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Abstract
Neuro-osteology emphasizes the biological connection during development between nerve tissue and hard tissue. The present re-

view article summarizes neuro-osteological results from more than 25 years of scientific publications by the author and co-workers. 
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It is highlighted and demonstrated in the review, that there is a relationship prenatally as well as postnatally between the devel-
opment of the human craniofacial skeleton and the central and the peripheral nervous system, (CNS/PNS). Dermatome-like neural 
crest developmental fields based on innervation paths have been suggested in the cranium. Furthermore it is demonstrated that 
interrelationships between CNS/PNS and hard tissue are of importance for human anthropological studies for pathological studies 
and for clinical etiology based diagnostics.

Background
Neuro-osteology emphasizes the biological connection during development between nerve tissue and hard tissue [1]. 

In the present overview of studies, performed by a research team at the Odontological Institute, Health Science Center, University of 
Copenhagen, the focus will be on the neuro-osteological aspects in the normal and pathological craniofacial development in humans. The 
interrelationship between the brain, the central nervous system (CNS) and the neuro-cranium will be described. Also the interrelation-
ship between jaw development including the dentition and the peripheral nervous system (PNS) will be highlighted. 

These interrelationships will be described in prenatal and postnatal tissues. 

Prenatal neuro-osteological development of the neuro-cranium 

Normal prenatal studies have focused specifically on the bone formation of the cranial base during early development [2-5]. The se-
quence in appearances of bones structures was interrelated with vertebral column development [6]. In the studies, bone development 
was not coordinated with the early brain development. Later a paper on the relationship between the normal development of the pituitary 
gland and the osseos sella turcica appeared [7]. Also, the p75-NGF-R (nerve growth factor receptor) expression was documented in the 
pituitary gland [8]. These studies were the basis of the description of the normal cranial base development. 
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Among pathological fetuses specific attention was on 15 anencephalic fetuses [9,10] and 8 holoprosencephalic fetuses [11]. In both 
conditions with CNS malformations the fetal pituitary gland and the sella turcica was described [12,13]. These studies revealed abnormal 
development in the anterior wall of the sella turcica, in the pituitary gland, and in the anterior mid-axial region (anterior cranial fossa) in 
holoprosencephaly corresponding to the abnormal development of the frontal lobe of the hemispheres. In opposition to this, the posterior 
wall of the sella turcica and the occipital bone was malformed in anencephaly, where the neuro pituitary gland was absent and the sella 
turcica malformed [12]. These studies formed the basis for further studies on the pituitary gland and sella turcica in trisomy 18 [14], triso-
my 21 [15], fetuses spina bifida, cranial encephalocele, and myelomeningocele [16,17]. Interestingly these conditions also involved abnor-
mal pituitary/sella turcica formation [17]. Notochordal remnants in these conditions and in human iniencephaly and Meckel syndrome 
have also been described [18]. In Down syndrome the occipital field of the posterior cranial base revealed abnormal dimensions [19,20]. 

The prenatal studies on the neuro-osteological development of the cranial base was followed-up by postnatal studies. In the SMMCI 
(Single Maxillary Median Central Incisor) condition (mild degree of holoprosencephaly) studies documented a significant shortening of 
the anterior cranial fossa [21]. The follow-up MRI (Magnetic Resonance Imaging) scan - study revealed brain malformation in this condi-
tion [22]. Studies on the single central incisor have documented the midline skeletodental abnormality [21-24]. A postnatal study on sella 
turcica has been performed in children with lumbosacral myelomeningocele [25]. This study demonstrated an abnormal anterior wall in 
sella turcica. Also postnatal follow-up studies on sella turcica have been performed in children with Down syndrome [26]. 

Postnatal neuro-osteological development of the neuro-cranium 

In early studies on jaw development a correlated appearance of ossification and PNS tissue was described in the maxilla [4]. In the 
mandible, formation and early prenatal location of the mental foramen were described [4]. In both the maxilla and in the mandible bone 
formation appeared close to peripheral nerve paths observed histochemically. Concerning tooth development immunocytochemical dem-
onstrations of NGF-R was observed in early tooth development [27,28]. This was later documented by the PGP 9.5 method (protein gene 
product) [29]. 

Prenatal neuro-osteological development of the jaws

To understand the interrelationship between the development of the mandibular canal and the inferior alveolar nerve analysis of fetal 
anthropological material was necessary [30]. This study revealed a surprising developmental spatiotemporal pattern. Separate nerve 
paths developed consecutively to different tooth groups during prenatal life. This information made it possible to construct an innervation 
diagram of the mandibular dentition of importance for clinical diagnostics. Concerning the growth of the craniofacial jaw skeleton the im-
munohistochemical PGP 9.5 positivity in human osteoblasts was suggested as an indicator for compensatory and dysplastic craniofacial 
growth controlled by peripheral nerves [31]. 

The innervation diagrams based on prenatal neuro-osteological observations in the jaws have been clinical useful [1,32-35]. In Cri-du-
Chat syndrome and in Velocardiofacial syndrome craniofacial bone analysis has been the basis for describing neural crest developmental 
fields [36,37]. 

Postnatal neuro-osteological development of the jaws

Conclusion
In this short overview, the relationship between prenatal and postnatal neuro-osteology observations in the craniofacial skeleton has 

been highlighted and craniofacial neural crest developmental fields have been suggested. It has been demonstrated that interrelationships 
between CNS/PNS and hard tissue development could be of importance not only for anthropological studies [38], but also for clinical 
diagnostics [39-42]. If the craniofacial skeleton can predict brain development might be a question for the future. Interestingly, the inter-
relationship between macrodontic permanent maxillary incisors and neuropsychiatric conditions has been suggested [43]. 
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Studies like the ones mentioned in this overview are of a phenotypic nature. In the future it is desirable to combine these finding not 
only with experimental studies, but also with genetic studies.

Bibliography

1. Kjaer I. “Neuro-osteology”. Critical Reviews in Oral Biology and Medicine 9.2 (1998): 224-244.

2. Kjaer I. “Ossification of the human fetal basicranium”. Journal of Craniofacial Genetics and Developmental Biology 10.1 (1990): 29-38.

3. Kjaer I. “Radiographic determination of prenatal basicranial ossification”. Journal of Craniofacial Genetics and Developmental Biology 
10.2 (1990): 113-123.

4. Kjaer I. “Correlated appearance of ossification and nerve tissue in human fetal jaws”. Journal of Craniofacial Genetics and Developmen-
tal Biology 10.3 (1990): 329-336.

5. Kjaer I. “Prenatal human cranial development evaluated on coronal plane radiographs”. Journal of Craniofacial Genetics and Develop-
mental Biology 10.4 (1990): 339-351.

6. Kjaer I., et al. “Ossification sequence of occipital bone and vertebrae in human fetuses”. Journal of Craniofacial Genetics and Develop-
mental Biology 13.2 (1993): 83-88.

7. Kjaer I and B Fischer-Hansen. “The adenohypophysis and the cranial base in early human development”. Journal of Craniofacial Ge-
netics and Developmental Biology 15.3 (1995): 157-161.

8. Kjaer IM., et al. “p75-NGFR expression in the human prenatal pituitary gland”. Pediatric Neurology 30.5 (2004): 345-348.

9. Kjaer I., et al. “Midline maxillofacial skeleton in human anencephalic fetuses”. Cleft Palate-Craniofacial Journal 31.4 (1994): 250-256.

10. Kjaer I., et al. “Cranial base and vertebral column in human anencephalic fetuses”. Journal of Craniofacial Genetics and Developmental 
Biology 14.4 (1994): 235-244.

11. Kjaer I., et al. “The midline craniofacial skeleton in holoprosencephalic fetuses”. Journal of Medical Genetics 28.12 (1991): 846-855.

12. Kjaer I and B Fischer-Hansen. “Human fetal pituitary gland in holoprosencephaly and anencephaly”. Journal of Craniofacial Genetics 
and Developmental Biology 15.4 (1995): 222-229.

13. Kjaer I and BF Hansen. “The prenatal pituitary gland--hidden and forgotten”. Pediatric Neurology 22.2 (2000): 155-156.

14. Kjaer I., et al. “Pituitary gland and sella turcica in human trisomy 18 fetuses”. American Journal of Medical Genetics 76.1 (1998): 87-92.

15. Kjaer MS., et al. “Hand development in trisomy 21”. American Journal of Medical Genetics 79.5 (1998): 337-342.

16. Kjaer I., et al. “Pituitary gland and axial skeletal malformations in human fetuses with spina bifida”. European Journal of Pediatric 
Surgery 9.6 (1999): 354-358.

17. Kjaer I., et al. “Axial skeleton and pituitary gland in human fetuses with spina bifida and cranial encephalocele”. Pediatric Pathology 
and Laboratory Medicine 16.6 (1996): 909-926.

18. Kjaer KW., et al. “Malformations of cranial base structures and pituitary gland in prenatal Meckel syndrome”. APMIS 107.10 (1999): 
937-944.

19. Lomholt JF., et al. “The pre-natal development and osseous growth of the human cerebellar field”. Orthodontics and Craniofacial Re-
search 6.3 (2003): 143-154.

20. Lomholt JF., et al. “The prenatal development of the human cerebellar field in Down syndrome”. Orthodontics and Craniofacial Re-
search 6.4 (2003): 220-226.

http://journals.sagepub.com/doi/abs/10.1177/10454411980090020501
https://www.ncbi.nlm.nih.gov/pubmed/2373754
https://www.ncbi.nlm.nih.gov/pubmed/2211961
https://www.ncbi.nlm.nih.gov/pubmed/2211961
https://www.ncbi.nlm.nih.gov/pubmed/1702095
https://www.ncbi.nlm.nih.gov/pubmed/1702095
https://www.ncbi.nlm.nih.gov/pubmed/2074272
https://www.ncbi.nlm.nih.gov/pubmed/2074272
https://www.ncbi.nlm.nih.gov/pubmed/8325971
https://www.ncbi.nlm.nih.gov/pubmed/8325971
https://www.ncbi.nlm.nih.gov/pubmed/8642055
https://www.ncbi.nlm.nih.gov/pubmed/8642055
https://www.ncbi.nlm.nih.gov/pubmed/15165637
https://www.ncbi.nlm.nih.gov/pubmed/7918519
https://www.ncbi.nlm.nih.gov/pubmed/7883870
https://www.ncbi.nlm.nih.gov/pubmed/7883870
https://www.ncbi.nlm.nih.gov/pubmed/1757961
https://www.ncbi.nlm.nih.gov/pubmed/8719351
https://www.ncbi.nlm.nih.gov/pubmed/8719351
https://www.pedneur.com/article/S0887-8994(99)00130-7/fulltext
https://www.ncbi.nlm.nih.gov/pubmed/9508072
https://www.ncbi.nlm.nih.gov/pubmed/9779798
https://www.ncbi.nlm.nih.gov/pubmed/10661842
https://www.ncbi.nlm.nih.gov/pubmed/10661842
https://www.ncbi.nlm.nih.gov/pubmed/9025889
https://www.ncbi.nlm.nih.gov/pubmed/9025889
https://www.ncbi.nlm.nih.gov/pubmed/10549591
https://www.ncbi.nlm.nih.gov/pubmed/10549591
https://www.ncbi.nlm.nih.gov/pubmed/12962197
https://www.ncbi.nlm.nih.gov/pubmed/12962197
https://www.ncbi.nlm.nih.gov/pubmed/14606525
https://www.ncbi.nlm.nih.gov/pubmed/14606525


Citation: Inger Kjær. “Neuro-osteology – A Discipline of Importance for Evaluation of Human Craniofacial Development”. EC Neurology 
10.6 (2018): 465-469.

Neuro-osteology – A Discipline of Importance for Evaluation of Human Craniofacial Development

468

21. Tabatabaie F., et al. “The neurocranial and craniofacial morphology in children with solitary median maxillary central incisor 
(SMMCI)”. Orthodontics and Craniofacial Research 11.2 (2008): 96-104.

22. Kjaer I., et al. “Brain malformation in single median maxillary central incisor”. Neuropediatrics 40.6 (2009): 280-283.

23. Kjaer I., et al. “Palate structure in human holoprosencephaly correlates with the facial malformation and demonstrates a new palatal 
developmental field”. American Journal of Medical Genetics 73.4 (1997): 387-392.

24. Becktor KB., et al. “Eruption of the central incisor, the intermaxillary suture, and maxillary growth in patients with a single median 
maxillary central incisor”. Acta Odontologica Scandinavica 59.6 (2001): 361-366.

25. Kjaer I., et al. “The sella turcica in children with lumbosacral myelomeningocele”. European Journal of Orthodontics 20.4 (1998): 443-
448.

26. Russell BG and I Kjaer. “Postnatal structure of the sella turcica in Down syndrome”. American Journal of Medical Genetics 87.2 (1999): 
183-188.

27. Christensen LR., et al. “Immunocytochemical demonstration of nerve growth factor receptor (NGF-R) in developing human fetal 
teeth”. Anatomy and Embryology 188.3 (1993): 247-255.

28. Becktor KB., et al. “Spatiotemporal expression of NGFR during pre-natal human tooth development”. Orthodontics and Craniofacial 
Research 5.2 (2002): 85-89.

29. Christensen LR., et al. “An immunocytochemical study of the innervation of developing human fetal teeth using protein gene product 
9.5 (PGP 9.5)”. Archives of Oral Biology 38.12 (1993): 1113-1120.

30. Chavez-Lomeli ME., et al. “The human mandibular canal arises from three separate canals innervating different tooth groups”. Journal 
of Dental Research 75.8 (1996): 1540-1544.

31. Kjaer I and D Nolting. “Immunohistochemical PGP 9.5 positivity in human osteoblasts may indicate that compensatory and dysplastic 
craniofacial growth are under control by peripheral nerves”. Orthodontics and Craniofacial Research 11.4 (2008): 196-200.

32. Kjaer I., et al. “Aetiological aspects of mandibular tooth agenesis--focusing on the role of nerve, oral mucosa, and supporting tissues”. 
European Journal of Orthodontics 16.5 (1994): 371-375.

33. Bang E., et al. “Etiologic aspects and orthodontic treatment of unilateral localized arrested tooth-development combined with hearing 
loss”. American Journal of Orthodontics and Dentofacial Orthopedics 108.2 (1995): 154-161.

34. Parner ET., et al. “Biological interpretation of the correlation of emergence times of permanent teeth”. Journal of Dental Research 81.7 
(1995): 451-454.

35. Kjaer I. “Mechanism of human tooth eruption: review article including a new theory for future studies on the eruption process”. Sci-
entifica (2014): 341905.

36. Kjaer I and E Niebuhr. “Studies of the cranial base in 23 patients with cri-du-chat syndrome suggest a cranial developmental field 
involved in the condition”. American Journal of Medical Genetics 82.1 (1999): 6-14.

37. Molsted K., et al. “The morphology of the sella turcica in velocardiofacial syndrome suggests involvement of a neural crest develop-
mental field”. American Journal of Medical Genetics Part A 152A.6 (2010): 1450-1457.

https://www.ncbi.nlm.nih.gov/pubmed/18416751
https://www.ncbi.nlm.nih.gov/pubmed/18416751
https://www.ncbi.nlm.nih.gov/pubmed/20446222
https://www.ncbi.nlm.nih.gov/pubmed/9415463
https://www.ncbi.nlm.nih.gov/pubmed/9415463
https://www.ncbi.nlm.nih.gov/pubmed/11831485
https://www.ncbi.nlm.nih.gov/pubmed/11831485
https://www.ncbi.nlm.nih.gov/pubmed/9753826
https://www.ncbi.nlm.nih.gov/pubmed/9753826
https://www.ncbi.nlm.nih.gov/pubmed/10533034
https://www.ncbi.nlm.nih.gov/pubmed/10533034
https://www.ncbi.nlm.nih.gov/pubmed/8250280
https://www.ncbi.nlm.nih.gov/pubmed/8250280
https://www.ncbi.nlm.nih.gov/pubmed/12086329
https://www.ncbi.nlm.nih.gov/pubmed/12086329
https://www.ncbi.nlm.nih.gov/pubmed/8141674
https://www.ncbi.nlm.nih.gov/pubmed/8141674
https://www.ncbi.nlm.nih.gov/pubmed/8906121
https://www.ncbi.nlm.nih.gov/pubmed/8906121
https://www.ncbi.nlm.nih.gov/pubmed/18950315
https://www.ncbi.nlm.nih.gov/pubmed/18950315
https://www.ncbi.nlm.nih.gov/pubmed/7805810
https://www.ncbi.nlm.nih.gov/pubmed/7805810
https://www.ncbi.nlm.nih.gov/pubmed/7625389
https://www.ncbi.nlm.nih.gov/pubmed/7625389
https://www.ncbi.nlm.nih.gov/pubmed/12161454
https://www.ncbi.nlm.nih.gov/pubmed/12161454
https://www.hindawi.com/journals/scientifica/2014/341905/
https://www.hindawi.com/journals/scientifica/2014/341905/
https://www.ncbi.nlm.nih.gov/pubmed/9916835
https://www.ncbi.nlm.nih.gov/pubmed/9916835
https://www.ncbi.nlm.nih.gov/pubmed/20503320
https://www.ncbi.nlm.nih.gov/pubmed/20503320


Citation: Inger Kjær. “Neuro-osteology – A Discipline of Importance for Evaluation of Human Craniofacial Development”. EC Neurology 
10.6 (2018): 465-469.

Neuro-osteology – A Discipline of Importance for Evaluation of Human Craniofacial Development

469

38. Sejrsen B., et al. “Human palatal growth evaluated on medieval crania using nerve canal openings as references”. American Journal of 
Physical Anthropology 99.4 (1996): 603-611.

39. Kjaer I. “Orthodontics and foetal pathology: a personal view on craniofacial patterning”. European Journal of Orthodontics 32.2 
(2010): 140-147.

40. Kjaer I. “Dental approach to craniofacial syndromes: how can developmental fields show us a new way to understand pathogenesis?” 
International Journal of Dentistry (2012): 145749.

41. Kjaer I. “Sella turcica morphology and the pituitary gland-a new contribution to craniofacial diagnostics based on histology and neu-
roradiology”. European Journal of Orthodontics 37.1 (2015): 28-36.

42. Kjaer I. “New diagnostics of the dentition on panoramic radiographs - focusing on the peripheral nervous system as an important 
aetiological factor behind dental anomalies”. Orthodontic Waves 71 (2012): 1-16.

43. Kenrad AKI and Inger Kjær. “The interrelationship between permanent maxillary incisors and neuropsychiatric conditions”. Journal 
of Neuropsychiatry 6.2 (2016): 16.

Volume 10 Issue 6 June 2018
©All rights reserved by Inger Kjær.

https://www.ncbi.nlm.nih.gov/pubmed/8779341
https://www.ncbi.nlm.nih.gov/pubmed/8779341
https://www.ncbi.nlm.nih.gov/pubmed/19635743
https://www.ncbi.nlm.nih.gov/pubmed/19635743
https://www.hindawi.com/journals/ijd/2012/145749/
https://www.hindawi.com/journals/ijd/2012/145749/
https://www.ncbi.nlm.nih.gov/pubmed/23159420
https://www.ncbi.nlm.nih.gov/pubmed/23159420
https://www.sciencedirect.com/science/article/pii/S1344024111001403
https://www.sciencedirect.com/science/article/pii/S1344024111001403
http://www.jneuropsychiatry.org/peer-review/the-interrelationship-between-permanent-maxillary-incisors-and-neuropsychiatric-conditions.html
http://www.jneuropsychiatry.org/peer-review/the-interrelationship-between-permanent-maxillary-incisors-and-neuropsychiatric-conditions.html

	_GoBack

