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Abstract

This article describes the potentials and challenges of quantitative analyses of human neonatal
brain images using structural MR imaging and diffusion tensor imaging. To maximize the
potential of MR imaging for neonatal brain studies, the combination of both contrasts is highly
beneficial. Based on the multicontrast data, a neonate brain atlas was created, which allows
automated segmentation of neonate brain MR images. The accuracy, advantages, and potential
pitfalls of this atlas-based segmentation approach are discussed. The accurate and reproducible
MR imaging quantification achieved by this approach could be an initial step toward the
successful clinical evaluation of the neonatal brain.
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Introduction: MRI modalities applicable to neonatal brain analysis

Recent advances in MRI techniques enable scanning of the neonatal brain with various
techniques. These include structural MRI (T4-, T»- weighted images), diffusion tensor
imaging (DTI), perfusion MRI, functional MRI, MR angiography, and MR spectroscopy.
However, because of the small size of the neonate brain, limited scan time, and image
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contrasts that are very different from adult brains, there are unique issues that must be
addressed to develop an effective quantitative neonate MRI technique. This article focuses
on a state-of-the-art quantification method for structural MRI and DTI of neonates, which
helps to deepen the understanding of human brain development, and the potential for the
clinical application of quantitative MRI techniques.

Importance of neonatal brain MRI analysis

The brain suffers various insults during the pre- and peri-natal period, such as hypoxia-
ischemia, infection, and exposure to toxic substances. There are also genetic abnormalities
that affect brain development. Preterm birth and low birth weight are also risk factors for
brain damage. Severely damaged babies show abnormal symptoms immediately after birth.
Mild to moderate damage has been linked to abnormalities later in life. For example,
approximately 50% of babies born at very preterm, defined as <32 gestational weeks, are at
risk for developing cerebral palsy, epilepsy, impaired academic achievement, and behavioral
disorders, including attention-deficit/hyperactivity disorder 78:30, However, most
neuropsychologic impairments are not obvious during the first year of life. Therefore, a
symptom-based diagnosis is extremely difficult for neonates with mild to moderate brain
damage. For successful early interventions, an effective evaluation method is needed to
detect and characterize brain damage as early as possible. Evaluation of neonatal brain
damage using MRI has several advantages. First, MRI is sensitive for the detection of subtle
brain abnormalities compared with other imaging modalities, such as CT and ultrasound.
Previous studies using conventional T1- and T»- weighted images indicate that an expert
radiologist can detect some abnormality in 70% of MR scans from very preterm infants 37.
Second, the scanning of non-sedated neonates is better for the neonate, and progressively
becomes more difficult until the fourth year of life, because of the greater motion and
shorter sleep time. Neonates can be scanned during hospitalization, which is another
advantage. In addition, MRI is now widely available, and, once the protocol and image-
processing stream are accomplished, they can be performed and implemented on routine
clinical scanners.

Features of the neonatal brain MRI

Anatomy of the neonatal brain

The most striking difference between the neonatal brain and the adult brain is size. The
neonatal brain volume is approximately 1/3 — ¥ that of the adult brain. Inside the brain, the
immature architecture is constantly developing. The cerebral cortex develops sequentially.
The most prominent neuronal form in the neonatal brain is the pyramidal cell. Pyramidal
cells are guided from the deep part of the brain (subventricular zone) to the cortical area
(subplate: a transient developmental layer of the cortex) during 12—20 weeks gestation. After
they arrive at the subplate, pyramidal neurons begin to make synapses and elaborate a
dendritic tree. The axons and dendrites, along with fine glial processes, make up the
neuropil. At term, pyramidal cells dominate the cortex, but the neuropil development is still
insufficient. Pyramidal cells have a prominent apical dendrite extending from the top of the
cell body to layer I; these large dendrites give a strong radial orientation to the cortex.

Myelination of the human brain begins at approximately 29 weeks of gestation in the
telencephalonl3. The myelin sheath is formed by oligodendrocytes (OL). The OL and its
product, myelin, are synergistic with the developing axon 36 (ie, the axonal cytoskeleton
does not form properly in the absence of myelin) 38, whereas the amount of myelin formed
by the OL is controlled by the rate of expansion of the growing axonal cylinder 7.
Myelination proceeds in a temporally and spatially inhomogeneous manner 36, Specifically,
tracts in the brain myelinate at different rates and times. At term, the axonal network is still
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developing and the myelination is insufficient in most of the white matter structures, except
for some tracts in the brain stem.

Structural MRI of the neonatal brain

The neonatal brain is immature. On Tq-weighted images, the intensity of the white matter is
lower than that of the gray matter. On To-weighted images, the intensity of the white matter
is higher than that of the gray matter. These contrasts are the reverse of those seen in adults
[Fig. 1]. This is caused by the incomplete myelination in the white matter of the neonatal
brain. Because of the variability of the myelination status in different fibers, the contrast
between the gray and white matter in some areas is very poor. For example, the anterior
limb of the internal capsule is one of the most myelinated areas at term. Consequently, the
signal intensity of this structure on To-weighted images is lower than the other white matter
areas and very close to that of the surrounding gray matter structures. Although
identification of this area is easy on T,-weighted images in the adult, it is extremely difficult
in the neonatal brain [Fig. 2]. To quantify the absolute T1- and T»- relaxation time of each
brain structure, a quantitative T; map and T, maps can be created, in which T1- and T»-
relaxation time are measured at each voxel. For example, the T, map, which is often used to
evaluate the myelination status of the brain, can be calculated from dual or multiple echo
fast spin echo sequences by fitting the images with different echo times to an exponential
model.

From MRI studies of normal postnatal brain development, several important time-dependent
MR signal changes, such as a shortening of T1 and T relaxation times of the gray and white
matter 24510 have been described previously. Most of the time-dependent changes are
attributed to an increase in lipid concentration caused by the myelination process,1:20.24.29.35
Because the white matter appears as hyperintense on newborn T,-weighted images, the rapid
shortening of T, in the white matter results in “contrast inversion” between the white and
gray matter during postnatal development [Fig. 3].

DTI of the neonatal brain

DTl is a technique that can provide unique image contrasts inside the brain.311.21.32 MR
can measure the extent of water diffusion (ie, the random motion of water) along an
arbitrary axis. From this measurement, it is often found that water tends to diffuse along a
preferential axis, which has been shown to coincide with the orientation of ordered
structures, such as fiber tracts. Based on the diffusion orientation of water molecules, this
technique can provide several types of new imaging contrasts, such as anisotropy maps and
orientation maps, or a combination of the two, which is called a color-coded orientation map
or simply a color map hereafter [Fig. 4]. One of the most widely used metrics of diffusion
anisotropy is “fractional anisotropy (FA)” 3132 in which anisotropy is scaled from 0
(isotropic) to 1 (anisotropic). In the color map, the brightness shows the extent of the
anisotropy and the color represents fiber orientation [Fig. 4].

DTI can reveal the detailed white matter anatomy of pre-myelinated brains. In [Fig. 2],
white matter tracts (indicated by white labels) can be clearly identified on the color map, but
not on the To—weighted images of the neonatal brain at 40 post-conceptional weeks. This
suggests that the diffusion measurement is sensitive to axonal geometry rather than
myelination. It is thus likely that the anisotropy measurements allow the monitoring of
axonal injuries. During the postnatal period, the anisotropy of the white matter further
increases [Fig. 3]. 1:12:19.21.23.24 Thjs js likely caused by myelination of the axons, although
it could also be caused by an increase in axonal density or axon caliber. The diffusion
anisotropy of the neonatal cortex is higher than that of adults, caused by neatly aligned large
dendrites of the pyramidal cells in the cortex. Anisotropy of the cortex decreases rapidly
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after birth, suggesting that the development of axonal and dendritic arbors in the neuropil
destroys the coherent water motion along the columnar organization of the cortex.

Complementary role of structural MRI and DTI

Structural MRI and DTI are complementary techniques. DTI provides superior anatomical
information about pre-myelinated brains, but less information about myelination status
compared with a T, map. Indeed, myelination increases the anisotropy of water molecules,
but other factors, such as axon and neuropil development, also affect anisotropy, which
makes it less specific as an indicator of myelination. One of the biggest problems with T,
maps is, ironically, their high sensitivity to the myelination process. A T, map is a very poor
tool with which to describe the anatomy of pre-myelineated brains. Especially during the
contrast inversion period, T, maps often cannot even differentiate the gray and white matter.
Unless we can discretely identify anatomic units of interest, one cannot quantify their T»
values in an anatomy-specific manner.

Current clinical applications for neonatal brain MRI

Conventional T1- and T,- weighted images already have the ability to detect brain
malformations, intra-cranial hemorrhage, ischemic-hypoxic injury, signal alteration of the
gray and white matter caused by seizure or metabolic abnormalities, atrophy, and ventricular
enlargement. Some of these imaging features can be related to the prognosis. In the white
matter area, periventricular hemorrhagic infarction and cystic periventricular white matter
damage are associated with poor motor outcome,®33 and thinning of the corpus callosum is
related to cerebral palsy and motor delay.® Gray matter loss and ventricular enlargement
have been correlated with neurologic outcome at one year.14 However, there have been
studies that indicate that diffuse periventricular leukomalacia, ventricular size, and the
surface area of the corpus callosum do not correlate with neurologic outcomes. The problem
is that each study has used different measurements to evaluate imaging features and clinical
outcomes, which makes it difficult to compare these results. Therefore, the neurologic
prognostic capability is still controversial.

From qualitative to quantitative analysis

Requirements for data quantification

Although conventional T1- and T,-weighted images have been valuable tools to diagnose
gross brain injuries, more subtle or diffuse damage has often been difficult to study. To
improve the accuracy of abnormality detection and to extract more objective findings, a
quantitative evaluation is required. If one can provide quantitative measures, such as
volumes, shapes, and various MR parameters (e.g., T1, T, anisotropy, diffusivity, etc.) of
various brain regions of the patient, and the normal range and cut-off values, one can use
those measures much like the results of blood tests are used. This not only would draw
attention to potentially abnormal areas, but also provide new ways to evaluate MR images,
thus expanding the ability of MR-based diagnosis by enabling one to detect previously hard-
to-define abnormalities. The numbers would enable a clinician to conduct a statistical
comparison between diagnostic groups, and also provide the potential to estimate the impact
on the neurologic symptom or future neurologic outcomes, which is important for neonatal
brain studies. Such research will be an important foundation to create diagnostic guidelines.
Toward this end, there is a need to establish a data quantification method as an initial step.

Strategy for data quantification

For data quantification, areas from which to extract the MR parameters need to be defined
(e.g., T values). The defined area is often called a region of interest (ROI). There are three
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axes to define the ROI: size (large or small); number (single or multiple); and the way the
area is defined (manual or automated). For example, the manual ROI method is a
straightforward approach to measure MR parameters of the specific brain structure with rich
localized information. However, the number of ROIs is usually limited because drawing an
ROl is labor-intensive and time-consuming. This causes insufficient spatial specificity of the
findings because huge brain areas remain unsurveyed. The ROIs are placed according to the
a priori hypothesis, which means that this type of analysis can only be applicable for
hypothesis-driven studies. There is also an issue with reproducibility. For the ROI drawing,
corresponding image slice levels and locations of the brain structures among different
subjects are judged based on anatomic features. However, adjusting brain position and angle
at the time of the scan is not easy in the neonate brain. The ROI drawing itself requires
anatomic knowledge about the neonatal brain; therefore, the reproducibility depends on the
operator’s skill. To achieve high reproducibility, one can increase the size of the ROI. In an
extreme case, one can identify the entire brain as an ROI. In this case, one can define the
ROI within a subject or across subjects with almost perfect reproducibility, but there is no
localized information. In general, a manual ROl method has the inverse relationship
between reproducibility and spatial information. Therefore, the other end of the extreme is
using a voxel as the ROI, which has the most localization information. However, matching
voxel-to-voxel manually across subjects is almost impossible.

For the initial step toward clinical application, it is necessary to screen a whole brain with
rich spatial information. To handle large amounts of image data, an automated method is
preferable. Voxel-based analyses, which perform the automated whole-brain voxel matching
using computer software, seemed suitable for this purpose. Matching all voxels to
corresponding voxels between two brains means transforming the shape of one to the other.
This procedure is often called “normalization.” It has the highest possible localized
information. The reproducibility depends on the method used for the image normalization,
which will be discussed later.

Statistical analysis after normalization of an individual brain to an atlas space is an effective
quantification strategy to detect differences between a target group and a control group
without an a priori hypothesis. This strategy is also suitable for automated detection of the
pathology. One important drawback of this voxel-based statistical comparison is the low
sensitivity for detecting wide-spread subtle abnormalities. Because of the large number of
the voxels and the noise, it is not easy to achieve statistical significance, especially after a
multiple-comparison correction. To partially address this issue, isotropic “smoothing” or
“filtering” of the image is often used. Another idea to increase the statistical power to detect
widespread subtle abnormalities is to use an atlas-based analysis. In this method, a pre-
segmented set of ROIs, which covers the entire brain, is overlaid on the normalized image to
measure MR parameters inside the ROIs. The automatically placed ROI is regarded as a
filter to group voxels in anatomically reasonable way. Therefore, if one wants to achieve
higher statistical power, one can increase the size of each ROI and reduce the total number
of ROIs. In contrast, if one wants to know the precise localization of the abnormality, one
can reduce the size of each ROI and increase the total number or ROIs. Again, the most
extreme case is to use each voxel as an ROI. In either case, accurate image normalization is
key for the quantitative image analysis.

Normalization-based neonatal brain MRI analysis

Current status of the normalization-based MRI analysis

For MRI analysis of the adult or child’s brain, normalization-based quantitative analysis
methods are widely used, which is an effective way to characterize the anatomy of the
normal population and pathologic changes.26 However, for the neonate population, there are
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only a small number of studies using image normalization.1%16:34 There are two reasons that
hinder normalization-based MRI analysis of the neonatal brain. One is the lesser gray
matter/white matter contrast in the neonatal brain. Transformation uses image contrasts to
co-register the subjects’ brain structures to that of the template. However, T1- and T,-
weighted images from neonates have less contrast between each brain structure compared
with the adult brain. The other is the lack of a standard neonatal atlas. For a study in a single
institution, an arbitrarily-selected image can be a template for the image normalization.
However, if one wants to compare the results from multiple institutions, a “standardized”
atlas on which to transform the image and report the area with significance with “common
language” is needed. Because of the huge difference in image contrast between the neonatal
and adult brain, one needs an atlas specifically made for the neonatal brain. For adult brain
analysis, several brain atlases in standard space, such as Montreal Neurological Institute
(MNI) space or Talairach space, are commonly used in the neuroimaging community.
However, for neonatal studies, only a T1-weighted template created by averaging seven
patients’ brains (not normal control brains) and a T,-weighted template of 2 -3 month-olds
(therefore, not a neonatal template) (http://www.unicog.org/main/pages.php?page=Infants)
were available to the neuroimaging community until 2011.16

Core components of the normalization-based analysis

The development of the neonatal brain is not uniform. Each brain structure develops at
different times and rates. Especially for the white matter tracts, the myelination status and
speed varies greatly. Therefore, each white matter structure must be identified accurately to
avoid false-positive findings. For example, the superior longitudinal fasciculus is poorly
myelinated in the neonatal brain, but the corticospinal tract is already myelinated to some
extent. These two fibers are next to each other at the level of the centrum semiovale. If part
of the superior longitudinal fasciculus is mislabeled as the corticospinal tract, one might
conclude, wrongly, that the area is abnormal (less myelinated than usual). To avoid false-
positive findings and to increase statistical power, the accuracy of the normalization, which
guarantees each brain structure is correctly registered to the template space, is a crucial
requirement.

Clear contrasts between each brain structure and appropriate normalization method are the
two core components necessary for successful neonatal brain quantification. To satisfy these
requirements, the authors created a neonatal brain atlas with multiple contrasts (JHU-
neonate atlas, http://cmrm.med.jhmi.edu/cmrm/Data_neonate_atlas/atlas_neonate.htm)?7,
and combine the atlas with a state-of-the-art normalization method, large deformation
diffeomorphic metric mapping (LDDMM).27

Multi-contrast atlas of the neonatal brain

There are various types of image contrasts that MRI can create, each with specific benefits.
To-weighted images have good contrast between brain tissue and the cerebrospinal fluid
space, but lack contrasts inside the white matter area, which is treated as a large single
compartment. DTI, however, has very rich contrasts within the white matter, enabling
identification of various white matter structures, yet the brain boundary and ventricle shapes
are obscure. In this way, T, and DTI carry anatomic information that is spatially
complementary. Conventionally, when one performs a brain transformation to an atlas, one
needs to choose one of the image contrasts to drive the registration algorithm. If one uses
only one of the contrasts, the anatomic information is not sufficient to obtain satisfactory
registration [Fig. 5]. This is why there is a need to develop a multi-contrast template for
normalization, in which multiple contrasts are provided simultaneously.
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The JHU-neonate atlas includes T1- and To-weighted contrasts and DTI-derived contrasts.
One hundred twenty two brain structures were parcellated in the atlas [Fig. 6] to create the
“parcellation map,” according to our previous publications.2>28 The authors created both a
population-averaged atlas and a single-subject atlas. The purpose of a population-averaged
atlas is to determine the average shape and size of the neonatal brain. This atlas can be used
as a template for brain normalization using linear transformations or non-linear
transformations with image “smoothing.” However, as a result of averaging, the sharpness
of the image contrast can be lost 22, Therefore, a single-subject atlas, with the size adjusted
to that of the population-averaged atlas, was also created, providing a template for highly
elastic non-linear transformations, which require sharp image features 2.

Current practical issues and the future of normalization-based neonatal

brain analysis

The authors are currently working on optimizing the MRI settings and the analysis tool
(combination of the multi-contrast neonatal brain atlas and LDDMM) to provide a good
experimental environment for clinical researchers. Some of their experiences are described
next.

Success rate of the neonatal scan

Seventy normal-term neonates (within 48 hours of birth) were scanned using a Johns
Hopkins University protocol on a 3.0T magnet. Total time required for each neonate was
approximately 30 minutes. Specifically, 5 min for each DTI acquisition with three
repetitions to increase signal-to-noise ratio (15 min), two additional scans for TE = 42 ms
and 100 ms to obtain a T, map (6 min), and an MPRAGE image for anatomical reference (5
min) were obtained. To ensure that neonates were sleeping during the scan, neonates were
well fed before the scan and were well wrapped with a blanket with the ears covered by
earmuffs. The subjects were then placed in cushions that occupied spaces between the
subject and the RF coil. Fifty-three of the 70 neonates slept through the scans without
sedation (success rate of 75%).

Normalization accuracy

As a preliminary analysis, the accuracy of normalization was compared using linear affine
transformation, non-linear transformation of SPM5, and of dual-channel LDDMM, which
uses FA and T contrasts simultaneously [Fig. 7, 8]. To evaluate the registration quality,
reliability analyses were performed to estimate kappa statistics, based on Landis and
Koch.1® According to the criteria, a kappa value of 0.11-0.2 is considered “slight,” 0.21-0.4
is “fair,” 0.41-0.60 is “moderate,” 0.61-0.80 is “substantial,” and 0.81-1.0 is “almost
perfect” registration between a subject image and the atlas. Dual-channel LDDMM
successfully improved the overall normalization accuracy to satisfy the requirement for
neonatal brain MRI analysis in a structure-specific manner.

Future application of the normalization based neonatal MRI analysis

Future applications for this atlas include scientific investigations, such as determining the
effects of prenatal events (hypoxia-ischemia, infections, or exposure to toxic substances) and
the effects of preterm birth or low birth weight. This method enables one to perform whole-
brain analysis, which is important for the visualization of structural specificity, but which
was lacking in previous studies. These basic studies will lead to more clinical investigations,
such as seeking imaging biomarkers for various neurologic disorders. The final goal is to use
the measured value much like the results from blood tests, to make a diagnosis, evaluate the
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treatment, and predict future neurologic outcomes. Another goal is to create diagnostic
criteria for the automated diagnosis of various diseases.

This article describes the anatomical features of the neonatal brain and how one can quantify
those features using structural MRI and DTI, which are complementary techniques. To
maximize the potential of MRI for neonatal brain studies, the authors proposed to quantify
both contrasts with a state-of-the-art diffeomorphic normalization method. Accurate and
reproducible MRI quantification achieved by this method is an initial step toward the
successful clinical research studies of the neonatal brain.
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Fig. 1.

Comparison between adult and neonate MRI. The white matter/gray matter contrast of the
neonatal brain is inverted in T1- and T,- weighted images. The white matter structures of the
neonate show a lower FA than the adult. However, the cortex has a higher FA.
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Fig. 2.

An example of an adult T,- weighted image and a neonatal T,- weighted image and color
map. The anterior limb of the internal capsule is identified in the adult T,- weighted image,
but difficult to identify in the neonatal T»- weighted image. Using a color map, various
white matter structures can be readily identified, even in the poorly myelinated neonatal
brain. Coordinates of the anterior limb of the internal capsule were transferred from the
color map to the T»- weighted image. Abbreviations: alic/plic=anterior and posterior limb of
internal capsule; cc=corpus callosum; cg=cingulum; ec=external capsule; fx=fornix; fmajor/
fminor=forceps major and minor; ss=sagittal striatum; and tap=tapatum
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Fig. 3.

Color map and T,-weighted images of 0 — 12-month-old infants. (From Susumu M.
Introduction to diffusion tensor imaging. Amsterdam (The Netherlands): Elsevier; 2007. p.
159; with permission.)
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Fig. 4.

DTI-based images of a neonatal brain. The raw data are three-dimensional and arbitrary
slice angles and positions can be extracted. The FA and color maps have the same image
intensity, but the color map has additional orientation information represented by colors. In
the color map, fibers orienting along the right-left, dorsal-ventral, and caudal-rostral axes are
indicated by the red, blue, and green colors, respectively.
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Fig. 5.

The efficacy of dual-channel image registration. The blue line indicates the boundary of the
brain (T,) and the white matter (FA) of the template. T, and DTI carry contrasts in a
spatially complementary manner. In this example, the atrophic brain with substantial
ventricular enlargement is normalized to the template. When T, is used to drive the
transformation, the brain boundary and the ventricle of the patient become very similar to
those of the template (T>»), but the white matter structure is not similar to that of the
template. If only the FA map is used, the white matter shape becomes very similar to the
template, but the brain boundary is not matched (FA). By using both contrasts, the
registration quality of the entire brain drastically improves (FA/T5). (From Ceritoglu C,
Oishi K, Li X et al. Multi-contrast large deformation diffeomorphic metric mapping for
diffusion tensor imaging. Neurolmage 2009;47:618; with permission.)
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Fig. 6.

The attempt to parcellate 122 brain structures from a full-term neonate. (From Oishi K, Mori
S, Donohue PK, et al. Multi-contrast human neonatal brain atlas: application to normal
neonate development analysis. Neurolmage 2011;56:8; with permission.)
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Fig. 7.

The preliminary attempt to normalize a neonatal image to the neonatal template (single-
subject image) and the adult template (JHU-MNI template 25) using various normalizing
methods. Normalized images (two right columns) were overlaid by the brain surface and
WM areas of the templates, indicated by the blue contours. For all normalization methods,
the neonatal template performed better than the adult template. The combination of the
neonatal template and LDDMM achieved the best registration quality. Non-linear
transformation of SPM5 (http://www.fil.ion.ucl.ac.uk/spm/) also demonstrated considerable
registration quality with the neonatal template, although some mis-registrations are indicated
[e.g., yellow arrow: the putamen was classified as the anterior limb of the internal capsule].
This registration quality was better than that registered with the adult template (pink arrow:
globus pallidum was classified as the internal capsule; green arrow: mis-registration of the
brain surface). LDDMM has enough transformation to normalize a neonatal image to the
adult template, but the result was unreliable for the low FA structures, such as the septum
(red arrow).
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Fig. 8.

Comparison of kappa values for each brain structure. LDDMM can improve registration
accuracy in most structures, compared with linear (affine) transformation. One could also
see the improvement in registration accuracy in the cingulum compared with the non-linear
transformation of SPM5. The data are from the average values of 10 full-term neonates (*:
significant improvement compared with affine, p<0.05 corrected after multiple comparisons;
**: significant improvement compared with both affine and SPM5, p<0.05 corrected after
multiple comparisons). The results indicate that this single-subject neonatal template is also
applicable to the SPM, which is widely used in the neuroimaging community. cc = corpus
callosum; alic = anterior limb of the internal capsule; plic = posterior limb of the internal
capsule; ec = external capsule; cg = cingulum; Put = putamen; Thal = thalamus.
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