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Chapter

New Technologies to Improve 
Surgical Outcome during  
Open-Cranial Vault Remodeling
David García-Mato, Javier Pascau and Santiago Ochandiano

Abstract

Current approaches for the surgical correction of craniosynostosis are highly 
dependent on surgeon experience. Therefore, outcomes are often inadequate, caus-
ing suboptimal esthetic results. Novel methods for cranial shape analysis based on 
statistical shape models enable accurate and objective diagnosis from preoperative 
3D photographs or computed tomography scans. Moreover, advanced algorithms 
are now available to calculate a reference cranial shape for each patient from a 
multi-atlas of healthy cases, and to determine the most optimal approach to restore 
normal calvarial shape. During surgery, multiple technologies are available to 
ensure accurate translation of the preoperative virtual plan into the operating room. 
Patient-specific cutting guides and templates can be designed and manufactured to 
assist during osteotomy and remodeling. Then, intraoperative navigation and aug-
mented reality visualization can provide real-time guidance during the placement 
and fixation of the remodeled bone. Finally, 3D photography enables intraoperative 
surgical outcome evaluation and postoperative patient follow-up. This chapter sum-
marizes recent literature on all these technologies, showing how their integration 
into the surgical workflow could increase reproducibility and reduce inter-surgeon 
variability in open cranial vault remodeling procedures.

Keywords: craniosynostosis, surgery, shape analysis, computer-assisted planning, 
outcome evaluation

1. Introduction

Craniosynostosis is a birth defect defined as the premature closure of one or 
more cranial sutures [1]. Compensatory growth of the brain along the non-fused 
sutures produces morphological abnormalities, including dysmorphic cranial 
vault and facial asymmetry, which can lead to severe conditions such as increased 
intracranial pressure and impaired brain growth [2]. Prevalence studies indicate 
that craniosynostosis affects 1 of every 2000–2500 live births worldwide [3, 4].

Although the management of craniosynostosis has significantly improved, sur-
gical correction is the preferred approach for treatment in most cases. The objective 
of surgical correction is to release the fused suture and to normalize calvarial shape. 
Minimally invasive techniques (endoscopic, linear craniectomy) have been pro-
posed as an alternative to open surgery [5]. These procedures are usually followed 
by postoperative helmet-molding therapy to facilitate appropriate changes in the 
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cranial morphology [6]. However, these limited approaches are typically reserved 
for the treatment of mild-to-moderate deformities affecting young patients (less 
than 6 months old) [2].

The rest of the cases are commonly treated through open cranial vault remodeling, 
which aims to normalize the calvarial shape to increase intracranial volume and reduce 
the risk of elevated intracranial pressure. Typical cranial vault remodeling begins with 
a coronal incision to allow exposure of the calvarial surface. Then, osteotomy of mul-
tiple segments in the affected bone region is performed and the different fragments 
are reconfigured to achieve a normal cranial morphology. Finally, the remodeled bone 
fragments are transferred to the patient and rigidly fixed and secured using resorb-
able plates [7, 8]. This operation is typically performed before the first year of life to 
maximize reossification and to benefit from the malleability of the bone tissue [9].

Distraction osteogenesis is an alternative surgical approach for the treatment of 
craniosynostosis, which has been accepted by many surgeons [10]. This technique 
involves the application of graduated tension to the bone tissue using external fixa-
tion devices. The main advantage of this procedure is the reduced invasiveness in 
comparison with open cranial vault remodeling, since the dissection of the dura is 
limited [11]. However, it shows limitations such as long treatment duration and, in 
some cases, secondary surgical interventions.

Nowadays, diagnosis and surgical correction of craniosynostosis are still highly 
dependent on the subjective assessment and artistic judgment of surgeons [12]. 
They must determine the degree of the deformity and the best approach for remod-
eling of the cranial vault to restore normal calvarial shape. As a result, there exists a 
high variability in the performance of surgeons and, thus, in the surgical outcomes. 
Although optimal surgical results may be achieved by the more experienced cranio-
facial surgeons, more complications may arise among the less experienced. Several 
studies, evaluating the long-term postoperative results after surgical correction 
between 1987 and 2013, have reported complication rates varying between 2% and 
23.3%, and reoperation rates as high as 10–36% [13–19]. In addition, these studies 
reported that between 9.9% and 36% of the patients presented moderate-to-severe 
malformations after surgical treatment, causing suboptimal esthetic outcomes 
(Whitaker class III/IV).

Therefore, there is a clinical need to improve the reproducibility of surgical out-
comes and to reduce intersurgeon variability in craniosynostosis surgery. Multiple 
technological advancements are now available to improve diagnosis, preoperative 
planning, surgical performance, and postoperative evaluation of craniosynostosis 
patients. However, recent literature presenting and comparing alternative tech-
nologies to assist during craniosynostosis surgery is not available and, as a result, 
craniofacial surgeons may not be aware of these advances. This chapter aims to 
provide an overview of the different developments in the field of craniosynostosis 
through a detailed review and analysis of the literature.

2. Cranial shape analysis and diagnosis

Although the fusion of sutures is a clear indication of craniosynostosis in most 
cases, an evaluation of the cranial shape abnormality is crucial to determine the 
need for surgical correction. However, there are no objective methods available in 
the clinical practice to quantify cranial malformations, making the diagnosis and 
the virtual surgical planning highly dependent on the surgeon’s expertise [20].

The analysis of the preoperative morphology is the most critical step when plan-
ning surgery [21]. A 3D volumetric evaluation of the patient’s anatomy in compari-
son with normal morphology is essential to comprehend the basis of the cranial 
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malformations and to determine the best approach for surgical correction. In this 
context, several methods based on statistical shape models have been proposed to 
objectify diagnosis and planning in craniosynostosis. The idea of these approaches 
is to define the normal cranial shape from a dataset of healthy subjects and to 
compare it with the pathological shape of the subject under evaluation to provide a 
patient-specific diagnosis and reference for planning.

Saber et al. [22] generated a library of normative pediatric skulls from computed 
tomography (CT) scans of 103 healthy subjects. Each CT scan was segmented, and a 
set of reference points was distributed onto the outer surface of the skull. Then, all 
3D models were aligned and an average composite skull, “super-skull”, was created 
from the data of all 103 patients providing an estimation of what a normal child 
skull looks like. For each new subject with craniosynostosis, the composite skull 
model can be scaled to their age and head circumference to obtain an appropriate 
normative reference for that subject. This approach requires age stratification and 
suffers from the limitation of defining landmark correspondence.

Later, Mendoza et al. [23] presented a statistical shape model of normal anatomy 
constructed via principal component analysis (PCA). Each new subject under study is 
projected into the PCA shape space and its closest normal cranial shape is computed 
through similarity metrics in the PCA space. Moreover, age-invariance is achieved 
using a registration algorithm that aligns and scales the subject’s cranial shape with 
the reference normal shape only considering the anatomy at the base of the skull, 
where pathological deformations during craniosynostosis are negligible [24]. This 
methodology presents an improvement in comparison with previous approaches 
[22, 25], which were based on population averages or age-matched templates, and 
accounts for normal variations in healthy anatomy (e.g. due to sex or ethnicity [26]).

Comparison of the cranial shape of a patient with its closest normal reference, 
computed from statistical shape models, can be used to discriminate pathological 
shape abnormalities from healthy phenotypes. The malformation field for each 
subject can be computed by measuring the Euclidean distance from each vertex of 
the subject’s skull surface model to the closest vertex in the most similar normal 
model. Local malformation values in the different regions of the cranium can then 
be visualized using a color map (Figure 1).

Figure 1. 
Malformation field of a patient with metopic craniosynostosis computed by comparing the preoperative cranial 
shape with its closest normal reference: (a) anterior view, (b) superior view, (c) right view, and (d) left view.
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Malformation fields provide valuable information on the degree of morpho-
logical abnormality and can be used for automatic diagnosis. Mendoza et al. [27] 
used a dataset of 18 patients with metopic craniosynostosis to identify three 
robust landmarks for diagnosis and characterization of trigonocephaly. The 
malformation field for each patient in the dataset was averaged across metopic 
craniosynostosis subjects and represented on a template of normal anatomy. 
Then, optimal landmarks were defined on the points of maximum average 
malformation on the frontal bone region. Wood et al. [28] demonstrated that 
the interfrontal angle value, measured using these three optimal landmarks, 
presented significantly different values in metopic craniosynostosis patients 
and healthy phenotypes. They obtained an accuracy of 98% for the diagnosis 
of metopic synostosis using this methodology. Similar approaches have been 
proposed for the quantification of other types of craniosynostosis, such as 
unicoronal [29] or sagittal [30].

3D reconstructions generated from CT scans are the basis of most methods for 
quantitative evaluation of cranial shape. This imaging technique has become the 
standard for the investigation of potential craniosynostosis due to its ability to 
display bone tissue with high spatial resolution [31]. CT imaging enables the genera-
tion of accurate 3D reconstructions of the cranium which can be used for diagnosis, 
shape analysis, and virtual surgical planning. However, this technique involves the 
exposure of the infants to ionizing radiation and frequently requires sedation or 
anesthesia. For these reasons, CT imaging is rarely used for postoperative evalua-
tion of surgical outcomes and patient follow-up [32].

Due to the limitations of CT imaging, 3D photography has been introduced 
for the evaluation of cranial malformations. The validity and reliability of this 
technology to obtain craniofacial anthropometric measurements have already been 
demonstrated [33–35]. In particular, Porras et al. [36] showed how 3D photography 
discriminates between patients with and without craniosynostosis with a sensitivity 

Figure 2. 
Preoperative (a-c) and postoperative (d-f) 3D photographs of a metopic craniosynostosis patient. The patient’s 
hair covered using a skull cap to avoid artifacts. Image adapted from [35].
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above 94%. Other authors have shown that it is possible to calculate intracranial 
volume with this technique [37].

3D photography followed by statistical shape analysis provides a powerful tool 
for fast, non-invasive, and radiation-free quantification of cranial shape, pre-
senting a valuable alternative to CT imaging. This technology enables the visual-
ization and quantification of global and regional cranial malformations without 
exposure to ionizing radiation. Besides, the acquisition of 3D photographs is 
very fast, avoiding the need for sedation or anesthesia of the infant. Multiple 
3D photographs can be acquired for diagnosis and postoperative evaluation of 
the surgical outcomes. The main limitation of 3D photography is the difficulty 
in capturing hair. This issue is easily solved by covering the patient’s hair during 
the acquisition using tight nylon skull caps to avoid artifacts (Figure 2) [38]. A 
suboptimal covering of the hair may cause bumps on the surface that will affect 
cranial shape quantification.

Cranial shape analysis can provide an objective and accurate diagnosis of cranio-
synostosis. This tool can eliminate subjectivity and increase reproducibility during the 
diagnostic phase. The integration of these advancements in the clinical practice will 
contribute to the early diagnosis of craniosynostosis, which is crucial for management, 
prevention of complications, and consideration for prompt surgical correction [39].

Figure 3. 
Virtual surgical plan of open cranial vault remodeling for correction of metopic craniosynostosis: (a) 3D model 
of the cranium obtained from preoperative CT scan, (b) definition of osteotomy lines and fragments, and (c) 
configuration of bone fragments to achieve desired postoperative cranial shape.
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3. Computer-assisted planning

Once a patient is diagnosed with craniosynostosis, surgical correction is the 
standard of care for most moderate to severe deformities. During the surgi-
cal procedure, surgeons perform a remodeling of the affected region to create 
a normal cranial shape. However, “normal” cranial shape is usually defined 
through mental constructions by experienced craniofacial surgeons, and is thus 
highly subjective. Therefore, determining the best approach to restore normal 
shape remains a subjective surgical art, leading to a less reliable prediction of the 
surgical outcome of each patient.

Computer-assisted surgical planning has been proposed to enhance the accu-
racy, efficiency, and reproducibility of craniosynostosis surgeries [21, 40]. Virtual 
surgery can be performed preoperatively on a computer workstation to reduce time-
consuming intraoperative decision making. During virtual planning, osteotomies 
are defined and bone fragments are configured to achieve the desired target cranial 
morphology and features (Figure 3). Most reported techniques are based on free-
hand approaches requiring extensive manual human interaction, and the planning 
results are still highly dependent on the physicians’ experience [41, 42].

Automatic surgical planning methodologies have been developed to find a 
personalized and optimal shape to target during the intervention [20]. Porras et al. 
[20] developed the first fully automatic and objective framework for interventional 
planning of metopic craniosynostosis. First, the algorithm uses a statistical shape 
model generated from a set of healthy subjects to determine the closest normal 
cranial shape to target during the surgical intervention. Then, a global registration 
approach is employed to arrange the fragments in the most appropriate configura-
tion considering the interactions between bone fragments and avoiding overlaps. 
The optimal configuration of fragments is found by minimizing the degree of 
malformation and curvature discrepancies of the cranium. This framework was 
improved in a second study [43] to include bending of the fragments and to allow 
the users to define the desired number of fragments for interventional planning. 
They virtually planned 15 patients with metopic craniosynostosis, obtaining opti-
mal target cranial shapes in all cases. The algorithm could also be adapted for the 
interventional planning of other types of craniosynostosis, although this is future 
work to be developed.

Automatic planning software enables to adjust bone fragments in the most 
optimal configuration to achieve normal morphology, reducing the cranial malfor-
mation of craniosynostosis patients. However, the results of longitudinal studies of 
the cranial growth of craniosynostosis patients indicate inadequate development 
following surgery [44]. Therefore, overcorrections considering growth and relapse 
must be factored into the surgical plan to ensure optimal long-term esthetic and 
functional outcomes [45]. Nowadays, there are no methodologies for automatic 
interventional planning of craniosynostosis integrating and considering overcor-
rection during the configuration of bone fragments. Future research is necessary to 
automatically determine the optimal degree of overcorrection for each patient, and 
to apply this overcorrection to the preoperative virtual surgical plan.

4. Computer-aided design and manufacturing

Transforming the preoperative virtual plan into a reality is a challenging 
endeavor and it is highly dependent on the surgical experience and judgment of the 
craniofacial surgeons. Computer-aided design and manufacturing (CAD/CAM) 
enables the fabrication of patient-specific cutting guides and shaping templates that 
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can be used during surgery to guide osteotomy and remodeling according to the 
preoperative virtual plan [40].

Using a 3D reconstruction of the cranial surface as a reference, surgical cutting 
guides are designed to fit into the affected anatomical region (Figure 4a) and to 
guide the location of osteotomies as defined during the planning stage (Figure 4b) 
[12]. In addition, shaping templates can also be designed to assist during the intraop-
erative remodeling of the cranial vault [8, 46]. These templates enable the configura-
tion of the resected bone fragments following the design decided during planning. 
Each of the fragments is fitted into their corresponding position on the template 
(Figure 4c and d) and rigidly fixed using resorbable plates and screws.

Accurate 3D reconstructions of the cranium are required to ensure optimal design 
and application of CAD/CAM guides and templates. CT imaging is the standard 
technique used for the generation of 3D models of the cranium prior to surgery. 
However, a new MRI technique called “black bone” has already been validated as 
a reference for CAD/CAM craniosynostosis surgery [47]. Therefore, MRI could be 
used to avoid CT scans and the exposure of the infants to ionizing radiation.

Fabrication of the patient-specific surgical cutting guides and templates must 
ensure a fast availability and secure sterilization without the risk of deforma-
tion. For this reason, manufacturing is commonly performed with selective laser 
sintering and polyamide material [12]. Other approaches have proposed the use 

Figure 4. 
Cutting guides and templates used during fronto-orbital advancement for surgical correction of a patient with 
metopic craniosynostosis. (a) Placement of surgical cutting guides on the calvarium, (b) marking of planned 
osteotomies on the calvarium, (c) shaping template for supraorbital bar remodeling, and (d) shaping template 
for frontal bone remodeling. Image adapted from [12].
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of stainless steel templates [48]. Both types of materials can be sterilized before 
surgery using standard autoclave protocols [46].

Several studies have demonstrated the advantages of combining virtual surgi-
cal planning and CAD/CAM guides and templates for craniosynostosis surgery 
[8, 40, 45, 49]. This technology has been applied to single-suture and multiple-
suture craniosynostosis [50]. Results indicate improved surgical outcomes and 
reduced operative time. Also, these technologies could reduce the experiential gap 
between younger and veteran craniofacial surgeons by accelerating the learning 
curve of future trainees. Overall, these studies demonstrate that the inclusion of 
this technology in the surgical workflow improves the efficiency, accuracy, and 
reproducibility of the interventions.

5. Image-guided surgery

The use of patient-specific CAD/CAM cutting guides and templates enables 
cutting the affected bone tissue and remodeling of the bone fragments as defined 
during the virtual surgical plan. However, after remodeling, reshaped bone tissue 
must be manually placed and fixed to the patient. In most cases, the placement of 
the reshaped bone tissue is assessed visually, and the final position may differ from 
the preoperative plan. Therefore, surgical outcomes can be compromised by slight 
positional and rotational variations of the remodeled bone tissue position.

In this context, different methodologies have been reported to assist during bone 
fragment placement. Hochfeld et al. [51] proposed the use of a stereotactic frame 
and Schanz screws to control the position of the fragments during the remodeling 
phase. Individual bone fragments are attached to the Schanz screws by bone brack-
ets and configured based on a reference cranial shape obtained from a statistical 
shape model. Then, the frame is assembled in the surgical field to confirm fragment 
positions, and, finally, the remodeled fragments are rigidly fixed to each other by 
resorbable plates. Although the preliminary results obtained with this frame-based 
remodeling approach are positive, the incorporation of this technique into the 
standard clinical practice is limited by the increased surgical time, complexity, and 
invasiveness associated with the fixation of the frame to the patient.

Later on, Kobets et al. [52] described a guidance system to confirm bone frag-
ment placement through the use of intraoperative CT imaging. First, remodeling of 
the cranial vault is performed exclusively based on the subjective assessment of the 
surgeons. Then, an intraoperative CT imaging scan is acquired and aligned with the 
preoperative plan for comparison and analysis. Finally, any necessary corrections 
in the bone fragment positions are applied before surgery is completed. Although 
intraoperative CT imaging provides accurate 3D reconstructions of the patient’s 
anatomy, this technique requires the exposure of the infant to ionizing radiation, 
increases operative time, and does not enable real-time adjustment of bone frag-
ments position to achieve the desired surgical outcome. Therefore, its application 
into the standard clinical practice is also limited.

In this situation, 3D photography has been suggested for intraoperative imaging 
and guidance during craniosynostosis surgery (Figure 5) [53]. In contrast to CT 
imaging, 3D photography can generate 3D models of the patient’s anatomy without 
harmful ionizing radiation. This technology has already been successfully applied 
for diagnosis [34] and evaluation of surgical outcomes in craniosynostosis [36]. 
The mobility of hand-held 3D photography devices enables their use inside the 
operating room for intraoperative quantification. During the scanning process, 
the mobile device can be moved around the surgical field to acquire 3D models of 
the cranial vault during open cranial vault remodeling. Acquired intraoperative 3D 
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photographs can be aligned with the preoperative virtual surgical plan for compari-
son and analysis (Figure 6) [54]. Overlaying of the actual and planned outcomes 
allows studying the accuracy of the surgical intervention and defining any neces-
sary corrections to improve the outcome. This innocuous scanning technique can be 
used to acquire multiple scans during surgery to provide guidance to surgeons and 
to ensure optimal surgical outcomes.

Previously mentioned methodologies based on intraoperative CT imaging 
[52] or 3D photography [53] do not provide real-time feedback to the surgeons. 
Although multiple CT scans or 3D photographs could be acquired during surgery 
for more accurate and continuous guidance, this methodology would be limited 
by the increased operative time and, in the case of CT imaging, by the increased 
exposure to ionizing radiation.

An intraoperative navigation system has been specifically developed for real-
time guidance during craniosynostosis reconstructions surgeries [12]. This system 
tracks the position of a surgical tool, which can then record points along the surface 
of the remodeled bone tissue. Then, the recorded position of the fragments can be 
compared with the target position defined during the planning phase, providing 
accurate and iterative quantitative feedback to surgeons (Figure 7). Navigation can 

Figure 5. 
(a) Acquisition of an intraoperative 3D photograph of the cranial vault during craniosynostosis surgery using 
the hand-held structured light scanner. (b) Acquired 3D photograph of the remodeled cranial vault.

Figure 6. 
Superior view of (a) preoperative model obtained from CT scan, (b) virtual surgical plan, and (c) 
intraoperative 3D photograph after cranial vault remodeling. Adapted from [12].
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be used multiple times during surgery, making any necessary correction to ensure 
accurate matching with the preoperative virtual plan. This system has already been 
tested in five patients suffering from single-suture craniosynostosis in combination 
with CAD/CAM cutting guides and templates. The results of the study indicate high 
navigation accuracy (< 1 mm) and optimal surgical outcomes.

Although intraoperative navigation has demonstrated high accuracy and 
feasible integration into the surgical workflow, it presents some potential limita-
tions. First, it requires the use of an optical tracking system in the operating 
room to track the position of the bone fragments. This hardware increases the 
cost associated with craniosynostosis surgery and may not be available in all cen-
ters for clinical deployment. Secondly, the navigation information is displayed 
on an external screen adjacent to the surgical field. Therefore, surgeons need to 
look at two different information sources and then mentally match the virtual 
data from the screen with the patient’s anatomy. This visualization technique 
increases their cognitive load and may affect hand-eye coordination during the 
procedure.

Augmented reality (AR) technology has been applied in the medical field and, 
more specifically, to surgical procedures. AR enables the surgeons to focus on the 
surgical field while having access to external virtual information which is overlaid 
on the scene. This technology has already demonstrated to improve the accuracy 
and safety of surgical procedures [55].

Figure 7. 
Intraoperative navigation system: (a) surgeon recording registration points using tracked pointer tool; (b) 
points recorded by the navigation systems on the remodeled bone surface (red) and virtual surgical planning 
(green); (c) navigation of supraorbital bar region using tracked pointer tool. Image adapted from [12].
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Han et al. [56] reported the use of AR technology for guidance during open 
cranial vault reconstructions for the correction of craniosynostosis. Their meth-
odology is based on the attachment of AR markers using occlusal splints for the 
alignment of virtual models in the AR visualization. An external high-definition 
camera captures images of the surgical field, which are then augmented and dis-
played to the surgeons on an external screen. The system was successfully tested on 
seven patients presenting plagiocephaly, but without evaluating the accuracy of AR. 
However, a thorough characterization of the accuracy of AR guidance is required 
before its clinical deployment.

Another work has proposed an AR visualization system for navigation of 
craniosynostosis surgeries [57]. It uses structured light scanning and sterilizable 
AR markers attached to the bone surface to ensure accurate alignment of the virtual 
models in the AR visualization. This methodology presents a significant improve-
ment with respect to previous approaches [56], since the AR markers can be located 
using structured light scanning and attached near the region of interest to minimize 
alignment error. This system enables the visualization of the virtual plan overlaid 
on the surgical field, indicating the planes for bone osteotomy and the target 
position of remodeled bone fragments (Figure 8). The performance of the system 
has been evaluated on several 3D printed phantoms, obtaining a submillimetric 
accuracy when guiding both osteotomy and remodeling phases of the intervention. 
Moreover, the system has been successfully tested in two patients demonstrating the 
feasibility for integration in the surgical workflow and obtaining positive feedback 
from craniofacial surgeons. The AR visualization software is compatible with exter-
nal cameras, smartphones, and head-mounted displays and, therefore, surgeons 
can choose the desired visualization platform according to their preferences and 
surgical needs. The main limitation of this system is that poor lighting conditions 
or occlusions of the markers may interrupt tracking and even cause inaccuracies 
in the AR display. However, illumination of the surgical field during interventions 
is usually homogeneous, and the position of the markers can be defined to avoid 
occlusions and maximize tracking capabilities.

While intraoperative navigation is a well-established technique for guidance 
in craniofacial surgery, AR visualization has recently emerged in the medical 

Figure 8. 
Visualization of virtual surgical planning (green) overlaid on the surgical field during craniosynostosis surgery.
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field and has not been yet integrated into the standard of care. Navigation 
systems are characterized by their accuracy and robustness during surgical 
instrument tracking with respect to patient anatomy [58]. On the other hand, 
AR technology is still under development and future research is still required 
to achieve optimal performance and robustness. Intraoperative guidance could 
benefit from the mixed integration of both technologies in the operating room 
to combine real-time and accurate positioning feedback provided by navigation 
systems with valuable AR visualization within the surgical field. Although both 
technologies require specialized training of craniofacial surgeons, proficiency 
could be achieved by the trainees through simulation-based training using 
realistic phantoms [59].

6. Conclusions

Multiple technological developments have demonstrated a positive impact 
on the management of craniosynostosis, from the diagnosis to the postopera-
tive patient follow-up. Cranial shape analysis based on statistical shape models 
contributes to a more objective and precise diagnosis of craniosynostosis that will 
lead to earlier detection and surgical correction. Furthermore, statistical shape 
models can improve preoperative planning by determining the most optimal 
cranial shapes to target during surgical interventions and facilitating the auto-
matic virtual arrangement of bone fragments. This target cranial shape enables 
to evaluate the stability of the surgical outcome during postoperative cranial 
development and to identify possible relapses. In that manner, it will be possible 
to assess the need for overcorrection to compensate for cranial underdevelopment 
after surgical remodeling.

Also, the use of CAD/CAM tools, intraoperative navigation, and augmented 
reality will enable the accurate translation of the preoperative plan into the operat-
ing room to ensure optimal surgical outcomes. All these technologies can be inte-
grated into the surgical workflow to increase reproducibility, to reduce operative 
time, to streamline the methodology, and to reduce intersurgeon variability in open 
cranial vault remodeling procedures.

In addition, it has been demonstrated that 3D photography presents a valuable 
alternative to CT imaging. This non-invasive scanning technology can be easily used 
for diagnosis, intraoperative surgical outcome evaluation, and patient follow-up of 
craniosynostosis patients avoiding the exposure of the infants to harmful ionizing 
radiation. Besides, 3D photographs can be acquired instantly, and sedation or 
anesthesia is not required.

Most of the technological developments presented in this chapter have been 
tested and validated in non-syndromic single-suture synostosis. However, these 
approaches could also be applied to syndromic multi-suture synostosis. In these 
complex cases, most anatomical references in the cranium are altered and optimal 
surgical correction is challenging. Therefore, these cases will highly benefit from 
computer-assisted diagnosis, planning, and intraoperative guidance to achieve 
optimal surgical outcomes. Furthermore, these techniques could also be applied to 
secondary surgical interventions performed to correct possible complications or 
relapses after initial treatment.

Although all technologies mentioned can greatly benefit the management of 
craniosynostosis, there are some limitations to bear in mind. First of all, most of 
these technologies are costly, and this factor may restrict their integration into clini-
cal practice in some centers with limited budgets. However, many of the previously 
mentioned technological developments are based on free and open-source software 
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platforms [12, 53], which could reduce the costs associated with its integration 
on the surgical workflow. Also, CAD/CAM guides and templates can be designed 
and manufactured in-hospital to reduce cost and production time [60, 61]. These 
technologies could also be shared among different hospital departments, improving 
their impact at a lower cost.

Apart from the economic perspective, some indirect costs must also be con-
sidered. The addition of advanced cranial shape analysis, automatic planning 
algorithms, and design and manufacturing of CAD/CAM tools may increase the 
duration of the planning phase and will also require the collaboration of engineers. 
However, patient-specific planning of craniosynostosis surgeries is essential to 
improve surgical treatment. Advanced algorithms can provide valuable objective 
metrics to determine the best remodeling approach for each patient. Therefore, the 
benefits of these technological advancements may outweigh the increased duration 
of the preoperative planning phase.

In addition, most of the technologies developed for image-guided craniosynos-
tosis surgeries require specialized training for craniofacial surgeons and some of 
them present a steep learning curve. However, surgeries can be simulated preop-
eratively using patient-specific phantoms to provide the trainees with realistic tac-
tile feedback of the patient’s anatomy. Simulation offers a safe environment where 
surgery can be replicated step-by-step leading to the acquisition of technical skills 
which can be translated into better performance during the surgical task [59].

To conclude, multiple technologies are currently available to improve the 
surgical management of craniosynostosis. The integration of these developments 
on the surgical workflow of craniosynostosis will have a positive impact on the 
surgical outcomes, increasing the reproducibility and efficiency of these proce-
dures. Multidisciplinary collaborations between scientific and clinical personnel 
are essential to improve patient care. Further studies must evaluate the cost-
effectiveness of these technologies to determine how to integrate them optimally 
into clinical practice.
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