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Abstract

The neurocranium changes rapidly in early childhood to accommodate the developing brain. 

However, developmental disorders may cause abnormal growth of the neurocranium, the most 

common one being craniosynostosis, affecting about 1 in 2000 children. It is important to 

understand how the brain and neurocranium develop together to understand the role of the 

neurocranium in neurodevelopmental outcomes. However, the neurocranium is not as well studied 

as the human brain in early childhood, due to a lack of imaging data. CT is typically employed to 

investigate the cranium, but, due to ionizing radiation, may only be used for clinical cases. 

However, the neurocranium is also visible on magnetic resonance imaging (MRI). Here, we used a 

large dataset of MRI images from healthy children in the age range of 1 to 2 years old and 

extracted the neurocranium. A conformal geometry based analysis pipeline is implemented to 

determine a set of statistical atlases of the neurocranium. A growth model of the neurocranium 

will help us understand cranial bone and suture development with respect to the brain, which will 

in turn inform better treatment strategies for neurocranial disorders.
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1. INTRODUCTION

Shape abnormalities of the cranium are associated with some developmental disorders, and 

early detection in children is important for better treatment and to improve quality of life. 

The newborn neurocranium consists of tiny bony plates of ossified bone tissue, which are 
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connected by the soft connective tissue of the sutures and fontanelles. This flexible 

construction allows the neurocranium to deform or expand to accommodate the rapidly 

growing brain in early childhood. The cranium expands rapidly from 25% of its adult size at 

birth to 90% of its adult size by age 4–51,2. The brain, meanwhile, reaches 95% of its final 

volume by the age of 6.

A normative database of neurocranial development would be of great help for both early 

detection of abnormalities in the clinic and for surgical planning. For example, 

craniosynostosis is challenging to diagnose, however, some studies have shown that it may 

be associated with neurodevelopmental deficits if left undiagnosed or even if treated early 
3,4. Understanding normal variations in cranial shape with age is also important in 

diagnosing head trauma in children. According to 5, pediatric cranial sutures deform 30 

times more than the cranial bone before failure, and 243 times more than the adult cranial 

bone. Hence, the cranium may be subjected to major shape changes under trauma, impacting 

the brain as well. There has also been an increased interest in optimization of surgical 

procedures for craniosynostosis, especially metopic craniosynostosis, as described in 6,7. For 

surgery, it is important to understand the degree of malformation to choose the appropriate 

surgical intervention. Currently, surgical decisions and normal cranial shape reconstruction 

vary depending on the subjective assessment of the surgeon6,7, so a normative database 

would be allow a more objective determination of surgical plans.

It is also currently not well understood how the brain and cranial shape parameters co-

evolve8. For example, studies have shown that environmental factors such as sleep position 

may also affect neurocranial shape and lead to developmental delays, such as in 

deformational plagiocephaly9,10. Some recent studies have shown that children with 

deformational plagiocephaly have motor delays in early childhood10. It is therefore 

important to understand neurocranial growth in order detect joint deformities in the cranium 

and brain at an early stage.

Neurocranium disorders are typically diagnosed via CT images, however, due to ionizing 

radiation, it is more challenging to build a growth map of shape changes of the 

neurocranium in healthy children using this modality. In this study, we utilize the fact that 

the neurocranium can also be delineated on MRI, and take advantage of a large database of 

MRI scans of healthy children ranging in age from 0–2 years old, acquired at the Baby 

Imaging Lab [http://www.babyimaginglab.com], to map shape changes of the neurocranium 

in children 1–2 years old.

Among shape parameters, neurocranium thickness in particular is important for 

understanding the healing process after cranial surgery in diseases such as craniosynostosis 

and to understand the impacts traumatic brain injury has on the pediatric neurocranium11,12. 

Templates of neurocranium thickness can also be incorporated into epilepsy surgery and can 

be used for more accurate modeling of the EEG sources 13,14

To map the change in thickness across various ages, we build tetrahedral meshes for each of 

the neurocrania. We then apply a discrete Laplace-Beltrami operator 15,16 and solve the 
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Laplace equation to compute the thickness of the neurocranium. Thickness is then 

statistically compared between age groups at each vertex of the surface grid.

2. METHOD

Data

The dataset used was of 27 MRI scans (including male and female subjects) of children of 

ages 12 months, 18 months and 24 months. All data are acquired on a Siemens 3T Tim Trio 

scanner equipped with a 12 channel head RF array. To minimize intra-scan motion, children 

are swaddled with a pediatric MedVac vacuum immobilization bag (CFI Medical Solutions, 

USA) and foam cushions. Scanner noise is reduced by lessening the peak gradient 

amplitudes and slew-rates, and using a noise-insulating scanner bore insert (Quiet Barrier 

HD Composite, UltraBarrier, USA).

Pre-Processing

We used the following pre-processing pipeline for our data analysis. First, the anatomical 

T1-weighted dataset was skull stripped using FSL BET17 and resampled to a 1×1×1mm3 

resolution for consistency throughout the processing. The resampled image was bias 

corrected using the N4 ANTs bias correction tool 18. The result was then registered to an 

age-matched template, which was generated from the same dataset and also resampled to 

1×1×1mm3 resolution, using FSL FLIRT19,20 using 6 degrees of freedom. The 

transformation from FSL FLIRT was saved and applied to the original non-neurocranium 

stripped dataset. The resulting registered image was then bias corrected using the N4 ANTS 

bias correction tool again before applying the FSL BET software 17,21, which includes 

functionality for getting an outline of the inner and outer neurocranium surfaces. Each mask 

was visually inspected to ensure accuracy. After visual inspection, we chose the datasets 

with the clearest delineation of the neurocranium mask for this study specifically. These 

datasets had the least amount of motion and image artefacts, and the boundaries of the brain, 

dura and scalp were clearly visible on the image. The dataset consists of 9 datasets for the 12 

month cohort, 8 datasets for the 18 month cohort and 10 datasets for the 24 month cohort.

Thickness Calculation

Using the iso2mesh toolbox 22, we created volumetric tetrahedral meshes for the inner and 

outer neurocranium masks, respectively. This toolbox was also used to ensure correct 

directionality of the normal vectors of the mesh faces generated. The outer neurocranium 

volumetric mesh generated from the outer neurocranium mask was then separated into the 

outer and inner surface meshes to calculate the thickness. The thickness calculation involved 

a similar approach to that used for the corpus callosum in15,16. The neurocranial surface was 

first represented as a boundary of a tetrahedral mesh and then divided into superior and 

inferior patches. We then computed a harmonic field using a Laplacian operator with 

Dirichlet boundary conditions. This was done in order to minimize harmonic energy on the 

mesh and subsequently, streamlines were used to connect the inner and outer surfaces of the 

neurocranium. Thickness was defined as the total arc length of the streamline from the 

superior to the inferior patches.
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Next, we used the weighted-SPHARM approach described in 23,24 to register the thickness 

of each individual subject to a common template. This enabled us to get a surface with the 

same number of vertices, allowing us to compare thickness between groups. Each 

neurocranium’s interior and exterior surfaces were mapped to a sphere using an area 

preserving surface flattening, described in 25. A sphere was used to make use of the 

closeness of the shape of the neurocranium. We used a template sphere with 40962 vertices 

to compute the spherical harmonic confidents in order to get a SPHARM representation of 

the surfaces. Finally, we applied vertex-wise two sample t-tests for thickness comparison 

between the groups as follows: 12m vs 18m, 18m vs 24m, and 12m vs 24m.

3. RESULTS

Results below show the significant p-values (0–0.5) mapped onto a template neurocranium, 

reconstructed from the SPHARM representation. The blacked out regions in the rest of the 

neurocranium are not significant and the intensity has been reduced to zero for better 

visualization. The darker red regions show higher significance closer to 0 and the lighter 

areas show significance closer to 0.05 as shown in the color bar.

4. DISCUSSION

Results above show the regions of the neurocranium that vary the most across comparison of 

the two groups. If we focus on the areas marked with a red dotted circle, the top image in 

Fig. 1 shows significant changes in the posterior part of the neurocranium, corresponding to 

part of the sagittal suture. The pattern shown in the right figure of the top row in the area of 

the lambdoid suture. This is intuitive as we expect to see greater differences near the sutures 

that accommodate the growing brain. In addition, according to 26, the lambdoid suture closes 

between the age of 1 and 1.5.

The middle figure showing significant differences between the 12m and 24m groups results 

in a pattern similar to the comparison of the 12m and 18m groups. The least difference was 

found between the 18m and 24m groups, only showing significant thickness difference in 

the occipital bone. This indicates that a large portion of the neurocranium thickness change 

happens prior to 1.5 years. We plan on investigating younger age groups (3 months to 1 year 

old) in follow up studies to gain a better understanding of early neurocranial growth. The 

thickness differences found here are consistent with studies done using CT data 26. For 

example, the authors in 26 showed a greater thickness of the neurocranium in the occipital 

region in ages 1.5 years and older.

Cranial growth has also been investigated using non-invasive 3D optical surface scanner data 

in children of 6–12 months of age 27, where, it was shown that the head grows more in 

length (2.84%), by measurement in the head circumference increase. At the same time, the 

total cranial volume increased by 18.76% 27. Our study, in addition to using non-invasive 

MRI, investigates local rather than global changes of the neurocranium, i.e. the thickness.

The neurocranium growth model described here will be improved in our future work by 

inclusion of more subjects. In this pilot study, we show that using head MRI scans, 

neurocranial thickness growth can be mapped out to show local changes in thickness. Future 
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work will include a correlation of the cranial thickness and parameters acquired from the 

brain, such as cortical thickness, which will allow us to acquire a more complete picture of 

the co-development of the brain and neurocranium.
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Figure 1. 
(a) Significant p-values that result in the comparison of the 12m and 18m groups. (b) 

Significant p-values that result in the comparison of the 12m and 24m groups. (c) Significant 

p-values that result in the comparison of the 18m and 24m groups. The red circles indicate 

areas that are consistent patterns when compared with other studies.
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