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Abstract: To achieve craniofacial symmetry is one of the important goals of orthodontic and orthognathic treatment 
planning. With the increasing popularity of cone beam computed tomography (CBCT) in recent years, it is frequently 
considered for three-dimensional evaluation of craniofacial asymmetry. Currently, there are no published reviews 
reporting craniofacial modularization to explain the aggravated asymmetry from the upper to lower face. This review 
highlights the characteristics of craniofacial asymmetry; the covariance and integration of the brain, cranium, and 
face; and the evolutionary development pattern of craniofacial modularization. In addition, the relationship between 
the brain and the facial midline is discussed in this context. We have proposed a new method to determine the 
midsagittal plane and three-dimensional analysis of craniofacial asymmetry using the bilateral hemisphere midline 
structure (cerebral falx) as a reference plane. The cerebral falx is a dura mater separating the cerebral hemispheres 
and a potential gold standard midline reference for assessing the brain midline shift during computed tomography 
(CT).
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Introduction

Human craniofacial structures develop in a 
bilateral symmetry, resulting in identical right 
and left sides [1]. Symmetry can be defined as 
an equality and correspondence in the form of 
parts distributed around a center or an axis or 
to opposite sides of the body [2]. However, the 
complex process of organogenesis and involve-
ment of various biological and environmental 
factors results in some kind of asymmetry [1]. 
Clinically, craniofacial asymmetry can be 
observed by comparing both sides and can 
range from hardly detectable to gross imbal-
ance of the right and left sides [3]. The cranio-
facial asymmetry may be limited to soft tissues 
or may extend to underlying skeletal tissues, 
hence requiring radiographic investigations. 
Conventional radiography (such as panoramic, 
anteroposterior views) is not very helpful due to 
the two-dimensional presentation of three-
dimensional objects. In addition, rotational 
movements of patients, radiographic magnifi-

cation, and lack of reproducibility further com-
promise the interpretation [4]. 

In recent years, the use of computer tomogra-
phy (CT), particularly cone beam computed 
tomography (CBCT), has been used widely. This 
technique has emerged with certain benefits 
such as accurate and comprehensive three-
dimensional craniofacial images [5, 6].

In the study of craniofacial asymmetry, the 
establishment of a three-dimensional coordi-
nate system and a reference plane is especially 
important. Currently, varying methods have 
being used for plane establishment, including 
the craniofacial midline landmarks midsagittal 
plane [7-11], and Frankfort plane as the axial 
(horizontal) plane [7, 12, 13]. The craniofacial 
midline anatomic landmarks include the nasion 
(N), anterior nasal spine (ANS), posterior nasal 
spine (PNS), sella (S), basion (Ba), crista galli 
(Cr), and opisthion (Op) (Table 1). Alternatively, 
an external reference system that is unrelated 
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to the intracranial anatomical structures has 
been suggested. However, it can be influenced 
by the head position. Therefore, in order to 
guarantee the reliability of this system, the nat-
ural head position is required during the CBCT 
scanning [14]. A number of researchers have 
used a mathematical algorithm to calculate the 
craniofacial symmetry plane [15, 16]. For 
instance, Damstra et al. [16] obtained a cranio-
facial symmetry plane through morphological 
measurements and named it as the morpho-
metric midsagittal plane. 

The landmark method can be operated easily, 
but the combination of marks is random, with 
no scientific basis. In addition, the probability of 
error increases with the number of marks. 
Although the external reference system does 
not rely on intracranial structures, it requires 
patients to maintain a natural head position, 
which is difficult for patients with craniofacial 
malformation [5]. The mathematical algorithms 
obtain a “median” midsagittal plane, but it is a 
nonexistent calculated plane that does not fol-
low the developmental axis during the evolu-
tionary process of vertebrates.

In order to find more reasonable ways to ana-
lyze craniofacial asymmetry, the authors 
reviewed studies of evolutionary development, 
clinical medicine, and molecular biology. In 
addition, they proposed that as the brain, cra-
nium, and face are interactive structures, they 
should be perceived as an integrated and mod-
ularized evolutionary development system. The 
brain midline and facial midline are highly con-
sistent. However, there are no published 
reviews reporting craniofacial modularization 
to explain the aggravated asymmetry from the 
upper to lower face. This review highlights the 
characteristics of craniofacial asymmetry; the 
covariance and integration of the brain, crani-

um, and face; and the evolutionary develop-
ment pattern of craniofacial modularization. 
Moreover, the relationship between the brain 
and facial midline is discussed in this context. 
We propose a new method to determine the 
midsagittal plane and three-dimensional analy-
sis of craniofacial asymmetry using the bilater-
al hemisphere midline structure (cerebral falx) 
as a reference plane. The cerebral falx is a dura 
mater separating the cerebral hemispheres 
and a potential gold standard midline reference 
[17] for assessing the brain midline shift during 
computed tomography (CT). Furthermore, the 
characteristics of craniofacial asymmetry as 
well as the organizational features of head inte-
gration and modularization are reviewed. 

The characteristics of craniofacial asymmetry 
and aggravated symptoms

Numerous studies have demonstrated that the 
main reason for craniofacial asymmetry is due 
to the lower jaw, including an abnormal man-
dibular morphology. In addition, the asymmetry 
is gradually aggravated from top to bottom [18, 
19]. The lower face landmarks present a higher 
possibility of asymmetry and larger deviations, 
compared to the upper face landmarks. In 
terms of the distribution of craniofacial asym-
metries, a wide range of variations have been 
reported. Park et al. [11] found that a normal 
occlusion sample and asymmetric patients had 
a similar pattern of asymmetry in the upper 
third of the face, while the asymmetry of the 
lower jaw landmark was of statistical signifi-
cance. Meanwhile, in patients with facial asym-
metries, apparent asymmetric sites include the 
mandibular central incisors, menton (Me), and 
lower first molar. Janson et al. [20] found that 
among patients with Angle’s class II malocclu-
sions, a majority (61%) had a consistent maxil-
lary and facial midline, but the mandibular mid-

Table 1. Nomenclature of anatomical landmarks used in this review
Landmark Abbreviation Description
Menton Me The most inferior midline point on the mandibular symphysis
Gonion Go The most inferior and posterior points at the right and left angles of the mandible
Anterior nasal spine ANS The tip of the bony anterior nasal spine in the median plane
Nasion N The most anterior of the frontonasal suture in the median plane
Basion Ba Middorsal point of the anterior margin of the foramen magnum
Opisthion Op Midpoint of the posterior arch of the foramen magnum
Posterior nasal spine PNS The most posterior midpoint of the posterior nasal spine of the palatine bone
Crista galli Cr The most superior edge of the crista galli
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line was deviated to the class II side. Similarly, 
Alavi et al. [21] examined patients with Angle’s 
class II subdivision and reported that the 
deflection mainly occurs in the lower jaw. The 
asymmetric molar relationship in 61% of 
patients with Angle’s Class II malocclusion is 
due to mandibular asymmetry, in which the 
lower jaw is 1.95 mm shorter at the corre-
sponding side [22]. In the case of Angle’s class 
III facial asymmetries, the mandibular deviation 
remains independent of the cranial base mor-
phology. However, it is associated with func-
tional or inherent potential of the mandibular 
asymmetry. Moreover, Haraguchi et al. [19] 
concluded that although facial asymmetries 
are present, the mandibular asymmetries are 
greater than the maxillary asymmetries.

Integration of the developing brain, cranium 
and face 

It is well known that multiple tissues including 
nerves, bones, and muscles form an interactive 
development system in vertebrates. Therefore, 
the development of the head is a complicated, 
integrated and modularized process involving 
multiple genes. The central and peripheral 
nerves influence skeletal formation directly. A 
number of studies have confirmed the role of 
induction and regulation of cerebral signaling 
factors on facial morphogenesis [23-29]. The 
brain regulates cranial skeletons through the 

the majority of consecutive changes of the cra-
nial base angle [25].

2) The forebrain tends to regulate the facial 
shape by establishing a signal center in the 
frontonasal ectodermal zone (FEZ) via signaling 
pathways. Genes involved in regulation include 
Hedgehog, fibroblast growth factor, Wnt, Notch, 
and transforming growth factor-β, etc. [30-32].

Modularized development and evolvability 

The “Mosaic”, namely modularized develop-
ment, is a key mechanism in improving evolv-
ability and stability (Figure 1) [33]. The anterior 
cranial base with the mid-upper face, and the 
posterior cranium with the lower jaw, respec-
tively, form two craniofacial skeletal modules. 
Whereas the upper face above the eyebrows 
forms a single musculoskeletal module. The 
cranial skeletons are derived from different 
germ layers. For instance, the neural crest cells 
(ectoderm) are in the anterior part of the skull, 
whereas the mesoderm is in the posterior part. 
The boundary of both layers is located in the 
sagittal suture at the dorsal side near the pitu-
itary fossa at the ventral side. The occipital 
bone is present as an enlarged spine that sup-
ports the whole brain [34, 35]. Simultaneously, 
the anterior and posterior skulls are regulated 
by different genes [36]. Similarly, meninges 
covering the brain have two tissue sources, 

Figure 1. Esteve-Altava skeleton and muscle modules of the human head 
based on anatomical networks [33] showing (A) skeletal modules: cranial 
complex (red), facial complex (blue), and thyroid complex (green); and (B) 
muscular modules: the ocular/upper face complex (yellow) and orofacial 
complexes (light and dark blue).

dura mater, brain, meninges 
and skull in an integrated 
system [28]. In addition, the 
brain and facial tissues inter-
act in a covariant complex 
through the following me- 
chanisms:

1) The brain affects the facial 
morphology directly by influ-
encing the facial structures. 
For example, with an enla- 
rged brain, the human face 
can become atypical when it 
is below rather than in front 
of the frontal lobe. A three-
dimensional spatial packing 
model has been verified by 
comparative data of pri-
mates, revealing the ratio of 
brain size to cranial base 
length and thus explaining 
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where meninges covering the cerebral hemi-
sphere (forebrain) originates from the neural 
crest, while that covering the midbrain and 
hindbrain is derived from the mesoderm [28]. 
Numerous studies [37, 38] have demonstrated 
that the cranial base plays a key role in covari-
ance of other craniofacial components. De- 
velopment of the cranial base can be consid-
ered as a dynamic complex process including 
double sources. The anterior cranial base 
growth pattern differs from the posterior crani-
al base growth pattern. In addition, the linear 
growth of the anterior cranial base is approxi-
mately twice that of the posterior cranial base 
and is regulated by different genes [38].

According to the “New Head Hypothesis” pro-
posed by Gans and Northcutt, the rostral head 
of vertebrates is a neomorphic unit. The “New 
Head” is derived from the neural crest, allowing 
a shift from filter feeding to active predation. 
Therefore, the neural crest-mesoderm bound-
ary should correlate with the rostral-most tip of 
the notochord, thereby creating a coincident 
boundary with the prechordal-chordal bound-
ary in the cranium [39]. Trigeminal crest cells 
give rise to the premandibular and mandibular 
components of the cranium [40]. However, 
there is a controversy about the location of the 
boundary between the premandibular and 
mandibular components. Historically, the maxil-
lary prominence has been considered part of 
the mandibular arch; however, recent embryo-
logical and molecular genetics studies suggest 
that specification of the maxillary domain is 
mechanistically different from the dorsal-ven-
tral patterning of the arches. This has led to 
speculation that the maxillary domain may not 
be an extension of the mandibular arch but 
rather a distinct structure analogous to the 
frontonasal prominence [41]. Now, this specu-
lation has been well documented by anatomi-
cal networks [33] and molecular morphological 
markers [42].

The tracking of neural crest-derived mesenchy-
mal cells by staining did not advocate classify-
ing maxillary and mandibular diseases derived 
from the first pharyngeal arch in human and 
mouse phenotypes. Their data favored the 
opinion that the maxillary process is not derived 
from the first pharyngeal arch. Furthermore, 
since the first pharyngeal arch mainly consti-
tutes the mandible and joints, it is totally appro-
priate to describe the pharyngeal arch as a 

mandibular arch [43]. Numerous animal experi-
ments have proven that the pharyngeal epithe-
lium influences the growth velocity and pat-
terns of the mandible. On the other hand, the 
maxillary process and lateral nasal processes 
from the lateral part of the maxilla as well as 
their morphology are affected by the epithelium 
and mesenchyme interactions. Meanwhile, the 
middle part of the maxilla is derived from the 
frontonasal process, and its morphology is 
affected by the nasofrontal epithelium [44]. 

Differences of the maxilla and mandible can 
also be reflected in the congenital midline cer-
vical cleft. The mandibular cleft often coexists 
with the midline cervical cleft, while the maxil-
lary cleft is rarely accompanied by mandibular 
clefts. In addition, the cervical cleft is consid-
ered as the result of fusion failure of the pha-
ryngeal arch at the midline and represents a 
defect in the ventral midline of the cervical skin 
at birth [45].

The anterior cranial base and mid-upper face 
are significantly integrated, forming a develop-
mental module that can promote and inhibit 
changes in the craniofacial morphology. This 
has been confirmed by many studies of paleon-
tology and molecular signaling [33, 46, 47]. The 
lower jaw forms a joint with the posterior cranial 
base and is therefore more likely to be influ-
enced by the posterior cranial base. A study 
conducted by Esteve-Altava et al. [33] has 
shown that the lower jaw and posterior cranial 
base also form an anatomical and functional 
module. Posterior cranial base bending is 
human-specific, and its length as well as incli-
nation affect the location of the lower jaw. 
Facial muscles above the eyebrow form a single 
neuromuscular module, while those in the mid-
dle and lower face are divided into the left and 
right muscular modules [33, 38, 47]. 

The regulation of the forebrain, anterior cra-
nial base, and mid-upper facial midline 

The forebrain, anterior cranial base, and mid-
upper facial midline are regulated by the same 
signaling factors; thus, the three components 
are highly consistent. The midline is a develop-
mental axis of a vertebrate embryo. The high 
consistency of the forebrain, anterior cranial 
base, and mid-upper facial midline has been 
fully reflected in both physiological and patho-
logical conditions [48-51]. The midline is the 
first determined structural boundary formed 
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during early nerve plate development in rat 
embryos before the 0 body segment. In verte-
brates, their cranial cartilage is formed by the 
middle part together with other paired struc-
tures, including the eyes and nose. The fronto-
nasal prominence is the midline structure of 
mid-upper face and the anterior cranial base. 

At the third week of embryonic life, the original 
tissues of the trilaminar embryo produce the 
notochord and prechordal mesoderm. The pre-
chordal plate cells appear to be a basic regula-
tion center for the differentiation of the midline 
structures of the brain, face, and mouth. The 
facial midline structures include the following: 
ethmoid bone, crista galli, nasal bone, vomer, 
nasal septum, premaxilla including incisors, tri-
angular part of primary palate, and philtrum 
[52]. The prechordal plate defines the facial 
midline by signaling factors such as sonic 
hedgehog (SHH) and induces the forebrain to 
develop into two hemispheres, thus dividing 
the orbital area into two. The forebrain, anterior 
cranial base, and mid-upper facial midline are 
regulated by the same signaling molecules, 
thus the three are highly consistent. The mid-
line is the developmental axis of the vertebrate 
embryo [53]. The above theory supports the 
“New Head Hypothesis”, which suggests that 
the prechordal plate functions as the midline of 
the prechordal cranium to set the midline of the 
forebrain and mid-upper face. Brugmann et al. 
[54] have suggested that the width of the 
human facial midline (frontonasal prominence) 
may vary. When pathological conditions are 
superimposed on normal variations, a nearly 
unbroken series of facial morphologies is pro-
duced. When viewed in full, this spectrum rang-
es from cyclopia and hypotelorism to hyper-
telorism and facial duplications. In addition, 
the abnormal facial midlines often coincide 
with abnormalities in the cerebral midline. The 
severity of the facial deformity is influenced by 
that of the brain deformity. For example, 
patients with holoprosencephaly are often 
combined with cyclopia and other facial midline 
damage [54]. 

A strong correlation of the forebrain, anterior 
cranial base, and mid-upper facial midline 
structure has been fully reflected in other path-
ological conditions [55-58]. For instance, intra-
cranial lipoma (ICL) is a rare disorder. However, 
approximately 45% of ICL cases occur along 

the midline axis between the two hemispheres. 
A new mouse mutant (called tuft) has been 
detected that manifests the forebrain and 
intracranial lipoma with abnormalities of cra-
niofacial midline structures. Severe holopros-
encephaly is usually accompanied by defects of 
facial midline structures, such as cyclopia and 
arrhinia. Hedgehog signals may lead to exces-
sive duplication of neural crest cells, resulting 
in ocular hypertelorism and even frontonasal 
dysplasia (FND). FND includes a bifid nasal sep-
tum, cleft palate, cranium occultum, and agen-
esis of the corpus callosum [59-61]. Similar to 
FND, the mouse mutant tuft provides a model 
to illustrate the formation of the anterior cranial 
encephalocele following neural tube closure 
failure as well as its relationship with the sub-
sequent craniofacial morphology.

Integrated and modularized human head and 
the consistency between the brain and facial 
midline provide new insights and methods 
for three-dimensional analysis of craniofacial 
asymmetry

Based on the studies reviewed, we suggested a 
framework of craniofacial structures according 
to evolutionary development and molecular 
biology evidence. We suggested that the brain, 
cranium, and face interact to be an integrated 
and modularized developmental system. The 
cerebral midline is consistent with the facial 
midline. Inspired by this, the authors proposed 
to use the anterior cerebral falx as the refer-
ence plane for studying craniofacial symmetry. 
We suggested to use the cerebral falx part 
anterior to the hypophysial foramen as the 
accurate reference plane. The anterior and pos-
terior dura have different sources of tissues as 
the cranium, hence they may differ from each 
other [62]. In addition, a number of studies 
have revealed a deviation of the cerebral falx 
from the midline adjacent to the occiput [63]. 
The cranial skeletons anterior to the pituitary 
fossa are derived from neural crest cells, 
whereas the posterior is derived from the 
mesoderm [28]. The cerebral falx is a dura 
mater boundary formed between the two cere-
bral hemispheres, and it can be viewed clearly 
on CT and ultrasound images. The gold stan-
dard for brain midline shift suggests to use the 
falx as a reference midline and to measure the 
deviation of the septum pellucidum from the 
falx cerebrum [17]. Although a large-field CBCT 
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is capable of scanning the whole brain, it has 
yet to be popularized in the clinic. However, the 
method of determining the median sagittal 
plane based on the head symmetry axis is a 
new idea for three-dimensional analysis of cra-
niofacial asymmetry. Also, the authors have 
introduced the modularization viewpoint for the 
first time to explain the aggravated asymmetry 
from the upper to the lower face. The authors 
suggested that the most functional and inher-
ent craniofacial asymmetry is derived from the 
lower jaw-posterior cranium skeleton module 
and is transferred to the upper face via an 
asymmetric contraction of muscle modules on 
both sides and occlusal compensation. Addi- 
tionally, the bilateral upper-lower jaw muscle 
modules may experience functional asymmet-
ric contractions that further cause lower jaw 
skeleton asymmetry. The anterior cranial base 
and mid-upper facial module are relatively sta-
ble, especially the upper third of the face. This 
further confirms the conclusions made in the 
human head anatomical network analysis that 
the upper face is a single module of nerves, 
bones, and muscles; therefore, it has the best 
symmetry [33, 64].

We have proposed a new method to determine 
the three-dimensional analysis of craniofacial 
asymmetry using the midline of the brain (ante-
rior falx cerberi) as a reference plane. The inte-
grated and modularized human head and the 
consistency between the brain and facial mid-
line provide new insights and methods for the 
three-dimensional analysis of craniofacial 
asymmetry.

Acknowledgements

This study was supported by the Natural 
Science Foundation of Inner Mongolia (No. 
2015MS0855).

Disclosure of conflict of interest

None.

Address correspondence to: Yin Ding, Department 
of Orthodontics, The Fourth Military Medical Uni- 
versity’s Dental Hospital, 145 West Changle Road, 
Xi’an 710032, Shannxi, China. Tel: +86-158489- 
56968; Fax: +86-475-8251533; E-mail: 2274370- 
119@qq.com; jiangxiling06@163.com

References

[1]	 Lindauer SJ. Asymmetries: diagnosis and treat-
ment. Semin Orthod 1998; 4: 133.

[2]	 Stedman TL, Taylor NB and Taylor AE. Sted-
man’s medical dictionary. Williams & Wilkins 
Baltimore 1972.

[3]	 Bishara SE, Burkey PS and Kharouf JG. Dental 
and facial asymmetries: a review. Angle Orthod 
1994; 64: 89-98.

[4]	 Yañezvico RM, Iglesiaslinares A, Torreslagares 
D, Gutiérrezpérez JL and Solanoreina E. Diag-
nostic of craniofacial asymmetry. Literature 
review. Med Oral Patol Oral Cir Bucal 2010; 15: 
e494-498.

[5]	 Gateno J, Xia JJ and Teichgraeber JF. New 3-di-
mensional cephalometric analysis for orthog-
nathic surgery. J Oral Maxillofac Surg 2011; 
69: 606-622.

[6]	 Lisboa CD, Masterson D, Motta AF and Motta 
AT. Reliability and reproducibility of three-di-
mensional cephalometric landmarks using 
CBCT: a systematic review. J Appl Oral Sci 
2014; 23: 112-119.

[7]	 Shin SM, Kim YM, Kim NR, Choi YS, Park SB 
and Kim YI. Statistical shape analysis-based 
determination of optimal midsagittal reference 
plane for evaluation of facial asymmetry. Am J 
Orthod Dentofacial Orthop 2016; 150: 252-
260.

[8]	 Lee H, Bayome M, Kim SH, Kim KB, Behrents 
RG and Kook YA. Mandibular dimensions of 
subjects with asymmetric skeletal class III mal-
occlusion and normal occlusion compared 
with cone-beam computed tomography. Am J 
Orthod Dentofacial Orthop 2012; 142: 179.

[9]	 Sievers MM, Larson BE, Gaillard PR and Wey A. 
Asymmetry assessment using cone beam CT. A 
class I and class II patient comparison. Angle 
Orthod 2012; 82: 410.

[10]	 Kheir NA and Kau CH. Measuring mandibular 
asymmetry in class I normal subjects using 3D 
novel coordinate system. Ann Maxillofac Surg 
2014; 4: 34-38.

[11]	 Park JU, Kook YA and Kim Y. Assessment of 
asymmetry in a normal occlusion sample and 
asymmetric patients with three-dimensional 
cone beam computed tomography: a study for 
a transverse reference plane. Angle Orthod 
2012; 82: 860-867.

[12]	 Baek SH, Cho IS, Chang YI and Kim MJ. Skele-
todental factors affecting chin point deviation 
in female patients with class III malocclusion 
and facial asymmetry: a three-dimensional 
analysis using computed tomography. Oral 
Surg Oral Med Oral Pathol Oral Radiol Endod 
2007; 104: 628-639.

[13]	 Nur RB, Çakan DG and Arun T. Evaluation of 
facial hard and soft tissue asymmetry using 
cone-beam computed tomography. Am J Or-
thod Dentofacial Orthop 2016; 149: 225-237.

[14]	 Cassi D, De BC, Tonni I, Gandolfini M, Di BA 
and Piancino MG. Natural position of the head: 
review of two-dimensional and three-dimen-

mailto:2274370119@qq.com
mailto:2274370119@qq.com
mailto:jiangxiling06@163.com


Craniofacial asymmetries: an update

11430	 Int J Clin Exp Med 2017;10(8):11424-11431

sional methods of recording. Br J Oral Maxillo-
fac Surg 2016; 54: 233.

[15]	 Gateno J, Jajoo A, Nicol M and Xia JJ. The pri-
mal sagittal plane of the head: a new concept. 
Int J Oral Maxillofac Surg 2015; 45: 399-405.

[16]	 Damstra J, Fourie Z, De WM and Ren Y. A three-
dimensional comparison of a morphometric 
and conventional cephalometric midsagittal 
planes for craniofacial asymmetry. Clin Oral In-
vestig 2012; 16: 285-294.

[17]	 Srairi M, Hoarau L, Fourcade O and Geeraerts 
T. What is the gold standard method for mid-
line structures shift assessment using com-
puted tomography? Crit Care Med 2012; 40: 
3332-3333.

[18]	 Kim EJ, Palomo JM, Kim SS, Lim HJ, Lee KM 
and Hwang HS. Maxillofacial characteristics af-
fecting chin deviation between mandibular re-
trusion and prognathism patients. Angle Or-
thod 2011; 81: 988-993.

[19]	 Haraguchi S, Takada K and Yasuda Y. Facial 
asymmetry in subjects with skeletal class III 
deformity. Angle Orthod 2002; 72: 28-35.

[20]	 Janson G, de Lima KJ, Woodside DG, Metaxas 
A, de Freitas MR and Henriques JF. Class II 
subdivision malocclusion types and evaluation 
of their asymmetries. Am J Orthod Dentofacial 
Orthop 2007; 131: 57-66.

[21]	 Alavi DG, Begole EA and Schneider BJ. Facial 
and dental arch asymmetries in class II subdi-
vision malocclusion. Am J Orthod Dentofacial 
Orthop 1988; 93: 38-46.

[22]	 Sanders DA, Rigali PH, Neace WP, Uribe F and 
Nanda R. Skeletal and dental asymmetries in 
class II subdivision malocclusions using cone-
beam computed tomography. Am J Orthod 
Dentofacial Orthop 2010; 138: 542. e541-
542. e520.

[23]	 Petryk A, Graf D and Marcucio R. Holoprosen-
cephaly: signaling interactions between the 
brain and the face, the environment and the 
genes, and the phenotypic variability in animal 
models and humans. Wiley Interdiscip Rev Dev 
Biol 2015; 4: 17-32.

[24]	 Adameyko I and Fried K. The nervous system 
orchestrates and integrates craniofacial devel-
opment: a review. Front Physiol 2016; 7: 49.

[25]	 Marcucio RS, Young NM, Hu D and Hallgrims-
son B. Mechanisms that underlie co-variation 
of the brain and face. Genesis 2011; 49: 177.

[26]	 Aoto K and Trainor PA. Co-ordinated brain and 
craniofacial development depend upon 
Patched1/XIAP regulation of cell survival. Hum 
Mol Genet 2015; 24: 698.

[27]	 Parsons TE, Schmidt EJ, Boughner JC, Jamnic-
zky HA, Marcucio RS and Hallgrímsson B. Epi-
genetic integration of the developing brain and 
face. Dev Dyn 2011; 240: 2233.

[28]	 Richtsmeier JT and Flaherty K. Hand in glove: 
brain and skull in development and dysmor-
phogenesis. Acta Neuropathol 2013; 125: 
469-489.

[29]	 Hu D, Young NM, Xu Q, Jamniczky H, Green 
RM, Mio W, Marcucio RS and Hallgrimsson B. 
Signals from the brain induce variation in avi-
an facial shape. Dev Dyn 2015; 244: 1133-
1143.

[30]	 Hu D and Marcucio RS. Unique organization of 
the frontonasal ectodermal zone in birds and 
mammals. Dev Biol 2009; 325: 200-210.

[31]	 Chong HJ, Young NM, Hu D, Jeong J, Mcmahon 
AP, Hallgrimsson B and Marcucio RS. Signaling 
by SHH rescues facial defects following block-
ade in the brain. Dev Dyn 2012; 241: 247-256.

[32]	 Nasrallah I and Golden JA. Brain, eye, and face 
defects as a result of ectopic localization of 
Sonic hedgehog protein in the developing ros-
tral neural tube. Teratology 2001; 64: 107-
113.

[33]	 Estevealtava B, Rui D, Smith C, Boughner JC 
and Rasskingutman D. Anatomical networks 
reveal the musculoskeletal modularity of the 
human head. Sci Rep 2015; 5: 8298.

[34]	 Berry C. Ahead of the head. QJM 2002; 95: 
415-416.

[35]	 Northcutt RG and Gans C. The genesis of neu-
ral crest and epidermal placodes: a reinterpre-
tation of vertebrate origins. Q Rev Biol 1983; 
58: 1.

[36]	 Mccarthy N, Sidik A, Bertrand JY and Eberhart 
JK. An Fgf-Shh signaling hierarchy regulates 
early specification of the zebrafish skull. Dev 
Biol 2016; 415: 261-277.

[37]	 Mcbratneyowen B, Iseki S, Bamforth SD, Olsen 
BR and Morrisskay GM. Development and tis-
sue origins of the mammalian cranial base. 
Dev Biol 2008; 322: 121-132.

[38]	 Nie X. Cranial base in craniofacial develop-
ment: developmental features, influence on 
facial growth, anomaly, and molecular basis. 
Acta Odontol Scand 2005; 63: 127.

[39]	 Glenn Northcutt R. The new head hypothesis 
revisited. J Exp Zool B Mol Dev Evol 2005; 304: 
274-297.

[40]	 Kuratani S. Cephalic neural crest cells and the 
evolution of craniofacial structures in verte-
brates: morphological and embryological sig-
nificance of the premandibular-mandibular 
boundary. Zoology 2005; 108: 13-25.

[41]	 Medeiros DM and Crump JG. New perspectives 
on pharyngeal dorsoventral patterning in de-
velopment and evolution of the vertebrate jaw. 
Dev Biol 2012; 371: 121-135.

[42]	 Lee SH, Bédard O, Buchtová M, Fu K and Rich-
man JM. A new origin for the maxillary jaw. Dev 
Biol 2005; 276: 207-224.



Craniofacial asymmetries: an update

11431	 Int J Clin Exp Med 2017;10(8):11424-11431

[43]	 Cerny R, Lwigale P, Ericsson R, Meulemans D, 
Epperlein HH and Bronner-Fraser M. Develop-
mental origins and evolution of jaws: new inter-
pretation of “maxillary” and “mandibular”. Dev 
Biol 2005; 276: 225-236.

[44]	 Couly G, Creuzet S, Bennaceur S, Vincent C 
and Le-Douarin N. Interactions between Hox-
negative cephalic neural crest cells and the 
foregut endoderm in patterning the facial skel-
eton in the vertebrate head. Development 
2002; 129: 1061-1073.

[45]	 Mendis D and Moss AL. Case series: variations 
in the embryology of congenital midline cervi-
cal clefts. Acta Chir Plast 2007; 49: 71-74.

[46]	 Xu Q, Jamniczky H, Hu D and Green RM. Cor-
relations between the morphology of sonic 
hedgehog expression domains and embryonic 
craniofacial shape. Evol Biol 2015; 42: 1-8.

[47]	 Bruner E, de la Cuétara JM, Masters M, Amano 
H and Ogihara N. Functional craniology and 
brain evolution: from paleontology to biomedi-
cine. Front Neuroanat 2014; 8: 19.

[48]	 Fong KS, Adachi DA, Chang SB and Lozanoff S. 
Midline craniofacial malformations with a lipo-
matous cephalocele are associated with insuf-
ficient closure of the neural tube in the tuft 
mouse. Birth Defects Res A Clin Mol Teratol 
2014; 100: 598.

[49]	 Richieri-Costa A, Guion-Almeida ML. The syn-
drome of frontonasal dysplasia, callosal agen-
esis, basal encephalocele, and eye anomalies-
phenotypic and aetiological considerations. Int 
J Med Sci 2004; 1: 34-42.

[50]	 Lees MM, Hodgkins P, Reardon W, Taylor D, 
Stanhope R, Jones B, Hayward R, Hockley AD, 
Baraitser M and Winter RM. Frontonasal dys-
plasia with optic disc anomalies and other mid-
line craniofacial defects: a report of six cases. 
Clin Dysmorphol 1998; 7: 157-162.

[51]	 Fong KS, Cooper TB, Drumhiller WC, Sompon-
pun SJ, Yang S, Ernst T, Chang L and Lozanoff 
S. Craniofacial features resembling frontona-
sal dysplasia with a tubulonodular interhemi-
spheric lipoma in the adult 3H1 tuft mouse. 
Birth Defects Res A Clin Mol Teratol 2012; 94: 
102-113.

[52]	 Allam KA, Wan DC, Kawamoto HK, Bradley JP, 
Sedano HO and Saied S. The spectrum of me-
dian craniofacial dysplasia. Plast Reconstr 
Surg 2011; 127: 812-821.

[53]	 Gondrélewis MC, Gboluaje T, Reid SN, Lin S, 
Wang P, Green W, Diogo R, Fidélialambert MN 
and Herman MM. The human brain and face: 
mechanisms of cranial, neurological and facial 
development revealed through malformations 
of holoprosencephaly, cyclopia and aberra-
tions in chromosome 18. J Anat 2015; 227: 
255.

[54]	 Brugmann SA, Allen NC, James AW, Mekonnen 
Z, Madan E and Helms JA. A primary cilia-de-
pendent etiology for midline facial disorders. 
Hum Mol Genet 2010; 19: 1577-1592.

[55]	 Geng X and Oliver G. Pathogenesis of holopros-
encephaly. J Clin Invest 2009; 119: 1403-
1413.

[56]	 Petryk A, Graf D and Marcucio R. Holoprosen-
cephaly: signaling interactions between the 
brain and the face, the environment and the 
genes, and the phenotypic variability in animal 
models and humans. Wiley Interdiscip Rev Dev 
Biol 2015; 4: 17-32.

[57]	 Geng X, Speirs C, Lagutin O, Inbal A, Liu W, 
Solnica-Krezel L, Jeong Y, Epstein DJ, Oliver G. 
Haploinsufficiency of Six3 fails to activate Son-
ic hedgehog expression in the ventral forebrain 
and causes holoprosencephaly. Dev Cell 2008; 
15: 236-247.

[58]	 Hayhurst M and Mcconnell SK. Mouse models 
of holoprosencephaly. Curr Opin Neurol 2003; 
16: 135-141.

[59]	 Aoto K and Shikata YH. Mouse Shh is required 
for prechordal plate maintenance during brain 
and craniofacial morphogenesis. Dev Biol 
2009; 327: 106-120.

[60]	 Müller F, Albert S, Blader P, Fischer N, Hallonet 
M and Strähle U. Direct action of the nodal-re-
lated signal cyclops in induction of sonic 
hedgehog in the ventral midline of the CNS. 
Development 2000; 127: 3889-3897.

[61]	 Müller F and O’Rahilly R. The prechordal plate, 
the rostral end of the notochord and nearby 
median features in staged human embryos. 
Cells Tissues Organs 2003; 173: 1-20.

[62]	 Kuratani S and Schilling T. Head segmentation 
in vertebrates. Integr Comp Biol 2008; 48: 
604-610.

[63]	 Glicksohn J and Myslobodsky MS. The repre-
sentation of patterns of structural brain asym-
metry in normal individuals. Neuropsychologia 
1993; 31: 145.

[64]	 Esteve-Altava B, Boughner JC, Diogo R, 
Villmoare BA and Rasskin-Gutman D. Anatomi-
cal network analysis shows decoupling of mod-
ular lability and complexity in the evolution of 
the primate skull. PLoS One 2015; 10: 
e0127653.


