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Diffuse optical tomography is most accurate when an individual's MRI data can be used as a spatial prior for
image reconstruction and for visualization of the resulting images of changes in oxy- and deoxy-hemoglobin con-
centration. As this necessitates an MRI scan to be performed for each study, which undermines many of the ad-
vantages of diffuse optical methods, the use of registered atlases to model the individual's anatomy is becoming
commonplace. Infant studies require carefully age-matched atlases because of the rapid growth and maturation
of the infant brain. In this paper, we present a 4D neonatal headmodelwhich, for eachweek from29 to 44 weeks
post-menstrual age, includes: 1) amulti-layered tissuemaskwhich identifies extra-cerebral layers, cerebrospinal
fluid, gray matter, white matter, cerebellum and brainstem, 2) a high-density tetrahedral head mesh, 3) surface
meshes for the scalp, gray-matter and white matter layers and 4) cranial landmarks and 10-5 locations on the
scalp surface. This package, freely available online at www.ucl.ac.uk/medphys/research/4dneonatalmodel can
be applied byusers of near-infrared spectroscopy anddiffuse optical tomography to optimize probe locations, op-
timize image reconstruction, register data to cortical locations and ultimately improve the accuracy and interpre-
tation of diffuse optical techniques in newborn populations.

© 2014 Elsevier Inc. All rights reserved.
Introduction

Diffuse optical tomography (DOT) is a functional imaging approach,
which uses data from multiple sources and detectors of near-infrared
light to reconstruct depth-resolved images of the concentration changes
of oxy- (HbO) and deoxy- (HbR) hemoglobin (Culver et al., 2003;
Dehghani et al., 2009; Gibson et al., 2005; Hielscher et al., 2002; White
and Culver, 2010). These values can be calculated from changes in the
light intensity measured between a source fiber and a detector fiber lo-
cated several centimeters apart on the scalp (Boas et al., 2002; Jöbsis,
1977). A high number of channels, arranged densely on the scalp and
with multiple source-detector distances in order to probe different
depths inside the subject's head, allows the DOT technique to yield sig-
nificant spatial information. In recent years DOT has been developing
quickly, with the aim of improving the accuracy, the resolution and
the sensitivity of the reconstructed images (Abdelnour et al., 2010;
Boas et al., 2004; Gregg et al., 2010; Heiskala et al., 2012). Eggebrecht
ch Laboratory, Department of
ineering Building, University

atory, Department of Medical
.K.
et al. (2012) and Zhan et al. (2012) have recently shown that, thanks
to the recent advances in array design, signal analysis and head model-
ing, high-density DOT can achieve a spatial resolution comparable to
that of functional magnetic resonance imaging (fMRI).

Diffuse optical techniques provide no information about the ana-
tomical structure of the brain. However, accurate anatomical informa-
tion is essential if the spatial information present in DOT data is to be
fully exploited. Anatomical information not only allows meaningful vi-
sualization of the DOT images, but also helps the image reconstruction
process itself by restraining the ill-posed inverse problem (Bamett
et al, 2003; Boas and Dale, 2005; Guven et al., 2005; Pogue and
Paulsen, 1998; Schweiger and Arridge, 1999; Zhang et al., 2005). Diffuse
optical image reconstruction necessitates an accurate forward model,
which maps a change in optical properties in the target object to a
change in the DOT measurements. To produce an accurate forward
model, a realistic, multi-layered head model of the different tissues of
the human head, each assigned accurate optical properties, is essential.
The position of the optical sources and detectors also has to be regis-
tered precisely to the head model in order for the forward problem to
be solved (Perdue et al., 2012).

The best practice approach to performing DOT image reconstruction
is therefore to register the DOT source and detector locations to each
subject's individual MRI image, and use that MRI image to construct a
subject-specific, multi-layered head model. However, acquiring an
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MRI image for every participant undermines the intrinsic advantages of
the DOT technique, i.e. portability and applicability to challenging pop-
ulations. The use of a generic head model, based on an MRI atlas, is a
suitable and effective solution to this problem (Custo et al., 2010;
Tsuzuki and Dan, 2013). A number of adult atlases have been applied
to DOT (Custo et al., 2010; Ferradal et al., 2013; Habermehl et al.,
2012; Tian and Liu, 2013). These include the Colin27 MRI atlas (Collins
et al., 1998), which consists of a high-resolution MRI volume of a single
individual and the non-linear ICBM152 atlas (Fonov et al., 2011), which
constitutes a spatial average of 152 adults. When applied to DOT, each
atlasmustfirst be registered to each subject, usually by recording the lo-
cation of a number of the subject's cranial landmarks and the DOT
source and detector positions with a tracking system or with photo-
grammetric methods (Tsuzuki and Dan, 2013). As the corresponding
cranial landmarks can be identified on the chosen atlas, the atlas volume
can be transformed to match the subject's cranial dimensions (most
simply by an affine transformation, see Singh et al. (2005) and Tsuzuki
et al. (2012)). This registered atlas volume will then match the size,
and to some extent the shape, of the individual's head, and an accurate
forward model can be computed within this space. Using this process,
an optical head model can enable an MRI-free approach to diffuse opti-
cal image reconstruction.

Both Cooper et al. (2012) and Ferradal et al. (2013) have shown that
by employing a generic atlas headmodel, the localization error associat-
ed with DOT reconstruction in adults increases significantly when
compared to that obtained using the subject's own MRI. However,
atlas-based DOT can obtain a localization accuracy of ~10 mm, which
is sufficient to identify the location of an activationwithin the gross cor-
tical anatomy and even within a given cortical gyrus.

Diffuse optical techniques are widely used on term and preterm in-
fants and have a long history of application to this population (Austin
et al., 2006; Cooper et al., 2011; Elwell et al., 2005; White et al., 2012).
This is partly due to the non-invasive nature of the technique and the
fact that it is silent and applicable at the bedside (Fournier et al., 2012;
Liao et al., 2012; Lloyd-Fox et al., 2010). DOT instrumentation can be ap-
plied in the Neonatal Intensive Care Unit (NICU), and recording can be
continuous and long-term (Ancora et al., 2013; Lin et al., 2013). Infants
are also very suitable for DOT techniques because of their smaller head
sizes, thinner skulls andminimal hair, all of whichmake obtainingmea-
surements of the brain more straightforward than is usually the case in
adults.

Despite the widespread use of DOT in the neonatal field, there are a
limited number of studies that have attempted to produce accurate in-
fant head models (Dehaes et al., 2011; Fournier et al., 2012; Heiskala
et al., 2009; White et al., 2012). Acquiring an MRI image of a newborn
baby is challenging and is rarely performed unless clinically necessary.
There are also difficulties in dealing with newborn MRIs because of a
lack of established automatic tools to segment the neonatal MRI images
into different tissue types (cerebrospinal fluid (CSF), gray (GM) and
white matter (WM) for example). Indeed, automatic segmentation of
the neonatal brain tissues remains a challenging problem because the
contrast between the tissues is different and usually lower than that in
adults and the within-tissue intensity variability is high (Altaye et al.,
2008; Prastawa et al., 2005). The tools available for adult MRI segmen-
tation cannot always be utilized without introducing significant errors
(Wilke et al., 2003). As a result, there are a limited number of high-
resolutionMRI data-sets available for newborns and even fewer for pre-
term babies.

Because the brain of the newborn infant is developing extremely
quickly, accurate DOT reconstruction requires head models that are
carefully age-matched. The brain structure of a 30 weeks PMA (post
menstrual age) newborn is markedly different from that of a full term
(40 weeks) baby (Battin and Rutherford, 2002). A single generic atlas,
which can be applied to adults spanning a wide range of ages, will not
be suitable for neonatal DOT. An atlas with age-specific infant MRIs,
from pre-term to term, is therefore needed to produce suitable optical
head models. DOT image reconstruction can then be performed using
the correct, age-matched anatomy.

A small number of term-age MRI atlases have been constructed and
described in the literature. The atlas proposed by Shi et al. (2011) was
built by registering and spatially averaging MRIs obtained from 95 in-
fants aged between 38.7 and 46.4 weeks PMA to produce a single,
term-age atlas volume. Similarly, the atlas proposed by Oishi et al.
(2011) used data from 25 infants aged between 38 and 41 weeks
PMA and the atlas proposed by Heiskala et al. (2009) used 7 infants
aged between 39 and 41 weeks PMA. The atlas proposed by Sanchez
et al. (2011) averaged MRIs acquired on 23 babies aged between
8 days to 29 days after birth.

Although these single-age atlases have many applications, the ideal
neonatal atlas should be built from MRI data obtained over a wide
pre-term to term age range, and would ideally include enough data at
each age to allow an atlas to be dynamically produced for any arbitrary
agewithin that range. The atlas proposed by Kuklisova-Murgasova et al.
(2011) does just that. Using MRI images recorded on 142 infants
ranging from 29 weeks PMA to 47 weeks PMA and using a weighted
averaging approach this atlas allows the production of tissue probability
maps for any age in this range, and the resulting volumes are publicly
available for 29 to 44 weeks in one week intervals (www.brain-
development.org).

Although this 4D atlas provides a great resource for producing age-
matched head models for DOT, there is one significant difficulty
preventing the use of the volumes that are currently available online.
Because DOT requires a forward model to be computed based on the
scalp locations of each source and detector, a model of the extra-
cerebral tissues is essential. For a number of reasons, including data pro-
tection and a more accurate registration and segmentation, the scalp
and skull layers visible in the MRI data are usually stripped out of the
image prior to that data being included in the atlas. In order to produce
DOT head models, it is first necessary to retrieve the extra-cerebral tis-
sue layers.

The aim of this paper is to present a 4D optical head model for pre-
term and term newborns ranging from 29 weeks PMA to 44 weeks
PMA that can be used by researchers to performDOT image reconstruc-
tion on an accurate, age-matched anatomy. Each step of the construc-
tion of the 4D optical head model is presented and discussed. The
final package, available online at www.ucl.ac.uk/medphys/research/
4dneonatalmodel contains, for each age: 1) a multi-layered tissue
mask which identifies extra-cerebral layers, cerebrospinal fluid, gray
matter, white matter, cerebellum and brainstem, 2) a high-density
volumetric, multi-layered tetrahedral head mesh, 3) The scalp, white
matter and gray matter surface meshes and 4) all the coordinates for
the 10-5 positions and cranial landmarks on the scalp.

Materials and methods

Subjects

The MRI atlas on which we based our models was built using 324
(160 female) T2-weighted fast-spin echo images acquired on 3T Philips
Intera system with MR sequence parameter TR = 1712 ms, TE =
160 ms, flip angle 90° and voxel size 0.86 × 0.86 × 1 mm. The original
atlas (Kuklisova-Murgasova et al., 2011) was built using 142 T2-
weighted images; new images have been acquired since its release
and have been added to the average volumes onwhich our headmodels
are based. The age range of the newborns at the time of scanning was
26.7 to 47.1 weeks PMA.

MRI atlas pre-processing

Because of the necessity of including scalp and skull information in
the final atlas, the same process of affine registration to an average ref-
erence space and voxel-wised weighted intensity averaging, with
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weights obtained with a Gaussian kernel regression, described in
Kuklisova-Murgasova et al. (2011), was performed on all 324 T2-
weighted images, without removing the extra-cerebral layers. An
averaged T2-weighted image including the extra cerebral tissues was
therefore obtained for each week from 29 to 44 weeks PMA yielding a
total of 16 volumes, a subset of which is shown in Fig. 1.

As part of the pre-processing of the MRI volumes, a structural seg-
mentation of the different brain tissues into 87 regions was performed.
This segmentation was carried out using the approach of Ledig et al.
(2012). The method employs a set of MRI atlases and corresponding
manual segmentations for all 87 structures. For each target image, all
atlas MRI images are registered to the target using a non-rigid registra-
tion. This results in a set of deformations that can be used to map the
atlas structures onto the target's native space. For each structure, a
voxel-wise spatial prior probability map is estimated by averaging the
corresponding masks of that structure for all the mapped atlases. The
spatial priors are thenused in conjunctionwith the target images' inten-
sity information to optimize the segmentation of all 87 structures.

Each brain-extracted individual MR scan was thus segmented in its
native space. The resulting segmented images underwent an affine
transformation to the average T2 age-matched image. The final struc-
tural segmentation mask for each age was then obtained by assigning
each voxel to the region that it is most commonly defined as in the indi-
vidual segmentations.
Multi-layer tissue mask

To produce a headmodel of fundamental tissue types, for which the
optical properties of absorption coefficient and scattering coefficient are
available, the 87 identified brain regionswere divided into 5 tissues: ce-
rebrospinal fluid (CSF), gray matter (GM), white matter (WM), as well
as cerebellum and brainstem.

The segmentation of the extra-cerebral tissues was performed with
FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) on the average T2 image for
each age. The BET (Brain Extraction Tool) routine was used, including
the function BET2, which isolates the brain, and the function BETSURF,
which separates the outer scalp and inner skull surfaces (Jenkinson
et al., 2005). Since the scalp and skull in neonates are very thin and
are difficult to distinguish in T2 images, the scalp and skull tissues
Fig. 1. T2-weighted averageMRIs for example ages (29, 32, 35, 38, 41 and 44 weeks PMA). In the
and the third row shows an axial view.
were merged into a single extra-cerebral tissue (ECT) layer. These seg-
mentation processes identified the brain and the inner skull surface.
The extra-cerebral CSF layer was defined by the gap between the
outer gray matter and the inner skull surfaces. Voxels between these
two structures were labeled as CSF.

The final multi-layer tissue masks (consisting of ECT, CSF, GM, WM,
cerebellum and brainstem tissues) are displayed in Fig. 2 for a sub-set of
ages. All multi-layered tissuemasks were inspected by a clinical neona-
tologist in order to prevent major segmentation errors and insure that
the development of the brain is accurate.

Volumetric tetrahedral mesh construction

A high-density, volumetric, tetrahedral multi-layeredmeshwas cre-
ated for each of the 16 ages using the multi-layered tissue mask de-
scribed above. This was performed using the iso2mesh toolbox (Fang
and Boas, 2009a), with the CGAL mesher option (http://www.cgal.
org), which involves using the Computational Geometry Algorithms Li-
brary for direct mesh generation. This is a C++ library that allows fast
creation of a complexmesh from amulti-region volume. Themaximum
element volume size was set to 1 mm3 and the maximum radius of the
Delaunay sphere was set to 1 mm. The tetrahedral meshes for a subset
of ages are shown in Fig. 3.

In order to assess the quality of the created volumetric meshes, the
Joe–Liu quality index was computed for every tetrahedron for all ages
(Liu and Joe, 1994):

qvol ¼
12 � 3 � volð Þ23
Σ0≤ i≤ j≤3l

2
i; j

where vol is the tetrahedral volume and li,j are the lengths of the edges
of the tetrahedron. This metric is equal to 1 for equilateral tetrahedra
and tends to 0 for degenerated tetrahedra. A high quality mesh is ex-
pected to score high qvol values.

GM, WM and scalp surface mesh construction

A surfacemesh for each of the GM,WM and scalp layers was created
for each age of the atlas using the iso2mesh toolbox. High density GM
first row a coronal viewof theMRI volume is shown, the second row shows a sagittal view
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Fig. 2.Multi-layered tissuemasks for example ages (29, 32, 35, 38, 41 and 44 weeks PMA). The first row shows a coronal view of the mask, the second row shows a sagittal view and the
third an axial view. In gray is displayed the extra-cerebral tissue (ECT), in purple the CSF, in yellow the GM, in cyan the WM, in violet the brainstem and in red the cerebellum.
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and scalp surface meshes were created from the tissue masks using the
CGAL meshing procedure. In order to preserve the finer details of the
WM layer, particularly the corpus callosum, it was necessary to first pro-
duce a high-density volumetricmesh of theWM tissue. TheWMsurface
Fig. 3.Multi-layered volumetric tetrahedral meshes for example ages (29, 35, and 44 weeks PM
and the third show anaxial view. In gray is displayed the extra-cerebral tissue (ECT), in purple th
meshwas then extracted by selecting only the external nodes of the vol-
umetric mesh.

In order to obtain surfacemesheswith a density lowenough tomake
their use computationally straightforward, but high enough tomaintain
A). The first row shows a coronal view of the mesh, the second row shows a sagittal view
eCSF, in yellow theGM, in cyan theWM, in violet the brainstemand in red the cerebellum.

image of Fig.�2
image of Fig.�3
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the anatomical details of the tissues, a down-sampling procedure was
performed; only 30% of the initial nodes were kept. A low-pass filter,
which Bade et al. (2006) have shown to be the best volume preserving
smoothing algorithm, was also applied to smooth the surface. This pro-
cess better preserves anatomical details than the direct production of a
lower-density surface mesh. The mean face area of each mesh before
and after the down-sampling and smoothing procedure was computed,
as was the mean Hausdorff distance across ages between the high-
density mesh and the down-sampled and smoothed mesh. The results
confirmed that the macrostructure of each mesh was preserved by the
down-sampling and smoothing procedure. The mean increase in face
area was b1 mm2, and the mean Hausdorff distance across ages be-
tween the meshes was less than 2 mm for the scalp and GM meshes
and less than 2.6 mm for the WM mesh. An example of the surface
mesh for all three layers is shown in Fig. 4 for selected ages.

The quality of the surface meshes was assessed by computing
for every triangle of each mesh the following quality index (Field,
2000):

qsurf ¼
4 �

ffiffiffi

3
p

� A
l21 þ l22 þ l23

where A is the area of the triangle and l1,2,3 are the lengths of its sides. As
for the volumetric mesh case, this quality metric equals 1 when the tri-
angle is equilateral, and tends to 0 for a degenerated triangle. A high
quality mesh should give high qsurf values.
Fig. 4. Surface meshes for GM, WM, and scalp for example ages (29, 35 and 44 weeks PMA). In
surface mesh is displayed for the three selected ages. In the third row, the scalp surface mesh
lesser extent the GM surface, with age.
Cranial landmarks and 10-5 positions

For every age, the coordinates of cranial landmarks corresponding to
the inion (Iz), nasion (Nz) and left and right pre-auricular points (ALAl
and ARAr) were manually determined using FreeSurfer (http://surfer.
nmr.mgh.harvard.edu/) to visualize the surface. The 3D rendering tool
creates a 3D rendering of the scalp surface starting from the average
T2 MRI volume, which allows the ears and the nose of the average
MRI volume to be identified. The landmark coordinates derived from
the T2 image are then transferred to the volumetric head mesh; the co-
ordinates of the nearest node of themesh are assigned as the final land-
marks' coordinates.

The 10-5 system is an EEG-based convention for electrode position-
ing (Oostenveld and Praamstra, 2001). It is a high-density system,
which comprises 345 scalp locations. Since many researchers in the
DOT community use the 10-5 system or lower density versions (10-10
or 10-20) to position their optodes (Jurcak et al., 2007), we calculated,
for every age, the coordinates of the corresponding 10-5 locations.
Given three points on themesh surface (for example Al, Ar and the ver-
tex, Cz), a plane can be created and the intersection between the plane
and the outer surface of the volumetric mesh (plus or minus some
threshold width α) defines a curve along the scalp surface (in this ex-
ample, the curve from Al to Ar via Cz). Each curve was smoothed
using a 3D spline interpolation using only 1 in 4 of the surface nodes,
which intersect the plane. The 10-5 locations along that curve can
then be calculated by dividing the total length of the curve into 5%
intervals.
the first row the GM surface mesh is displayed for each age. In the second row, the WM
is shown for the three ages. Note the increasing convolution of the WM surface, and to a
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Fig. 5. Cranial landmarks (in green) and 10-5 positions (in magenta) superposed on the
44-weeks baby scalp mesh. In the left figure, Al, and inion can be observed, while nasion
is visible in the right figure.
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An example of the 10-5 locations and the cranial landmarks posi-
tioning on a head model for a single age are shown in Fig. 5.

Demonstration of the head models in use

As a demonstration of the application of our head models to diffuse
optical imaging, we employed three different methods of modeling
photon transport and solving the forward problem. In our tetrahedral
meshes, we applied both aMonte Carlo approach (using theMMCpack-
age (http://mcx.sourceforge.net)) and the Finite Element Method
(using TOAST (http://web4.cs.ucl.ac.uk/research/vis/toast)). We also
applied a voxel-based Monte Carlo method (using the MCX package
(http://mcx.sourceforge.net)) to model photon transport and solve
the forward problem in themulti-layer tissuemask rather than in tetra-
hedral mesh. A simulated set of sources and detectors were placed on
the Al–Ar line (sources at C5, C1, C2 and C6 and detectors at T7, C3, C4
and T8), to provide a total of 4 channels with same source-detector sep-
aration. Optical properties were assigned to every tissue layer as follows
(absorption coefficient (mm−1), reduced scattering coefficient (mm−1)
and refractive index, respectively): 0.017, 1.75, 1.3 for the ECT layer,
0.0041, 0.032, 1.3 for the CSF layer, 0.048, 0.5, 1.3 for the GM layer,
and 0.037, 1, 1.3 for the WM, cerebellum and brainstem layers
(Dehaes et al., 2011).

Results

In Table 1 a summary of the properties and quality indices of the
computed volumetricmeshes is reported for each age. The total number
of nodes, faces and elements is also reported. As expected, the number
of nodes, faces and elements increases with age. In the 5th column of
the table the mean Voronoi volume (across all nodes) with its standard
deviation is shown. For all ages, the volume is lower than 1 mm3,
Table 1
For every age, the properties of the volumetric mesh (number of nodes, faces, elements and the

Age (week) N nodes N faces N elements

29 382,625 491,958 2,284,103
30 385,532 495,868 2,300,908
31 401,735 531,426 2,400,077
32 423,051 560,160 2,528,645
33 442,782 591,316 2,647,723
34 481,464 634,968 2,882,826
35 512,514 689,286 3,072,358
36 566,593 761,656 3,401,223
37 636,061 862,276 3,824,980
38 716,509 962,526 4,314,759
39 784,391 949,436 4,726,239
40 805,537 933,424 4,852,397
41 833,782 951,462 5,025,079
42 866,808 970,150 5,227,709
43 889,455 1,006,512 5,366,655
44 906,023 1,055,900 5,469,235
confirming the high density of the mesh. In the last column the mean
Joe–Liu quality index qvol (computed across all tetrahedrons) is reported
with its standard deviation. All meshes achieve a high quality score. The
lowest qvol index observed in any of themeshes is 0.1. The vast majority
of elements are close to equilateral (88.4% of the qvol indices are higher
than 0.7) and no elements are completely degenerated.

A summary of the properties of the GM, WM and scalp surface
meshes is reported in Table 2. The number of nodes and faces, as well
as the mean area of the triangles with its standard deviation, is shown
for every age. As in the volumetric case, the number of nodes and
faces generally increases with age.

The results achieved by the GM, WM and scalp surface meshes for
the quality index qsurf are reported in Table 3. All the surface meshes
are of a very high quality. The lowest qsurf index observed in any of the
surface meshes is 0.02. The vast majority of faces are equilateral
(97.9% of the qsurf indices are higher than 0.7) and no faces are
completely degenerated.

In Fig. 6 the results achievedwithbothMMC (a), TOAST (b) andMCX
(c) are displayed for a representative age, in the form of the sensitivity
distribution of the 4 channels of our simulated optode array. The
three forward models are comparable, with a high sensitivity observed
near the location of each optode and a decreasing sensitivitywith depth.
Note the characteristic shape of the photon measurement density
function. Such forward solutions can be inverted and used to recon-
struct images of optical data acquired with the corresponding optode
configuration.
Discussion

Thanks to steady advances in perinatal medicine, the survival rate
for preterm infants has considerably increased in the last 3 decades. Ac-
cording to the report of the European Foundation for the Care of New-
born Infants (EFCNI) most European countries have preterm birth
rates of 7% or above. Although the mortality of preterm babies is de-
creasing, long-term complications due to prematurity are still a signifi-
cant challenge (Costeloe et al., 2012). The increasing accuracy and
applicability of functional imaging technologies, including diffuse opti-
cal tomography are likely to play an increasingly significant role in the
monitoring of pre-term development.

The creation of the 4D optical head model described here is an im-
portant step in the development of DOT in neonatal imaging. It allows
researchers to choose, for every newborn measured with DOT, an accu-
rate, age-matched head model and perform the image reconstruction
process using an anatomy that is as close as currently possible to that
of the studied infant. This constitutes the current best-practice approach
to diffuse optical image reconstruction for the neonatal population
when individual MRI data is not available.
Voronoi volume) are reported. In the last column, the Joe–Liu quality index is also shown.

Mean Voronoi volume ± std (mm3) Mean qvol ± std

0.836 ± 0.256 0.830 ± 0.104
0.837 ± 0.255 0.831 ± 0.103
0.835 ± 0.253 0.830 ± 0.104
0.835 ± 0.254 0.830 ± 0.104
0.836 ± 0.253 0.830 ± 0.104
0.836 ± 0.253 0.830 ± 0.104
0.835 ± 0.254 0.828 ± 0.105
0.836 ± 0.254 0.828 ± 0.105
0.833 ± 0.256 0.827 ± 0.107
0.831 ± 0.259 0.826 ± 0.107
0.839 ± 0.255 0.829 ± 0.106
0.844 ± 0.251 0.830 ± 0.104
0.844 ± 0.253 0.830 ± 0.105
0.846 ± 0.251 0.831 ± 0.104
0.843 ± 0.255 0.829 ± 0.106
0.840 ± 0.256 0.828 ± 0.107
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Table 2
Number of nodes and faces, as well as mean area of the triangles and its standard deviation, for all ages for the GM, WM and scalp surface meshes.

GM surface mesh WM surface mesh Scalp surface mesh

Age (week) N nodes N faces Mean area ± std (mm2) N nodes N faces Mean area ± std (mm2) N nodes N faces Mean area ± std (mm2)

29 6037 12,078 1.335 ± 0.406 8794 17,584 1.283 ± 0.385 7916 15,828 1.456 ± 0.424
30 5820 11,640 1.404 ± 0.424 8950 17,906 1.293 ± 0.378 8199 16,394 1.411 ± 0.411
31 6413 12,830 1.370 ± 0.422 9951 19,904 1.272 ± 0.387 8217 16,430 1.447 ± 0.420
32 6773 13,570 1.378 ± 0.422 10,723 21,442 1.256 ± 0.382 8613 17,222 1.434 ± 0.410
33 7471 14,946 1.347 ± 0.409 11,520 23,056 1.231 ± 0.389 8980 17,956 1.430 ± 0.413
34 8017 16,050 1.329 ± 0.419 12,636 25,294 1.211 ± 0.386 9549 19,094 1.420 ± 0.413
35 8577 17,162 1.376 ± 0.414 13,949 27,910 1.181 ± 0.393 9927 19,850 1.431 ± 0.413
36 10,457 20,926 1.248 ± 0.382 16,002 31,997 1.150 ± 0.396 10,469 20,934 1.450 ± 0.424
37 10,831 21,678 1.310 ± 0.404 18,350 36,711 1.113 ± 0.406 11,344 22,684 1.447 ± 0.418
38 11,285 22,574 1.355 ± 0.430 21,040 42,205 1.073 ± 0.411 12,274 24,544 1.453 ± 0.413
39 11,480 22,956 1.393 ± 0.424 19,678 39,424 1.125 ± 0.405 13,090 26,176 1.452 ± 0.417
40 11,813 23,626 1.389 ± 0.421 18,983 37,992 1.163 ± 0.404 13,453 26,902 1.448 ± 0.417
41 11,885 23,766 1.396 ± 0.419 18,794 37,630 1.163 ± 0.405 13,721 27,438 1.447 ± 0.416
42 12,195 24,394 1.390 ± 0.420 19,189 38,448 1.149 ± 0.406 13,933 27,862 1.459 ± 0.423
43 12,444 24,888 1.383 ± 0.422 19,825 39,745 1.114 ± 0.413 13,938 27,872 1.480 ± 0.432
44 12,916 25,836 1.356 ± 0.421 21,440 43,001 1.073 ± 0.424 14,306 28,608 1.462 ± 0.424
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Image reconstruction for diffuse optical techniques requires an accu-
rate forward model, which, by modeling photon migration through the
tissues from the array of sources predicts how the DOT data will change
given a change in tissue optical properties. The more realistic the head
model, the more accurate the forward model and the more accurate
the resulting DOT images. Our 4D head model provides a realistic,
high quality volumetric head mesh for every age from 29 weeks PMA
to 44 weeks PMA, at one-week intervals (Fig. 3).

The process of applying this optical headmodel first requires knowl-
edge of the locations of the cranial landmarks and the source and detec-
tor fibers on the scalp of the infant under examination. These positions
can be measured using an electromagnetic tracking system or via pho-
togrammetry. As an alternative to measuring each fiber position indi-
vidually, which can be time consuming, it is possible to position the
fibers relative to the subject's 10-5 locations. As these positions are pro-
vided directly for each age of our 4D head model, the position of each
source and detector fiber on the mesh can be easily determined.

Once the cranial landmarks have been measured, the age-matched
head model must be registered to the individual baby's head size and
shape. The simplest approach to this registration is to define an affine
transformation matrix between the baby's measured cranial landmarks
and the equivalent locations provided for each age of the head model
(Singh et al., 2005; Tsuzuki et al., 2012).
Table 3
For every age themean value of qsurf and its standard deviation are displayed for GM,WM
and scalp surface meshes.

GM surface mesh WM surface mesh Scalp surface mesh

Age (week) Mean qsurf ± std Mean qsurf ± std Mean qsurf ± std

29 0.928 ± 0.078 0.928 ± 0.076 0.931 ± 0.070
30 0.929 ± 0.073 0.931 ± 0.073 0.931 ± 0.071
31 0.927 ± 0.077 0.928 ± 0.073 0.931 ± 0.071
32 0.928 ± 0.075 0.929 ± 0.072 0.933 ± 0.069
33 0.928 ± 0.075 0.925 ± 0.078 0.932 ± 0.068
34 0.925 ± 0.080 0.926 ± 0.079 0.931 ± 0.070
35 0.928 ± 0.075 0.921 ± 0.083 0.933 ± 0.069
36 0.927 ± 0.074 0.919 ± 0.090 0.931 ± 0.070
37 0.927 ± 0.077 0.911 ± 0.099 0.932 ± 0.069
38 0.924 ± 0.080 0.905 ± 0.107 0.933 ± 0.069
39 0.927 ± 0.075 0.913 ± 0.096 0.932 ± 0.069
40 0.928 ± 0.074 0.918 ± 0.092 0.932 ± 0.070
41 0.928 ± 0.075 0.917 ± 0.093 0.934 ± 0.068
42 0.928 ± 0.076 0.916 ± 0.093 0.932 ± 0.070
43 0.927 ± 0.076 0.909 ± 0.103 0.932 ± 0.070
44 0.926 ± 0.078 0.902 ± 0.113 0.932 ± 0.070
Once the age-matched headmeshhas been registered to the subject,
and the source and detector locations on the mesh have been deter-
mined, relevant optical properties can be assigned to the tissues com-
posing the volumetric head mesh, to take into account the different
absorption and scattering coefficients of the different tissue types. It is
known that adult and neonatal tissues have different optical properties
(Fukui et al., 2003). Selecting accurate optical properties is important,
but the availability of neonatal optical properties is still very limited. A
sensitivity analysis to quantify the errors introduced by the use of incor-
rect optical properties using the head models presented here would be
beneficial, as would thorough measurement of the optical properties of
neonatal tissues across the NIR spectrum.

It should be noted that the optical properties of the scalp and skull in
neonates are thought to be very similar. Dehaes et al. (2011), employ
values of μa = 0.018 mm−1 for the scalp and 0.016 mm−1 for the
skull, μs′=1.9 mm−1 for the scalp and 1.6 mm−1 for the skull. As a re-
sult, our determination of a single ECT layer (as opposed to independent
scalp and skull layers) is unlikely to have a significant impact on photon
transport. To strengthen this assumption, we have begun a series of
Monte Carlo simulations in simplified, multi-layered slab models. By
comparing the sensitivity distribution produced in a model containing
a single ECT layer to those obtained in models with varying thicknesses
of scalp and skull layers, the impact of employing a single ECT layer can
be quantified. While more analysis is required, preliminary results sug-
gest that the percentage difference between the sensitivity distribution
of the ECT-only model and the scalp/skull models in the GM and WM
layers was below 10% for the majority of voxels and below 20% for all
voxels. These error values imply that imposing a division of scalp and
skull in our 4D head model will have a nominal impact on the resulting
diffuse optical images. We recommend that users of our 4D neonatal
head model approximate the optical properties of the ECT layer using
an average of the available values for scalp and skull tissues, as per-
formed above.

Once the tissue optical properties are defined, aMonte Carlo simula-
tion (performed using, for example, the MMC package (Fang, 2010;
Fang and Kaeli, 2012)) or the finite element method (performed
using, for example, the TOAST package (Schweiger and Arridge,
2014)), can be used to model photon migration in the volumetric
head model mesh and to produce a forward model (Arridge, 2011;
Gibson et al., 2005) (Fig. 6).

Alternatively, the forwardmodel can be solved, in a computationally
efficient and accurate way using the Boundary Element Method (BEM)
(Elisee et al., 2011). BEM solves the differential equations of the forward
problem using Green's theorem to transform them into a set of integral
equations defined only on the surfaces of layers within a volume. Using
this approach, the matrix dimensionality of the forward problem is



Fig. 6.MMC (a), TOAST (b) andMCX (c) simulation results. Amesh cut at the AlAr plane of the 35week baby is shown. The log of the sensitivity is displayed for the 4 channels in each case.
High sensitivity indicates that a high number of photons pass through that element on their way to a detector. Note how the sensitivity decreases with increasing depth.
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considerably reduced. This method assumes that the volume between
two surfaces is a piece-wise constant domain and therefore BEM does
not require a volumetric mesh but only surface meshes. This is one fur-
ther reason why the package described here includes scalp, GM and
WM surface meshes.

Another alternative for the forwardmodel solution is to use a voxel-
basedMonte Carlo approach (performed using theMCX package for ex-
ample (Fang andBoas, 2009b)) (Fig. 6). This is one reasonwhy thepack-
age described here includes the multi-layer tissue mask, which can
easily be used to run the voxel-basedMonte Carlo simulation. The pack-
age proposed here, therefore, allows the user to choose their preferred
method of solving the forward problem. As shown in Fig. 6, the forward
solutions produced by FEM and Monte Carlo approaches will be differ-
ent, simply because these algorithms are based on fundamentally differ-
ent models. The difference between the results obtained using MMC
and MCX, is likely due to an inaccurate geometric representation of
the head tissues in the voxel space, whichmaynegatively impact the ac-
curacy of the solution (Fang, 2010). The strength of mesh-based ap-
proaches is the ability to model continuously varying complex media.

The neonatal brain develops extremely quickly. In Fig. 1 it is evident
how the brain and head of the newborn is not only increasing in size
going from 29 weeks PMA to 44 weeks PMA, but also the shape and
contrast between different tissues are changing rapidly. It is clear in
Fig. 1 that the T2 image of a term baby (39–41 weeks PMA) exhibits
higher contrast between GM and WM compared to the T2 image of a
preterm newborn (29 weeks PMA), where the high water content pro-
duces long T1 and T2 times and thus a low signal in theWMpart of the
image.

The development of the brain is even more evident in the GM and
WM surface meshes shown in Fig. 3. The cortical surface of a 29 week
PMA infant is relatively smooth (Battin and Rutherford, 2002) but corti-
cal folds rapidly develop between 39 and 40 weeks PMA. The cortical
folding apparent in our GM surface meshes is noticeably less than that
of individual infant MRIs of ~35–44 weeks PMA. This detail is likely to
have been lost in the averaging process used to obtain the atlas because
of the large variability between different infants. However, the GM sur-
face meshes do show the cortical folding increasing with age. The GM
surfacemesh for the 29week baby is very smooth,while the GM surface
mesh for a term baby (39–41 weeks PMA) clearly shows some of the
main sulci in the parietal cortex and evidence of the central gyrus.

Although our average cortical meshes do not exhibit the sulci and
gyri as clearly as an individual MRI of that age, the smoothing of these
features due to the spatial averaging of T2 images is representative of
the anatomical variation across infants at that age. While it would be
possible to base each mesh on an individual (non-averaged) MRI that
would maintain denser cortical folding, to reconstruct DOT images
using such a mesh and present those images on those cortical folds
would bias those images, and would ultimately be misleading.

TheWMsurfacemesh displays a clear development from preterm to
term neonates. The WM appears as a smooth surface in the extreme
pretermbaby, and this smoothness is likely due to both the underdevel-
opment of theWM and of the cortical GM, where folding has yet to take
place. In the term baby, the GM folding has already started and conse-
quently the boundary between the WM and GM becomes more com-
plex, exhibiting higher curvature.

The FSL approach that we employed to isolate the extra-cerebral tis-
sues has been validated in adults but has also been used previously with
infants (Sanchez et al., 2011). Tissue contrasts in infant T2 MRI images
are markedly different from those of the adult, and T2 images do not
produce high contrast for extra-cerebral tissues. The BETSURF tool
works preferentially with T1 images, and its performance is improved
by using both T1s and T2s. In our case, only T2 images were available;
T2 contrast images are the most commonly applied to neonates in clin-
ical circumstances. As a result, it was not possible to separate the scalp
and skull layers and the BETSURF procedure may overestimate or
(more likely) underestimate the thickness of the extra-cerebral layer.
While the ECT layer could be explicitly separated into two by modeling
the skull–scalp boundary, such an approach would require additional
assumptions that are not justified by the available MRI data and
would be impossible to validate. If both T1 and T2 images were avail-
able, the segmentation of the extra-cerebral tissues would likely be
more accurate and it may even be possible to separate the scalp and
skull layers. In the future itmaybepossible to improve the identification
of extra-cerebral tissues by designing anMRI sequence that is specifical-
ly tuned to the problem of seeking accurate optical head models.

The T2 images from individual infantswere brain co-aligned in order
to obtain an average T2 image for each age. As a result, there is greater
spatial variability in structures which are distant from the brain. This
particularly affects the lower regions of the head, which exhibit poor
contrast in the average T2 images. As a result, the shape of the external
surface of the extra-cerebral tissue layer on the under-side of the head is
not reliable. However, this inaccuracy will have no impact on optical
brain imaging applications.

Dehaes et al. (2011) have shown that including the temporal fonta-
nel in the model of the newborn skull (by assigning it the optical prop-
erties of cartilage instead of bone) can have an impact on optical
sensitivity. In order to distinguish the fontanel from the skull a CT
scan (X-ray computed tomography) is necessary, as the two tissues
are generally indistinguishable to standard MRI. Because of the use of
ionizing radiation, CT is not usually performed clinically on infants. For
this reason, there are few CT volumes available and we have not been
able to account for the fontanels in our model.

In studies of the adult brain, a standardized coordinate system, such
as the Talairach or MNI systems, can be used to analyze multi-subject
data in a common coordinate space (Chau andMcIntosh, 2005). Images
of an individual are transformed to the common space to allow for inter-
subject and inter-study comparisons. A standard newborn MRI atlas,
like that built by Kuklisova-Murgasova et al. (2011), should ideally pro-
vide the equivalent standardized space for newborns. Unfortunately,
there is still debate in the MRI community about which newborn MRI
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atlas should define the reference space and how these coordinates will
be transformed to be universally applied to different ages (Kazemi
et al., 2007).

A simpler approach is, of course, to use the adultMNI space for infant
studies. By transforming each infant brain to the adult MNI space, a lo-
cation in the infant brain can be given in adult MNI coordinates, and
the anatomywill broadly match. For example, a coordinate which iden-
tifies a location on the post-central gyrus in adults will also represent,
approximately, a location on the post-central gyrus in infants. However,
comparisons of the physiological importance of spatially equivalent
brain regions between the infant and adult populations are clearly
flawed (Wilke et al., 2003). To transform our models to match adult
MNI coordinates would, of course, inflate the infant head models to
the size of an adult brain, which is clearly not appropriate for diffuse op-
tical approaches. Instead, our 4D infant headmodel is based onMRI data
with the same axis definitions as the MNI coordinate system but with-
out being transformed to match the adult anatomy. A coordinate in
our meshes will therefore represent a very different physiological loca-
tion than the same coordinate in an MNI-registered adult.

An additional application of our 4D optical head model is related to
the important issue of optode positioning. Many applications of diffuse
optical techniques target a very particular, and known, location in the
brain. In such studies the goal is not to map a functional response, but
to examine the response of a certain region to a particular stimulus.
An example is the NIRS studies performed in an attempt to assess pain
processing in infants (Slater et al., 2006). As it is common that the num-
ber of DOT channels is limited, determining where to place the sources
and detectors on the scalp so as to best sample the region of interest is
very important. This optical head model can be utilized to optimize
probe location. By modeling photon migration for a variety of source
and detector arrangements, the optical fiber array that best samples a
given brain region can be determined. It is also possible to imagine an
approach that takes advantage of the reciprocity of photon migration
in tissue to explicitly calculate the best source and detector positions
for sampling a given brain coordinate, rather than producing multiple
models and choosing the most suitable.

Conclusion

We have presented a 4D optical head model package for preterm
through to term newborns ranging from 29 to 44 weeks PMA, at one
week intervals. This atlas is freely available online (www.ucl.ac.uk/
medphys/research/4dneonatalmodel) and provides, for every age, 1) a
multi-layered tissue mask including WM, GM, CSF, cerebellum,
brainstem and extra-cerebral tissues, 2) a volumetric high-density tet-
rahedral headmesh, 3) GM,WMand scalp surfacemeshes and 4) crani-
al landmark coordinates and 10-5 locations. The package allows
researchers to select, for every newborn under examination, an accurate
age-matched headmodel, and thus aged-matched anatomy. This allows
for maximally accurate optical image reconstruction and anatomically
meaningful, uniform presentation of the resulting images. Ultimately
this improves the quality, accuracy and interpretability of DOT images
and will aid their application to neonatal medicine.
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