com-
mittee of the Hammersmith Hospitals Trust, and parental consent was 
obtained for all scans.

Only infants 36 weeks gestation with unilateral PAIS in the territory of a 
main cerebral artery with a first MRI scan within the first postnatal month 
were included in this study. We also evaluated all subsequent scans up 
to 3 months post-natal age. Exclusion criteria were bilateral infarction 
seen on MRI, congenital infection, major brain or other malformation, 
multiple dysmorphic features, chromosomal abnormality or evidence of 
HIE. The infarcts were classified according to the vessel territory in-
volved.

Conventional MR Imaging and DWI
From 1994-1999 the infants were scanned on a 1.0-T Picker system 
(Cleveland, OH) using conventional T1-weighted spin echo (CSE; TR 
860/TE 20 ms) and T2-weighted spin echo (SE; TR 3000/TEeff 120 ms) 
sequences. After 1999, images were acquired on a 1.5-T Eclipse sys-
tem (Philips Medical Systems, Cleveland, OH) using conventional T1-
weighted spin echo (CSE; TR 500/TE 15 ms) and T2-weighted fast spin 
echo (FSE; TR 4500/TEeff 210 ms) at 5-mm slice thickness. Single-shot 
echo planar DW images were also acquired. A reference image was ob-
tained with a b value of 0 and DW images were obtained with a b value 
of 1000 s/mm2. For some of the early scans only single slice DW images 
including the stroke areas were made; in these cases the DW sequence 
used a cardiac gated pulsed gradient spin echo sequence with a b value 
of 600 s/mm2. The infants were usually sedated for imaging with oral 
chloral hydrate (30-50mg/kg). Pulse oximetry and electrocardiograph 
were monitored throughout the procedure. Ear protection was used (Na-
tus MiniMuffs, Natus Medical Inc, San Carlos, CA). An experienced pe-
diatrician, trained in MRI procedures, was in attendance throughout the 
examination. 
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Scoring system
The infarcts were classified according to the arterial territory involved. 
We used a scoring system comparing the SI of infarcted tissue to that 
of the equivalent tissue in the contralesional hemisphere as an inter-
nal control documenting the SI as higher (1), equal (0) or lower (-1). 
We evaluated the SI of the white matter, cortical gray matter and also 
white matter-cortical gray matter contrast, the delineation of the stroke 
borders and evidence of swelling, atrophy or tissue loss (Table 1). We 
also evaluated the SI of the basal ganglia (caudate nucleus, putamen 
and globus pallidus), the posterior limb of the internal capsule (PLIC) 
and brainstem. To evaluate the DW images we classified the SI of the 
infarcted tissue into 4 groups: (i) severe hyperintensity (HI), (ii) moder-
ate HI, (iii) mild HI and (iv) no HI.

Results

Patient Characteristics
During the study period 28 term-born infants were diagnosed with uni-
lateral PAIS; 7 were not included in this study because their first scan 
was >1 month after birth. We analyzed 43 conventional MRI scans all 
taken within in the <3 post-natal months (mean age first scan 4 days) 
from 21 infants (Table 2). All were born after a period in labor and none 
by elective caesarean section (CS); 6 were born by spontaneous vaginal 
delivery, 7 by forceps or ventouse and 8 by emergency CS for fetal dis-
tress, prolonged 2nd stage or failed instrumental delivery. In 10 patients 
a prolonged 2nd stage of labour ( 2hours) was recorded. The infants had 
a median gestational age of 40 weeks [range: 38�–42 weeks] and median 

Score 1 0 -1
SI White matter higher equal lower

SI Cortex higher equal lower

White matter - cortex contrast increased equal decreased

Stroke borders clearer equal lost

Swelling or atrophy swelling equal  atrophy

Table 1
The scoring system: comparing infarcted tissue using the contralesional hemisphere as an in-
ternal control.
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weight 3554 grams [range: 2845-4450grams]. Twelve infants were male. 
All had Apgar scores 5 at 5 minutes (median 10, range 5-10). Median 
cord pH was 7,26 [range:7.00-7.38]. All infants went to the postnatal 
wards initially and were later admitted to the neonatal unit. All but one 
(infant 8) had overt clinical seizures (median day 1, range 1-3). Infant 8 
was scanned as a �“normal control�” to a primigravid mother but had been 
born by CS after failed forceps and ventouse attempts and was jittery 
when examined on day 5. 

Five infants had a main branch middle cerebral artery (c-MCA) terri-
tory infarction involving hemispheric tissue and the basal ganglia. Four 
infants had infarction within anterior MCA branch territory and 9 infants 
within posterior MCA branch territory; 2 infants had a posterior cerebral 
artery (PCA) territory infarction and 1 infant had an anterior cerebral 
artery (ACA) territory + an anterior branch MCA infarction. The lesions 
were left sided in 16 infants. 15 infants had DW imaging (median age 
first scan 4 days of age, range 2-14 days).

Conventional Imaging Findings
SI levels in white matter and cortex in the regions of infarction as com-
pared to the contralateral hemisphere on T1- and T2 weighted imaging 
are summarized in Figures 1 and 2. On both T1-weighted and T2-weight-
ed images tissue swelling of the region of infarction was seen on the first 
scans and this lasted until about day 8.

T1-weighted imaging
On T1-weighted images the affected cortex was always initially of low SI 
changing to high SI, so-called cortical highlighting, after day 6. Loss of 
cortical tissue in the areas of infarction started to be seen from 14 days 
but was most marked after 1 month. The cortical highlighting remained 
visible until 2 months in remaining cortex (Figure 1). 

The white matter on T1-weighted images was of moderately higher SI 
than the white matter in the contralateral hemisphere in the first 9 post-
natal days, although in the first 5 days when the cortex was of low SI 
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this was more difficult to discern as the initial visual impression was that 
the SI in the white matter was lower than the contralateral hemisphere. 
After day 9 the SI became lower than the other hemisphere until about 

Figure 1
This shows the SI score (y-axis) of the infarcted cortex on T1-weighted MR images from each 
postnatal day (x-axis).

Figure 2
This shows the SI score (y-axis) of the infarcted WM on T1-weighted MR images from each 
postnatal day (x-axis).
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1 month after birth when it became of equal SI (Figure 2). The first ap-
pearance of tissue loss often with cyst formation in the areas of infarc-
tion was seen between 14 days and 1 month, but was most marked after 
1 month.

The basal ganglia were clearly involved in the five patients with cMCA 
infarction and in the first 4 days were of low SI intensity on T1-weighted 
images; this changed to high SI from days 5 -7. From day 7 until day 14 
we saw a variegated (checkerboard) pattern. After 1 month, tissue atro-
phy or cysts were seen (Figure 3). 

Asymmetry of the ipsilateral PLIC compared to the contralesional side 
was seen in 9 patients (infants 1,5,7,10,14,15,18-20). During the study 
period a lower SI was seen in the ipsilateral PLIC.

Figure 3
This shows the temporal evolution of a right-sided main branch MCA territory infarction (patient 
1) on T1-weighted images (top row), and T2-weighted images (bottom row) scanned on days 
2,5,12,42 and 75 post-delivery.
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No clear visual SI changes were seen in the ipsilateral brainstem on the 
T1-weighted images in the time period studied. Ipsilateral peduncles be-
came smaller in size in those with T2-weighted changes after 1 month.

Although the thalamus was not initially involved in the stroke in any 
infant, a reduction in ipsilateral thalamic size was seen in 10 (infants 
1,2,5,9,10,13,14,17,18,20) on later scans within the first 3 postnatal 
months. The degree of thalamic reduction appeared to relate positively 
with the size of the original area of infarction. 

T2-weighted imaging
On T2-weighted images the cortex in the region of infarction was initially 
of high SI but became of low SI after day six. Loss of cortical tissue in 
the areas of infarction was seen from day 14 and was most marked after 
1 month. During the period of 1-2 months of age there was no difference 
in SI compared to the contralateral side in the remaining tissue (Figure 
4).

The white matter was of high SI on T2-weighted images until 2-3 weeks 
of age (Figure 5) when the SI of the remaining tissue became isointense 

Figure 4
This shows the SI score (y-axis) of the infarcted cortex on T2-weighted MR images from each 
postnatal day (x-axis).
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with the contralesional side. Tissue atrophy often with cyst formation 
was evident after 1 month but started between 14 days and 1 month. 

The basal ganglia were of high SI in the first 4 days and became of low 
SI from day 4 until day 7. From day 7 until day 14 we saw a checker-
board pattern and after 1 month atrophy or cysts were seen (Figure 3). 

During the study period a higher SI was seen in the ipsilateral PLIC in 
9 patients compared in the contralesional PLIC, suggesting abnormal 
myelination. 

In 5 patients we saw high SI in the ipsilateral brainstem on the T2-weight-
ed images in the first postnatal week. No SI differences were seen after 
1 month. In 4 of these patients (infants 1,5,14,18) who had late scanning 
ipsilateral brainstem atrophy presumed to be due to Wallerian degenera-
tion (shrunken pyramidal tract at mesencephalic level) was seen by 1 
month of age. 

Figure 5
This shows the SI score (y-axis) of the infarcted WM on T2-weighted MR images from each 
postnatal day (x-axis).
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On both the T2-weighted images and DW images we saw high SI in the 
ipsilateral thalamus in the first postnatal week. These findings might re-
veal acute corticothalamic network injury, showing the secondary chang-
es in distant nuclei and tracts associated with primary cortical or white 
matter injury [Figure 6]. 

Cortical �–
white matter 
contrast and 
stroke borders
The evolution of 
changes in stroke 
border recognition 
and contrast be-
tween white matter 
and cortex are de-
scribed in Figure 7 
where a composite 
of the scoring sys-
tem for all the infants is given. During the first 5 postnatal days the 
infarcted cortex became increasingly isointense with white matter, in-
creasing the definition of the margins of the infarct with the affected 
cortex appearing absent: the �“missing cortex sign�” [8]. Around day 6 SI 
in cortex and white matter were more varied making recognition of the 
stroke borders more difficult. After day 6 white matter and cortex con-
trast became sharper, rendering the borders visible. After 1-month the 
combination of tissue loss (often with cysts) and slowly fading contrast 
between white matter and cortex contrast made the borders again in-
conspicuous. 

Diffusion Weighted Imaging Findings
The results from DW imaging are summarized in Figure 8. All DW im-
ages showed high SI in the white matter until day 4 after birth, which fell 
to equal to or below the contralateral hemisphere by day 12. The extent 
of tissue involvement was usually the same on DW and conventional im-

Figure 6 This shows T2-weighted images of a patient with an 
infarction within anterior MCA branch territory on day 5 (patient 
15), showing high SI changes within (A) the ipsilateral thalamus 
(arrow) and (B) the ipsilateral brain stem (arrow).
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ages in the first week and seemed to be equal or less on the repeated 
DW scans. DW changes tended marginally to overestimate the size of 
the infarct at 4-8 weeks. In the first week the lesion SI on the DW im-
ages were all higher than the SIs seen on T1- and T2 weighted images, 
making lesion contrast most apparent on the DW images. Increased SI 
was clearly seen in parts of the ipsilateral thalamus in 5 infants on DW 
images. 

Discussion

Our results demonstrate that the patterns of SI change on conventional 
and DW images following PAIS were consistent between infants sug-
gesting that PAIS in our infants who were symptomatic soon after birth 
occurred within a limited time frame around birth. Insights into the natu-
ral evolution of MR characteristics of neonatal stroke are important for 
estimating the age of a lesion, especially when the time of symptom on-
set can be unclear. Knowledge of neonatal stroke evolution on MR can 

Figure 7
This figure shows the evolution of changes in stroke border recognition and contrast between 
white matter using a composite of the scoring system.
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also be used to interpret the results of medical intervention strategies 
and for determining optimal timing for imaging. Because the literature 
on radiologic timing of neonatal stroke onset in humans is limited, our 
data adds to the understanding of the evolution of neonatal stroke. Since 
changes in MR parameters reflect histopathological changes in brain tis-
sue we will discuss how our findings relate to the literature on the histo- 
and pathophysiologic evolution of arterial ischemic stroke, most of which 
is based on adult and animal studies. 

In our patients SI increase on DW imaging consistent with restricted 
diffusion was seen within the infarcted area for up to 14 days but was 
most marked in the first 4 days. For all of the studied infants the first DW 
image showed the highest signal intensity consistent with a recent insult 
(Figure 8). After ischemic arterial injury, energy depletion and impaired 
ion homeostasis cause cytotoxic edema with restricted diffusion of water 
and shrinkage of the extracellular compartment translating into a high 
DWI signal24-25. Post-mortem studies have shown astrocytic swelling mi-
croscopically within 30 minutes after the onset of severe ischemia and 
by 4-6 hours swelling of oligodendroglial nuclei and cytoplasm is seen26. 

Figure 8 
This shows the SI score (y-axis) of the infarcted tissue on DW MR images from each postnatal 
day (x-axis).
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DW imaging studies have shown changes in water diffusion within min-
utes after stroke in animals27. Our DW imaging findings in the first week 
are consistent with adult stroke literature on DW SI evolution, in which 
acute ischemic lesions are characterized by very hyperintense signal 
and show little change in the first 7 days after symptoms onset but de-
crease in SI thereafter28,29. However in adult stroke patients the high SI is 
reported to last for several weeks. DW SI is not only influenced by water 
diffusibility but also by intrinsic T2 properties (�“T2 shinethrough�”) and 
field strength; this may contribute to the differences seen in DW imaging 
SI evolution between adults and newborns. The quantitative measure 
of DW MR is the computed apparent diffusion coefficient (ADC), which 
is without the influence of T2 signal. Because the visual classification 
of the degree of hypersignal intensity can be difficult, quantifiable ADC 
maps have been useful in determining the age of ischemic lesions in 
several adult studies28,30,31. The lowest ADC values in adult ischemic 
brain tissue seem to occur around day 3 after lesion onset and take 4 -21 
days for pseudonormalization29-31. Because of our rather heterogeneous 
imaging datasets we were not able to measure ADC values across the 
group.

In the first postnatal week (from day 2) T2-weighted images in our pa-
tients show clear increased SIs in the cortex and white matter. Once the 
blood-brain barrier is disrupted, vasogenic edema in combination with 
cytotoxic edema increase the overall water content in the infarcted tis-
sue, which accounts for the prolonged T2 relaxation times making the in-
farct readily visible on T2-weighted images between 24-48 hours after its 
onset29. The visual disappearance of the cortical ribbon in the affected 
area during this stage represents the so-called �“missing cortex sign�”19. 
Animal histology studies have shown that from 4-6 hours after the onset 
of stroke to about 6 days damage to the endothelium and breakdown of 
the blood-brain barrier takes place associated with vasogenic edema 
and coagulation necrosis26,27. 

On T1-weighted images the affected cortex showed low SI in the first 
week from day 2. This SI is generally attributed to vasogenic edema. 
However the white matter on T1-weighted images was of moderately 
higher SI than the white matter in the contralateral hemisphere in the 
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first 9 postnatal days, although in the first five days when the cortex 
was of low SI the overall impression was that the SI in the white matter 
was lower than the contralateral hemisphere. Whether cortical swelling 
is responsible for this appearance or whether there is actual shortening 
of the T1 relaxation time in white matter causing high SI on T1-weighted 
images during this period is unclear. 

After approximately 1 week up to 1 month we documented high SI in 
the cortex on T1-weighted images (cortical highlighting) and low cortical 
SI on T2-weighted images. From post-mortem studies this time period 
seems to coincide with organization within the infarction, a process that 
involves gliosis, release of myelin lipids, microcyst formation, calcifica-
tion and ingrowth of new vessels26,32. It is an ongoing process, which in 
adults takes place from 3 days to 6 weeks. In post-mortem studies neu-
ronal breakdown products can be seen microscopically in macrophages 
after day 5 in adults26. Takana et al showed an increase in microglial 
cells, which changed to a form of lipid, laden phagocytes in rats sub-
jected to focal brain ischemia on day 733. Aoe et al. showed a clear cor-
relation between T1 values and the number of microglia observed using 
lectin staining34. But also the high protein content and accumulation of 
manganese in reactive astrocytes have been suggested as being impor-
tant in generating the SI changes on T1-weighted images35. 

The low cortical SI on T2-weighted images is generally thought to be re-
lated to petechial hemorrhage, release of myelin lipids or calcification19. 
Around day 7 there is also evidence of newly formed capillaries. This 
neovascularisation is most marked in gray matter. At the same time the 
walls of the remaining blood vessels thicken26. These vascular changes 
will also contribute to the cortical changes seen on the conventional im-
ages after the first postnatal week. 

The areas of infarction evolved into areas of tissue loss and cysts after 
1-2 months following an intermediate variegated or �“checkerboard�” pat-
tern of mixed high and low SI seen around 2-3 weeks. 

Wallerian degeneration of the ipsilateral corticospinal tract and second-
ary degeneration of ipsilateral thalamus was seen in some of our pa-
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tients after 1 month. These findings seem to be in accordance with the 
adult and neonatal literature on secondary degeneration36-38. 

One of the limitations of our study is the use of the �“healthy�” hemisphere 
as an internal control. None of the infants was considered to have con-
tralateral lesions or pathology on visual analysis of the scans. Trans-
synaptic degeneration could cause network injury affecting the contral-
esional hemisphere making a case for using healthy term controls in 
future studies. The visual scoring system we used is practical in a clini-
cal setting; however for research purposes relatively new but more time 
consuming post-processing techniques such as automatic segmentation 
will give more objective measurements of SI and volume change39. 

Based on the mechanisms that can lead to arterial occlusion and known 
perinatal risk factors the arterial occlusion in our patients could have 
taken place during three periods: (i) in later labor (ii) the intrapartum 
period (iii) shortly after delivery, each period reflecting different risks 
factors12,14,40,41. In this study we could not differentiate between these 
different periods. All infants underwent labor, none being born by pre-
labor caesarean section. In most infants labor was complicated in that 
delivery was only spontaneous in 6 infants and the second stage of labor 
was prolonged (lasted 2 hours) in 9 cases. No fetus had had problems 
recorded prior to the onset of labor and as is most usual for term-born 
infants with PAIS none had low Apgar scores or presented with symp-
toms of global hypoxia-ischemia immediately after birth. Abnormal DW 
imaging SI in our patients was always most marked on the first scan and 
the SI started to diminish after 4-6 postnatal days; extrapolating from 
the adult and animal literature this would support the onset of the stroke 
closely to the time of birth. We had consistent change in SI on DW and 
conventional images in the first week with the infarct always being seen 
even on T1-weighted images on first scan suggesting the infarcts had 
occurred at least 1-2 days before first imaging. This further supports the 
interpretation of our data to indicate that the stroke occurred within a 
limited time frame around or during delivery. 

To our knowledge this is the first study in which the radiologic evolution 
of PAIS has been described in such a large number of infants. Future 
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intervention studies and medico-legal issues will require an even more 
detailed study of the temporal evolution of PAIS. Prospective studies 
with serial scanning (including quantitative diffusion tensor imaging) in 
combination with continuous EEG monitoring and detailed clinical histo-
ries might provide this.

Conclusion

The pattern of SI change on conventional and DW images following 
PAIS was remarkably consistent between patients suggesting that PAIS 
in symptomatic term-born infants occurs closely around the time of birth.
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Abstract

Background and purpose
The purpose of this study is to establish that newborn stroke involving 
extensive parts of cerebral cortex immediately leads to secondary net-
work injury in pulvinar. 

Materials and Methods
Seven term infants with cortical stroke presented with hypersignal in 
pulvinar on DWI. Stroke types included: complete MCA stroke (n=4); 
PCA stroke, ICA stroke and multiple artery stroke (1 each). Age range 
at scanning was between day 2 and 6 after birth (except for 1 infant 
scanned within 7 days of acute presentation during ECMO). 

Results
ADC values in secondarily injured pulvinar were significantly higher than 
in the area with primary (sub)cortical injury (all patients scanned with 
identical MR image acquisition). 

Conclusion
In the absence of asphyxia and because pulvinar is outside of the pri-
mary area of infarction, we conclude there are suggestions from imaging 
for acute secondary injury to pulvinar following primary damage of their 
cortical targets and/or connecting axons. Acute secondary injury is prob-
ably due to excitotoxicity and deafferentiation. The relevance of network 
injury for prognosis and the impact of early treatment on it have yet to be 
studied, in stroke but also in other acute perinatal brain disorders.
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Introduction

Until recently classification of perinatal brain disease focused on primary 
lesions only: global forebrain ischemia with selective cell death and wa-
tershed injury, arterial and venous stroke, periventricular leukomalacia, 
meningitis and encephalitis, primary haemorrhage. Secondary effects of 
cell injury on connected projection tracts have now been recognized with 
diffusion-weighted MR imaging (DWI), and as such the significance of 
early stages of Wallerian degeneration has been recognized at the level 
of the posterior limb of the internal capsule and the cerebral peduncles 
in some of the above mentioned primary disease entities, mainly focal 
infarction1-8. There are no human imaging studies of the effect of tract 
changes on nuclei connected to the primary perinatal lesion sites.

The concept that primary cortical injury can lead to cell loss in thalamus 
was known to mid-20th century pathologists. Gliotic change in one tha-
lamic nucleus, pulvinar, has been associated with a more severe type of 
periventricular leukomalacia in a pediatric MR study of ex preterms with 
spastic cerebral palsy and subsequent global thalamic shrinkage has 
been linked to perinatal preterm white matter injury9-11. The influence of 
perinatal venous white matter infarction on thalamus has been recently 
depicted at 2 years of age with probabilistic magnetic resonance im-
aging of white matter tracts and thalamocortical connections12. We are 
unaware of reports that focused on acute corticothalamic network injury 
in the human newborn brain. We reviewed our experience with acute 
DWI of perinatal brain lesions focusing on secondary changes in distant 
nuclei and tracts associated with primary cortical or white matter injury. 
The aim of this report is to describe one pattern of thalamocortical in-
teraction where extensive cerebral injury from stroke led to changes in 
pulvinar (Fig. 1) and to speculate on the significance of these findings 
for acute management and prognosis.
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Material and methods Study population

This analysis was retrospective, focusing on signal changes in pulvinar 
in DWI sequences. We analyzed in detail the images of patients with 
hypersignal in pulvinar on DWI that seemed to be outside of the area of 
primary injury in 7 term infants with acute and extensive cortical arterial 
ischemic stroke. Longstanding antepartum injury was excluded by rou-
tine first day ultrasound scanning in these infants. The cohort consisted 
of seven extensive cortical arterial ischemic stroke cases observed be-
tween January 2004 and 2006, scanned in the latter part of the first 
week and with artefact-less DWI sequence of similar acquisition mode. 
One infant was scanned 40 days after birth but 3 days following clinical 
seizures.

Figure 1
Afferents and efferents of pulvinar and lateral posterior nucleus (adapted from Nieuwenhuys 
et al. 1988). Cortical connections are mainly with parietal, occipital and temporal lobes. (A full 
color version of this illustration can be found in the color section).
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MR imaging technique

Image acquisition
Images were acquired with a GE 1.5 Tesla scanning system (Milwaukee, 
WI, USA). All studies were performed according to a protocol that in-
cluded axial dual T2 spin echo, axial T1 spin echo or axial T13D SPGR, 
sagittal T1 spin echo, axial PD (proton density) and coronal FLAIR. Dif-
fusion tensor images (DTI) were acquired using multi repetition, single 
shot echo-planar sequence with a slice thickness of 3 mm with no gap. 
The images were gathered in 25 gradient directions with sensitivity of b 
= 1000 s/mm2, TR/TE = 8700-11725/83-98 ms, field of view 18-24 cm2. 
DW images were gathered in 6 gradient directions with sensitivity of 
b=1000s/mm2, TR/TE = 8000/111.8-83.4 ms, one average, field of view 
18-24 cm2, slice thickness 4 mm and a spacing of 0.4 mm.

Quantitative image analysis
For quantitive data analysis diffusion and apparent diffusion coefficient 
(ADC) maps of GE scans were reconstructed using Functool 3.1.23 (GE, 
Wilwaukee, WI). Regions of interest (ROI) of varying size were manu-
ally placed in affected (sub)cortical areas, and in pulvinar in places that 
carried increased signal intensity on the diffusion images. All ROI place-
ment was done on the b = 0 s/mm2 images because of higher anatomic 
detail. ROI�’s were automatically superimposed on the functional maps 
by Functool. ADC-maps were used to exclude cerebrospinal fluid from 
measurements. Fractional anisotropy (FA) maps were used to avoid in-
volvement of the corticospinal tract (posterior limb of the internal cap-
sule) or the optic radiation when placing ROI�’s in pulvinar.

Visual image analysis

To confirm hypersignal in pulvinar in relation to extra-thalamic injury we 
designed an extensive scoring system involving inexperienced medical 
students. Each patient was scored by two students and later by two 
physicians. Subjective visual scoring began with overall assessment of 
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damage based on a scale of hypo/hyperintensity on DWI. Both hemi-
spheres were scored independently. These intensities were considered 
relative to 6 term DWI controls. These control scans were from term in-
fants with suspected birth asphyxia, scanned between day 3 and 7, but 
without clinical seizures and with a subjectively reported normal scan. 
Hypointensity was scored as 0, expected intensity was scored as 1, hy-
perintensity that was either moderate or encompassed only part of the 
structure was scored as 2 and extreme hyperintensity of an entire struc-
ture was scored as 3. Scored structures included deep nuclei, white 
matter tracts, and lobar regions. The students scored individual nuclei 
of thalamus (ventral, anterior, medial, intralaminar, posterolateral includ-
ing pulvinar) as well as each of the nuclei of the basal ganglia (caudate, 
putamen and pallidum). Among white matter tracts, we scored the optic 
chiasm, tracts, and radiations; the rostrum, genu, and splenium of the 
corpus callosum; the columns and fimbriae of the fornix; the corona ra-
diata, anterior limb of the internal capsule (ALIC), posterior limb of the 
internal capsule (PLIC), medial and lateral crus cerebri. Cortical regions 
were subdivided in: the mesial, basal and lateral surfaces of the frontal 
lobe; the basal and lateral portions of the temporal lobe as well as the 
temporal poles; the cingulum, hippocampus, and amygdala; the striate 
and extrastriate areas of the occipital lobe; and the parietal lobe. When 
a lobar region was scored, it was recorded whether injury was cortical, 
subcortical, or in white matter. Scores were qualified in words. The med-
ical students concluded their scoring assessment by consensus. The 
physicians but not the students had prior knowledge of the case histo-
ries. Discrepancies were debated by all four parties after initial blinded 
scoring by the students was complete. Primary source data, the images, 
were used again for all final analyses. Although in many patterns the pri-
mary lesion was of highest signal intensity, pulvinar hypersignal needed 
to be unequivocal (intensity score 2 or 3) in the final lesion cohort.
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Statistical method

Secondary pulvinar lesions were compared for ADC values with primary 
(sub)cortical lesions and healthy contralateral pulvinar, using the paired 
T-test with two tails (Graphpad Instat for Macintosh).

Results

All stroke cases fulfilling the criteria mentioned under Study Population 
had definite hypersignal in pulvinar ipsilateral to the cortical area of in-
farction. Instances with pulvinar hypersignal in relation to large artery 

cortical stroke are listed in Table 1 
(Figures 2-4). In axial sections through 
caudal thalamus, pulvinar hypersignal 
took the form of either complete hy-
persignal from midline to lateral ge-
niculate or partial lateral hypersignal 
sparing medial pulvinar.

ADC values in pulvinar versus primary 
(sub)cortical lesions (Table 2, Fig. 5) 
Pulvinar changes were compared in a 
subset of scans for ADC values with 
the primary (sub)cortical injury areas 
and with contralateral supposedly 
healthy pulvinar. Average ADC in 7 
patients was 0.51 m2/ms in the pri-
mary lesion, 0.72 m2/ms in ipsilateral 
and 0.98 0.72 m2/ms in contralateral 
pulvinar. ADC values in pulvinar were 

Figure 2
Stroke lesions related to network injury in pulvinar. 
The DWI sections serve to illustrate the lesion ex-
tent, in all also demonstrating hypersignal in pul-
vinar (except patient 5 where the section is above 
thalamus).
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therefore significantly higher than in the primary injury area but lower 
than in healthy pulvinar. Mean difference between healthy and affected 
pulvinar = + 0.26 (the 95% confidence interval of the difference: + 0.09 
to 0.42).

patient I   [ m2/ms] II   pulvinar 

[ m2/ms]

contralateral 

pulvinar

ratio I/II

1 POT = 0.42 0.67 1.08 0.62

2 O = 0.42 0.85 1.14 0.50

3 F = 0.56 0.78 1.08 0.72

4 FT=0.52 0.80 1.07 0.65

5 POT = 0.50 0.54 0.58 0.94

6 PT = 0.50 0.65 0.92 0.77

7 white matter = 0.63 0.77 0.98 0.82

statistics 0.51 ± 0.075 0.72 ± 0.107 0.98 ± 0.19 0.72

Table 2   ADC values in (sub)cortex (I) versus pulvinar (II)  

lesion vs pulvinar          mean difference  is -0.2157    P<0.05
lesion vs healthy             mean difference  is -0.4714    P<0.001
pulvinar vs healthy      mean difference  is -0.2557  P<0.01

F,P,O,T: frontal, parietal, occipital, temporal (sub)cortex
frontal, parietal, occipital, temporal (sub)cortex 

Figure 3 (nr 4 in Table 1)
Complete left MCA stroke at term. DWI on day 6, following seizures on day 2. Hypersignal 
affects the stroke area, including the complete pial MCA area and lateral parts of striatum. Ob-
serve the presence of hypersignal in pulvinar on the affected side, outside of the MCA perfusion 
area (arrow). Some hypersignal is also present in PLIC and in the corticospinal (-bulbar) tract at 
mesencephalic level on the infarct side (arrow).
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Discussion

We describe a pattern of injury to 
pulvinar associated with posteri-
or (parietal, occipital and/or tem-
poral) cortical damage caused by 
arterial ischemic infarction. Be-
cause tract changes are clearly 
present in these infants, one has 
to consider the possibility that 
signal intensity change in pul-
vinar is not due to neuronal but 
to axonal changes. As there are 
no large fiber tracts in pulvinar, 
this seems unlikely. In the only 
patient with PCA stroke (case 2) 
and hypersignal in pulvinar, one 
could theoretically suspect per-
forator stroke in pulvinar due to 

occlusion of a thalamogeniculate branch, but patients with MCA or ICA 
stroke exhibit no primary lesion in pulvinar because that nucleus is per-
fused from the PCA. It is therefore highly probable that hypersignal in 
pulvinar is an immediate network reaction. The differences in ADC be-
tween ipsi- and contralateral pulvinar corroborate the finding of altered 
tissue characteristics in pulvinar connected to an area of extensive corti-
cal necrosis, but more numerous prospective measurements are needed 
to confirm ADC characteristics in nuclei with secondary injury. To defend 
the hypothesis of acute network injury to pulvinar we need to discuss 
development and function of thalamus, and we need to document the 
existence of thalamic cell death in experimental work secondary to (sub)
cortical primary injury.

Development and function of thalamus (and especially pulvinar) is com-
plex. After the fourteenth gestational week all major thalamic nuclei can 
be recognized following proliferative activity in matrix lining the third 
ventricle and subsequent migration around the transition from embry-
onic to fetal period13-15. Almost all of thalamus is diencephalic in origin, 

Figure 4 (nr 3 in Table 1)
PCA stroke in a term infant, due to embolism 
from the inferior vena cava. The arrow points 
to faint hypersignal in pulvinar. Notice high sig-
nal in the ipsilateral optic radiation.
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stemming from third ventricle neuroepithelium. By 18 weeks pulvinar 
is only partly developed: it grows further from a proliferative structure 
called the corpus gangliothalamicum up to 34 weeks of gestation15,16. 
This conduit between lateral ganglionic eminence and diencephalic nu-
clei guides interneurons (GABAergic) into pulvinar, mediodorsal and an-
terior thalamic nuclei. Pulvinar is finally divided into at least 4 subdivi-
sions17: lateral and medial, inferior and oral. Lateral and inferior pulvinar 
are connected to striate and extrastriate visual cortex; part of lateral and 
medial pulvinar is connected to parietal, frontal (a.o. the frontal eye field) 
and cingular cortex plus amygdala; cells projecting to temporal lobe are 
less well organized and lie ventrally; oral pulvinar is connected to pari-
etal somatosensory cortex and area 5. Each connected cortical field has 
a separate set of projection neurons in pulvinar, even when these fields 
are adjacent and interconnected by themselves. The difference in matu-
rational stage at term between ventral thalamic complex and regions 
like the pulvinar and mediodorsal nucleus was recently demonstrated 
in vivo with measurement of FA and ADC in preterms scanned at term 
equivalent18: pulvinar has higher ADC and lower FA than ventral nuclei. 
Pulvinar�’s role in vision is to entertain visual salience and to register 
position and movement of eyes and head at a higher order than purely 
retinotopic. Afferents to thalamus can be subdivided into drivers and 
modulators. Drivers are of first or higher order (Fig. 6). Topographical 
representation of the perceived quality is present in most thalamocorti-
cal projections, except for those from ventral anterior, midline, intralami-

thalamic subnucleus type of function expected (sub)cortical 

injury pattern leading 

to thalamic injury

ventral anterior, 

lateral, posterior

speci c  rst order driver premotor, MI, SI

pulvinar and lateral posterior 

intralaminar mediodorsal

higher order driver parietal and occipital 

frontal and temporal 

orbitofrontal and prefrontal

ventral lateral non-speci c  rst order driver premotor and MI in 

association with pallidal 

or cerebellar injury

Table 3 Expected network injury types in thalamus
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nar and centromedian thalamic nuclei that project to large cortical areas 
with synapses mainly on layer 1 cells. Expected network injury patterns 
derived from such insight are in Table 3. Least vulnerable should be non-
specific driver nuclei with a broad subcortical input and diffuse output. 
When cortical and striatal necrosis are associated, as in global forebrain 
ischaemia, thalamic nuclei that project to both cortex and striatum may 
be even more vulnerable, i.e. intralaminar and midline nuclei. Fibers 
in the external and extreme capsule along claustrum connect frontal 
and temporal, insular and parietal or insular and amygdalar areas; they 
can therefore acquire hypersignal in many variants of cortical injury19. In 
this report we have reported one of these expected patterns and predict 
more will be reported in the future.

The tools for studying the later effects of the acute changes we de-
scribe here, are available. Using a probabilistic tractography algorithm 
in diffusion tensor MR sequences, Behrens and coworkers noninvasive-
ly mapped connections between thalamus and cortex20,21. Their method 
was recently applied to scans of 2 year old ex-preterms without obvious 
neurological injury and changes in thalamocortical tracts and thalamic 
subnuclei were documented in an infant with focal white matter loss12.

The nature of secondary lesions is probably complex. Excitotoxic injury 
could play a role: cortical neurons suffering from electrographic seizures 

Figure 5 
Choice of regions of interest 
compared in patient nr 4. 
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transmit glutamatergic signals to connected thalamic nuclei21-23. Detailed 
measurement of lobar injury coupled to lobar electrographic seizure load 
may unravel the contribution of excitotoxicity in secondary injury to pul-
vinar. Following primary injury connected thalamic and brainstem nuclei 
may also undergo delayed neurodegeneration due to loss of trophic sup-
port from their cortical targets. This type of transsynaptic thalamic cell 
death is mainly apoptotic and develops over a period of a few days, 
peaking in intensity slightly later than necrosis in cortex or striatum24,25. 
Immature brains are more susceptible to this type of injury than mature 
ones, a.o. because the somatodendritic architecture is less arborized 
and thalamic axonal collaterals are scarcer. In this respect late cell mi-
gration into pulvinar may render it more injury-prone than other thalamic 
subnuclei. Natale et al. in 2002 reviewed lateral geniculate apoptosis, 
peaking already at 36 hours after cortical ablation without seizures in a 
mouse model26. Acute trophic thalamic cell death is therefore possible 
without seizures in this animal model. Necrosis follows the maturation 
phenomenon, i.e. the more severe an insult the shorter the time course 
of cells in their necrotic process, but in cortex and striatum the necrotic 
cycle is complete in around three days. Apoptosis can follow a similar 
fast course, but in some instances it may also take up to one week for 
a neuron to slowly die. For many reasons newborn infants with an insult 
- be it asphyxia, stroke or leukomalacia - are often scanned between 
2 and 7 days after the event or the clinical presentation. In term birth 
asphyxia we strive for a scan on day 4. It is probably important that the 
infants with large artery stroke reported here were scanned during this 
time after the event. That ADC values in this report are lower in primary 
lesions in the (sub)cortex than in secondary lesion in pulvinar might be 
due to different mixtures of necrosis and apoptosis. Pre- and postcentral 
gyri in preterm infants between 25 and 38 weeks have significantly lower 
anisotropy than the superior occipital and superior frontal gyri, indicating 
that DTI is sensitive to regional heterogeneity in cortical development18. 
There is also a significant age-related decline in radial but not tangen-
tial diffusivities in all cortical areas. Such heterogeneity also exists in 
development of thalamic nuclei18. These findings prove that DWI-DTI 
differences between primary lesion and network injury also depend on 
location in the brain and on maturational stage.
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Limitations of this study are: (1) the absence of a large cohort of nor-
mal ADC data in different thalamic subnuclei across different gestational 
ages; (2) the absence of a quantitative estimate of the burden of lobar 
injury (be it cortical or in white matter), that would permit finding thresh-
olds above which distant tracts and nuclei become affected; (3) due to 
the retrospective nature it was not possible to calculate the load of lobar 
electrographic seizures in relation to injury to pulvinar; (4) the absence 
of histopathological studies of secondary pulvinar lesions; (5) because 
patients were scanned only once in the acute stage, this study is not in a 
position to answer questions about the optimal timing of DWI to pick up 
network injury. Because of these limitations these findings suggestive of 
acute network injury must be confirmed by other studies.

In conclusion, acute brain imaging in the latter part of the first week may 
depict transaxonal network injury. Within days changes in pulvinar follow 
focal infarction involving cortex and white matter. It would seem desir-
able in future intervention studies to document the effect of treatment 
not only on primary but also on network injury, using serial acute brain 
imaging27. Before that, the prognostic significance of network injury must 
be established in large prospective cohorts, not only for stroke but also 
for global forebrain ischemia and leukomalacia.
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Figure 6
FIRST ORDER driving thalamic afferents transfer peripheral (subcortical) information to cortex 
for further processing. Specific first order afferents (mainly to layer 4, also to 3 and 6) come from 
thalamic relay nuclei in one of the sensory brain modes: VPL for somatosensory perception, 
lateral geniculate for visual and medial geniculate for auditory perception. The columnar cortical 
module is largely built on thalamocortical input. Reciprocal projections from these cortical areas 
to their thalamic nuclei and corresponding parts of the thalamic reticular nucleus come from lay-
er 6. One thalamic cell forms synapses with many cells within a cortical column. The reciprocal 
corticothalamic axon number is an order of magnitude (at least 10 x) greater than the number of 
thalamocortical axons. Each cortical axon (most coming from layer 6) innervates many thalamic 
neurons, therefore there is considerable convergence and divergence in specific first order cor-
ticothalamic pathways. Non-specific first order afferents come from association thalamic nuclei 
that function in different systems: e.g. VL between cerebellum/pallidum and (pre)motor cortex 
in the motor system. There is more overlap in cortical areas innervated from these non-specific 
thalamic nuclei. Driving projections of HIGHER ORDER type come from neocortex onto nuclei 
like mediodorsal nucleus, pulvinar and intralaminar nuclei. Reciprocal connections emanate not 
only from layer 6 but also from layer 5 pyramidal cells to these thalamic nuclei, which depend 
heavily on the intact function of these neocortical areas because subcortical input to them is 
limited. Corticothalamic connections are glutamatergic. MODULATORS to thalamus come from 
thalamic reticular nucleus (inhibitory), hypothalamus, raphe nuclei, reticular formation, locus 
coeruleus. They filter information by switching the transmission mode of thalamic cells between 
tonic firing, rythmic (quiet sleep or non-REM sleep) or arythmic bursting. When awake the burst 
mode acts like a "wake-up" system whereas the tonic mode works on a linear relay basis and 
permits faithful, detailed signal analysis. Thalamus as a whole filters and transforms information 
to the cortex and thereby becomes a tool for attention to events (adapted from Sherman and 
Koch 1998). (A full color version of this illustration can be found in the color section).
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Abstract

Background and Purpose 
We used diffusion tensor imaging to study the effects of network injury 
in the ipsilateral thalamus after unilateral arterial ischemic stroke in the 
term newborn.

Materials and Methods 
DTI images of 3 term infants with acute extensive unilateral cortical ar-
terial ischemic stroke were analyzed. All infants were scanned on a 1,5 
Tesla MRI scanner. We used probabilistic tractography postprocessing 
to define the regions of interest (ROI) in the thalamus. We evaluated 
the three eigenvalues and calculated the apparent diffusion coefficient 
(ADC).

Results 
We found significantly lower ADC values in the voxels of the ROI�’s 
placed within the nuclei corresponding to ischemic cortex compared to 
the unaffected contralesional thalamic nuclei.

Conclusion 
Our finding support the concept of acute network injury, showing how 
DTI enables to show how deep grey matter is directly affected after a 
primary hit to its connected cortex in neonatal stroke.
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Neonatal arterial ischemic stroke (NAIS) is an important cause of long-
term neurologic morbidity including cerebral palsy, epilepsy, and cogni-
tive impairment.1-4 The incidence of neonatally symptomatic NAIS is at 
least 1/4000 term liveborn infants.5

Magnetic resonance imaging is the investigation of choice in perinatal 
stroke. Diffusion-weighted imaging (DWI) can detect neonatal ischemic 
brain injury within 24 hours of its onset with the acute changes being 
seen for several days. 

DWI also allows us to visualize acute secondary effects of neuronal in-
jury on connected projection tracts. An example is the early stage of 
Wallerian degeneration seen on DWI, which is correlated with outcome 
in neonatal arterial ischemic stroke (NAIS).6-9

Recently Govaert et al. reviewed DWI scans of perinatal brain lesions 
looking for early secondary changes in distant nuclei and tracts asso-
ciated with primary cortical or white matter injury.10 We described for 
the first time a pattern of thalamocortical interaction where extensive 
cortical injury from neonatal stroke led to acute changes in pulvinar not 
explained by disturbances in vascular perfusion.

Diffusion Tensor Imaging (DTI) is an MRI sequence that offers to study 
effects of network injury on the thalamus, because it visualizes micro-
architectural organization of tissue in life. It allows objective and repro-
ducible assessment of tissue characteristics.11 A relatively new DTI post-
processing probabilistic tractography technique describes the cortical 
connectivity map of thalamus.12-13 

Our aim is to use DTI and probabilistic tractography postprocessing for 
the study of the acute effects of NIAS on ipsilateral thalamus.
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Materials and Methods

Subjects
We analyzed DTI images of 3 term infants with acute extensive unilat-
eral cortical arterial ischemic stroke. Patient characteristics are shown 
in table 1. Longstanding antepartum injury was excluded by normal find-
ings on routine first day ultrasound scanning in these infants. They were 
born in 2008 and 2009, scanned in the latter part of the first week and 
with artifact free DTI and T2 weighted scans. 

MR imaging technique

Image acquisition
All imaging was performed on a 1.5-T GE EchoSpeed scanner (GE Med-
ical Systems, Milwaukee, Wis.). All studies were performed according to 
a protocol that included axial dual T2 spin echo, axial T1 spin echo or 
axial T13D SPGR, sagittal T1 spin echo, axial PD (proton density) and 

Patient 1 Patient 2 Patient 3
GA (weeks) 40 1/7 41 37 1/7

BW (grams) 3800 3750 3620

Pregnancy Uncomplicated Uncomplicated Uncomplicated

Mode of delivery Spontaneous vaginal Cesarean section Spontaneous vaginal

APGAR score 

(1 - 5 min)

9-9 3-6 7-9

Presenting signs Focal (right sided) 

seizures

Apnea Generalized seizures

Arterial territory Left posterior truncal 

MCA stroke

Left PCA stroke Left complete MCA stroke

Cortical area 

involved in stroke

Sensory-, Parietal- 

and Temporal cortex

Occipital cortex Frontal-, Motor-, 

Sensory-, Parietal- and 

Temporal cortex

Table 1
Patient Characteristics.

Table 1: showing patient characteristics: GA = gestational age, BW = birthweight, MCA = middle 
cerebral artery, PCA = posterior cerebral artery.
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coronal FLAIR. Diffusion tensor images (DTI) were acquired using multi 
repetition, single shot echo-planar sequence with a slice thickness of 
3 mm with no gap. The images were gathered in 25 gradient directions 
with sensitivity of b = 1000 s/mm2, TR/TE = 8700�–11725/83�–98 ms, field 
of view 18�–24 cm2, the scan matrix 128×128 and the reconstruction ma-
trix 256×256.

DTI studies the motion of water along different non-collinear directions, 
from which a mathematical tensor can be calculated, which describes 
the motion of water in the studied tissue. This tensor can be concep-
tualised as an ellipsoid of which the long axis represents the direction 
with the highest diffusivity; the magnitude of its diffusivity is given by the 
major eigenvalue ( 1) and its direction is called the major eigenvector. 
Perpendiculars to the major eigenvector are the two short axes: the me-
dian and minimum eigenvectors, with their eigenvalues 2 and 3. 

With DTI, a mathematical tensor can be conceptualized as an ellipsoid 
of which the long axis represents the direction with the highest diffusiv-
ity; the magnitude of its diffusivity is given by the major eigenvalue ( 1) 
and its direction is called the major eigenvector. Perpendiculars to the 
major eigenvector are the two short axes: the median and minimum ei-
genvectors, with their eigenvalues 2 and 3.

The patients were scanned using an MR-compatible incubator with a 
specialized high-sensitivity neonatal head coil (Lammers Medical Tech-
nology, Lubeck, Germany) that allowed DTI imaging at high spatial 
resolution and high signal-to-noise ratio (SNR). The incubator provided 
controlled temperature and humidity as well as MR-compatible pulse 
oximetry and ventilation. We used mouldable earplugs and neonatal ear-
muffs to reduce noise. No sedation was given. Pads around the infant�’s 
head kept movement to a minimum.

Data analysis
Data analysis was performed using FSL.14 We minimized image artifacts 
due to eddy current distortions by registering the DT images to the b0 
images. DTI data and T2 weighted imaging were skull stripped. Next au-
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tomated image registration was used to co-register DTI data from each 
patient to a template image (ICBM-MNI 152) using 12-mode affine trans-
formation.15 The cortical seed masks were defined from the Harvard Ox-
ford Cortical Structural Atlas. Results were visually inspected. Thalamic 
masks were generated on T2 weighted images and also co-registered 
onto the infant's native DTI data. 

Figure 1
Images of a patient with a posterior truncal MCA stroke: (i) ADC map showing low SI in area of 
stroke (ii) same ADC-map after automated image registration software was used to co-register 
DTI data from the patient to standard cortical masks (Harvard Oxford Cortical Structural Atlas) 
(red-yellow = frontal cortex (minus the prim motor area), red = prim motor cortex, blue = sensory 
cortex, yellow = parietal cortex (minus the prim sens cortex) and light blue = occipital cortex) 
(iii) thalamo-cortical connections were assessed for every voxel in the thalamic masks (green) 
using connectivity-based seed classification with predefined thresholds; yellow-red area is the 
seed mask of the parietal cortex, there is a clear difference between right and left thalamus 
(R>L) (iv) The thalamic connectivity seeds were used to place ROIs from which the DTI mea-
surements were taken. (A full color version of this illustration can be found in the color section).
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Thalamo-cortical projections
We manually delineated the thalamic masks on T2 weighted images and 
propagated them onto the infant's native DTI data. We used the third 
ventricle to form the medial border, the posterior limb of the internal 
capsules (PLIC) was used to delineate the lateral border and the subtha-
lamic nuclei was used as the inferior border.13 Posterior border was the 
posterior part of the pulvinar.

The cortex was divided into functional cortico-thalamic areas: the fron-
tal cortex (with exclusion of the primary motor area), the primary motor 
cortex, primary sensory cortex, parietal cortex (primary sensory cortex 
excluded), temporal cortex and occipital cortex (Figure 1). Thalamo-cor-
tical connections were assessed for every voxel in the thalamic masks 
using connectivity-based seed classification with predefined thresholds. 
The thalamic connectivity seeds were used to place regions of interest 
(ROIs) from which the DTI measurements were taken (Figure1).

Statistical method
The values of the voxels in the region of interests of the affected sides 
were compared with those of the healthy contralateral thalamus, using 
the paired T-test with two tails (Graphpad Instat for Macintosh).

Results

ADC values
When comparing ADC values of the voxels of the ROI�’s between ipsi- 
and contralesional thalamus we found significantly lower ADC values 
in the ROI�’s placed within the nuclei corresponding to ischemic cortex 
(Table 2). Patient 1 suffered from a left posterior truncal MCA stroke with 
sensory, parietal and temporal cortex affected. In all connected ipsilat-
eral thalamic nuclei we found significantly lower ADC values compared 
to corresponding nuclei of the contralesional thalamus (P<0.05). Patient 
2 had left PCA stroke affecting occipital cortex on DWI and T2; a sigifi-
cantly lower mean ADC value was measured in ipsilateral compared to 
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contralateral pulvinar. Patient 3 had a (extensive) complete MCA stroke 
involving frontal, motor, sensory, parietal and temporal cortex; we found 
significantly lower ADC values in corresponding ipsilateral thalamic nu-
clei. 

The ADC values found in the contralesional thalamus are of the order 
of magnitude of ADC values found in the thalami of healthy term infants 
reported by other authors.16-20 

L1, L2, L3 values
All eigenvalues ( 1, 2 and 3) of the voxels in the ROI�’s of the affected 
ipsilateral thalamic nuclei were significantly lower compared to the cor-
responding contralesional nuclei. When comparing mean differences of 
1, 2 and 3 we found the �‘absolute�’ mean difference 1 > 2> 3 in all 

affected thalamic nuclei. When comparing the relative mean difference 

Frontal Occipital Parietal Sensory Motor Temporal
Patient 1

Ipsilateral Mean 0.001132 0.001059 0.000831* 0.000818* 0.001048 0.000897*
SD 0.000034 0.000145 0.000081 0.000075 0.000099 0.000099

Contralesional Mean 0.001100 0.001055 0.000995 0.000983 0.001023 0.001018

SD 0.000018 0.000105 0.000042 0.000044 0.000034 0.000072

Patient 2

Ipsilateral Mean 0.001850 0.000425* 0.0017303 0.001616 0.001633 0.001852

SD 0.000119 0.000013 0.000194 0.000198 0.000179 0.000129

Contralesional Mean 0.00185 0.00105 0.001743 0.001601 0.00167 0.001837

SD 0.000092 0.000040 0.000224 0.000121 0.000160 0.000080

Patient 3

Ipsilateral Mean 0.000634* 0.00105 0.000647* 0.000644* 0.000643* 0.000728*
SD 0.000019 0.0001 0.000036 0.000019 0.000020 0.000068

Contralesional Mean 0.000909 0.001045 0.000936 0.000898 0.000903 0.001004

SD 0.000018 0.000040 0.000038 0.000029 0.000036 0.000051

Table 2: showing  mean and standard deviation (SD) ADC values (in mm2/s) measured in the regions 
of interests (ROIs) of different thalamic nuclei of the ipsilateral and contralesional thalamus.
* Significant (p<0.05) lower ADC values compared to contralesional nuclei.

Table 2 
ADC values of thalamic nuclei.
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(which is the mean difference divided by the arithmetic mean) of the 1, 
2 and 3 we found the largest relative mean difference in the 1 values 

(Table 3).

Frontal Occipital Parietal Sensory Motor Temporal
Patient 1

1 MD 0.000265 0.000268 0.000276

RMD 0.20 0.24 0.24

2 MD 0.0001 0.00014 0.000126

RMD 0.116 0.166 0.13

3 MD 0.000129 0.000103 0.00004

RMD 0.171  0.138 0.05

Patient 2

1 MD 0.000723

RMD 0.88

2 MD 0.000654

RMD 0.84

3 MD 0.000509

RMD 0.8

Patient 3

1  MD 0.000376 0.000413 0.00039 0.000371 0.000364

RMD 0.41 0.45 0.43 0.41 0.37

2 MD 0.000248 0.000294 0.000223 0.000213 0.000281

RMD  0.33 0.37 0.29 0.28 0.33

3 MD 0.000201 0.000162 0.000147 0.000197 0.000183

RMD 0.31 0.25 0.23 0.29* 0.24

Table 3 
Mean differences between eigenvalues of affected thalamic nuclei.

Table 3: Shows the mean differences (MD) of L1, L2 and L3 between the ipsilateral and contral-
esional thalamus of the significantly affected thalamic nulcei of Table 2. And the relative mean 
difference (RMD); which is the mean difference divided by the arithmetic mean of the L1, L2 and 
L3 between the ipsilateral and contralesional thalamus.
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Discussion

Our study shows significant changes in DTI values of voxels in the re-
gions of the ipsilateral thalamus, which are connected to injured cor-
tex, revealing acute secondary network injury. These results support the 
concept of acute network injury, showing how deep grey matter (specifi-
cally thalamic nuclei) is directly affected after a primary hit to its con-
nected cortex.

For decades pathologists have reported the concept that primary corti-
cal injury can lead to cell loss in thalamus. Global thalamic shrinkage 
has been associated with preterm white matter injury, 21,22 and long-term 
influence of perinatal venous white matter infarction on thalamus at 2 
years of age has been shown with DTI probabilistic tractography.13 

In 2005 Herve et al reported an early decrease in transient diffusion mea-
sured in the ipsilateral thalamus of adult patients with large infarctions 
involving the cortex and internal capsule.16 It was noted their findings 
could not be attributed to direct ischaemic cytotoxic oedema because 
the location of the ischaemic lesions as detected on late T2-weighted 
scans only involved the MCA territory which does not include thalamus. 
In serial scans of the same patients they found a delay in diffusion de-
crease that was not observed in the primary areas of cytotoxic oedema. 

Recently, Govaert et al. reported findings of acute secondary axonal 
effects of cell injury in nuclei connected to the primary lesion sites in 
NIAS.10 The study evaluated term infants with cortical stroke, showing 
signal hyperintensities in the ipsilateral pulvinar on DWI and a decrease 
in ADC values during the acute phases on the injury. Because the pulvi-
nar was outside of the primary territory of infarction and because these 
infants showed no evidence of hypoxia, the authors concluded that their 
findings suggested acute secondary injury to the pulvinar, i.e. following 
primary damage of their cortical targets and/or connecting axons. 

In experimental animal models acute transient diffusion decrease in grey 
matter remote from the ischaemic area has also been reported.23 This 
seemed to be temporally related to swelling of neurons and perivascular 
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astrocyte feet. Astrocytic and microglial activation may also account for 
the decrease mobility of water molecules in ipsilateral thalamus. 

Several mechanisms have been suggested to explain secondary neuro-
nal cell death in the ispilateral thalamus.10,24 First excitotoxic injury has 
been suggested to play a role: cortical neurons suffering from electro-
graphic seizures transmit glutamatergic signals to connected thalamic 
nuclei.25,26 This concept could explain the signal intensities on the dif-
fusion weighted images. Following primary injury the connected tha-
lamic nuclei may also undergo delayed neurodegeneration due to loss 
of trophic support from their cortical targets. This type of transsynaptic 
thalamic cell death is mainly apoptotic and develops over a period of 
a few days, peaking in intensity slightly later than necrosis in cortex or 
striatum.27-28

In the affected nuclei of the ipsilateral thalamus we found the primary 
eigenvalue to be the most reduced compared to the second and third 
eigenvalues. Our data are supported by Sorensen et al,29 which showed 
that in abnormal grey matter regions of patients with acute ischemia the 
primary eigenvalue was reduced most. Combining histopathology with 
DTI will shed more light on the underlying mechanisms of these findings.

Our study has a few limitations. One is the absence of a large cohort of 
normal DTI data in different thalamic subnuclei. We used the contral-
esional thalamus as a reference. Although there are a number of studies 
reporting on normal DTI values in the thalamus which seem to be of the 
same order of magnitude as the values found in our study, to our knowl-
edge none of these studies have used probabilistic methods to measure 
DTI values in different thalamic subnuclei.16-20 Another limitation is the 
absence of histopathological studies of secondary thalamic lesions in 
term newborn. Also our patients only had a single scan and so our study 
did not allow to define optimal timing of DTI to pick up network injury. A 
low number of subjects is also a limitation of this study. Finally the ab-
sence of a quantitative estimate of the primary injury did not permit find-
ing thresholds above which distant tracts and nuclei become affected.
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Summary

Our finding support the concept of acute network injury, showing how 
DTI enables to show how in NAIS deep grey matter is directly affected 
after a primary hit to its connected cortex. This intriguing concept may 
lead to better understanding of the variability in neurological outcomes 
in perinatal stroke.

Future research efforts should be directed at determining the relevance 
of delineating network injury, its influence on prognosis, and the impact 
of early treatment of a newborn with stroke.
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General discussion

Damage to the developing brain is associated with significant risk of life-
long neurodevelopmental consequences1. Despite advances in neonatal 
intensive care in recent decades, dedicated brain-oriented care of the 
critically ill neonate has not yet been established2. 

Although major successes have been achieved in experimental neuro-
science, neuroprotective interventions for human newborns performed 
poorly in many clinical trials. This is partly explained by difficulties in 
diagnosis, timing, and determination of the severity of neonatal brain 
damage3. 

Brain injury in infants is often unanticipated, and especially in premature 
infants, remains �“silent,�” until long after the threshold of irreversible in-
jury has been crossed1. An important challenge is to define early proxy 
measurements of outcome. The gold standard end-point for neuropro-
tection strategies is functional neurodevelopmental outcome, defined for 
instance by the �‘Bayley-scores of neurodevelopment�’4. 

Advanced �‘cutting edge�’ neuroimaging techniques have the potential to 
overcome many of these challenges5. Neuroimaging techniques are able 
to quantify various aspects of brain growth, connectivity, metabolism, 
perfusion, and function6. Diffusion weighted MR imaging has increased 
our ability to identify and quantify many aspects of brain injury. It has 
also proved useful to understand more about timing and evolution of 
structural injury to the immature brain. Ongoing developments of MRI 
post-processing software are providing researchers tools to design early 
proxy predictors of outcome.

DTI is a neuroimaging tool that has shown great advances in recent 
years with it�’s application constantly expanding. The primary reason for 
success of DTI is because water diffusion in tissues is highly sensitive 
to differences in the microstructural architecture of cellular membranes. 
This sensitivity renders DTI a powerful method for detecting microscopic 
differences in tissue properties. In this thesis the application of DTI in 
neonatal neuroimaging was studied. 
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Chapter 2 reviews the use of DTI to study white matter maturation and 
brain injury in the preterm brain. Research has shown how DTI allows 
to study brain connectivity and plasticity and how DTI has contributed to 
our understanding of preterm WM maturation, WM injury and plasticity. 
Methods for DTI acquisition and analysis are evolving rapidly. This has 
greatly improved the accuracy of DTI measurements in recent years. 
Both chapter 2 and chapter 3 illustrate the use of white matter trac-
tography (fiber tracking). Despite promising results, there are several 
limitations of tractography. Estimates of the eigenvector directions, and 
hence the local tract directions, are sensitive to thermal noise, physi-
ologic fluctuations and image artifacts. Algorithms based upon the ma-
jor eigenvector are unable to resolve regions of crossing white matter 
pathways. New diffusion imaging methods, such as QBI (q Ball Imag-
ing)7; HARDI (High Angular Diffusion Imaging)8; CHARMED (Combined 
Hindered and Restricted Diffusion)9; DSI (Diffusion Spectrum Imaging)10, 
may resolve intersecting crossing white matter regions more accurately. 
However, these methods require higher diffusion-weighting (typically 
3,000�–15,000 s/mm2) and take minutes more time to acquire. 

Chapter 3 describes the results of a retrospective study aimed at pro-
viding FA and ADC reference values for the clinical interpretation of DTI 
images in VLBW infants. However caution is warranted when interpret-
ing changes in the measured diffusion tensor. Research is often focused 
on diffusion anisotropy (usually FA), which may not suffice to charac-
terize tissue changes. Alternatively, recent studies started to measure 
either eigenvalues or the radial and axial diffusivities to provide more 
specific information about the diffusion tensor. Other pitfalls when inter-
preting DTI measurements is the sensitivity of the diffusion tensor, and 
the anisotropy in particular, to a broad spectrum of other factors: which 
include (1) image noise (both thermal and physiologic) (2) artifacts (i.e., 
misregistration of DW images from eddy currents or head motion), (3) 
partial volume averaging between tissues in large voxels (signal mixing 
of gray matter, white matter and cerebral spinal fluid), (4) and regions 
of crossing WM tracts. Many regions of the brain contain considerable 
areas of fiber crossing, which have corresponding low FA. Thus cross-
ing WM fiber groups within a voxel can result in significant anisotropy 
changes without any white matter abnormalities. Within healthy WM, FA 
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can range between values and crossing WM fibers causes much of this 
variation. The variability in FA can be reduced considerably by focusing 
on white matter tracts in specific anatomic regions.

Chapter 4 reports FA and ADC values of subplate and cortical plate in 
VLBW infants with normal developmental outcome, to be used as refer-
ence values. Because the subplate is a site of early neural activity and 
considered selectively vulnerable to hypoxic/ischemic injury, it is of great 
interest in the study of preterm brain injury. The study uses manually 
placed ROI measurements, a commonly used technique enabling easy 
clinical use. However manual ROI placement is observer dependent and 
so easy automatic segmentation of the subplate would be preferred. Our 
research group is currently looking into this option.

Chapter 5 shows the results of a study in which DTI scans of the neo-
natal brain obtained at high b values are evaluated. It was found that 
the increase in diffusion image contrast observed at high b values could 
be useful in identifying lesions in the neonatal brain. However one of 
the disadvantages of high b values DTI are reduced signal to noise ra-
tios (SNR). Multiple signal averages were required to achieve adequate 
SNR, which increases image acquisition time and hence susceptibility 
to image degradation due to patient motion, which is of particular impor-
tance when imaging neonates. The dependence of FA and ADC values 
on the preset b values should always be taken into account when com-
paring data11.

Chapter 6 summarizes the current literature on neuroimaging of neona-
tal stroke. Showing the important role of DWI in the acute stages of the 
infarction. DWI (including DTI) seems to be inadequate to predict future 
neurodevelopment. The way forward has to be to combine cutting-edge 
neuroimaging techniques to quantify various aspects of brain injury, in-
cluding: connectivity, metabolism, perfusion, and function in a comple-
mentary manner.

Chapter 7 describes the evolution of unilateral perinatal arterial isch-
emic stroke (PAIS) on serial conventional and DW MR scans from symp-
tomatic term infants. In this study the �“healthy�” hemisphere was used 
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as an internal control. As described in chapter 6 and 8 trans-synaptic 
degeneration causes network injury, which might even affect the healthy 
contralesional hemisphere. This makes a case for using healthy term 
controls in future studies.

Chapter 8 and Chapter 9 show how primary cortical damage leads to 
secondary network injury in thalamus. There is still a lack of objective re-
producible quantitative estimates of primary stroke injury. This estimates 
the need to find the thresholds (size and location) above which distant 
tracts and nuclei become affected. The relevance of delineating network 
injury, its influence on prognosis, and the impact of early treatment of a 
newborn with stroke are still largely unknown and needs further inves-
tigation.



202

Chapter 10 Future directions

Future directions

Vast improvements have been made in DTI in the past years and it is 
expected that the next decade will lead to even more important new 
developments in cerebral diffusion measurements with MRI. Incorporat-
ing these advanced DTI techniques into daily clinical neonatal intensive 
care is one of the challenges we face in the near future. Only by combin-
ing knowledge of specialized MR physicists, pediatric radiologists and 
neonatologists these new DTI techniques will become new clinical tools: 
automated, and user friendly. 

Different neuroimaging and monitoring techniques have shown great im-
provements in the last decade. Near infrared spectroscopy (NIRS), con-
tinuous (a)EEG, cerebral ultrasound (3D, new Doppler techniques, raw 
preprocessed signals) have all booked vast improvements in technique 
and postprocessing. Selecting and combining specific measurements 
into a �‘multimodel neuromonitoring�’ will be needed to evaluate those 
aspects of brain metabolism, perfusion, and microstructure involved in 
acute injury and to asses anticipated effects of neuroprotection trials.

In vivo analysis of inflammation patterns is of great interest for neo-
natal neuroscientists. Because of unique cerebrovascular anatomy and 
physiology, the white matter of the preterm infant is very sensitive to 
the abnormal milieu present in extrauterine life, in particular ischaemia 
and inflammation12. Inflammation imaging could be the next MRI tech-
nique, which could (combined with existing MRI tools) help us answer 
the remaining questions concerning preterm brain damage. Iron oxide 
particles such as superparamagnetic iron oxide (SPIO) and ultrasmall 
SPIO (USPIO) are phagocytosed by hematogenous macrophages upon 
systemic application into the circulation and allow in-vivo tracking of in-
filtration to the CNS due to their paramagnetic effect by MRI13. 

Another possible new direction in which DTI might be heading is func-
tional DTI (fDTI). The concept is, that a pathway whose axons are ac-
tively conveying action potentials at high frequency (in communication 
with another area), as compared to a ¨silent¨ or low activity one, should 
display modifications in the FA or other diffusion measures. This would 
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be caused by a higher flow of water molecules associated with ion cur-
rents -close to Ranvier nodes-, such as Na+ and K+. In 2008 Mandl et 
al looked at the change in FA along white matter tract during motor and 
visual task and found a significant change in the white matter. If proven 
correct, this new concept has great potential14.

Finally on a short term, clinical studies could use DTI measurements to 
pick up changes in tissue micro-architecture. For instance after a nutri-
tional intervention study, anisotropy indices of white matter tracts can be 
evaluated to compare study patients to controls. These surrogate mark-
ers of brain growth or damage should be validated with long-term out-
come. At present we have to wait at least two years to evaluate the ef-
fects of our interventions. Providing reliable biomarkers in neuroimaging 
will mean a great step towards interpreting interventions in a short time.
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Summary

In this thesis use of diffusion weighted imaging (DWI) - including dif-
fusion tensor imaging (DTI) - in neonatal neuroimaging was explored. 
The thesis was based on clinical and research questions likely to be 
encountered by neonatologists and paediatric radiologists, and focused 
on the use of DTI in describing �‘normal�’ white matter development and 
subplate evolution of the very-low-birth-weight (VLBW) infant and peri-
natal stroke.

Chapter 1 describes the background and aims of the studies presented 
in this thesis. In this chapter the physical basis of diffusion in tissue is 
explained and how this can be used to visualize biological structures 
using DTI.

Chapter 2 presents an overview of the literature on applications of DTI 
in neonatal brain research. DTI has been shown to provide non-invasive 
and quantitative means for evaluating neonatal brain maturation and in-
jury in vivo. DTI allows to study brain connectivity and plasticity and has 
contributed to our understanding of preterm white matter (WM) matura-
tion, WM injury and plasticity. DTI research offers great potential to gain 
new insights and bring us a step further in reducing WM damage of the 
preterm infant. DTI reference values however are often still lacking.

Chapter 3 demonstrates the results of a study, which was set up to 
provide DTI reference values for white matter tracts of VLBW infants 
for clinical use. Advances in neonatal intensive care have not yet re-
duced the high incidence of neurodevelopmental disability among very 
low birth weight (VLBW) infants. As neurological deficits are related to 
white matter injury, early detection is important and DTI is a tool for as-
sessment of white matter injury. DTI images of 28 VLBW infants (26-32 
weeks gestational age) without evidence of white matter abnormalities 
on conventional MRI sequences, and normal developmental outcome 
(assessed at age 1-3 years), were retrospectively analyzed. Fraction-
al anisotropy (FA) and apparent diffusion coefficient (ADC) of different 
white matter tracts were measured. Quantitative investigation character-
ized age related trends in FA in pyramidal tracts. In conclusion norma-
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tive data are provided for white matter tracts in preterm infants scanned 
within the first week of life. 

Many intervention studies in preterms aim to improve neurodevelop-
mental outcome, but short-term proxy outcome measurements are lack-
ing. Cortical plate and subplate development could be such a marker. 
Chapter 4 reports the results of a study aimed at providing �‘normal�’ DTI 
reference values for the cortical plate and subplate of preterm infants. 
DTI images of 19 preterm infants without evidence of injury on conven-
tional MRI, with normal outcome, and scanned in the first four days of 
life were analyzed. FA and ADC values in frontal and temporal subplate 
and cortical plate were measured in single and multiple voxel regions-
of-interest (ROIs) placed on predefined regions. A significant inverse 
correlation was found between gestational age and FA of the frontal and 
temporal cortical plate. ADC values had a significant positive correlation 
with gestational age in the frontal and temporal subplate. These results 
show how DTI allows in vivo exploration of the evolving cortical plate 
and subplate. 

In Chapter 5 a study is presented that explored the use of DTI with high 
b-values when studying the neonatal brain. The aims were to assess 
isotropic diffusion weighted image contrast and lesion conspicuity at b 
values between 350 and 3000s/mm2 and to assess whether ADC or FA 
in the neonatal brain change with increasing b value. This study consid-
ered whether DTI obtained at high b values would be useful in evaluating 
pathology in the neonatal brain. DTI scans of 17 neonates were ana-
lyzed. DTI was performed with b values of 350, 700, 1500 and 3000 s/
mm2. ROIs were positioned in the central white matter at the level of the 
centrum semiovale, frontal and occipital white matter, splenium of the 
corpus callosum, posterior limb of the internal capsule and the thalamus. 
Isotropic diffusion image contrast and lesion to normal tissue contrast in-
creased with increasing b value. ADC values decreased with increasing 
b value in all regions studied. However, there was no change in FA with 
increasing b value. It was concluded that an increase in diffusion image 
contrast observed at high b values can be useful in identifying lesions in 
the neonatal brain.
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The second part of the thesis focuses on the use of DTI in neonatal 
stroke. First of all an introduction is given in Chapter 6. This chapter 
reviews the MR neuroimaging modalities that assist the clinician in the 
detection of neonatal stroke in which DWI and DTI play an important 
current and future role.

Chapter 7 presents a study in which serial changes are documented 
on T1 and T2-weighted and DW images over 3 post-natal months after 
symptomatic unilateral perinatal arterial ischemic stroke (PAIS) in term 
infants. Knowledge of the sequence of signal intensity (SI) change on 
conventional and DW imaging following PAIS is limited, adding to the dif-
ficulty in timing the onset of PAIS. A visual SI scoring system was used 
compared to the contralesional hemisphere. In this study 43 scans from 
21 term infants were analyzed. Changes in SI on conventional T1 and T2 
images were remarkably consistent between infants. The cortex was of 
low SI on T1 and high SI on T2 until day 6 when SIs reversed and cortical 
highlighting was seen for 1-2 months. The white matter showed high SI 
on T1 in the first 8-9 days and on T2 for >2 weeks before becoming low 
SI. Secondary SI changes remote from the infarction were seen in thala-
mus and brainstem in the first week and atrophy was seen from 4 weeks. 
All DW images showed high SI of the affected region until at least day 
4, which fell to =/below that of the contralesional hemisphere by day 12. 
This study conclude that the pattern of SI change on conventional and 
DW images following PAIS was remarkably consistent between patients, 
suggesting that PAIS in symptomatic term-born infants occurs within a 
very limited time frame around birth. 

For years now, DWI plays an important role in diagnosing neonatal 
stroke. However DWI after neonatal stroke only allows to partly predict 
future neurodevelopmental outcome. There is a large variability in out-
come seen after perinatal stroke. New DTI postprocessing techniques 
permit to visualize and quantify secondary network injury and may lead 
to better understanding of the variability seen in neurodevelopmental 
outcome. In Chapter 8 a study is described which was aimed at estab-
lishing that newborn stroke involving extensive parts of cerebral cor-
tex immediately leads to secondary network injury in pulvinar. Seven 
term infants with acute cortical stroke are presented with hypersignal 
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in pulvinar on DWI. ADC values in secondarily injured pulvinar were 
significantly higher than in the area with primary (sub)cortical injury. It 
was concluded that in the absence of asphyxia and because pulvinar 
is outside of the primary area of infarction, there are suggestions from 
imaging for acute secondary injury to pulvinar following primary dam-
age of their cortical targets and/or connecting axons. In Chapter 9 DTI 
images of 3 term infants with acute extensive unilateral cortical arterial 
ischemic stroke were analyzed and state-of-the-art probabilistic tractog-
raphy postprocessing was used to define the regions of interest (ROI) in 
the thalamus. The three eigenvalues were evaluated and from them the 
ADC was calculated. Significantly lower ADC values were found in the 
voxels of the ROI�’s placed within the nuclei corresponding to ischemic 
cortex compared to the unaffected contralesional thalamic nuclei. These 
findings support the concept of acute network injury, showing how DTI 
enables to show how deep grey matter is directly affected after a primary 
hit to its connected cortex in neonatal stroke.

In Chapter 10 the findings of this thesis are discussed. Furthermore 
recommendations are made for future studies.

The main conclusions obtained from the studies described in this thesis 
are:

- DTI allows us to study the evolution of the white matter, subplate and 
cortical plate in VLBW infants in vivo.

- There is a statistically significant correlation between gestational age 
and FA of the PLIC in VLBW infants scanned within the first week of 
life.

- There is a statistically significant inverse correlation between 
gestational age and FA of the frontal and temporal cortical plate in 
VLBW infants. ADC values have a significant positive correlation 
with gestational age in the frontal and temporal subplate.

- Isotropic diffusion image contrast and lesion to normal tissue contrast 
increases with increasing b value in the neonatal brain and may be 
useful in identifying lesions.

- ADC values decreased with increasing b value in different regions in 
the neonatal brain. No change in FA values was found.
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- The pattern of SI change on conventional and DW images following 
PAIS was remarkably consistent between patients suggesting that 
PAIS in symptomatic term-born infants occurs closely around the 
time of birth.

- Within days DWI SI changes in pulvinar follow focal infarction 
involving cortex and white matter, suggesting secondary network 
injury.

- In neonatal stroke patients significantly lower ADC values are 
found in ROIs placed within the nuclei corresponding to ischemic 
cortex compared to the unaffected contralesional thalamic nuclei, 
supporting the concept of secondary network injury.
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Samenvatting

De incidentie van te vroeg geboren kinderen (prematuren) in Nederland, 
volgens de klassieke definitie (i.e. < 37 weken), is ongeveer 14.000 le-
vendgeborenen per jaar. Hiervan zijn rond de 2300 zeer vroeg levend-
geborenen (i.e. <32 weken). Er lijkt volgens de gegevens van het RIVM / 
Nationaal Kompas Volksgezondheid een trend van toename van vroeg-
geboorten in Nederland en in andere westerse landen.

Deze trend heeft deels te maken met de stijging in de aangifte van ex-
treem vroeg geboren kinderen en deels met de toename in risicofacto-
ren zoals meerlingzwangerschappen, hogere leeftijd van de moeder en 
de toename van vruchtbaarheid bevorderende behandelingen.

Door de vooruitgang in de prenatale en neonatale (intensieve) zorg in 
de  afgelopen decennia is er een duidelijke verbetering gekomen in de 
overlevingskansen van de premature pasgeborenen. Echter ondanks 
een vermindering van de morbiditeit van de overlevenden, is er voor 
deze kinderen echter nog steeds een grote kans op hersenschade met 
(cognitieve en motorische) ontwikkelingsproblemen. 

Gewoonlijk wordt schade aan de witte stof verantwoordelijk geacht voor 
de meeste ontwikkelingsachterstanden die gezien worden bij zeer pre-
matuur geborenen. Meer recent wordt de aandacht ook gericht op ab-
normale ontwikkeling (schade) ter hoogte van de corticale grijze stof 
(hersenschors) en diepere grijze stof (hersenkernen en cerebellum).

Vroege objectieve detectie van hersenschade is belangrijk voor het 
opzetten van interventiestudies en het beoordelen van de effecten 
daarvan. Er is tot nu toe een tekort aan referentiewaarden van de nor-
male maturatie van verschillende hersenstructuren voor het premature 
brein.

Bij de voldragen pasgeborenen zijn asfyxie en infarcten vaak voor-
komende vormen van hersenschade. Asfyxie wil zeggen dat er bij de 
foetus een situatie van (tijdelijk) gebrekkige zuurstofoverdracht van de 
moeder is geweest, met mogelijk ernstige gevolgen voor de neurologi-
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sche ontwikkeling van het kind. Door vooruitgang in de perinatale zorg 
lijkt de incidentie van perinatale asfyxie gelukkig te dalen. 

Een herseninfarct (beroerte) is de beschadiging van hersenweefsel door 
een al dan niet tijdelijke afsluiting van een bloedvat in de hersenen. Ook 
infarcten kunnen zorgen voor ernstige neurologische gevolgen van va-
riabele aard. Herseninfarcten bij pasgeborenen worden, in tegenstelling 
tot asfyxie, echter steeds vaker gerapporteerd. Incidenties van 1:2300 
worden nu beschreven. We vinden dit ook terug in het aantal infarcten 
gezien op de NICU in het Sophia Kinderziekenhuis van de afgelopen 
jaren. 

Beeldvorming van de hersenen is van groot belang voor de diagnose en 
(voorzichtige) voorspelling van de neurologische prognose. Voor patiën-
ten met een herseninfarct is een precieze voorspelling van de neurolo-
gische effecten moeilijk. Verbeterde kennis zou veel kunnen betekenen 
voor de informatie verstrekking aan ouders en artsen en zou kunnen 
dienen als basis voor interventiestudies.

De twee technieken die gebruikt worden voor de beeldvorming van de 
hersenen in de neonatale periode zijn schedelechografie en �‘magnetic 
resonance imaging�’ (MRI). 

Met MRI kan men zeer gedetailleerde opnames maken van het hele 
neonatale brein. MRI sequenties (scan instellingen) geven verschillende 
soorten informatie over het bestudeerde weefsel. De �‘diffusie sequen-
ties�’, de zogenaamde �‘diffusion weighted imaging�’ (DWI), zijn scanse-
quenties die de diffusie van atomen in materie kunnen meten. Er wordt 
bij DWI niet naar de anatomische structuur wordt gekeken maar naar 
de thermodynamische beweging van watermoleculen. De willekeurige 
bewegingen van atomen zijn o.a. verstoord in de acute fase van cel-
sterfte (door zwelling van de hersencellen). Met DWI zijn we in staat dit 
te visualiseren. 

DTI staat voor �‘diffusion tensor imaging�’ en is een vrij recent ontwik-
kelde MRI techniek dat door middel van het meten van de diffusie para-
meters van watermoleculen (in verschillende richtingen) objectieve en 
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kwantificeerbare meetwaarden kan geven van weefselkarakteristieken 
in vivo.  

Het belangrijkste doel van dit proefschrift is het bestuderen van de mo-
gelijkheden van het gebruik van DTI bij de beeldvorming van de herse-
nen van pasgeborenen. Meer specifiek: het gebruik van DTI voor het 
bestuderen van �‘normale�’ witte- en grijze stof ontwikkeling (maturatie) bij 
prematuur geborenen en onderzoek naar herseninfarcten bij voldragen 
pasgeborenen. 

In Hoofdstuk 2 wordt een overzicht gegeven van de literatuur over de 
toepassingen van DTI bij neonataal hersenonderzoek. Omdat DTI een 
non-invasieve objectieve, kwantificeerbare methode is om neonatale 
hersenontwikkeling en schade te evalueren, heeft DTI de potentie om 
nieuwe inzichten te verwerven.

Hoofdstuk 3 beschrijft een studie met als doel DTI referentiewaarden 
te geven van witte stof banen bij prematuren. Deze prematuren waren 
gescand in de eerste week na de geboorte, hadden geen afwijkingen 
op de conventionele (anatomische) MRI scansequenties en hadden een 
normale ontwikkeling op 1-3 jarige leeftijd. Als maat voor gemiddelde dif-
fusie werden de �‘apparent diffusion coefficient�’ (ADC) waarden bekeken. 
Tevens werd er gekeken naar de fractionele anisotropie (FA). Een FA 
van 0, betekent vrije diffusie van de watermoleculen (isotrope diffusie), 
als de FA waarde maximaal 1 is, dan is de diffusie ideaal lineair. Het me-
ten van referentiewaarden in prematuren laat een leeftijdsgerelateerde 
trend zien van FA waarden gemeten in de pyramidebanen (motorische 
witte stof banen). 

Hoofdstuk 4 beschrijft de resultaten van een studie bij dezelfde pati-
entengroep waarin werd gekeken naar DTI (ADC en FA) normaalwaar-
den gemeten in de �‘subplate�’ en de �‘cortical plate�’. De subplate is een 
tijdelijke laminaire structuur, die tijdens de foetale hersenontwikkeling 
een rol speelt in het maken van de verbindingen van de cortex (oa met 
de thalamus) en zorgt voor de functionele maturatie van de cortex. De 
subplate neuronen zijn selectief gevoelig voor hypoxische schade, die 
geassocieerd is met cognitieve en motorische problemen. Deze studie 



214

Chapter 10 Summary in Dutch (Samenvatting)

laat zien hoe de ADC waarden van de temporale en frontale subplate 
positief gecorreleerd zijn met toename van de zwangerschapsduur en 
hoe de FA waarden van deze structuren negatief gecorreleerd zijn met 
de zwangerschapsduur.

Hoofdstuk 5 beschrijft een studie waarin gekeken wordt naar de invloed 
van de hoogte van de �‘b�’ waarde van diffusie gewogen MRI scans. Deze 
�‘b�’ waarde is normaal rond de 700-750 voor prematuren. Er is onderzocht 
of hersenschade beter zichtbaar wordt door een toename van contrast 
van de scans. Ook werden FA en ADC waarden van verschillende her-
senstructuren gemeten bij verschillende �‘b�’ waarden. Er zijn aanwijzin-
gen dat een hogere �‘b�’ waarde neonatale hersenschade duidelijker kan 
laten zien. De ADC waarden gemeten in verschillende hersenstructuren 
zijn lager met hogere �‘b�’ waarden, de FA waarden blijven gelijk.

In Hoofdstuk 6 wordt een overzicht gegeven van de verschillende soor-
ten MRI technieken die gebruikt kunnen worden voor het bestuderen van 
neonatale herseninfarcten: bijvoorbeeld DTI.

Het aspect van een neonataal herseninfarct op een MRI scan veran-
dert met de tijd. Er is weinig literatuur over de evolutie van neonatale 
herseninfarcten op MRI. Een beschrijving van het patroon van verande-
ringen van signaal intensiteit op MRI kan gebruikt worden voor de diag-
nostiek. In Hoofdstuk 7 wordt hierover een studie beschreven. Zowel 
op conventionele MRI opnamen (T1- en T2-gewogen) als op de DWI 
scans werd gekeken naar de evolutie van het aspect van de neonatale 
infarcten. Het patroon van veranderingen is bij een geselecteerde groep 
(voldragen, symptomatische pasgeborenen met unilaterale arteriële in-
farcten) opvallend consistent.

Hoofdstuk 8 en 9 richten zich op het onderzoek naar secundaire ef-
fecten van neonatale corticale infarcten op de thalamus. De thalamus 
kan gezien worden als een verbindingsstation in de hersenen. Informa-
tiestromen tussen het perifere zenuwstelsel en de hogere lagen van de 
hersenen worden hier aangepast. Met behulp van DTI werd gezien dat 
er sprake is van �‘netwerk�’ schade in de gebieden van de thalamus, die 
overeenkomen met de aangedane cortex: een effect op afstand. Verdere 
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kennis over dit fenomeen zou de variabiliteit van kunnen verklaren die 
gezien wordt in de neurologische gevolgen van de neonatale patiënten 
die een herseninfarct hebben doorgemaakt.

In Hoofdstuk 10 wordt een algemene discussie gevoerd over de be-
schreven hoofdstukken. Bovendien worden voorstellen voor toekomstig 
onderzoek besproken.
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lekeurig boek over motiverende leiders open en jij voldoet aan alle ken-
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ik veel uit mezelf kunnen halen. Mijn dank is groot!

Mijn co-promotor dr. P.P. Govaert. Beste Paul, het was een enorme eer 
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Figure showing a typical DTI color map: the major 
eigenvector direction indicated by color (red = R/L, 
green = A/P, blue = S/I) weighted by the FA (note 
that specific tract groups can be identified).

Figure showing different rep-
resentations of a DTI scan of a 
patient of 30 weeks gestation. 
(I) FA-map showing a relatively 
high FA values (green) of the 
cortex (arrow) and the highest 
FA values (red) of the genu of the 
corpus callosum (arrowhead). 
(II) Showing a B0 map. (III) Color 
map in which the major eigenvec-
tor direction is indicated by color 
(red = R/L, green = A/P, blue = 
S/I) signal intensity weighted by 
FA values. Different white mat-
ter tracts can be delineated such 
as the external capsule (arrow-
head). Note the radial organiza-
tion of the cortex (arrow). (IV) 
ADC map showing a clear radial 
organization of the cortex (corti-
cal plate and subplate).
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Figures showing an abstract representation of an 8 x 8 grid (left and right). With-
in the voxels the averaged ellipsoids are shown. Streamline tractography (right) 
propagates a fiber tract (red lines) in the direction of principal eigenvector, pre-
serving voxel-to-voxel directional information.

Sagittal image of connectivity 
distributions in the corticospi-
nal tracts in a preterm infant 
imaged at 42 weeks gestational 
age obtained using probabilis-
tic tractography.

Figure 1.
Red-green-blue FA color map. Red represents 
fibres in the left-right direction, blue represents 
fibres in the superior-inferior direction and green 
represents fibres in the anterior-posterior direc-
tion.
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Figure 2.
Sagittal image of connectivity distributions in the corticospinal tracts in a pre-
term infant imaged at 42 weeks gestational age obtained using probabilistic 
tractography.

Figure 3.
Thalamo-cortical projections displayed on the infants native T2 weighted image in 
(a) infant with normal imaging and (b) infant with porencephalic cyst (key: red = con-
nections from frontal/temporal cortex, y = connections from parietal/occipital cor-
tex, green = connections from motor cortex and blue = connections from somato-
sensory cortex). Reprinted from SJ Counsell, LE Dyet, DJ Larkman, RG Nunes, 
JP Boardman, JM Allsop, JA Fitzpatrick, L Srinivasan, FM Cowan, JV Hajnal, MA 
Rutherford, AD Edwards. Thalamo-cortical connectivity in children born preterm 
mapped using probabilistic magnetic resonance tractography. NeuroImage 2007; 
34: 896-904 with permission from Elsevier.
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Figure 4.
The effect of preterm birth on FA at term equivalent age. Mean FA skeleton overlaid on the 
mean FA map. Regions of the mean FA skeleton in green represent areas where there were 
no significant differences in FA values in the preterm infants imaged at term compared to the 
term-born controls. Areas in blue are regions where the FA was significantly lower in the pre-
term group (a�–d), and can be observed in the centrum semiovale (a), frontal white matter (b) 
and genu of the corpus callosum (c). Those infants born  28 weeks gestational age (e�–h) had 
greater regions of reduced anisotropy within the centrum semiovale (e), frontal white matter (f) 
and genu of the corpus callosum (g), and displayed additional reductions in FA in the posterior 
aspect of the posterior limb of the internal capsule (g) and the external capsule (g). Reprinted 
from: M Anjari, L Srinivasan, JM Allsop, JV Hajnal, MA Rutherford, AD Edwards, SJ Counsell. 
Diffusion tensor imaging with tract-based spatial statistics reveals local white matter abnormali-
ties in preterm infants. NeuroImage 2007;35: 1021-7 with permission from Elsevier.

Figure 5.
Probabilistic tractography of the optic radiations 
in an infant who was born at 26 weeks gestational 
age and imaged at 40 weeks post-menstrual age 
shown on the infant�’s native T2 weighted image. 
Reprinted from: L Bassi, D Ricci, A Volzone, JM 
Allsop, L Srinivasan, A Pai, C Ribes, LA Ramenghi, 
E Mercuri, F Mosca, AD Edwards, FM Cowan, MA 
Rutherford, SJ Counsell. Probabilistic Diffusion 
Tractography of the Optic Radiations and Visual 
Function in Preterm Infants at Term Equivalent 
Age. Brain 2008; 131: 573-582. by permission of 
Oxford University Press.
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Figure 1 
Example of a fractional anisotropy map (gestation-
al age 30 weeks) on which the ROIs were placed. 

Figure 2 
We performed fiber tracking in each of the ROIs 
to confirm the right location (example showing the 
corticospinal tracts (gestational age 28 weeks). 

Figure 3 
We confirmed ROI placement on the colormaps 
(example showing the colormaps of a patient with 
gestational age of 30 weeks). 
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Figure 4 
Delineating the Corpus Callosum with a free hand 
ROI placement on a FA map. .

Figure 5
Automating calculation of the maximum FA pixel 
value within the ROI on a FA map. 
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Figure 1.
Top image shows ROI placement 
(row of single voxels) both frontal 
(A) and temporal (B) regions. The 
image below shows the same ROI 
placement on a cartoon. 

Figure 2. 
Showing different scan sequences of the same patient (GA 30w). (a) T1-weighted image, (b) 
T2-weighted image, (c) B0-image showing low signal intensity (SI) of CP and a ROI placed 
in area of the subplate, (d) ADC map showing low (dark blue) ADC value of the cortex (arrow) 
and intermediate ADC values of the subplate (arrowhead), (e) colour map (red representing 
right�–left, green representing antero-posterior, and blue representing supero-inferior anatomi-
cal directions), (f) FA map, showing high FA values of the cortex (arrow) and low FA values (blue) 
of the subplate zone (arrowhead). 
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Figure 2
Diffusion tensor imaging. A magnet-
ic resonance image of a term infant 
with left complete middle cerebral 
artery infarction: (I) T1-weighted 
image, (II) T2-weighted image, 
(III) fractional anisotropy (FA) map 
showing distorted FA values in the 
region of the infarction and (IV) 
RGB (red�–green�–blue) directional-
ity color map. Two regions of inter-
est (ROIs) are placed on the FA map 
(III) on the posterior limbs of the 
internal capsules showing clear dif-
ferences in FA values between the 
contralesional (1 = 0.447) and the 
ipsilateral (2 = 0.295) sides.

Figure 6
Volumetric reconstruc-
tions assist in localizing 
neonatal hypoxic isch-
emic injury. Volumetric 
reconstructions of mag-
netic resonance datas-
ets can assist in local-
izing regions of injury 
in the arterial ischemic 
stroke and hypoxic isch-
emic injury neonate. (A) 
Using apparent diffusion 
coefficient (ADC) maps 
we can threshold for 
all ADC values below a 
value (<50 × 10 6 mm/
s2), allowing rapid 3D 
localization of the lesion 

(patient was scanned at 4 days after birth). (B) In the same patient the T2 maps can also be used 
to localize the lesion. Note that the injury location and volume are different within this patient 
between the two imaging modalities and these differences may represent salvageable tissues. 
The 12-month outcome of this left middle cerebral artery occlusion patient was right hemiple-
gic cerebral palsy. (C) 3D volumetric hypoxic ischemic injury volumes from axial MRI scans of 
three newborns. The severity scaling (mild, moderate, severe) was determined from 12-month 
outcomes using their neurological outcome score. Individuals with poorer outcomes had higher 
percentage of injury (Courtesy of S. Ashwal).
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Figure 10
Corticothalamic network injury. Examples of possible network injuries from primary injury to 
various cortical areas resulting in secondary injury to different nuclei (in matching colors). 

Figure 1
Afferents and effer-
ents of pulvinar and 
lateral posterior nu-
cleus (adapted from 
Nieuwenhuys et al. 
1988). Cortical con-
nections are mainly 
with parietal, oc-
cipital and temporal 
lobes.
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Figure 6
FIRST ORDER driving thalamic afferents transfer peripheral (subcortical) information to cortex 
for further processing. Specific first order afferents (mainly to layer 4, also to 3 and 6) come from 
thalamic relay nuclei in one of the sensory brain modes: VPL for somatosensory perception, 
lateral geniculate for visual and medial geniculate for auditory perception. The columnar cortical 
module is largely built on thalamocortical input. Reciprocal projections from these cortical areas 
to their thalamic nuclei and corresponding parts of the thalamic reticular nucleus come from lay-
er 6. One thalamic cell forms synapses with many cells within a cortical column. The reciprocal 
corticothalamic axon number is an order of magnitude (at least 10 x) greater than the number of 
thalamocortical axons. Each cortical axon (most coming from layer 6) innervates many thalamic 
neurons, therefore there is considerable convergence and divergence in specific first order cor-
ticothalamic pathways. Non-specific first order afferents come from association thalamic nuclei 
that function in different systems: e.g. VL between cerebellum/pallidum and (pre)motor cortex 
in the motor system. There is more overlap in cortical areas innervated from these non-specific 
thalamic nuclei. Driving projections of HIGHER ORDER type come from neocortex onto nuclei 
like mediodorsal nucleus, pulvinar and intralaminar nuclei. Reciprocal connections emanate not 
only from layer 6 but also from layer 5 pyramidal cells to these thalamic nuclei, which depend 
heavily on the intact function of these neocortical areas because subcortical input to them is 
limited. Corticothalamic connections are glutamatergic. MODULATORS to thalamus come from 
thalamic reticular nucleus (inhibitory), hypothalamus, raphe nuclei, reticular formation, locus 
coeruleus. They filter information by switching the transmission mode of thalamic cells between 
tonic firing, rythmic (quiet sleep or non-REM sleep) or arythmic bursting. When awake the burst 
mode acts like a "wake-up" system whereas the tonic mode works on a linear relay basis and 
permits faithful, detailed signal analysis. Thalamus as a whole filters and transforms information 
to the cortex and thereby becomes a tool for attention to events (adapted from Sherman and 
Koch 1998).
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Figure 1
Images of a patient with a posterior truncal MCA stroke: (i) ADC map showing low SI in area of 
stroke (ii) same ADC-map after automated image registration software was used to co-register 
DTI data from the patient to standard cortical masks (Harvard Oxford Cortical Structural Atlas) 
(red-yellow = frontal cortex (minus the prim motor area), red = prim motor cortex, blue = sensory 
cortex, yellow = parietal cortex (minus the prim sens cortex) and light blue = occipital cortex) 
(iii) thalamo-cortical connections were assessed for every voxel in the thalamic masks (green) 
using connectivity-based seed classification with predefined thresholds; yellow-red area is the 
seed mask of the parietal cortex, there is a clear difference between right and left thalamus 
(R>L) (iv) The thalamic connectivity seeds were used to place ROIs from which the DTI mea-
surements were taken.

Chapter 9


	DIFFUSION WEIGHTED IMAGING OF THE NEONATAL BRAIN = Diffusie gewogen beeldvorming van het neonatale brein
	Table of contents
	1 - INTRODUCTION AND AIMS
	2 - Connecting the developing preterm brain.

Dudink J, Kerr JL, Paterson K, Counsell SJ.

Early Hum Dev. 2008 Dec;84(12):777-82. Epub 2008 Oct 4. Review.
PMID: 18835510 [PubMed - indexed for MEDLINE]
	3 - Fractional anisotropy in white matter tracts of very-low-birth-weight infants.

Dudink J, Lequin M, van Pul C, Buijs J, Conneman N, van Goudoever J, Govaert P.

Pediatr Radiol. 2007 Dec;37(12):1216-23. Epub 2007 Oct 2.
PMID: 17909782 [PubMed - indexed for MEDLINE]Free PMC ArticleFree text
	4 - Diffusion tensor imaging of the cortical plate and subplate in very-low-birth-weight infants.

Dudink J, Buijs J, Govaert P, van Zwol AL, Conneman N, van Goudoever JB, Lequin M.

Pediatr Radiol. 2010 Aug;40(8):1397-404. Epub 2010 Mar 27.
PMID: 20349230 [PubMed - in process]Free PMC ArticleFree text
	5 - High b-value diffusion tensor imaging of the neonatal brain at 3T.

Dudink J, Larkman DJ, Kapellou O, Boardman JP, Allsop JM, Cowan FM, Hajnal JV, Edwards AD, Rutherford MA, Counsell SJ.

AJNR Am J Neuroradiol. 2008 Nov;29(10):1966-72. Epub 2008 Aug 7.
PMID: 18687746 [PubMed - indexed for MEDLINE]Free Article
	6 - Magnetic resonance imaging in neonatal stroke.

Lequin MH, Dudink J, Tong KA, Obenaus A.

Semin Fetal Neonatal Med. 2009 Oct;14(5):299-310. Epub 2009 Jul 25. Review.
PMID: 19632909 [PubMed - indexed for MEDLINE]
	7 - Evolution of unilateral perinatal arterial ischemic stroke on conventional and diffusion-weighted MR imaging.

Dudink J, Mercuri E, Al-Nakib L, Govaert P, Counsell SJ, Rutherford MA, Cowan FM.

AJNR Am J Neuroradiol. 2009 May;30(5):998-1004. Epub 2009 Feb 4.
PMID: 19193752 [PubMed - indexed for MEDLINE]Free Article
	8 - Network injury to pulvinar with neonatal arterial ischemic stroke.

Govaert P, Zingman A, Jung YH, Dudink J, Swarte R, Zecic A, Meersschaut V, van Engelen S, Lequin M.

Neuroimage. 2008 Feb 15;39(4):1850-7. Epub 2007 Nov 13.
PMID: 18077186 [PubMed - indexed for MEDLINE]
	9 - DIFFUSION TENSOR IMAGING REVEALS ACUTE NETWORK INJURY IN NEONATAL ARTERIAL ISCHEMIC STROKE
	10 
	General discussion
	Future directions
	Summary
	Samenvatting
	Dankwoord
	List of publications
	Curriculum Vitae
	PhD Portfolio
	COLOR SECTION


