
HUMAN NEUROSCIENCE
MINI REVIEW ARTICLE

published: 21 January 2015
doi: 10.3389/fnhum.2014.01066

Recent advancements in diffusion MRI for investigating
cortical development after preterm birth—potential and
pitfalls
J. Dudink1*†, K. Pieterman1†, A. Leemans2, M. Kleinnijenhuis3, A. M. van Cappellen van Walsum4 and
F. E. Hoebeek5

1 Department of Neonatology, Pediatric Intensive Care and Pediatric Radiology, Erasmus Medical Center - Sophia Children’s Hospital, Rotterdam, Netherlands
2 Image Sciences Institute, University Medical Center Utrecht, Utrecht, Netherlands
3 Oxford Centre for Functional Magnetic Resonance Imaging of the Brain, University of Oxford, Oxford, UK
4 Department of Anatomy, Donders Institute for Brain, Cognition, and Behaviour, Radboud University Medical Center, Nijmegen, Netherlands
5 Department of Neuroscience, Erasmus Medical Center Rotterdam, Rotterdam, Netherlands

Edited by:
Silvia Comani, Università degli Studi
G. d’Annunzio, Italy

Reviewed by:
Zoltan Nagy, University of Zurich,
Switzerland
Jan Buijs, Maxima Medisch
Centrum, Netherlands

*Correspondence:
J. Dudink, Department of
Neonatology, Pediatric Intensive
Care and Pediatric Radiology,
Erasmus Medical Center - Sophia
Children’s Hospital, Wytemaweg
80, 3015 CN Rotterdam,
Netherlands
e-mail: j.dudink@erasmusmc.nl
†These authors have contributed
equally to this work.

Preterm infants are born during a critical period of brain maturation, in which even
subtle events can result in substantial behavioral, motor and cognitive deficits, as well as
psychiatric diseases. Recent evidence shows that the main source for these devastating
disabilities is not necessarily white matter (WM) damage but could also be disruptions of
cortical microstructure. Animal studies showed how moderate hypoxic-ischemic conditions
did not result in significant neuronal loss in the developing brain, but did cause significantly
impaired dendritic growth and synapse formation alongside a disturbed development of
neuronal connectivity as measured using diffusion magnetic resonance imaging (dMRI).
When using more advanced acquisition settings such as high-angular resolution diffusion
imaging (HARDI), more advanced reconstruction methods can be applied to investigate the
cortical microstructure with higher levels of detail. Recent advances in dMRI acquisition
and analysis have great potential to contribute to a better understanding of neuronal
connectivity impairment in preterm birth. We will review the current understanding of
abnormal preterm cortical development, novel approaches in dMRI, and the pitfalls in
scanning vulnerable preterm infants.
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INTRODUCTION
During the final trimester of pregnancy, the human brain rapidly
develops by a complex interplay of genetic, epigenetic and envi-
ronmental factors. Preterm infants are born during this period
that is critical for neuronal connectivity, brain growth and cortical
maturation, which together puts them at risk for functional
impairments that are likely to persist into later life (Saigal and
Doyle, 2008; Volpe, 2009). In particular the development of
the cerebral cortex is imperative for the social and emotional
well-being (e.g., Salmaso et al., 2014). Histological studies in
both animals and humans have demonstrated that white and
gray matter develop in close relation, and that isolated white
matter (WM) injury sparing the cerebral cortex is uncommon
(Govaert et al., 2006; Pierson et al., 2007; Sizonenko et al., 2007;
Volpe, 2009; Okabayashi et al., 2011). Diffusion-MRI (dMRI)
is a valuable tool to study brain development in vivo, and is
based on its ability to characterize diffusion patterns of water
molecules within the brain (Basser et al., 1994). As these patterns
are directly related to brain microstructure, different models have
been developed to characterize the diffusion signal in detail. The
diffusion tensor (DT) model has been commonly used for this

purpose, and represents the diffusion characteristics within each
voxel as an ellipsoid (Basser et al., 1994; Jones and Leemans,
2011). Using only six parameters, this model is able to provide
a quantitative description of the diffusion characteristics repre-
senting neuroanatomy. The ellipsoidal shape is more elongated
(cigar-shaped) in regions with highly aligned and densely packed
tissue components, such as the corpus callosum, representing
anisotropic diffusion. In contrast, the DT shape resembles a sphere
in brain regions with less aligned fiber tissue, wherein the dif-
fusion pattern is called isotropic. Several studies have pointed
out that the DT model is less adequate in representing complex
fiber orientations within a single voxel (Tournier et al., 2004,
2011; Jeurissen et al., 2013), which is furthermore reflected by the
fact that diffusion tensor imaging (DTI) has been predominantly
used to characterize large WM bundles such as the corpus cal-
losum and pyramidal tract but hardly to study “complex” brain
regions containing crossing fibers and more dispersedly organized
microstructure such as gray matter (Martinussen et al., 2005;
Pannek et al., 2014).

Present-day, neuroimaging studies resulted in the develop-
ment of acquisition and processing pipelines designed to derive

Frontiers in Human Neuroscience www.frontiersin.org January 2015 | Volume 8 | Article 1066 | 1

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Journal/10.3389/fnhum.2014.01066/abstract
http://www.frontiersin.org/Journal/10.3389/fnhum.2014.01066/abstract
http://www.frontiersin.org/Journal/10.3389/fnhum.2014.01066/abstract
http://community.frontiersin.org/people/u/170835
http://community.frontiersin.org/people/u/191072
http://community.frontiersin.org/people/u/130917
http://community.frontiersin.org/people/u/197643
http://community.frontiersin.org/people/u/46152
http://community.frontiersin.org/people/u/81348
mailto:j.dudink@erasmusmc.nl
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


Dudink et al. DTI to study preterm cortex

more detailed information about the precise diffusion character-
istics within each voxel. These advances increase the applicability
of dMRI to regions of more complex microstructure such as the
cerebral cortex. Several higher-order models to fit the diffusion
data have been developed recently, including models designed to
study cortical microstructure, such as neurite orientation disper-
sion and density imaging (NODDI; Zhang et al., 2012). This mini-
review will briefly outline these and other recent developments
regarding cortical imaging and discuss related challenges and
pitfalls.

INSIGHTS IN IMPAIRED CORTICAL DEVELOPMENT FROM
HUMAN AND ANIMAL SPECIMEN STUDIES
For long, histological substrates of brain damage following
preterm birth were most prominently characterized by large, focal
WM lesions, adjacent to the ventricles, known as periventricular
leukomalacia (PVL). Although cystic changes of WM are most
prominent in PVL, several studies have outlined that relative
sparing of the cerebral cortex is implausible in this type of WM
injury. Andiman et al. (2010) histologically assessed the cortical
microstructure in specimens of human tissue collected following
focal periventricular WM injury possibly induced by preterm
birth, and observed a significant reduction in pyramidal neuron
density in layer V of the overlying cerebral cortex, indicating
cell death of cortical neurons in focal WM injury (Andiman
et al., 2010). A commonly used middle cerebral artery stroke
model in mice showed comparable histological features, such
as the histological abnormalities in layer V of the cortex. This
included both morphological alterations of cell components and
signs of neuronal necrosis (de Oliveira et al., 2014). In addi-
tion, subcortical nuclei were also affected in PVL cases, showing
significant neuronal loss in thalamus, globus pallidus and the
cerebellar dentate nucleus (Pierson et al., 2007). These findings
exemplify that opposed to isolated WM injury, impaired neu-
rodevelopment in preterm infants represents a complex interplay
between gray and WM damage, leading to structural changes
throughout the entire brain (Tymofiyeva et al., 2012; Ball et al.,
2013a).

With the improved spatial resolution of state-of-the-art radi-
ological techniques (e.g., ultra-high field MRI) the neonatal
care specialists also encounter diffuse anatomical anomalies that
affect both cortical and subcortical structures. Often these subtle
aberrations are found in preterm children that suffered from
hypoxia, ischemia or inflammation. Although the extent of such
anatomical aberrations seems limited when visualized using con-
ventional imaging, both human imaging and histology studies
have demonstrated that these changes in the preterm brain can
nevertheless significantly impact on long-term functional out-
come (Ment et al., 2009). Moreover, using an experimental sheep
model it was recently shown that the cortical development was
severely affected following mild levels of ischemia, which evoked
non-cystic and thus diffuse WM alteration (Dean et al., 2013).
Using ex vivo high-field diffusion MRI it was also shown that
normal cortical development was impeded, i.e., the physiological
decrease in cortical anisotropy resulting from emerging cellular
complexity during development was less pronounced in sheep
exposed to moderate ischemia.

In contrast to focal WM changes such as PVL, the number of
cortical neurons was not reduced in this type of WM damage,
but Golgi-staining showed that ischemia induced a significant
reduction of dendritic branching in the cerebral cortex, which
could well explain the observed differences in anisotropy com-
pared to age-matched controls. These results indicate that dis-
rupted cortical development in moderate ischemia does not have
to be linked to drastic effects like neuronal loss, but can also
evoke “milder” effects like morphological aberrations (Dean et al.,
2013).

Results of such translational studies of impaired cortical devel-
opment are very useful, as they contribute to ensuring correct
interpretation of in vivo human imaging results. By combining
histology with MR-imaging in animal models and specimen stud-
ies, histological features of disrupted cortical development can
be correlated to MR abnormalities seen in preterm born infants.
Histology of the human cortex has been used as validation of
normal brain cortical architecture (Kleinnijenhuis et al., 2013b;
White et al., 2013), as well as to assess how histopathological
findings correlate to cortical dMRI (Hulst and Geurts, 2011;
Kolasinski et al., 2012; Gao et al., 2013; Leigland et al., 2013).
These insights can be expected to help develop reliable, non-
invasive, in vivo neuroimaging biomarkers for early prediction of
impaired neurodevelopment.

MRI STUDIES OF IMPAIRED CORTICAL DEVELOPMENT IN
HUMANS
The shift to more subtle radiologic abnormalities in both cortex
and WM demands new ways to assess structure and development
of the preterm brain. dMRI can provide additional insights in
the characteristics of the preterm brain by mapping the diffusion
pattern of water molecules. Because tissue components hinder
the random motion of water molecules, dMRI measurements
are directly related to underlying tissue microstructure (Basser
and Jones, 2002; Mori and Van Zijl, 2002). Analysis of preterm
brain damage using dMRI can thereby contribute to a better
understanding of injury-mechanisms underlying impaired neu-
rodevelopment, by revealing alterations in neuronal organization
and extracellular matrix composition (Basser and Jones, 2002;
Mori and Van Zijl, 2002).

Conventional T1 imaging has been used to assess the impact of
preterm birth on cortical development. This sequence is particu-
larly suitable for assessment of cortical volume and surface area,
hence it provides good contrast between white and gray matter
in combination with high spatial resolution. Studies making use
of this have shown that cortical volume and surface area are sub-
stantially affected by preterm birth. Phillips et al. (2011) showed
that in early childhood, cortical thickness was significantly higher
and surface area significantly lower among preterm born infants
than in term born controls (Phillips et al., 2011). This indicates
that the normal pattern of cortical maturation—a combination
of cortical thinning and surface area expansion—is substantially
delayed or disrupted by preterm birth. The importance of these
findings is highlighted by the fact that impaired cortical growth
between 24 weeks and term-equivalent age is directly related to
neurocognitive abilities in later life (Rathbone et al., 2011). The
degree of cortical folding seems directly related to the extent of
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WM connectivity (Melbourne et al., 2014), which is particularly
relevant because studies in ex-preterm adolescents and adults
show that characteristic changes in cortical folding, thickness and
volume persist in later life (Martinussen et al., 2005; Nagy et al.,
2011; Skranes et al., 2013).

ADVANCED DIFFUSION WEIGHTED IMAGING TECHNIQUES
Cortical diffusion MRI can help to determine in vivo how changes
in cortical folding and thickness are related to cortical changes at a
cellular level. Advances in dMRI, such as more widespread appli-
cation of high-angular resolution diffusion imaging (HARDI),
enable a more reliable assessment of cortical microstructure
(Tuch et al., 2002). Benefits of HARDI acquisition arise from a
substantial increase in number of diffusion-encoding directions,
providing a more reliable and extensive characterization of the
3d diffusion profile. Next to an increase in angular resolution,
increased spatial resolution is desirable, because it facilitates
more reliable differentiation among cortical regions, underlying
WM and surrounding cerebrospinal fluid. Higher-order pro-
cessing algorithms of HARDI-data provide more detailed infor-
mation than the tradition DT model, as these models aim at
extracting the diffusion characteristics from each voxel more
extensively.

The structure of the neocortex dramatically increases in com-
plexity during development (McKinstry et al., 2002; Ball et al.,
2013b). During developmental stages characterized by high den-
sities of radial glial fibers, the DT model might be an adequate
model for describing diffusion in the cortex (Figure 1). Fur-
thermore, structural development of the cortex can be detected
with the DT model (Neil et al., 1998; McKinstry et al., 2002),
but the model’s specificity is limited, because multiple features of
the microstructure have similar effects on tensor characteristics
(Vos et al., 2011, 2012). For example, the decrease in anisotropy
observed over cortical development is thought to results from
emerging dendritic arborization (Dean et al., 2013), but the
same anisotropy decrease could also result from, for instance a
reduction in radial glial fibers (Sizonenko et al., 2007). Most likely,
these different changes happen concurrently and therefore it is
essential to distinguish these contributions and other microstruc-
tural features, not only with postmortem techniques, but also with
in vivo methods such as diffusion MRI.

As mentioned above, appealing alternatives to the DT model
are available to capture more of the cortical complexity. The
limitation of the DT model of describing diffusion behavior as
an ellipsoid can be overcome by fitting models that allow more
peaks in the modeled diffusion profile (Frank, 2002; Jansons and
Alexander, 2003; Tuch et al., 2003; Tournier et al., 2004; Wedeen
et al., 2005). By making use of high-angular resolution data, it
is possible to fit more complex models which include multi-
ple fibers. Such models have been widely adopted for resolving
crossing fiber populations in WM tractography (Jeurissen et al.,
2011, 2014; Pannek et al., 2014; Tax et al., 2014a). Likewise,
complex cortical fiber arrangements emerging during gestation
should also be reflected in the fiber orientation distributions
derived from these data. Metrics specific to various cortical fiber
populations might then be derived for application of this method
in WM of the preterm brain (Raffelt et al., 2012; Dell’Acqua

FIGURE 1 | Color-coded orientation map of a preterm infant’s brain
(born at 26 weeks of gestation and scanned at 30 weeks gestation at
1.5 Tesla MRI scanner) calculated from diffusion tensor imaging. Each
pixel contains information about the eigenvector (Green color signifies
preferential diffusion in the antero-posterior direction; Red in the
latero-lateral direction; Blue in the superior-inferior direction) and extent of
diffusion anisotropy (intensity of color) which summarizes the information
obtained from each 3 × 3-matrix tensor. The cortex at 30 weeks gestation
still has a clear radial organization (shown in close-up).

et al., 2013). Although radial and tangential components in the
fiber orientation distribution have been ex vivo demonstrated
(Figure 2) in adult human (Kleinnijenhuis et al., 2013a) and
animal cortex (Dyrby et al., 2011), the performance of these
models under such anisotropic conditions is uncertain (Parker
et al., 2013). Furthermore, because scan time increases linearly
with the number of directions, in vivo application of these
elaborate sampling schemes in preterm newborns is particularly
challenging.

An innovation that could also be valuable for investigat-
ing the cortex in preterm infants is the estimation of quan-
titative measures of tissue microstructure. This approach sur-
passes the measures obtained from the DT model, as it can
directly inform on the fraction, size and shape of various tissue
compartments. Whereas extracellular water is—although hin-
dered in its path—free to diffuse throughout the extracellular
space, intracellular water is restricted within the bounds of the
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FIGURE 2 | (A) High resolution diffusion-MRI of sub-cortical white matter and
cortical gray matter of the adult human primary visual cortex. High angular
and spatial resolution data (768 directions at 300 micrometers isotropic
resolution) was used to generate orientation distribution functions (ODF’s) for
each voxel. The spikes of the ODF are color-coded and represent the different
directions of orientation within a single voxel. The ODF’s in the cortex are
mainly orientated perpendicular to the cortical surface, and represent its radial

organization, whereas underlying white matter is arranged corticofugally.
(B) Close-up of the cortex in a neighboring slice, showing that the ODF’s are
able to discern different layers of the cortex based on differences in
microstructural characteristics between different laminae. The fractional
anisotropy image is used as a backdrop image. Greyscale insets represent the
anatomical GRE reference images showing cortical layers including the stria
of Gennari. Adapted from Kleinnijenhuis et al. (2011).

cell. Sensitization to these different water pools is achieved by
varying the b-value (or diffusion time), where higher b-values
represent to some extent the intracellular signal, increasing the
specificity to the tissue structures (e.g., Assaf and Basser, 2005).
This simple principle has been used in several investigations
of the preterm brain (Dudink et al., 2008; Ferizi et al., 2014;
Pannek et al., 2014; Riffert et al., 2014). The diffusion kurto-
sis tensor (Jensen et al., 2005) is a somewhat more elaborate
model that allows separation of the Gaussian and non-Gaussian
contribution to the diffusion attenuation, assumed to repre-
sent the extracellular and intracellular spaces. A recent report
demonstrates a marked decrease of radial kurtosis in the third
trimester (Jeon, 2014), suggesting that it is a sensitive measure for
disruption of radial glial fibers. Although the diffusion kurtosis
isolates non-Gaussianity in the signal, it does not inform on
the source of this non-Gaussianity. This is particularly relevant
for the developing cortex, because non-Gaussianity can also
result from fiber dispersion. The biophysical multi-compartment
model NODDI (Zhang et al., 2012) is able to account for and
inform on fiber dispersion, by explicitly including it in the signal
model. The main parameters that can be estimated from the
NODDI model are intracellular volume fraction and the orien-
tation dispersion index. The first reports applying this model
to the preterm brain (Eaton-Rosen, 2014; Kunz et al., 2014),
suggest an increase in orientation dispersion during the third
trimester, while the intracellular fiber volume fraction does not
change.

DATA QUALITY AND PATIENT SAFETY
Although present-day and future innovations of dMRI offer new
ways to increase understanding of disturbed cortical development
in preterm infants, obtaining good quality images is particularly
challenging in this patient group. For example, higher heart-
and breathing rates in preterm infants and tendency of head

movement during scanning can easily result in poor data qual-
ity, as dMRI sequences are motion-sensitive and artifact-prone.
These matters are particularly relevant when studying cortical
microstructure using these techniques, as certain types of distor-
tions are more pronounced along the rim of brain tissue (Jones
and Cercignani, 2010). Awareness of acquisition and processing
steps determining data quality is therefore essential. To start with,
fine-tuning of MR acquisition to the specific characteristic of the
preterm brain and infant is desirable. Neonatal scanning hard-
ware, such as neonatal coils, MR-compatible incubators, fixation
pillows and noise-reducing earplugs have the potential to increase
image quality and patient safety during scanning (Pannek et al.,
2012). Furthermore, as neonatal dMRI data are highly sensitive
to cardiac pulsation artifacts, the introduction of pulse triggering
might benefit dMRI data quality considerably (Kozák et al., 2013).
Still, extensive assessment of data quality is essential to ensure
reliability of images. An approach combining visual inspection
of raw diffusion data with software-based quality checks seems
essential to ensure data reliability, as certain types of artifacts
can hardly be seen on the diffusion data themselves (Tournier
et al., 2011; Heemskerk et al., 2013). Dependent on the extent
of quality loss, datasets need to be excluded from analysis or
optimized using artifact and motion correction software in order
to prevent inclusion of erroneous diffusion metrics in study
results (Chang et al., 2005; Veraart et al., 2013; Collier et al.,
2014; Plaisier et al., 2014; Tax et al., 2014b). This especially
holds true for advanced neonatal diffusion MRI sequences, as
complex acquisition and processing pipelines are accompanied
with many pitfalls (Jones and Cercignani, 2010; Kersbergen et al.,
2014).

CONCLUSION
High resolution dMRI has great potential to improve under-
standing of cortical neuronal connectivity impairment in children
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born preterm. During the fetal period, axons from and to the
cortical plate also start to form, and tends to align in the early
phase of development. This radial structure forms the basis
for the columnar organization of the fetal cortex (Sidman and
Rakic, 1973; Rakic, 2002). As advances in neonatal imaging
hardware and software will reduce traditional limitations of
dMRI, future neonatal dMRI studies could go as far as study
normal and abnormal maturation of columnar organization
of our neocortex (Mountcastle, 1997). Next to that, HARDI-
based imaging studies in animals and adults have shown that
it is possible to discern different cortical regions based on
the unique diffusion-“fingerprint” of different cortical regions.
Likely, these advances will eventually result in the development
of microstructure-based atlases, which can be used to study
developmental patterns and eventual plasticity of individual
cortical regions that are defined using microstructure (Schnell
et al., 2009; Nagy et al., 2013; Wu et al., 2014; Aggarwal et al.,
2015). Validation of these new techniques using histology is
essential to ensure good correlation between microstructure and
imaging.

ACKNOWLEDGMENTS
The research of A. Leemans is supported by VIDI Grant
639.072.411 from the Netherlands Organisation for Scientific
Research (NWO). The research of F. E. Hoebeek is supported by
ZON-MW TOP-GO (10.066) and NWO-VIDI 864.11.016. The
research of K. Pieterman is supported by a KNAW Ter Meulen
Grant.

REFERENCES
Aggarwal, M., Nauen, D. W., Troncoso, J. C., and Mori, S. (2015). Probing region-

specific microstructure of human cortical areas using high angular and spatial
resolution diffusion MRI. Neuroimage 105, 198–207. doi: 10.1016/j.neuroimage.
2014.10.053

Andiman, S. E., Haynes, R. L., Trachtenberg, F. L., Billiards, S. S., Folkerth,
R. D., Volpe, J. J., et al. (2010). The cerebral cortex overlying periventricular
leukomalacia: analysis of pyramidal neurons. Brain Pathol. 20, 803–814. doi: 10.
1111/j.1750-3639.2010.00380.x

Assaf, Y., and Basser, P. J. (2005). Composite hindered and restricted model of
diffusion (CHARMED) MR imaging of the human brain. Neuroimage 27, 48–
58. doi: 10.1016/j.neuroimage.2005.03.042

Ball, G., Boardman, J. P., Aljabar, P., Pandit, A., Arichi, T., Merchant, N., et al.
(2013a). The influence of preterm birth on the developing thalamocortical
connectome. Cortex 49, 1711–1721. doi: 10.1016/j.cortex.2012.07.006

Ball, G., Srinivasan, L., Aljabar, P., Counsell, S. J., Durighel, G., Hajnal, J. V., et al.
(2013b). Development of cortical microstructure in the preterm human brain.
Proc. Natl. Acad. Sci. U S A 110, 9541–9546. doi: 10.1073/pnas.1301652110

Basser, P. J., and Jones, D. K. (2002). Diffusion-tensor MRI: theory, experimental
design and data analysis—a technical review. NMR Biomed. 15, 456–467. doi: 10.
1109/iembs.2002.1106328

Basser, P. J., Mattiello, J., and Lebihan, D. (1994). MR diffusion tensor spectroscopy
and imaging. Biophys. J. 66, 259–267. doi: 10.1016/s0006-3495(94)80775-1

Chang, L. C., Jones, D. K., and Pierpaoli, C. (2005). RESTORE: robust estimation
of tensors by outlier rejection. Magn. Reson. Med. 53, 1088–1095. doi: 10.
1002/mrm.20426

Collier, Q., Veraart, J., Jeurissen, B., Den Dekker, A. J., and Sijbers, J. (2014). Iter-
ative reweighted linear least squares for accurate, fast and robust estimation of
diffusion magnetic resonance parameters. Magn. Reson. Med. doi: 10.1002/mrm.
25351. [Epub ahead of print].

Dean, J. M., Mcclendon, E., Hansen, K., Azimi-Zonooz, A., Chen, K., Riddle,
A., et al. (2013). Prenatal cerebral ischemia disrupts MRI-defined cortical
microstructure through disturbances in neuronal arborization. Sci. Transl. Med.
5:168ra167. doi: 10.1126/scitranslmed.3004669

Dell’Acqua, F., Simmons, A., Williams, S. C., and Catani, M. (2013). Can spherical
deconvolution provide more information than fiber orientations? Hindrance
modulated orientational anisotropy, a true-tract specific index to characterize
white matter diffusion. Hum. Brain Mapp. 34, 2464–2483. doi: 10.1002/hbm.
22080

de Oliveira, J. L., Crispin, P., Duarte, E. C., Marloch, G. D., Gargioni, R., Trentin,
A. G., et al. (2014). Histopathology of motor cortex in an experimental focal
ischemic stroke in mouse model. J. Chem. Neuroanat. 57–58, 1–9. doi: 10.1016/j.
jchemneu.2014.03.002

Dudink, J., Larkman, D. J., Kapellou, O., Boardman, J. P., Allsop, J. M., Cowan,
F. M., et al. (2008). High b-value diffusion tensor imaging of the neonatal brain
at 3T. AJNR Am. J. Neuroradiol. 29, 1966–1972. doi: 10.3174/ajnr.a1241

Dyrby, T. B., Baaré, W. F., Alexander, D. C., Jelsing, J., Garde, E., and Søgaard,
L. V. (2011). An ex vivo imaging pipeline for producing high-quality and high-
resolution diffusion-weighted imaging datasets. Hum. Brain Mapp. 32, 544–563.
doi: 10.1002/hbm.21043

Eaton-Rosen, Z. (2014). “Cortical maturation in the preterm period revealed
using a multi-component diffusion-weighted MR model,” in Proceedings of the
International Society for Magnetic Resonance in Medice, 0080.

Ferizi, U., Schneider, T., Panagiotaki, E., Nedjati-Gilani, G., Zhang, H., Wheeler-
Kingshott, C. A., et al. (2014). A ranking of diffusion MRI compartment models
with in vivo human brain data. Magn. Reson. Med. 72, 1785–1792. doi: 10.
1002/mrm.25080

Frank, L. R. (2002). Characterization of anisotropy in high angular resolution
diffusion-weighted MRI. Magn. Reson. Med. 47, 1083–1099. doi: 10.1002/mrm.
10156

Gao, Y. R., Choe, A. S., Stepniewska, I., Li, X., Avison, M. J., and Anderson,
A. W. (2013). Validation of DTI tractography-based measures of primary motor
area connectivity in the squirrel monkey brain. Plos One 8:e75065. doi: 10.
1371/journal.pone.0075065

Govaert, P., Lequin, M., Korsten, A., Swarte, R., Kroon, A., and Barkovich, A. J.
(2006). Postnatal onset cortical dysplasia associated with infarction of white
matter. Brain Res. 1121, 250–255. doi: 10.1016/j.brainres.2006.08.093

Heemskerk, A. M., Leemans, A., Plaisier, A., Pieterman, K., Lequin, M. H., and
Dudink, J. (2013). Acquisition guidelines and quality assessment tools for
analyzing neonatal diffusion tensor MRI data. AJNR Am. J. Neuroradiol. 34,
1496–1505. doi: 10.3174/ajnr.a3465

Hulst, H. E., and Geurts, J. J. G. (2011). Gray matter imaging in multiple sclerosis:
what have we learned? BMC Neurol. 11:153. doi: 10.1186/1471-2377-11-153

Jansons, K. M., and Alexander, D. C. (2003). Persistent angular structure: new
insights from diffusion MRI data. Dummy version. Inf. Process. Med. Imaging.
18, 672–683. doi: 10.1007/978-3-540-45087-0_56

Jensen, J. H., Helpern, J. A., Ramani, A., Lu, H., and Kaczynski, K. (2005).
Diffusional kurtosis imaging: the quantification of non-gaussian water diffusion
by means of magnetic resonance imaging. Magn. Reson. Med. 53, 1432–1440.
doi: 10.1002/mrm.20508

Jeon, T. (2014). “Microstructural development of human brain cerebral cortex from
early 3rd trimester to around the birth with diffusion kurtosis imaging,” in
Proceedings of the International Society for Magnetic Resonance in Medice, 1742.

Jeurissen, B., Leemans, A., Jones, D. K., Tournier, J. D., and Sijbers, J. (2011). Prob-
abilistic fiber tracking using the residual bootstrap with constrained spherical
deconvolution. Hum. Brain Mapp. 32, 461–479. doi: 10.1002/hbm.21032

Jeurissen, B., Leemans, A., Tournier, J. D., Jones, D. K., and Sijbers, J. (2013).
Investigating the prevalence of complex fiber configurations in white matter
tissue with diffusion magnetic resonance imaging. Hum. Brain Mapp. 34, 2747–
2766. doi: 10.1002/hbm.22099

Jeurissen, B., Tournier, J. D., Dhollander, T., Connelly, A., and Sijbers, J. (2014).
Multi-tissue constrained spherical deconvolution for improved analysis of
multi-shell diffusion MRI data. Neuroimage 103, 411–426. doi: 10.1016/j.
neuroimage.2014.07.061

Jones, D. K., and Cercignani, M. (2010). Twenty-five pitfalls in the analysis of
diffusion MRI data. NMR Biomed. 23, 803–820. doi: 10.1002/nbm.1543

Jones, D. K., and Leemans, A. (2011). Diffusion tensor imaging. Methods Mol. Biol.
711, 127–144. doi: 10.1007/978-1-61737-992-5_6

Kersbergen, K. J., Leemans, A., Groenendaal, F., Van Der Aa, N. E., Viergever, M. A.,
De Vries, L. S., et al. (2014). Microstructural brain development between 30 and
40 weeks corrected age in a longitudinal cohort of extremely preterm infants.
Neuroimage 103C, 214–224. doi: 10.1016/j.neuroimage.2014.09.039

Frontiers in Human Neuroscience www.frontiersin.org January 2015 | Volume 8 | Article 1066 | 5

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


Dudink et al. DTI to study preterm cortex

Kleinnijenhuis, M., Barth, M., Zerbi, V., Sikma, K.-J., Küsters, B., Slump, C. H.,
et al. (2011). “Layer-specific diffusion weighted imaging in human primary
visual cortex in vitro,” in Organization for Human Brain Mapping (Quebec City,
Canada), 2509.

Kleinnijenhuis, M., Zerbi, V., Küsters, B., Slump, C. H., Barth, M., and Van
Cappellen Van Walsum, A. M. (2013a). Layer-specific diffusion weighted imag-
ing in human primary visual cortex in vitro. Cortex 49, 2569–2582. doi: 10.
1016/j.cortex.2012.11.015

Kleinnijenhuis, M., Zhang, H., Wiedermann, D., Küsters, B., Norris, D. G., and
Van Cappellen Van Walsum, A.-M. (2013b). “Detailed laminar characteristics
of the human neocortex revealed by NODDI and histology,” in Organization for
Human Brain Mapping (Seattle, WA), 3815.

Kolasinski, J., Stagg, C. J., Chance, S. A., Deluca, G. C., Esiri, M. M., Chang,
E. H., et al. (2012). A combined post-mortem magnetic resonance imaging and
quantitative histological study of multiple sclerosis pathology. Brain 135, 2938–
2951. doi: 10.1093/brain/aws242

Kozák, L. R., Dávid, S., Rudas, G., Vidnyánszky, Z., Leemans, A., and Nagy, Z.
(2013). Investigating the need of triggering the acquisition for infant diffusion
MRI: a quantitative study including bootstrap statistics. Neuroimage 69, 198–
205. doi: 10.1016/j.neuroimage.2012.11.063

Kunz, N., Zhang, H., Vasung, L., O’brien, K. R., Assaf, Y., Lazeyras, F., et al. (2014).
Assessing white matter microstructure of the newborn with multi-shell diffusion
MRI and biophysical compartment models. Neuroimage 96, 288–299. doi: 10.
1016/j.neuroimage.2014.03.057

Leigland, L. A., Budde, M. D., Cornea, A., and Kroenke, C. D. (2013).
Diffusion MRI of the developing cerebral cortical gray matter can be
used to detect abnormalities in tissue microstructure associated with fetal
ethanol exposure. Neuroimage 83, 1081–1087. doi: 10.1016/j.neuroimage.2013.
07.068

Martinussen, M., Fischl, B., Larsson, H. B., Skranes, J., Kulseng, S., Vangberg, T. R.,
et al. (2005). Cerebral cortex thickness in 15-year-old adolescents with low birth
weight measured by an automated MRI-based method. Brain 128, 2588–2596.
doi: 10.1093/brain/awh610

McKinstry, R. C., Mathur, A., Miller, J. H., Ozcan, A., Snyder, A. Z., Schefft, G. L.,
et al. (2002). Radial organization of developing preterm human cerebral cortex
revealed by non-invasive water diffusion anisotropy MRI. Cereb. Cortex 12,
1237–1243. doi: 10.1093/cercor/12.12.1237

Melbourne, A., Kendall, G. S., Cardoso, M. J., Gunny, R., Robertson, N. J., Marlow,
N., et al. (2014). Preterm birth affects the developmental synergy between corti-
cal folding and cortical connectivity observed on multimodal MRI. Neuroimage
89, 23–34. doi: 10.1016/j.neuroimage.2013.11.048

Ment, L. R., Hirtz, D., and Huppi, P. S. (2009). Imaging biomarkers of outcome in
the developing preterm brain. Lancet Neurol. 8, 1042–1055. doi: 10.1016/s1474-
4422(09)70257-1

Mori, S., and Van Zijl, P. C. (2002). Fiber tracking: principles and strategies—a
technical review. NMR Biomed. 15, 468–480. doi: 10.1002/nbm.781

Mountcastle, V. B. (1997). The columnar organization of the neocortex. Brain
120(Pt. 4), 701–722. doi: 10.1093/brain/120.4.701

Nagy, Z., Alexander, D. C., Thomas, D. L., Weiskopf, N., and Sereno, M. I. (2013).
Using high angular resolution diffusion imaging data to discriminate cortical
regions. PLoS One 8:e63842. doi: 10.1371/journal.pone.0063842

Nagy, Z., Lagercrantz, H., and Hutton, C. (2011). Effects of preterm birth on
cortical thickness measured in adolescence. Cereb. Cortex 21, 300–306. doi: 10.
1093/cercor/bhq095

Neil, J. J., Shiran, S. I., McKinstry, R. C., Schefft, G. L., Snyder, A. Z., Almli, C. R.,
et al. (1998). Normal brain in human newborns: apparent diffusion coefficient
and diffusion anisotropy measured by using diffusion tensor MR imaging.
Radiology 209, 57–66. doi: 10.1148/radiology.209.1.9769812

Okabayashi, S., Uchida, K., Nakayama, H., Ohno, C., Hanari, K., Goto, I.,
et al. (2011). Periventricular leucomalacia (PVL)-like lesions in two neonatal
cynomolgus monkeys (Macaca fascicularis). J. Comp. Pathol. 144, 204–211.
doi: 10.1016/j.jcpa.2010.06.006

Pannek, K., Guzzetta, A., Colditz, P. B., and Rose, S. E. (2012). Diffusion MRI of the
neonate brain: acquisition, processing and analysis techniques. Pediatr. Radiol.
42, 1169–1182. doi: 10.1007/s00247-012-2427-x

Pannek, K., Scheck, S. M., Colditz, P. B., Boyd, R. N., and Rose, S. E. (2014). Mag-
netic resonance diffusion tractography of the preterm infant brain: a systematic
review. Dev. Med. Child Neurol. 56, 113–124. doi: 10.1111/dmcn.12250

Parker, G. D., Marshall, D., Rosin, P. L., Drage, N., Richmond, S., and Jones,
D. K. (2013). A pitfall in the reconstruction of fibre ODFs using spherical
deconvolution of diffusion MRI data. Neuroimage 65, 433–448. doi: 10.1016/j.
neuroimage.2012.10.022

Phillips, J. P., Montague, E. Q., Aragon, M., Lowe, J. R., Schrader, R. M., Ohls, R. K.,
et al. (2011). Prematurity affects cortical maturation in early childhood. Pediatr.
Neurol. 45, 213–219. doi: 10.1016/j.pediatrneurol.2011.06.001

Pierson, C. R., Folkerth, R. D., Billiards, S. S., Trachtenberg, F. L., Drinkwater, M. E.,
Volpe, J. J., et al. (2007). Gray matter injury associated with periventricular
leukomalacia in the premature infant. Acta Neuropathol. 114, 619–631. doi: 10.
1007/s00401-007-0295-5

Plaisier, A., Pieterman, K., Lequin, M. H., Govaert, P., Heemskerk, A. M., Reiss,
I. K., et al. (2014). Choice of diffusion tensor estimation approach affects fiber
tractography of the fornix in preterm brain. AJNR Am. J. Neuroradiol. 35, 1219–
1225. doi: 10.3174/ajnr.A3830

Raffelt, D., Tournier, J. D., Rose, S., Ridgway, G. R., Henderson, R., Crozier,
S., et al. (2012). Apparent fibre density: a novel measure for the analysis of
diffusion-weighted magnetic resonance images. Neuroimage 59, 3976–3994.
doi: 10.1016/j.neuroimage.2011.10.045

Rakic, P. (2002). Evolving concepts of cortical radial and areal specification. Prog.
Brain Res. 136, 265–280. doi: 10.1016/s0079-6123(02)36023-0

Rathbone, R., Counsell, S. J., Kapellou, O., Dyet, L., Kennea, N., Hajnal, J.,
et al. (2011). Perinatal cortical growth and childhood neurocognitive abilities.
Neurology 77, 1510–1517. doi: 10.1212/WNL.0b013e318233b215

Riffert, T. W., Schreiber, J., Anwander, A., and Knösche, T. R. (2014). Beyond
fractional anisotropy: extraction of bundle-specific structural metrics from
crossing fiber models. Neuroimage 100, 176–191. doi: 10.1016/j.neuroimage.
2014.06.015

Saigal, S., and Doyle, L. W. (2008). An overview of mortality and sequelae
of preterm birth from infancy to adulthood. Lancet 371, 261–269. doi: 10.
1016/s0140-6736(08)60136-1

Salmaso, N., Jablonska, B., Scafidi, J., Vaccarino, F. M., and Gallo, V. (2014).
Neurobiology of premature brain injury. Nat. Neurosci. 17, 341–346. doi: 10.
1038/nn.3604

Schnell, S., Saur, D., Kreher, B. W., Hennig, J., Burkhardt, H., and Kiselev, V. G.
(2009). Fully automated classification of HARDI in vivo data using a sup-
port vector machine. Neuroimage 46, 642–651. doi: 10.1016/j.neuroimage.2009.
03.003

Sidman, R. L., and Rakic, P. (1973). Neuronal migration, with special reference
to developing human brain: a review. Brain Res. 62, 1–35. doi: 10.1016/0006-
8993(73)90617-3

Sizonenko, S. V., Camm, E. J., Garbow, J. R., Maier, S. E., Inder, T. E., Williams,
C. E., et al. (2007). Developmental changes and injury induced disruption of
the radial organization of the cortex in the immature rat brain revealed by in
vivo diffusion tensor MRI. Cereb. Cortex 17, 2609–2617. doi: 10.1093/cercor/
bhl168

Skranes, J., Løhaugen, G. C., Martinussen, M., Håberg, A., Brubakk, A. M.,
and Dale, A. M. (2013). Cortical surface area and IQ in very-low-birth-
weight (VLBW) young adults. Cortex 49, 2264–2271. doi: 10.1016/j.cortex.
2013.06.001

Tax, C. M., Jeurissen, B., Vos, S. B., Viergever, M. A., and Leemans, A. (2014a).
Recursive calibration of the fiber response function for spherical deconvolution
of diffusion MRI data. Neuroimage 86, 67–80. doi: 10.1016/j.neuroimage.2013.
07.067

Tax, C. M., Otte, W. M., Viergever, M. A., Dijkhuizen, R. M., and Leemans,
A. (2014b). REKINDLE: Robust extraction of kurtosis INDices with lin-
ear estimation. Magn. Reson. Med. doi: 10.1002/mrm.25165. [Epub ahead
of print].

Tournier, J. D., Calamante, F., Gadian, D. G., and Connelly, A. (2004). Direct
estimation of the fiber orientation density function from diffusion-weighted
MRI data using spherical deconvolution. Neuroimage 23, 1176–1185. doi: 10.
1016/j.neuroimage.2004.07.037

Tournier, J. D., Mori, S., and Leemans, A. (2011). Diffusion tensor imaging and
beyond. Magn. Reson. Med. 65, 1532–1556. doi: 10.1002/mrm.22924

Tuch, D. S., Reese, T. G., Wiegell, M. R., Makris, N., Belliveau, J. W., and Wedeen,
V. J. (2002). High angular resolution diffusion imaging reveals intravoxel white
matter fiber heterogeneity. Magn. Reson. Med. 48, 577–582. doi: 10.1002/mrm.
10268

Frontiers in Human Neuroscience www.frontiersin.org January 2015 | Volume 8 | Article 1066 | 6

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


Dudink et al. DTI to study preterm cortex

Tuch, D. S., Reese, T. G., Wiegell, M. R., and Wedeen, V. J. (2003). Diffusion
MRI of complex neural architecture. Neuron 40, 885–895. doi: 10.1016/s0896-
6273(03)00758-x

Tymofiyeva, O., Hess, C. P., Ziv, E., Tian, N., Bonifacio, S. L., McQuillen, P. S., et al.
(2012). Towards the “baby connectome”: mapping the structural connectivity of
the newborn brain. PLoS One 7:e31029. doi: 10.1371/journal.pone.0031029

Veraart, J., Sijbers, J., Sunaert, S., Leemans, A., and Jeurissen, B. (2013). Weighted
linear least squares estimation of diffusion MRI parameters: strengths, limi-
tations and pitfalls. Neuroimage 81, 335–346. doi: 10.1016/j.neuroimage.2013.
05.028

Volpe, J. J. (2009). Brain injury in premature infants: a complex amalgam of
destructive and developmental disturbances. Lancet Neurol. 8, 110–124. doi: 10.
1016/s1474-4422(08)70294-1

Vos, S. B., Jones, D. K., Jeurissen, B., Viergever, M. A., and Leemans, A. (2012).
The influence of complex white matter architecture on the mean diffusivity in
diffusion tensor MRI of the human brain. Neuroimage 59, 2208–2216. doi: 10.
1016/j.neuroimage.2011.09.086

Vos, S. B., Jones, D. K., Viergever, M. A., and Leemans, A. (2011). Partial volume
effect as a hidden covariate in DTI analyses. Neuroimage 55, 1566–1576. doi: 10.
1016/j.neuroimage.2011.01.048

Wedeen, V. J., Hagmann, P., Tseng, W. Y., Reese, T. G., and Weisskoff, R. M.
(2005). Mapping complex tissue architecture with diffusion spectrum magnetic
resonance imaging. Magn. Reson. Med. 54, 1377–1386. doi: 10.1002/mrm.20642

White, N. S., Leergaard, T. B., D’Arceuil, H., Bjaalie, J. G., and Dale, A. M. (2013).
Probing tissue microstructure with restriction spectrum imaging: histological
and theoretical validation. Hum. Brain Mapp. 34, 327–346. doi: 10.1002/hbm.
21454

Wu, D., Reisinger, D., Xu, J., Fatemi, S. A., van Zijl, P. C., Mori, S.,
et al. (2014). Localized diffusion magnetic resonance micro-imaging of the
live mouse brain. Neuroimage 91, 12–20. doi: 10.1016/j.neuroimage.2014.
01.014

Zhang, H., Schneider, T., Wheeler-Kingshott, C. A., and Alexander, D. C. (2012).
NODDI: practical in vivo neurite orientation dispersion and density imaging of
the human brain. Neuroimage 61, 1000–1016. doi: 10.1016/j.neuroimage.2012.
03.072

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 27 October 2014; accepted: 22 December 2014; published online: 21 January
2015.
Citation: Dudink J, Pieterman K, Leemans A, Kleinnijenhuis M, van Cappellen van
Walsum AM and Hoebeek FE (2015) Recent advancements in diffusion MRI for
investigating cortical development after preterm birth—potential and pitfalls. Front.
Hum. Neurosci. 8:1066. doi: 10.3389/fnhum.2014.01066
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2015 Dudink, Pieterman, Leemans, Kleinnijenhuis, van Cappellen van
Walsum and Hoebeek. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution and
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Human Neuroscience www.frontiersin.org January 2015 | Volume 8 | Article 1066 | 7

http://dx.doi.org/10.3389/fnhum.2014.01066
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

	Recent advancements in diffusion MRI for investigating cortical development after preterm birth—potential and pitfalls
	Introduction
	Insights in impaired cortical development from human and animal specimen studies
	MRI studies of impaired cortical development in humans
	Advanced diffusion weighted imaging techniques
	Data quality and patient safety
	Conclusion
	Acknowledgments
	References


