
Abstract. Craniosynostosis refers to the early fusion of one
or many cranial sutures, causing craniofacial abnormalities
observed in 1:2,500 births worldwide. In most cases (85%),
craniosynostosis is presented as sporadic anomaly (non-
syndromic craniosynostosis), while in other cases (15%) as
part of syndromes (syndromic craniosynostosis). Patients
with syndromic disorder usually have more severe symptoms
compared to those with single suture synostosis. Most
common syndromes of craniosynostosis include Pfeiffer,
Apert, Crouzon, Jackson-Weiss, Muenke and Boston type
MSX2-related syndrome. The main gene mutations in
craniosynostosis involve FGFR1, FGFR2, FGFR3, TWIST1
and MSX2, which encode key factors influencing cranial
bone morphogenesis. The main therapeutic approaches are
surgical as discussed in this review, and the type of therapy
depends on the graveness of the incident.

Craniosynostosis (from Greek ĸρανίον/cranion + σύν/syn +
ὀστέωσις/ostosis meaning skull + together + bone interlocking
and fastening) refers to the early fusion of one or several
cranial sutures, causing craniofacial abnormalities observed in
1:2,500 births worldwide (1-4). In the early stages of
embryogenesis and the early years of life, there is intensive
growth of the brain and at the same time of the skull bones,

which submit to the pressure they receive from the developing
brain, diverge from each other, so as the brain and skull are
properly developed (5, 6). When brain development stops and
there is no more need for pressure release, the cranial sutures
close and the bones bond (7). On the contrary, the early bone
fusion blocks the normal development of the skull and brain
causing abnormalities in the shape of the head, as well as
problems with development and function. 

In case of a premature closure of a suture between two
bones, the skull’s normal growth is prevented and bones
with open sutures will develop in a compensatory way
without limiting the growth of brain volume (6).
Malformation of the skull and a developmental disorder can
be caused depending on the number and the type of the
cranial sutures involved and in more serious cases, brain
development is significantly affected, increasing the risk of
high intracranial pressure and disturbance of cerebral blood
flow (8, 9). These events may lead to developmental delay,
learning disability, or both (10-12). 

In the majority of cases (85%), craniosynostosis is
presented as sporadic abnormality (non-syndromic
craniosynostosis), while in other cases (15%) as part of
syndromes (syndromic craniosynostosis). Syndromic
craniosynostosis patients are more seriously affected
compared to those having a single suture synostosis and can
be often diagnosed clinically through the neurocranial
phenotype and also other abnormalities of the skeleton (13). 

An online catalog of human genes and genetic disorders
has stored more than 200 syndromes associated with
craniosynostosis (14). The most usual of them are the
Muenke, Crouzon, Pfeiffer and Saethre-Chotzen syndromes
(15-17). Many gene mutations are linked to syndromic
craniosynostosis: TWIST1 that encodes a transcription factor,
genes of fibroblast growth factor receptors, such as FGFR1,
FGFR2, FGFR3 and other less frequently mutated genes
MSX2, EFNB1, POR, RAB23, GLI3 and RECQL4 (18-25).
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Embryogenesis and Morphogenesis of the Skull

The human skull consists of three main parts, each of them
having different developmental origins. The mesenchyme for
these structures derives from neural crest cells, lateral
mesodermal plaque and paraxon mesoderm. Recent research
has shown that skull genesis takes part in four main stages
(26). At the beginning, the undifferentiated cells migrate to the
point of development. Afterwards, an epithelial mesenchymal
interaction takes place to initiate the process of osteogenesis
at the developmental location. Furthermore, through this signal
a cell compression and differentiation into chondroblasts or
osteoblasts takes place, producing the bone (27).

In the human embryo, the nascent skull is produced from the
root parts of the neural tube (the nostril) and the pharynx,
encircled by a series of paired aortic arches. Among these
structures and the overflowing ectoderm, bulky masses of
mesenchymal mesoderm are present (28). Neural crest cells
originate in the ectoderm at the margins of the neural tube (the
tail end of the forthcoming/posterior brain) and, after a phase
of epithelial and mesenchymal transition and extensive
migration, settle down in different parts of the body. They then
assist in the creation of different tissues and organs. Their
derivatives originate from four major segments of the neuraxis:
cranial, cardiac, vagal, and trunk neural crest (29, 30). Both the
neural crest and the mesoderm cells will create the developing
bones of the skull. The human skull is created through two
different ossification processes: the facial and cranial bones
derive from intramural ossification, whereas the cranial bases
derive from endochondral ossification. Nevertheless, both ways
of ossifications cooperate to generate a single bone. 

In intramembranous ossification, mesenchymal cells and
neural crest cells differentiate into osteoblasts and form
membranes of ossification centers. Osteoblasts form new bone
by generating osteoids, a protein-derived matrix consisting
mainly of type I collagen, which will become a bone after
mineralization. Osteoblasts also facilitate the deposition of
metals (i.e., calcium) into the bone matrix and produce
hormones to control bone formation. Differentiation of
osteoblasts from cells located on the bone surfaces is regulated
by the expression of two genes: Cba-1 that encodes the
cobalamin acquisition protein 1, a transcriptional regulator of
a number of bone-specific target genes and IHH that encodes
the Indian hedgehog homolog protein, a member of the
Hedgehog family of signaling factors (31). The first stage of
bone formation begins at the genetically-defined osteoporosis
centers and is caused by growth factors (FGF, PDGF, TGF-β)
and bone morphogenetic proteins (BMPs). Bone development
is affected by depositing bone tissue along the peristaltic
membrane. Osteoblasts produce bone by always compensating
bone resorption by osteoclasts. The entire process of bone
remodeling is controlled by hormones (hypercalcemic
parathyroid hormone, hypocalcemic calcitonin, and sex steroid

hormones). The final bone size is directly related to the onset
of osteogenesis: the earlier the onset, the larger the bone (32).

In endochondral osteoporosis, bone formation precedes
the configuration of a cartilaginous lattice of glycoproteins,
which after metallization are replaced by endochondral bone
(32). The process begins with the differentiation of
chondroblasts, which mature into chondrocytes that first
produce a cartilaginous matrix. Chondrocytes are then
subjected to cell apoptosis and are eventually replaced by
osteoblasts, which carry blood vessels that penetrate the
calcified matrix, which is useful as a template for the
construction of endochondral bone (33).

Since for intramembranous ossification a previous step is
not required, it is quicker than endochondral ossification.
The development of the skull is the result of the combined
morphogenesis and development of two major areas (28, 33).

Molecular Mechanisms of 
Pathogenesis of Craniosynostosis

The cerebral skull consists of the chondrogenic bones of the
base of the skull and the broad bones that form the dome of
the skull, namely the two frontal, two parietal and occipital.
Normally, at birth, the cranial dome bones are separated from
each other by slits of several millimeters wide filled with
connective tissue, the cranial sutures, which are: the frontal
and sagittal sutures along the midline, the coronary and the
lambdoid (Figure 1). The closure of the cranial sutures
progresses gradually up to the third decade of life or later,
except the frontal suture, which usually ends in the first two
years after birth (34). When this occurs, the suture is said to
“close”. The skull bones can sometimes join together too early
(before the brain is fully formed), leading to the birth defect
known as craniosynostosis. The skull can become more
contorted as the brain grows, often slowing or even limiting
the growth of the brain. During craniosynostosis, the head will
stop growing in only that part of the skull in which the sutures
closed too early, while in the other parts normal growth is
observed, leading to an abnormal shape, although the brain
inside has grown to its usual size. Sometimes, though, more
than one suture closes too early. In these instances, the brain
might not have enough room to grow to its usual size, leading
to a build-up of pressure inside the skull (33).

Possible factors related with a growing risk of
craniosynostosis, as shown by epidemiological studies, are:
white race, male sex, prolongation of gestational age, mother’s
smoking, maternal nitrate salts, and infertility treatments, but
the specific mechanism of action of the above factors remains
unidentified (35-38). Half a century ago, scientists considered
that other factors, such as the limited endometrial space
available for the fetal skull in multiple pregnancies play a role
in the emergence of early synostosis, especially of the sagittal
suture (39, 40). However, according to more recent studies,
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natural endometrial restriction may lead to partial skull defects,
without affecting cranial suture (41). Growth factors, such as
fibroblast growth factors (FGFs), transforming growth factor-
beta (TGF-β) and insulin-like growth factors (IGFs) have a
crucial role in the process of early craniosynostosis (40, 42,
43). This disputes the previous conclusion that the syndrome
depends on the space available and attributes its appearance on
genetic factors instead.

In recent decades, the progress in mapping human genes
has revealed that many of the syndromic craniosynostoses
have a genetic origin. For example, mutations in the genes of
three of the four fibroblast growth factor receptors (FGFR-1,
FGFR-2, FGFR-3) have been associated with the onset of
Apert, Crouzon, Jackson-Weiss, Muenke and Pfeiffer
syndromes (44, 45). Also, mutations in the MSX and TWIST1
genes have been identified in patients with Boston-type
craniosynostosis or Saether-Chotzen syndrome (45, 46). In
addition, there are cases of non-syndromic craniosynostoses
in which point mutations have been discovered; for example,
mutations in the FGFR-3 receptor were found in cases of
craniosynostosis of the coronary suture (1, 47). However,
despite the identification of the above genetic mutations, the
mechanism through which they produce a specific
craniosynostosis phenotype remains cloudy, while for the
more frequent form of craniosynostosis, i.e., the single
synostosis of sagittal suture, no mutation has yet been found.

Fibroblast growth factor receptors (FGFRs) are a subset of
receptor tyrosine kinases, which are activated when fibroblast
growth factor (FGF), heparin sulfate proteoglycans (HSPGs),
and FGFR form a trimolecular complex, resulting in receptor
dimerization, autophosphorylation, and downstream signaling.
Ligand-independent receptor activation is a feature of many
FGFR point mutations involved in craniosynostosis
syndromes but certain mutations, in fact, accentuate ligand
binding (Table I). FGFs induce cell differentiation and
migration playing important roles in bone growth,
angiogenesis, wound healing, neuronal development, and
tumorigenesis. Regarding craniosynostosis, the common
mutations are located in FGFR2, even though there are also
plenty in FGFR3 and one on FGFR1 (48). No mutations are
known for FGFR4. Many mutations found on FGFR2 and
FGFR3 affect cysteine residues and prevent the formation of
disulfide bonds (Figure 2). This applies for Crouzon
syndrome, Pfeiffer syndrome, and thanatophoric dysplasia
type 1. Whereas most of the FGFR2 mutations are located in
the two exons encoding the extracellular IgIII domain, namely
IIIa/exon 8 and IIIc/exon 10, they can also occur in exons
coding the tyrosine kinase region and exon 11, which encodes
the transmembrane domain, as well as the IgI and IgII
domains. The FGFR2 mutations in Crouzon and Pfeiffer
syndrome overlap, most often occurring in extracellular IgIII
domain encoded by either exons 8 or 10. Both syndromes may
be caused by the Cys278Phe and Cys342Tyr missense

mutations. FGFR mutations can also be found in the
intracellular domain (49). FGFR may result in gain of
function, in contrast to TWIST1 mutations in the Saethre-
Chotzen syndrome, which usually result in haploinsufficiency. 

The TWIST1 gene encodes a transcription factor that is a
primary regulator of many genes expressed in specific cell
types, resulting in a tissue-specific phenotype (48). TWIST1
mutations in Saethre-Chotzen syndrome may be of the
nonsense, missense, insertion or deletion type and are usually
located outside or within the coding region (50). Most
mutations truncate the TWIST1 protein, resulting in
haploinsufficiency. Alternative mechanisms may cause loss
of TWIST1 function either by affecting DNA binding or by
interaction with regulatory proteins (50). A TWIST1 mutation
(340A->G, Asn114Asp) has been noted in a patient with
Crouzon-like features (45, 51).

MSX1 and MSX2, belong to the key family of Homeobox
(or Box) genes that subdivides the early embryo into fields
of cells with the potential of becoming specific tissues and
organs. The MSX2 mutant appears to cause Boston type
craniosynostosis (Table I) (52). MSX2 over-expression results
in enhanced growth, favoring suture closure, whereas MSX2
downregulation or inactivation results in differentiation and
delayed suture closure (48).

The genetic and biochemical information regarding suture
formation and closure, combined with detailed clinical
studies can lead to a pathophysiological hypothesis for
craniosynostosis that will focus on processes playing a
critical role on tissue boundary formation and the balance
between bone cell proliferation and differentiation. Earlier
developmental stages using human stem cells may be used,
due to the fact that the relation between genes and
pathogenetic mechanisms is not as much assured or since the
phenotype of the human disorder cannot always be copied in
mice. A recommended signaling pathway is the IL11RA-
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Figure 1. Sutures of the human skull.



STAT3 pathway, which may affect remodeling of tissue
boundary formation and the balance between
proliferation/differentiation and constitutes a surprising link
between craniosynostosis and immunity (53).

Molecular studies of Msx2 have revealed that it is
necessary for the normal closure of sutures. Msx2 transgenic
mice exhibit craniosynostosis with elevated concentrations of
osteogenic cells in the skull. Some patients with Msx2 trisomy
also exhibit craniosynostosis, indicating that Msx2 function is
maintained in humans. Studies of transgenic Msx2 mice
showing suture overgrowth and suture-less overlap indicated
that the mechanism of premature suture closure in these mice
is due to a particular increase in proliferation of osteogenic
cells. These results demonstrate that Msx2 is a major
modulator of proliferation of osteoporosis-inducing cells
expressing Msx2 and subsequent osteoblast differentiation.

The transforming growth factor β (TGF-β) is responsible
for osteoblastic differentiation and matrix producing
potential. It also stimulates osteoid formation and appears to
play a lesser role in premature craniosynostosis (54). While
the role of TGF-β in suture regulation is evident, no TGF-β-
related primary cause for craniosynostosis has been
identified (48, 55, 56).   

What is clear, however, is that the bones of the dome of the
skull do not develop separately, but in a close and complex
interaction with the developing brain and the underlying

in vivo 37: 36-46 (2023)

39

Table I. Major genes in which mutations cause most cases of craniosynostosis syndromes. 

Gene                                 Inheritance                   Craniosynostosis                      Suture                                              Major phenotypic 
(Chromosome)                                                      syndrome (OMIM)                     fusion                                                 characteristics

FGFR1                               Autosomal                            Pfeiffer                             Coronal                             Mild craniofacial features, broad and 
(8p11.23)                            Dominant                          Syndrome                                                                 deviated thumbs and big toes, syndactyly
                                                                                       (101600)

FGFR2                               Autosomal                    Apert Syndrome                    Coronal,                   Midface hypoplasia, dilated cerebral ventricles, 
(10q26.13)                          Dominant                           (101200)                         multisuture                         complex syndactyly in hands and feet
                                          Autosomal                          Crouzon                         Multisuture                              Exorbitism, midface hypoplasia, 
                                           Dominant                          Syndrome                           coronal,                             beaked nose, normal hands and feet
                                                                                       (123500)                             sagittal
                                          Autosomal                           Pfeiffer                          Multisuture                    Broad thumbs and halluces, cloverleaf skull
                                           Dominant                          Syndrome                                                                        in severe cases, brain anomalies,
                                                                                       (101600)                                                                            tracheal sleeve, fused elbows

FGFR3                               Autosomal                           Muenke                             Coronal                    Specific amino acid substitution (p.Pro250Arg),
(4p16.3)                              Dominant                          Syndrome                                                                  possible sensorineural hearing loss, mild 
                                                                                       (602849)                                                                     brachydactyly, cone-shaped epiphyses
                                          Autosomal                     Jackson-Weiss                       Coronal                                  Midface hypoplasia, webbed or
                                           Dominant                          Syndrome                                                                             fused second and third toes
                                                                                       (123150)                                                                                                    

MSX2                                 Autosomal                            Boston                      Sagittal, coronal,                 No specific clinical feature, specific amino
(5q35.2)                              Dominant                     craniosynostosis                   multisuture                    acid substitutions p.Pro148His, p.Pro148Leu
                                                                                       (604757)

TWIST1                              Autosomal                    Saethre-Chotzen                     Coronal                           Hypertelorism, downslanting palpebral 
(7p21.1)                              Dominant                           syndrome                                                                       fissures, low frontal hairline, small
                                                                                       (101400)                                                                      ears with prominent crus of the helix

Figure 2. Most mutations for the main craniosynostosis syndromes exist
in the FGFR2 gene, while there is only one known mutation in the
FGFR1 gene. Depending on the mutation, there is a different syndrome
[taken from (2) with modifications]. 



meninges. Recent studies have concluded that in cranio-
synostosis the brain architecture differs not only in the cortical
regions, but also in several subcortical formations. The shape
of the brain and skull is similar; however, differences between
the two tissues have been observed. It has been established
that the effects of craniosynostosis on the brain are observed
throughout its entirety, with subcortical structures being
changed according to cortical changes. In conclusion, the lack
of direct correspondence in the physical effects of
craniosynostosis in the skull and brain and implies that there
is a large degree of independence in the developmental stages
of the brain and skull, despite their physical and chemical
connections between the units of the craniofacial complex (57,
58). This also leads to the hypothesis that perhaps the
developing central nervous system plays an equally crucial
role in the development of the terminal skull phenotype, so
research into mutations that cause early closure of the cranial
suture should also be directed to genes and mechanisms
involved in the brain development itself (Figure 3).

Common Syndromes of Craniosynostosis

Apert syndrome. The symptoms of classic Apert syndrome
include brachycephaly, a flat nasal bridge and syndactyly of

the hands, which are known as hand gloves, although the
toes of the feet are also affected in similar ways (44, 45).
Nevertheless, in non-classical cases a variable syndactyly is
likely to exist.

Crouzon syndrome. Patients often show a long face,
hypoplasia of the upper jaw and prominent lower jaw (44,
45). A conductive hearing loss is also common. It is related
with the older age of the father. Another Crouzon
syndrome variant is Crouzon’s syndrome with acanthosis
nigricans; it is genetically different, and the progress of the
acanthosis depends on older aging. Most characteristic
patients exhibit synostosis with reddish surfaces,
acanthosis nigricans with broad and atypical distribution,
melanocytic embryos, hydrocephaly, Chiari malformations
and mouth anomalies.

Pfeiffer syndrome. Patients exhibit hypertelorism, upper jaw
hypoplasia, mandibular protrusion, and brachycephaly (44,
45). A partial syndactyly of the fingers of the hands and feet
is also usual. There are three types: type 1 - milder form,
type 2 - with clover-shaped head and elbow ankylosis, and
type 3-serious cranio-synostosis, no clover-shaped skull, and
premature death.
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Figure 3. The figure illustrates the signaling pathways of transforming growth factor-β (TGFβ)/bone morphogenetic protein (BMP) and Wnt, which
are involved in cell and developmental biology of cranial sutures. Mutations in genes that encode the fibroblast growth factor receptors 1, 2 and 3
along with mutations in genes encoding nuclear transcriptional factors TWIST1 and MSX2 are some of the main causes of craniosynostosis.



Jackson-Weiss syndrome. Patients exhibit craniosynostosis
with facial hypoplasia and skin syndrome of the second and
third finger (44, 45).

Muenke syndrome. Patients show macrocephaly, brachycephaly,
facial hypoplasia, coronal synostosis, developmental delay, and
hearing loss. Extreme abnormalities include brachydactyly,
broad toes and back pain (44, 45). The affection of females is
more frequent compared to males. Hearing loss is another
condition observed in most patients, specifically in about 95%
of the cases. It can range from mild to moderate, with studies
suggesting that all individuals with Muenke syndrome are likely
to have at least some degree of hearing loss, usually mild.
Individuals can also exhibit hearing loss despite passing the
newborn hearing screens, while others develop a progressive
type that becomes more severe as they age.

Craniosynostosis 2 Boston type syndrome (MSX2 related).
Patients affected by this syndrome exhibit an extended
forehead, turribrachycephaly and an anomaly in the skull’s
cloverleaf (59). Also, they present with supraorbital ridge
hypoplasia, cleft palate, more teeth than normal, hand
abnormalities, such as triphalangeal thumb and syndactyly
of 3-4 fingers, as well as abnormalities in the feet, such as a
short first metatarsal and middle phalangeal agenesis. Other
related symptoms contain headaches, vision problems and
epilepsy. Their mental capacity is not affected.

Clinical Diagnosis

The phases of diagnosing patients with craniosynostosis
include clinical evaluation, molecular genetic investigation,
interpretation of genetic test results, genetic counseling and
patient management (15). 

Clinical evaluation. It is a first step that should precede
genetic tests. At this stage, the clinical geneticist evaluates
the complete individual history, as well as the family history
with special care to craniosynostosis, anomalous head
shape, cranial surgery, skeletal or epileptic disorders,
delayed development, or additional possible genetic
conditions in the family. The evaluation of individual
history should include pregnancy history and prenatal
reports, birth and development history, possible magnetic
resonance imaging of the brain, and X-ray cranial imaging
that accurately depicts the bone. Furthermore, at this stage,
patients are likely to undergo a complete physical
examination to evaluate the involved cranial sutures and
head shape, craniofacial and orofacial abnormalities,
cerebral malformations, hearing and limb abnormalities,
including possible syndactyly in addition to complementary
imaging in other body regions that may also be affected,
especially in syndromes.

Molecular genetic testing. Based on the data collected by
history taking and clinical examination the appropriate
genetic testing is performed. Whether the genetic testing is
for specific genes, for a craniosynostosis gene panel or for
whole exome sequencing depends mostly on the possible
diagnosis based on family history and particular suture and
other anomalies. Genetic counseling prior to genetic testing
should address the needs and wishes of patients and their
families and inform them about the test capabilities and
limits, as well as what a positive or a negative result mean.
Especially in cases showing additional malformations
outside craniosynostosis or an unexplained developmental
delay, a qualified clinical geneticist-dysmorphologist has to
be involved so as to assess if cervical synostosis occurs
because of a more complex chromosomal or monogenic
disorder. For these patients, the initial series of genetic
testing should include a karyotype or a chromosomal
microarray examination to search for genomic imbalances
(chromosomal overlaps or deletions) (60). The chromosomal
array testing seems to be suitable for patients having severe
developmental retardation and several abnormalities. The
presence of chromosomal abnormalities in patients might
require the investigation of the parents as well (61). 

In patients that have an isolated coronary suture, genetic
tests usually begin with screening for mutations in FGFR3
(Muenke’s syndrome). Testing proceeds to the FGFR2,
FGFR1 and TWIST1 gene (for Crouzon syndrome, Pfeiffer’s
syndrome, Saethre-Chotzen’s syndrome and Jackson-Weiss
syndrome). The final stage of the genetic testing of these
patients, if no causal mutation is located, is to estimate copy
number variants (for example whole gene deletions) of the
above-mentioned genes.

Interpretation of test results and genetic counseling. The
genetic testing findings should be communicated to families
in a genetic counseling session. The parents of a patient
should be informed of the results of all genetic tests,
irrespectively of their positive or negative outcome. The
families should be advised that even though a specific initial
genetic test (such as whole exome sequencing) is negative,
that result does not exclude the possibility that the patient
has a genetic etiology of craniosynostosis (for example: in
the promoter region of a gene).

In incidents of frequently described craniosynostosis
syndromes, whole families may need to be tested due to the
autosomal dominant pattern of inheritance or varied expression.
Families need to realize that testing the first person with a
condition can indicate that the parent can also be affected.
Patients’ relatives, who are seemingly clinically healthy, usually
assume that they are automatically unaffected. Nevertheless,
there are cases of reduced penetrance, as in families with
Muenke’s syndrome, when a parent who seems to be clinically
normal produces a more severely affected offspring.
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The finding of a genetic cause of a condition clarifies the
diagnosis and offers the best possible approach to accurate
prognosis and appropriate therapy. In addition, the best
possible genetic counseling may be offered to the family so
that new cases can be prevented.     

Therapeutical Approaches 

Depending on the seriousness of the incident, treatments of
craniosynostosis can vary. Non urgent and non-syndromic
cases can follow the elective surgical management while other
syndromic cases require urgent interventions. In severe cases,
the conservation of the airway, support of nutrition, eye
protection and normal intracranial pressure ought to be
considered (62). For instance, patients having positional
plagiocephaly may not require treatment. Most of the time,
having a flattened area will not have a negative impact on brain
growth or mental development. Deformities begin to improve
when the child is able to stand and sit, even though they may
not completely disappear. A total resolution of the deformities
has also been observed with the progress of time. In some
severe cases, surgery may be necessary, usually when
unresolved flattening causes facial abnormalities, problems
with chewing, eating or vision. In addition, patients may have
difficulties with socialization due to their appearance. In other
cases, a minimally invasive approach, such as endoscopic
suturectomy, can accurately correct the positional irregularities.
The use of remodeling helmets is also helpful for very young
patients, followed or not by suturectomy (63-65). In addition,
children with craniosynostosis usually show a growing need
for dental care due to hypodontia or ill-shaped teeth, dental
caries or tendency for periodontal disease, thus oral and facial
surgeries for jaw and dental reconstructions might be also
required (66).

To date, the strategies employed to treat craniosynostosis are
almost absolutely surgical. Τhe aim of these surgical
procedures is to correct the premature fusion so as to increase
the intracranial volume, decrease intracranial pressure and let
the brain develop (13, 67-69). Existing surgical methods
comprise cranial vault reconstruction, minimally invasive strip
craniectomy with the use of postoperative molding helmet,
minimally invasive strip craniectomy with spring implantation,
and cranial distraction (4). However, these strategies carry risks
for infection, bleeding, venous air emboli and damage to the
unprotected brain (70). Even after surgical correction, a range
of abnormal symptoms (such as post-operative edema) and
increased intracranial pressure might happen. These problems
occur with larger severity and more frequently in patients with
syndromic craniosynostosis (16, 36). Therefore, these patients
should be followed-up postoperatively up to the age of 12
years old when brain development is completed. Postoperative
problems may also require repeated surgeries for secondary
defects improvement, like midface hypoplasia, especially in

patients with syndromic craniosynostosis conditions like Apert
and Crouzon, with the same risks as previously mentioned
(36). Therefore, there is a need not only to enhance the known
strategies but at the same time to develop new biological
therapies that would possibly prevent the need for surgery and
could cure or even prevent premature suturing.

Research about the genetic basis of craniosynostosis
syndromes and their underlying etiology has provided insights
for their nonsurgical treatment. The identification of signaling
pathways pathologically stimulated by the cranial suture and
identification of proteins involved in the development of
craniosynostosis will aid the selection of upcoming adjuvant
medical therapies (71). According to recent studies, the
fibroblast growth factor receptors (FGFRs), transforming
growth factor beta (TGF-β), bone morphogenetic proteins
(BMPs), as well as the transcription factors TWIST1 and
MSX2 are the most important molecules involved in the
development of both syndromic and nonsyndromic
craniosynostosis (72, 73). Specific medication that is capable
of controlling the expression of these signaling pathways
could be a possible in the future (72, 73).

Important Issues of Proper Therapy

Early diagnosis and suitable treatment are very important in
craniosynostosis, regardless its genetic or nongenetic etiology.
Patients are routinely examined by a care team formed between
different specialists, such as an orthodontist, a neurosurgeon,
an oral and maxillofacial surgeon, an ophthalmologist, a
psychologist, a pediatrician, a plastic surgeon, a speech and
language pathologist, a clinical geneticist, and a molecular
geneticist. The evaluation of the patients by this team is crucial
to settle the diagnosis, recognize the level of the deformity and
set the basis for a treatment plan and a surgical strategy for
reconstruction (70). The identification of the genetic defect also
permits recognition of the persons’ genetic risks and
appropriate genetic counseling for the patients’ families (71).
The results of genetic testing should be reported to families,
taking into account that a negative result does not rule a genetic
cause that might not be covered by the analysis (33).

The main critical factors that influence successful correction
of craniosynostosis include age and correct timing of surgery.
The best period for the operation is still controversial and is
thought to be between 6 and 12 months of age in cases without
evidence of increased intracranial pressure (74). Delay in
craniosynostosis treatment can exacerbate associated facial
skeletal abnormalities, such as facial asymmetry, strabismus, or
malocclusions. The operations needed are usually performed in
the young infant, a time when they are most susceptible to
physiologic insults (75). Even though these ages are considered
to be optimal for a surgical improvement of the head shape and
re-ossification of the bone defects, it should be noted that
events, such as infections, optic nerve ischemias, seizures,
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bleeding, and the need for blood transfusions are not
insignificant in the infant or young child (76, 77). In addition,
especially in nonsyndromic craniosynostosis cases, waiting for
surgical intervention until the age of 6 months is related to the
lowest risk for a surgery repetition (78). Patients operated on
before 6 months old have higher probability of needing surgical
repetitions, in contrast to those operated after 6 months old,
which show decreased probability (79). 

Conclusion

Research on craniosynostosis resulted in the identification of
many pathogenic mutations in the most known syndromes. As
a result, this has led to many advantages for individuals and
their families regarding diagnosis, testing, genetic counseling,
recurrence risk calculation and proper therapeutic advice. In
addition, research has promoted the identification of molecular
pathways, which have a crucial role on the development of the
cranial sutures. 

This new information can be fully understood through
combination with knowledge acquired using multiple
methods ranging from biochemistry, cell and developmental
biology, and mouse genetics. In order to preserve the sutures
of the skull there is a need to keep a balance between the
number of the stem cells placed in the mid-mesenchyme and
the spreading and differentiation of the neighbor cells
responsible for skull growth (80).

Future research may take into account the environmental
factors (such as smoking or taking certain medication during
pregnancy) of craniosynostosis and its clinical variability.
Furthermore, the influence of genetic and epigenetic factors on
allelic expression, somatic mosaicism and mutation regulatory
motifs should be investigated. That is likely to lead to diagnostic
answers in most craniosynostosis cases. In addition, the most
common susceptibility alleles impacting risk may be identified
by using genome wide association studies (GWAS) in large
groups of patients. Minor genetic susceptibility variants may be
part of the same pathophysiological landscape, as major
monogenic mutations and both of them may have an impact on
molecular processes leading to craniosynostosis (48, 53). The
more we learn about etiological molecular mechanisms causing
craniosynostosis the better prevention, diagnosis and therapy
may be offered to patients and their families.  

Conflicts of Interest

The Authors have no conflicts of interest to declare in relation to
this review.

Authors’ Contributions

CY conceived the review, supervised its construction, and authored
the final draft of the manuscript; NK authored the first draft of the
manuscript and created one figure; TS and VM searched the

literature and prepared parts of the manuscript; CV prepared parts
of the manuscript and created two figures; SV critically corrected
the manuscript.

References
1 Lajeunie E, Le Merrer M, Bonaïti-Pellie C, Marchac D and

Renier D: Genetic study of nonsyndromic coronal
craniosynostosis. Am J Med Genet 55(4): 500-504, 1995. PMID:
7762595. DOI: 10.1002/ajmg.1320550422

2 Cohen Jr MM and MacLean Jr RE: Craniosynostosis: Diagnosis.
Evaluation and management. In: Cohen MM Jr (ed.), 2nd ed.
Oxford University Press, pp. 119-146, 2000.

3 Boulet SL, Rasmussen SA and Honein MA: A population-based
study of craniosynostosis in metropolitan Atlanta, 1989-2003.
Am J Med Genet A 146A(8): 984-991, 2008. PMID: 18344207.
DOI: 10.1002/ajmg.a.32208

4 Governale LS: Craniosynostosis. Pediatr Neurol 53(5): 394-
401, 2015. PMID: 26371995. DOI: 10.1016/j.pediatrneurol.
2015.07.006

5 Opperman LA: Cranial sutures as intramembranous bone growth
sites. Dev Dyn 219(4): 472-485, 2000. PMID: 11084647. DOI:
10.1002/1097-0177(2000)9999:9999<::AID-DVDY1073>3.0.
CO;2-F

6 Slater BJ, Lenton KA, Kwan MD, Gupta DM, Wan DC and
Longaker MT: Cranial sutures: a brief review. Plast Reconstr
Surg 121(4): 170e-178e, 2008. PMID: 18349596. DOI: 10.1097/
01.prs.0000304441.99483.97

7 Rice DP: Craniofacial sutures. Development, disease and
treatment. Preface. Front Oral Biol 12: xi, 2008. PMID:
18491429.

8 Cohen MM Jr: The new bone biology: pathologic, molecular,
and clinical correlates. Am J Med Genet A 140(23): 2646-2706,
2006. PMID: 17103447. DOI: 10.1002/ajmg.a.31368

9 Kim SY, Choi JW, Shin HJ and Lim SY: Reliable manifestations
of increased intracranial pressure in patients with syndromic
craniosynostosis. J Craniomaxillofac Surg 47(1): 158-164, 2019.
PMID: 30497950. DOI: 10.1016/j.jcms.2018.10.021

10 Lekovic GP, Bristol RE and Rekate HL: Cognitive impact of
craniosynostosis. Semin Pediatr Neurol 11(4): 305-310, 2004.
PMID: 15828715. DOI: 10.1016/j.spen.2004.12.001

11 Speltz ML, Kapp-Simon KA, Cunningham M, Marsh J and
Dawson G: Single-suture craniosynostosis: a review of
neurobehavioral research and theory. J Pediatr Psychol 29(8):
651-668, 2004. PMID: 15491988. DOI: 10.1093/jpepsy/jsh068

12 Kapp-Simon KA, Speltz ML, Cunningham ML, Patel PK and
Tomita T: Neurodevelopment of children with single suture
craniosynostosis: a review. Childs Nerv Syst 23(3): 269-281,
2007. PMID: 17186250. DOI: 10.1007/s00381-006-0251-z

13 Melville H, Wang Y, Taub PJ and Jabs EW: Genetic basis of
potential therapeutic strategies for craniosynostosis. Am J Med
Genet A 152A(12): 3007-3015, 2010. PMID: 21082653. DOI:
10.1002/ajmg.a.33703

14 McKusick and Hamosh, Online Mendelian Inheritance in Man
(OMIM): An Online Catalog of Human Genes and Genetic
Disorders. Available at: http://www.omim.org [Last accessed on
November 4, 2022]

15 Hehr U and Muenke M: Craniosynostosis syndromes: from genes
to premature fusion of skull bones. Mol Genet Metab 68(2): 139-
151, 1999. PMID: 10527665. DOI: 10.1006/mgme.1999.2915

in vivo 37: 36-46 (2023)

43



16 Honnebier MB, Cabiling DS, Hetlinger M, McDonald-McGinn
DM, Zackai EH and Bartlett SP: The natural history of patients
treated for FGFR3-associated (Muenke-type) craniosynostosis.
Plast Reconstr Surg 121(3): 919-931, 2008. PMID: 18317141.
DOI: 10.1097/01.prs.0000299936.95276.24

17 el Ghouzzi V, Le Merrer M, Perrin-Schmitt F, Lajeunie E, Benit
P, Renier D, Bourgeois P, Bolcato-Bellemin AL, Munnich A and
Bonaventure J: Mutations of the TWIST gene in the Saethre-
Chotzen syndrome. Nat Genet 15(1): 42-46, 1997. PMID:
8988167. DOI: 10.1038/ng0197-42

18 Wilkie AO, Bochukova EG, Hansen RM, Taylor IB, Rannan-
Eliya SV, Byren JC, Wall SA, Ramos L, Venâncio M, Hurst JA,
O’Rourke AW, Williams LJ, Seller A and Lester T: Clinical
dividends from the molecular genetic diagnosis of
craniosynostosis. Am J Med Genet A 140(23): 2631-2639, 2006.
PMID: 16838304. DOI: 10.1002/ajmg.a.31366

19 Vortkamp A, Franz T, Gessler M and Grzeschik KH: Deletion of
GLI3 supports the homology of the human Greig
cephalopolysyndactyly syndrome (GCPS) and the mouse mutant
extra toes (Xt). Mamm Genome 3(8): 461-463, 1992. PMID:
1322743. DOI: 10.1007/BF00356157

20 Jabs EW, Müller U, Li X, Ma L, Luo W, Haworth IS, Klisak I,
Sparkes R, Warman ML and Mulliken JB: A mutation in the
homeodomain of the human MSX2 gene in a family affected
with autosomal dominant craniosynostosis. Cell 75(3): 443-450,
1993. PMID: 8106171. DOI: 10.1016/0092-8674(93)90379-5

21 Flück CE, Tajima T, Pandey AV, Arlt W, Okuhara K, Verge CF,
Jabs EW, Mendonça BB, Fujieda K and Miller WL: Mutant
P450 oxidoreductase causes disordered steroidogenesis with and
without Antley-Bixler syndrome. Nat Genet 36(3): 228-230,
2004. PMID: 14758361. DOI: 10.1038/ng1300

22 Twigg SR, Kan R, Babbs C, Bochukova EG, Robertson SP, Wall SA,
Morriss-Kay GM and Wilkie AO: Mutations of ephrin-B1 (EFNB1),
a marker of tissue boundary formation, cause craniofrontonasal
syndrome. Proc Natl Acad Sci USA 101(23): 8652-8657, 2004.
PMID: 15166289. DOI: 10.1073/pnas.0402819101

23 Wieland I, Reardon W, Jakubiczka S, Franco B, Kress W,
Vincent-Delorme C, Thierry P, Edwards M, König R, Rusu C,
Schweiger S, Thompson E, Tinschert S, Stewart F and Wieacker
P: Twenty-six novel EFNB1 mutations in familial and sporadic
craniofrontonasal syndrome (CFNS). Hum Mutat 26(2): 113-
118, 2005. PMID: 15959873. DOI: 10.1002/humu.20193

24 Van Maldergem L, Siitonen HA, Jalkh N, Chouery E, De Roy
M, Delague V, Muenke M, Jabs EW, Cai J, Wang LL, Plon SE,
Fourneau C, Kestilä M, Gillerot Y, Mégarbané A and Verloes A:
Revisiting the craniosynostosis-radial ray hypoplasia association:
Baller-Gerold syndrome caused by mutations in the RECQL4
gene. J Med Genet 43(2): 148-152, 2006. PMID: 15964893.
DOI: 10.1136/jmg.2005.031781

25 Jenkins D, Seelow D, Jehee FS, Perlyn CA, Alonso LG, Bueno
DF, Donnai D, Josifova D, Mathijssen IM, Morton JE, Orstavik
KH, Sweeney E, Wall SA, Marsh JL, Nurnberg P, Passos-Bueno
MR and Wilkie AO: RAB23 mutations in Carpenter syndrome
imply an unexpected role for hedgehog signaling in cranial-
suture development and obesity. Am J Hum Genet 80(6): 1162-
1170, 2007. PMID: 17503333. DOI: 10.1086/518047

26 Hall BK and Miyake T: All for one and one for all: condensations
and the initiation of skeletal development. Bioessays 22(2): 138-
147, 2000. PMID: 10655033. DOI: 10.1002/(SICI)1521-
1878(200002)22:2<138::AID-BIES5>3.0.CO;2-4

27 Flaherty K, Singh N and Richtsmeier JT: Understanding
craniosynostosis as a growth disorder. Wiley Interdiscip Rev
Dev Biol 5(4): 429-459, 2016. PMID: 27002187. DOI:
10.1002/wdev.227

28 Carlson BM: Human Embryology and Developmental Biology.
3rd ed. Philadelphia, PA, USA, Mosby Elsevier, 2004.

29 Ahlberg PE: How to keep a head in order. Nature 385(6616):
489-490, 1997. PMID: 9020353. DOI: 10.1038/385489a0

30 Dasgupta K and Jeong J: Developmental biology of the meninges.
Genesis 57(5): e23288, 2019. PMID: 30801905. DOI: 10.1002/
dvg.23288

31 St-Jacques B, Hammerschmidt M and McMahon AP: Indian
hedgehog signaling regulates proliferation and differentiation of
chondrocytes and is essential for bone formation. Genes Dev
13(16): 2072-2086, 1999. PMID: 10465785. DOI: 10.1101/gad.
13.16.2072

32 Sperber GH: Craniofacial Development. Hamilton, Canada, Decker
Inc., 2001.

33 Yang L, Tsang KY, Tang HC, Chan D and Cheah KS: Hypertrophic
chondrocytes can become osteoblasts and osteocytes in
endochondral bone formation. Proc Natl Acad Sci USA 111(33):
12097-12102, 2014. PMID: 25092332. DOI: 10.1073/pnas.
1302703111

34 Aviv RI, Rodger E and Hall CM: Craniosynostosis. Clin Radiol
57(2): 93-102, 2002. PMID: 11977940. DOI: 10.1053/crad.
2001.0836

35 Alderman BW, Lammer EJ, Joshua SC, Cordero JF, Ouimette DR,
Wilson MJ and Ferguson SW: An epidemiologic study of
craniosynostosis: risk indicators for the occurrence of
craniosynostosis in Colorado. Am J Epidemiol 128(2): 431-438,
1988. PMID: 3394707. DOI: 10.1093/oxfordjournals.aje.a114983

36 Thomas GP, Wilkie AO, Richards PG and Wall SA: FGFR3 P250R
mutation increases the risk of reoperation in apparent
‘nonsyndromic’ coronal craniosynostosis. J Craniofac Surg 16(3):
347-52; discussion 353-4, 2005. PMID: 15915095. DOI:
10.1097/01.scs.0000157024.56055.f2

37 Källén K: Maternal smoking and craniosynostosis. Teratology
60(3): 146-150, 1999. PMID: 10471899. DOI: 10.1002/(sici)1096-
9926(199909)60:3<146::aid-tera10>3.3.co;2-v

38 Reefhuis J, Honein MA, Shaw GM and Romitti PA: Fertility
treatments and craniosynostosis: California, Georgia, and Iowa,
1993-1997. Pediatrics 111(5 Pt 2): 1163-1166, 2003. PMID:
12728131.

39 Graham JM Jr, Badura RJ and Smith DW: Coronal craniostenosis:
fetal head constraint as one possible cause. Pediatrics 65(5): 995-
999, 1980. PMID: 7367144.

40 Bautista G: Craniosynostosis: Neonatal perspectives.
Neoreviews 22(4): e250-e257, 2021. PMID: 33795400. DOI:
10.1542/neo.22-4-e250

41 Sanchez-Lara PA, Carmichael SL, Graham JM Jr, Lammer EJ,
Shaw GM, Ma C, Rasmussen SA and National Birth Defects
Prevention Study: Fetal constraint as a potential risk factor for
craniosynostosis. Am J Med Genet A 152A(2): 394-400, 2010.
PMID: 20101684. DOI: 10.1002/ajmg.a.33246

42 Thaller SR, Hoyt J, Tesluk H and Holmes R: The effect of
insulin growth factor-1 on calvarial sutures in a Sprague-Dawley
rat. J Craniofac Surg 4(1): 35-39, 1993. PMID: 8467020. DOI:
10.1097/00001665-199301000-00008

43 Opperman LA, Moursi AM, Sayne JR and Wintergerst AM:
Transforming growth factor-beta 3(Tgf-beta3) in a collagen gel

Yapijakis et al: Mechanisms in Craniosynostosis (Review)

44



delays fusion of the rat posterior interfrontal suture in vivo. Anat Rec
267(2): 120-130, 2002. PMID: 11997880. DOI: 10.1002/ar.10094

44 Dhamcharee V and Boles RG: FGFR mutations and
plagiocephaly. J Craniofac Surg 19(1): 290-291, 2008. PMID:
18216705. DOI: 10.1097/SCS.0b013e31815ca1e6

45 Anderson PJ, Cox TC, Roscioli T, Elakis G, Smithers L, David
DJ and Powell B: Somatic FGFR and TWIST mutations are not
a common cause of isolated nonsyndromic single suture
craniosynostosis. J Craniofac Surg 18(2): 312-314, 2007. PMID:
17414280. DOI: 10.1097/scs.0b013e31802d6e76

46 Paznekas WA, Cunningham ML, Howard TD, Korf BR, Lipson
MH, Grix AW, Feingold M, Goldberg R, Borochowitz Z, Aleck
K, Mulliken J, Yin M and Jabs EW: Genetic heterogeneity of
Saethre-Chotzen syndrome, due to TWIST and FGFR mutations.
Am J Hum Genet 62(6): 1370-1380, 1998. PMID: 9585583.
DOI: 10.1086/301855

47 Cohen MM Jr: The new bone biology: pathologic, molecular,
and clinical correlates. Am J Med Genet A 140(23): 2646-2706,
2006. PMID: 17103447. DOI: 10.1002/ajmg.a.31368

48 Wu X and Gu Y: Signaling mechanisms underlying genetic
pathophysiology of craniosynostosis. Int J Biol Sci 15(2): 298-
311, 2019. PMID: 30745822. DOI: 10.7150/ijbs.29183

49 Kan SH, Elanko N, Johnson D, Cornejo-Roldan L, Cook J,
Reich EW, Tomkins S, Verloes A, Twigg SR, Rannan-Eliya S,
McDonald-McGinn DM, Zackai EH, Wall SA, Muenke M and
Wilkie AO: Genomic screening of fibroblast growth-factor
receptor 2 reveals a wide spectrum of mutations in patients with
syndromic craniosynostosis. Am J Hum Genet 70(2): 472-486,
2002. PMID: 11781872. DOI: 10.1086/338758

50 el Ghouzzi V, Le Merrer M, Perrin-Schmitt F, Lajeunie E, Benit
P, Renier D, Bourgeois P, Bolcato-Bellemin AL, Munnich A and
Bonaventure J: Mutations of the TWIST gene in the Saethre-
Chotzen syndrome. Nat Genet 15(1): 42-46, 1997. PMID:
8988167. DOI: 10.1038/ng0197-42

51 Carbonara C, Sbaitz L, Geniton L, Peretta P, Mussa F, Nurisso C,
Restagno G, Belli S and Ferrero GB: A Novel N114D TWIST
mutation in a Crouzon-like patient, ASHG. 49th Annual Meeting,
19-23, 1999.

52 Liu YH, Kundu R, Wu L, Luo W, Ignelzi MA Jr, Snead ML and
Maxson RE Jr: Premature suture closure and ectopic cranial
bone in mice expressing Msx2 transgenes in the developing
skull. Proc Natl Acad Sci USA 92(13): 6137-6141, 1995. PMID:
7597092. DOI: 10.1073/pnas.92.13.6137

53 Twigg SR and Wilkie AO: A genetic-pathophysiological
framework for craniosynostosis. Am J Hum Genet 97(3): 359-
377, 2015. PMID: 26340332. DOI: 10.1016/j.ajhg.2015.07.006

54 Yi JJ, Barnes AP, Hand R, Polleux F and Ehlers MD: TGF-beta
signaling specifies axons during brain development. Cell 142(1):
144-157, 2010. PMID: 20603020. DOI: 10.1016/j.cell.2010.06.010

55 Cohen MM Jr: Discussion: Immunolocalization of transforming
growth factors β-1, β-2, and β-3 and insulin-like growth factor
I in premature cranial suture fusion. Plast Reconstr Surg 99: 310-
316, 1997. PMID: 9030135. DOI: 10.1097/00006534-
199702000-00002

56 Cohen MM Jr: Transforming growth factor beta s and fibroblast
growth factors and their receptors: role in sutural biology and
craniosynostosis. J Bone Miner Res 12(3): 322-331, 1997.
PMID: 9076574. DOI: 10.1359/jbmr.1997.12.3.322

57 Aldridge K, Marsh JL, Govier D and Richtsmeier JT: Central
nervous system phenotypes in craniosynostosis. J Anat 201(1):

31-39, 2002. PMID: 12171474. DOI: 10.1046/j.1469-
7580.2002.00074.x

58 Aldridge K, Kane AA, Marsh JL, Panchal J, Boyadjiev SA, Yan
P, Govier D, Ahmad W and Richtsmeier JT: Brain morphology
in nonsyndromic unicoronal craniosynostosis. Anat Rec A
Discov Mol Cell Evol Biol 285(2): 690-698, 2005. PMID:
15977220. DOI: 10.1002/ar.a.20201

59 Florisson JM, Verkerk AJ, Huigh D, Hoogeboom AJ,
Swagemakers S, Kremer A, Heijsman D, Lequin MH,
Mathijssen IM and van der Spek PJ: Boston type
craniosynostosis: report of a second mutation in MSX2. Am J
Med Genet A 161A(10): 2626-2633, 2013. PMID: 23949913.
DOI: 10.1002/ajmg.a.36126

60 Miller DT, Adam MP, Aradhya S, Biesecker LG, Brothman AR,
Carter NP, Church DM, Crolla JA, Eichler EE, Epstein CJ,
Faucett WA, Feuk L, Friedman JM, Hamosh A, Jackson L,
Kaminsky EB, Kok K, Krantz ID, Kuhn RM, Lee C, Ostell JM,
Rosenberg C, Scherer SW, Spinner NB, Stavropoulos DJ,
Tepperberg JH, Thorland EC, Vermeesch JR, Waggoner DJ,
Watson MS, Martin CL and Ledbetter DH: Consensus statement:
chromosomal microarray is a first-tier clinical diagnostic test for
individuals with developmental disabilities or congenital
anomalies. Am J Hum Genet 86(5): 749-764, 2010. PMID:
20466091. DOI: 10.1016/j.ajhg.2010.04.006

61 Jehee FS, Krepischi-Santos AC, Rocha KM, Cavalcanti DP, Kim
CA, Bertola DR, Alonso LG, D’Angelo CS, Mazzeu JF, Froyen
G, Lugtenberg D, Vianna-Morgante AM, Rosenberg C and
Passos-Bueno MR: High frequency of submicroscopic
chromosomal imbalances in patients with syndromic
craniosynostosis detected by a combined approach of
microsatellite segregation analysis, multiplex ligation-dependent
probe amplification and array-based comparative genome
hybridisation. J Med Genet 45(7): 447-450, 2008. PMID:
18456720. DOI: 10.1136/jmg.2007.057042

62 Johnson D and Wilkie AO: Craniosynostosis. Eur J Hum Genet
19(4): 369-376, 2011. PMID: 21248745. DOI: 10.1038/ejhg.
2010.235

63 Chong S, Wang KC, Phi JH, Lee JY and Kim SK: Minimally
invasive suturectomy and postoperative helmet therapy:
Advantages and limitations. J Korean Neurosurg Soc 59(3): 227-
232, 2016. PMID: 27226853. DOI: 10.3340/jkns.2016.59.3.227

64 Rottgers SA, Lohani S and Proctor MR: Outcomes of
endoscopic suturectomy with postoperative helmet therapy in
bilateral coronal craniosynostosis. J Neurosurg Pediatr 18(3):
281-286, 2016. PMID: 27203136. DOI: 10.3171/2016.2
.PEDS15693

65 Kajdic N, Spazzapan P and Velnar T: Craniosynostosis -
Recognition, clinical characteristics, and treatment. Bosn J Basic
Med Sci 18(2): 110-116, 2018. PMID: 28623672. DOI:
10.17305/bjbms.2017.2083

66 Vargervik K, Rubin MS, Grayson BH, Figueroa AA, Kreiborg
S, Shirley JC, Simmons KE and Warren SM: Parameters of care
for craniosynostosis: dental and orthodontic perspectives. Am J
Orthod Dentofacial Orthop 141(4 Suppl): S68-S73, 2012. PMID:
22449601. DOI: 10.1016/j.ajodo.2011.12.013

67 Esparza J, Hinojosa J, García-Recuero I, Romance A, Pascual B
and Martínez de Aragón A: Surgical treatment of isolated and
syndromic craniosynostosis. Results and complications in 283
consecutive cases. Neurocirugia (Astur) 19(6): 509-529, 2008.
PMID: 19112545. DOI: 10.1016/s1130-1473(08)70201-x

in vivo 37: 36-46 (2023)

45



68 Sharma RK: Craniosynostosis. Indian J Plast Surg 46(1): 18-27,
2013. PMID: 23960302. DOI: 10.4103/0970-0358.113702

69 Burokas L: Craniosynostosis: caring for infants and their
families. Crit Care Nurse 33(4): 39-50; quiz 51, 2013. PMID:
23908168. DOI: 10.4037/ccn2013678

70 Cohen SR, Pryor L, Mittermiller PA, Meltzer HS, Levy ML,
Broder KW and Ozgur BM: Nonsyndromic craniosynostosis:
current treatment options. Plast Surg Nurs 28(2): 79-91, 2008.
PMID: 18562899. DOI: 10.1097/01.PSN.0000324781.80590.f1

71 Kutkowska-Kaźmierczak A, Gos M and Obersztyn E:
Craniosynostosis as a clinical and diagnostic problem: molecular
pathology and genetic counseling. J Appl Genet 59(2): 133-147,
2018. PMID: 29392564. DOI: 10.1007/s13353-017-0423-4

72 Kosty J and Vogel TW: Insights into the development of
molecular therapies for craniosynostosis. Neurosurg Focus 38(5):
E2, 2015. PMID: 25929964. DOI: 10.3171/2015.2.FOCUS155

73 Mendiola SEC, Martínez IOP, Saavedra ÁEM, Contreras JT and
Hernández ALG: Clinical applications of molecular basis for
Craniosynostosis: A narrative review. J Oral Res 5(3): 124-134,
2016. DOI: 10.17126/joralres.2016.027

74 Utria AF, Mundinger GS, Bellamy JL, Zhou J, Ghasemzadeh A,
Yang R, Jallo GI, Ahn ES and Dorafshar AH: The importance of
timing in optimizing cranial vault remodeling in syndromic
craniosynostosis. Plast Reconstr Surg 135(4): 1077-1084, 2015.
PMID: 25502856. DOI: 10.1097/PRS.0000000000001058

75 Wan DC, Kwan MD, Lorenz HP and Longaker MT: Current
treatment of craniosynostosis and future therapeutic directions.
Front Oral Biol 12: 209-230, 2008. PMID: 18391503. DOI:
10.1159/000115043

76 Marchac D, Renier D and Broumand S: Timing of treatment for
craniosynostosis and facio-craniosynostosis: a 20-year
experience. Br J Plast Surg 47(4): 211-222, 1994. PMID:
8081607. DOI: 10.1016/0007-1226(94)90001-9

77 Garza RM and Khosla RK: Nonsyndromic craniosynostosis.
Semin Plast Surg 26(2): 53-63, 2012. PMID: 23633932. DOI:
10.1055/s-0032-1320063

78 Layliev J, Gill R, Spear M, Cifuentes J, Wang L and Kelly KJ:
The optimal timing for primary cranial vault reconstruction in
nonsyndromic craniosynostosis. J Craniofac Surg 27(6): 1445-
1452, 2016. PMID: 27300462. DOI: 10.1097/SCS.00000000
00002730

79 Utria AF, Lopez J, Cho RS, Mundinger GS, Jallo GI, Ahn ES,
Kolk CV and Dorafshar AH: Timing of cranial vault remodeling
in nonsyndromic craniosynostosis: a single-institution 30-year
experience. J Neurosurg Pediatr 18(5): 629-634, 2016. PMID:
27503248. DOI: 10.3171/2016.5.PEDS1663

80 Spazzapan P, Kocar M, Eberlinc A, Haber B and Velnar T:
Craniofacial reconstructions in children with craniosynostosis. J
Integr Neurosci 21(4): 106, 2022. PMID: 35864758. DOI:
10.31083/j.jin2104106

Received June 20, 2022
Revised November 7, 2022

Accepted November 16, 2022

Yapijakis et al: Mechanisms in Craniosynostosis (Review)

46


