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ABSTRACT 

Craniosynostosis is a common and complex craniofacial condition (~4 per 10,000 live births) that 
imposes a substantial financial and emotional burden on patients and their families. Craniosynostosis is a 
condition defined by premature closure of cranial vault sutures, which is associated with abnormalities of 
the brain and skull. Many causal relationships between discovered mutations and premature suture closure 
have been proposed but an understanding of the precise mechanisms remains elusive.  

This research develops a computational framework of biological processes underlying cranial 
growth that will enable a hypothesis driven investigation of craniosynostosis phenotypes. Bones of the 
cranial vault are formed by the differentiation of mesenchymal cells into osteoblast cells on a surface that 
surrounds the brain, eventually forming mineralized bone. Signaling pathways causative for the cell 
differentiation start from some actions of extracellular proteins driven by information from genes. We 
assume that the interaction of cells and extracellular molecules which are associated with cell 
differentiation can be modeled using Turing’s reaction-diffusion model, which is a mathematical model for 
pattern formation controlled by two interacting molecules (activator and inhibitor). In this study we 
hypothesize that regions of high concentration of an activator develop into primary centers of ossification, 
the earliest bone. In addition to the Turing model, we use another diffusion model dealing with a 
morphogen associated with bone growth from the primary ossification centers. Effects of mechanical 
stimuli due to brain growth underlying cranial vault are considered to elucidate the mechanism of growth of 
cranial vault.  

These mathematical models were solved using the finite volume method. The computational 
domain and model parameters are determined using a large collection of experimental animal models. The 
results show that the five ossification centers that form in our model occur at the same position as those 
identified in experimental data. As bones grow from these ossification centers, sutures form between the 
bones. This study may help uncover fundamental mechanisms associated with birth defects such as 
craniosynostosis as well as answer basic questions in developmental biology. 

 
REFERENCES 

 
[1]  D.A. Garzόn-Alvarad, A. Gonzéle and M.L. Gutiérrez, “Growth of the flat bones of the membranous 

neurocranium: A Computational Model”, Comput Methods Programs Biomed, 112:655-664 (2013)  
 



Chanyoung Lee, Joan T. Richtsmeier and Reuben H. Kraft 

 2 

[2]  E. Gazzerro, V. Gangji and E. Canalis, “Bone Morphgenetic Proteins Induce the Expression of Noggin, 
Which Limits Their Activity in Cultured Rat Osteoblasts”, J. Clin. Invest., 102:2106-2114 (1998) 

 
[3]  J.O. Gordeladze, J.E Reseland, I. Duroux-Richard, F. Apparailly and C. Jorgensen, “From Stem Cells 

to Bone: Phenotype Acquisition, Stabilization and Tissue Engineering in Animal Models”, ILAR J. 
51:42-61 (2009) 

 
[4] J.T. Richtsmeier and K. Flaherty, “Hand in glove: brain and skull in development and 

dysmorphogenesis”, Acta Neuropathol. 2013 April ; 125(4) 469-489  (2013) 
 
[5]  A.J. Koch and H. Meinhardt, “Biological Pattern Formation: From Basic Mechanisms to Complex 

Structures”, Rev Mod Phys, 66:1481-1507 (1994) 
 
[6]  C. Lee, J.T Richtsmeier and R.H. Kraft, “A multiscale computational model for the growth of the 

cranial vault in craniosynostosis”, Procs ASME Int Mech Eng Congress Expo, IMECE2014-38728  
(2014)  

 
[7]  L. Marcon and J. Sharpe, “Turing patterns in development: what about the horse part?”, Curr. Opin. 

Genet. Dev., 22: 578-584 (2012) 
 
[8]   N. Martínez-Abadías, S. Motch, T. Pankratz, Y.L Wang, K. Aldridge, E.W Jabs and J.T. Richtsmeier, 

“Tissue specific response to aberrant Fgf signaling in complex head phenotypes”, Dev. Dyn., 242:80-
94 (2013) 

 
[9]  R.S. Tubb, A.N. Bosmia and A.A. Cohen-Gadol, “The human calvaria: a Review of Embryology, 

Anatomy, Pathology, and Molecular Development”, Childs Nerv Syst., 28:23-31 (2012) 
 
[10]  A.M. Turing, “The Chemical Basis of Morphogenesis”, Philos. Trans. R. Soc. Lond., 237:37-72 

(1952) 
 
[11] S.M. Warren, L.J. Brunet, R.M. Harland, A.N. Economides and M.T. Longaker, “The BMP 

Antagonist Noggin Regulates Cranial Suture Fusion”, Nature, 422:625-629 (2003) 
 
 


