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Introduction

After surgical correction of a craniosynostotic
deformity, clinical follow-up and evaluation of
the surgical result are mandatory like in any
other surgical procedure. Both functional as well
as cosmetic aspects lead to the indication for sur-
gery and need to be addressed during follow-up
assessments. In the past, cosmetic outcome was
determined mainly by subjective evaluation. Par-
ents, involved doctors, and sometimes patients
themselves judged upon the surgical results with-
out reproducible and objective tools. Single suture
craniosynostosis is mainly considered to be a cos-
metic problem. Only in the recent past, functional
aspects are getting into the focus in this patient
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group and respective clinical studies are gaining
significance. Syndromic craniosynostosis is caus-
ing a variety of functional problems due to micro-
cephaly, micro-ophthalmic conditions, and
consequences of the often associated midfacial
hypoplasia. Functional assessment seems to be
more objective compared to cosmetic evaluation,
but both play an important role and are necessary
for any therapeutic improvement in the future.

The cosmetic aspect gained increasing impor-
tance during recent years and accordingly there
are a rising number of surgical indications in
simple cases.

It is important to evaluate the cosmetic effect
and the long-term development of morphometric
head parameters of different surgical techniques
in order to compare them with each other and to
improve operative or adjuvant strategies. Since
the introduction of minimal invasive endoscopic
craniectomy and helmet therapy for the treatment
of nonsyndromic craniosynostosis, the compari-
son of different techniques is of growing
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importance, not only in respect of the cosmetic
results but also for the evaluation if the age of the
affected child at time of intervention influences
outcome and long-term results. In recent years
also, developmental aspects attracted more
attention.

Treatment Outcome and Prognosis

In principal, the direct influence of any surgical
correction on the following skull development
needs to be evaluated apart from the psychomotor
development. So far no clear correlation could be
found between surgical correction of a simple
craniosynostosis and the child’s motoric and cog-
nitive development. Syndromic conditions need
to be evaluated separately due to the fact that in
most cases relevant intracranial pressure eleva-
tions may occur early and some syndromes go
along with cognitive dysfunctions due to primary
brain defects (Kapp-Simon et al. 2007, 2012;
Raybaud and Di Rocco 2007). Regarding long-
term outcome after deformity correction, numer-
ous publications can be found, partially basing on
subjective criteria, partially on morphometric
parameters. Different techniques or age at time
of surgery are not always looked at specifically.
Accordingly, no overall outcome evidence is
available.

In order to evaluate outcome after correction of
a sagittal or bicoronal synostosis, the assessment
of the cephalic index (CI) is the standard outcome
criterion. It is generally accepted to classify long-
term correction of dolichocephalus in sagittal syn-
ostosis and of brachycephalus in bicoronal synos-
tosis as successful, although brachycephalus in
those cases, that most probably have a syndromic
background, rarely completely resolves. Today in
sagittal synostosis, normalization of
dolichocephalus can be reached in 80-90%. The
same results are seen in open and minimal inva-
sive surgery series (Shah et al. 2011). Excellent
and stable long-term results are found after fronto-
orbital advancement with bifrontal cranioplasty in
metopic synostosis. Careful outcome analysis in
the past could demonstrate that such results are
possible only after primary overcorrection of the
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bandeau advancement in order to compensate
later growth inhibition in this area.

In asymmetric lesions such as anterior
plagiocephaly, due to unilateral coronal synosto-
sis, much less satisfactory results are observed,
mainly, because part of the problem is the
unaddressed facial scoliosis. Also the rare
lambdoid synostosis has not a very favorable out-
come since the affected skull base area cannot be
corrected surgically in a direct way.

Reproducible morphometric parameters for the
evaluation of symmetry that also includes the
facial structures do not exist so far. The recent
development of 3D stereoscopic measurement
and visualization techniques have improved
objective follow-up significantly (Martini et al.
2015). Although any cranioplastic correction is a
significant surgical procedure with a relatively
high blood loss, the related complication rate is
very low, as soon as adequate blood transfusion is
initiated in time and no intradural lesions occur.
The only exceptions are monobloc distraction
techniques (Dunaway et al. 2012). Complications
with  long-term  follow-up relevance are
therefore rare.

Regarding the psychomotor development of
affected children, only few publications exist.
Up to 10% of children with single suture cranio-
synostosis will show a more or less significant
developmental delay. These data are mainly
derived from scaphocephaly and trigonocephaly
series. It is assumed that this is not necessarily
related to the skull deformity itself but possibly
caused by independent factors. In many cases,
only minimal brain dysfunctions still in the
range of normal intelligence are described. Tri-
gonocephaly can be associated with syndromic
conditions and other developmental pathologies
influencing the overall intellectual, behavioral,
and motoric development (Arnaud et al. 1995;
Kapp-Simon et al. 1992, 2007, 2012; Mendonca
et al. 2009).

In syndromic craniosynostoses, major psycho-
motor retardation can be found depending on the
underlying subtype. Up to one-third of all
untreated patients with craniosynostosis have an
elevated intracranial pressure, which correlates in
most cases with presence of a papilledema. After
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surgical correction of the skull deformity,
papilledema and raised intracranial pressure still
can be found, mostly after a latency of months up
to years. The incidence varies depending on series
and techniques. After single suture correction, the
highest ratio of secondary papilledema up to 6% is
found in patients with sagittal synostosis, even in
cases with normalization of skull shape and vol-
ume. This compares with untreated series. In
some syndromic cases, pre- as well as postopera-
tive ICP increases are found even more frequently.
In general, it is recommended to perform regular
fundoscopy independent of prior surgery to rule
out papilledema, which can be found in up to
20%, after the 6th month. An untreated
papilledema can lead to irreversible visual
decline. In single suture craniosynostoses,
papilledema is much less frequent compared to
syndromic cases (Dufier et al. 1986). Secondary
papilledema can also be found even in cases with
sufficient augmentation of the skull volume
probably due to changes of the venous outflow,
which can be primarily or secondary after bony
changes caused by cranioplastic surgery (Martini
et al. 2014). Additionally, an associated hydro-
cephalus or secondary Chiari malformation type
1 may contribute to elevated intracranial pressure
levels and should be ruled out, whenever signs of
raised ICP are found during follow-up.
Papilledema can be observed in asymptomatic
patients, and on the other hand, raised ICP can
be present without papilledema. In these cases,
headache is the predominant symptom and intra-
cranial pressure monitoring, with open or tele-
metric techniques, must be discussed. Around 7—
33% of all untreated patients with single suture
craniosynostosis may develop an increased ICP
(Gault et al. 1992; Hayward et al. 2015; Thomp-
son et al. 1995).

The orbital structures can also be impaired in
consequence of the bony anomalies which are part
of the craniosynostotic deformities with involve-
ment of the fronto-orbital region. Visual and
refraction disorders, and, in severe cases exoph-
thalmos, are resulting. Children with tri-
gonocephaly and hypotelorism have a higher
incidence to develop astigmatism (Macintosh
et al. 2007, 2011).
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Follow-up Criteria

Beside morphometric assessments like head cir-
cumference, head height, cephalic index (CI), and
skull volume, subjective evaluation by parents,
pediatricians, and later in the course by the patient
him- or herself are used as well as photographic
documentation. Further follow-up criteria are the
overall shape of the skull, residual calvarian
defects, and functional disorders of the naso-
pharyngeal region, the inner ear, and the gnathic
apparatus. Residual bony defects can be followed
conservatively when they are very small and with-
out round edges, indicating sclerosis with minor
chance for spontaneous closure. Remaining
defects can be covered using calvarian split graft
or bone cement in small gaps. It is mandatory to
fixate them sufficiently.

A major problem is the objective follow-up
assessment of the overall skull shape.

Children with single suture craniosynostosis
should be monitored at least once a year until the
10th  birthday independently from prior
cranioplastic surgery. The most important screen-
ing parameters are listed in Table 1.

In general, it is recommended to include children
with single suture craniosynostosis into a craniofa-
cial follow-up program until the age of 10 years, in
complicated cases also for a longer period of time.
Concomitant ophthalmological assessments with
fundoscopy and visual or refraction tests are also
necessary (Macintosh et al. 2007, 2011).

In syndromic cases, a minimal follow-up time
until early adulthood must be recommended. The
facial development will not be completed before
the end of adolescence and functional disorders
related to a deficient midfacial development may
occur late. A staged treatment of gnathic and

Table 1 Follow-up screening parameter in single suture
patients
Exclusion of papilledema/raised intracranial pressure
Development of skull shape
Morphometric assessment (head circumference and
height, CI)
Skull shape (surface scan and photo documentation)
Search for ossification defects and instability
Overall psychomotor and neurocognitive development
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dentation problems throughout childhood and
adolescence by orthodontist and maxilla-facial
surgeon is often required.

Lower brainstem structures are at risk in patients
with a major disproportion of skull and brain vol-
ume. Secondary Chiari malformation type 1 with
downward displacement of cerebellar structures
and a chronic elevated ICP can cause severe central
apnea. Associated venous anomalies may also con-
tribute to this condition. Additionally, concomitant
upper airway restrictions can cause obstructive
apnea leading to mostly combined severe sleep
apnea pattern. Assisted breathing devices or even
tracheostomy can be indicated. Regular poly-
somnography studies are indicated in syndromic
cases with proven sleep apnea.

Additional functional ear and hearing tests are
important as well, due to the fact, that the bony
development of the inner ear structures may also
be involved (see Table 2).

All children with a more or less significant
craniosynostosis should be under developmental
surveillance because of the fact that psychomotor
and neurocognitive deficits may occur (Arnaud
et al. 1995; Kapp-Simon et al. 1992, 2007, 2012;
Raybaud and Di Rocco 2007).

It is important, that outcome assessment and
follow-up, in particular in syndromic patients, is
performed by an experienced team consisting of
neurosurgeons, maxillo-facial surgeons, and
neuropediatricians, as well as ENT and orthodon-
tic experts.

Table 2 Follow-up screening parameter in patients with
syndromic craniosynostosis
Exclusion of papilledema/raised intracranial pressure
Ophthalmological status
Development of skull shape
Morphometric assessment (head circumference and
height, CI)
Skull shape (surface scan and photo documentation)
Search for ossification defects and instability
Overall psychomotor and neurocognitive development
Midfacial development (lateral cephalogram)
Orthodontic assessment (occlusion, dentification)
Hearing tests
Polysomnography
MRI (CSF spaces, CVIJ anomalies)
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Morphometric Assessment

In the past, morphological assessment during cra-
niosynostosis follow-up was done by subjective
evaluations or non-morphometric imaging
(Arnaud et al. 1995; Haberl et al. 2004; Renier
et al. 2000; Schaller et al. 2012). Whitaker et al.
(1987) used the indication of a necessary second
surgery as evaluation parameter (Whitaker et al.
1987). Also other authors used this criterion
(Aryan et al. 2005; Breugem and van R. Zeeman
1999; Engel et al. 2012; Esparza et al. 2008;
McCarthy et al. 1995a, b; Selber et al. 2008;
Vinchon et al. 2012).

It was generally accepted to record skull growth
and morphological features with photographs of
the head taken from standardized perspectives
(Haberl et al. 2004; Hilling et al. 2006a, b; van
der Meulen 2012) and to perform classical anthro-
pometric measurement by using measuring loops
and tape measures (Farkas and Posnick 1992;
Kolar and Salter 1997). Additionally, anthropomet-
ric methods in two- or three-dimensional radio-
graphic images were also used (Frithwald et al.
2008; Marcus et al. 2008). All these techniques
were not able to adequately depict the complex
three-dimensional growth dynamics of the human
viscero- and neurocranium.

Recently, 3D-scan methods, 3D-photogrammetry,
and stereo-photogrammetry gained importance
for the assessment of skull volume and shape.
Multiple photographic perspectives are fused
and a virtual 3D image of the skull is formed
(David et al. 2010). These techniques provide
metric information and the excellent clinical
applicability could have been shown. The calcu-
lated skull volumes basing on CT and photogram-
metry images have been compared and a high
correlation between the two methods has been
found (McKay et al. 2010). Other authors could
confirm these results (Schaaf et al. 2010a, b;
Wong et al. 2008). Wilbrand et al. were the first
who have been able to demonstrate three-
dimensional changes of craniosynostotic deformi-
ties in children with the help of stereo-
photogrammetry (Wilbrand et al. 2012). An
example of a stereo-photogrammetry setting is
given in (Fig. 1). A 3D surface scanner basing
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on laser technology is less time consuming and
ideal in non-compliant children (Fig. 2).

Beside these new techniques, still the major
morphological follow-up criterion is the develop-
ment of the head -circumference and the

classification of the general head shape, in brachy-
cephalic, normocephalic, and dolichocephalic
skulls. This classification is based on the

two-dimensional head shape which is derived
from the cephalic index (CI). The CI is the ratio

Fig. 1 Stereo-photogrammetry (photo and video based) setting (a, b). The child is placed on a chair with surrounding

mirrors (b)

Fig. 2 3D-surface scan with laser technique
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of the maximum width of the head multiplied by
100 divided by its maximum length in the hori-
zontal plane (measured front to back). This mea-
sure is not only used in anthropology and human
medicine but also for the categorization of ani-
mals. The CI has been defined by the Swedish
anatomist Anders Retzius (1796—1860). The nor-
mal range is depending on the ethnical group the
underlying values are derived from and significant
variations exist across the globe. Differences also
exist between male and female skulls. The overall
accepted classification values are listed in Table 3.

A two-dimensional evaluation of the skull
development during follow-up is not sufficient

Table 3 Classification of head shape according to
cephalic index (CI)

Female Male Skull shape

<75 <75.9 Dolichocephalic

75-83 76-81 Mesocephalic (normocephalic)
>83 >81.1 Brachycephalic

Fig. 3 Comparative scans
consisting of matched scans
taken prior and 6 months
postoperatively of a
brachycephalic child with
bicoronal craniosynostosis.
A spatial gain of 5 mm is
color coded in violet, a loss
of 5 mm in red and,
unchanged dimensions in
green. Frontal view (a),
lateral view (b)
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for the detection of additional deformities. Spe-
cific changes related to the height development
and related to calvarian and facial symmetry in
craniosynostoses are described by the morpholog-
ical appearance. Typical features are oxycephalic,
turricephalic, anterior or posterior plagiocephalic
or using other descriptive terms, such as
Kleeblattschidel (clover leaf skull). No objective
measures, standard scales, or indices exist for
three-dimensional deformities. Therefore, com-
parative surface scan models have been devel-
oped, demonstrating regional changes in shape
of an individual postoperative course (Fig. 3).
Recently, a scan-basing 3D-model with new
morphometric angle parameters has been

established for clinical follow-up and assessment
of form stability after fronto-orbital advancement
(Martini et al. 2015) (Fig. 4).

Studies on asymmetric deformities in particu-
lar caused by unilateral coronal craniosynostosis
can also be performed with modern scan

250 - e 5 - S5
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Fig. 4 Assessment of form stability after fronto-orbital advancement and bifrontal cranioplasty in trigonocephaly using
new angle parameter. Frontal angle (a), fronto-temporal angle (b), and naso-frontal angle (¢)

techniques. Since metric measures can be
obtained, objective data regarding changes during
follow-up can be documented (Martini et al.
2015). Software programs help to calculate a vari-
ety of planes, angles, and other morphometric
measures, like CI, head height, and skull volume,
etc. by using predefined or newly established
landmarks (Fig. 5).

Conclusion

The evaluation of outcome after craniosynos-
tosis surgery remains complex and reproduc-
ible parameters are not well defined. On one
side, this is related to the different pathologies

and the interindividual clinical courses which
are presented. In some of these patients, a
specific genetic background or a different
time of onset may be responsible for this phe-
nomenon. On the other side, not many objec-
tive parameter and comparable data exist for
the outcome assessment. It is important to
follow children with craniosynostosis, indepen-
dent from the kind of treatment, as long as
possible to prevent them from possible late
complications and to ensure an acceptable
cosmetic outcome. An experienced maxillo-
facial team and in syndromic cases, all addi-
tional disciplines, like sleep and ENT special-
ists, etc., are needed to guarantee adequate
follow-up.
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Fig.5 Specific program designed to calculate and visualize morphological changes in craniofacial pathologies in a child
with unilateral plagiocephalus (unilateral coronal craniosynostosis)
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