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INTRODUCTION
Surgical correction of metopic craniosynostosis is 

typically performed via fronto-orbital advancement 
(FOA)—an open cranial vault remodeling technique.1 
The objective of surgical correction is to normalize the 
volume and shape of the calvaria. FOA involves removal, 
remodeling, and repositioning of the frontal bones and 
supraorbital bandeau. Multiple techniques have been 
described for this type of craniosynostosis, but most focus 
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Abstract

Background: The surgical correction of metopic craniosynostosis usually relies on 
the subjective judgment of surgeons to determine the configuration of the cranial 
bone fragments and the degree of overcorrection. This study evaluates the effec-
tiveness of a new approach for automatic planning of fronto-orbital advancement 
based on statistical shape models and including overcorrection.
Methods: This study presents a planning software to automatically estimate oste-
otomies in the fronto-orbital region and calculate the optimal configuration of the 
bone fragments required to achieve an optimal postoperative shape. The optimal 
cranial shape is obtained using a statistical head shape model built from 201 healthy 
subjects (age 23 ± 20 months; 89 girls). Automatic virtual plans were computed for 
nine patients (age 10.68 ± 1.73 months; four girls) with different degrees of over-
correction, and compared with manual plans designed by experienced surgeons.
Results: Postoperative cranial shapes generated by automatic interventional plans 
present accurate matching with normative morphology and enable to reduce the mal-
formations in the fronto-orbital region by 82.01 ± 6.07%. The system took on average 
19.22 seconds to provide the automatic plan, and allows for personalized levels of over-
correction. The automatic plans with an overcorrection of 7 mm in minimal frontal 
breadth provided the closest match (no significant difference) to the manual plans.
Conclusions: The automatic software technology effectively achieves correct cra-
nial morphometrics and volumetrics with respect to normative cranial shapes. The 
automatic approach has the potential to reduce the duration of preoperative plan-
ning, reduce inter-surgeon variability, and provide consistent surgical outcomes. 
(Plast Reconstr Surg Glob Open 2021;9:e3937; doi: 10.1097/GOX.0000000000003937; 
Published online 11 November 2021.)
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on widening and recontouring the narrow and angulated 
supraorbital bandeau, increasing the convexity of the flat-
tened frontal bones, and lateral advancement of entire 
fronto-orbital construct.2 Widening of the supraorbital 
bar can be performed using interposition bone graft or 
merely expanding the acutely angled bandeau, and clos-
ing wedge lateral osteotomies in the bandeau have been 
advocated to enable the bone tissue to curve at the tenon 
extension for lateral continuity.3 Once the supraorbital 
bar is remodeled and stabilized, frontal bone fragments 
are typically cut, bent and reshaped to match the outline 
of the bandeau, and to achieve the desired cranial shape. 
The surgical outcome following FOA is contingent on the 
training, experience, and subjective judgment of the sur-
geon and, consequently, there is wide variability among 
surgeons and major centers.4

Computer-assisted surgical planning has been pro-
posed to increase the accuracy, efficiency, and reproduc-
ibility of craniosynostosis surgeries.5–12 Virtual surgical 
planning (VSP) enables surgeons to define the osteoto-
mies, and reconfigure the fragments to achieve the desired 
shape and features. Several studies have demonstrated 
a decreased operative time, and improved cranial mor-
phology with VSP.6,7 However, most reported techniques 
for interventional planning are based on manual inter-
actions to define cutting planes and reconfigure bone 
fragments.8–10 Furthermore, most of the available method-
ologies for VSP do not learn from normative, reference 
cranial shapes, and “normal” cranial shapes are subjec-
tively defined by craniofacial surgeons through mental 
constructions. Therefore, these approaches are still highly 
subjective and dependent on the physician’s judgment 
and experience.

Only a few automatic surgical planning techniques have 
been developed to determine the optimal cranial shape 
to target during FOA.11,12 These algorithms are based on 
statistical shape models generated from databases of nor-
mative subjects. Learning from normative data, the meth-
ods determine the optimal cranial shape to target during 
surgical treatment, which is objective and personalized to 
each subject. An optimization approach is then employed 
to rearrange the bone fragments in the most appropriate 
configuration that minimizes cranial malformations with 
respect to the optimal normal shape. However, previous 
methodologies were validated using only a few surgical 
templates that did not include bilateral tenon extensions 
of the supraorbital bar, which are essential during FOA to 
facilitate advancement and subsequent stabilization of the 
remodeled fragments.

It is important to note that although significant head 
shape improvements have been quantified after surgical 
treatment,13 long-term postoperative follow-up evalua-
tions of craniosynostosis patients have shown the poten-
tial of abnormal cranial development following surgery.14 
Therefore, achieving a statistically normal cranial shape 
may not be sufficient to ensure optimal long-term aesthetic 
and functional outcomes. In this context, many authors 
have reported that an overcorrection must be performed 
in anticipation of relapse or lack of growth, and factored 
into the VSP.15–19 To our knowledge, there are no methods 

for automatic surgical planning of craniosynostosis that 
incorporate overcorrection during the virtual configura-
tion of the fragments.20

In this study, we present and evaluate a new approach 
for the automatic planning of FOA to treat metopic cra-
niosynostosis. Our method follows the standard surgical 
approach and includes overcorrection to ensure opti-
mal long-term outcomes for the patients. This automatic 
framework has been integrated into a customized soft-
ware that enables surgeons to introduce manual correc-
tions into the VSP according to their surgical needs and 
preferences.

METHODS
In this section, we first describe the database of sub-

jects used in this study. Then, we detail the methodology 
for cranial shape evaluation, bone fragment estimation, 
and virtual remodeling. Finally, we describe the metrics 
used for the assessment of the performance of our plan-
ning software. A summary of the proposed workflow for 
automatic surgical planning is presented in Figure 1.

Data
Our automatic planning framework is evaluated on 

nine patients (mean age 10.68 ± 1.73 months; range 8–13 
months; four girls) with metopic craniosynostosis. All 
patients were treated with an open cranial vault remodel-
ing with FOA at Hospital General Universitario Gregorio 
Marañón. Available data for each patient include a preop-
erative CT scan, and a manual VSP performed by expe-
rienced craniofacial surgeons. The manual VSP includes 
virtual osteotomies, and the reconfiguration of fronto-
orbital bone fragments. This manual VSP is used as a ref-
erence during surgical intervention.

In addition, we use a retrospective database including 
CT scans of 201 subjects without cranial conditions (mean 
age 23 ± 20 months; range 0–72 months; 89 girls and 112 
boys) to build a statistical shape atlas of the normative 
cranial shape.13,21 The closest normative cranial shape to 
the patient with craniosynostosis is selected as reference 

Takeaways
Question: Can we improve the objectivity of the craniosyn-
ostosis interventional planning?

Findings: We present a novel software to assist surgeons 
in objectively planning craniosynostosis interventions. 
The automated technology is based on a statistical shape 
model of the healthy cranium built from 201 subjects. We 
evaluated this technology during the surgical planning of 
nine patients, with metopic craniosynostosis. Results show 
an accurate matching between the automatic plans and 
manual plans performed by experienced surgeons, and a 
significant reduction of planning duration.

Meaning: Automatic surgical planning can reduce plan-
ning duration, diminish inter-surgeon variability, and pro-
vide objective surgical outcomes during craniosynostosis 
interventional planning.
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template to establish a common coordinate system for 
evaluation as described in a previous study.13

Preoperative Cranial Shape Evaluation
Comprehensive, three-dimensional (3D) volumetric 

analysis of the patient cranial shape compared with nor-
mal morphology is crucial to determine the severity of the 
malformations, and the best approach for surgical correc-
tion. To quantify malformation, we follow the procedure 
described in a previous publication.21 First, the cranium 
is extracted or segmented from the CT image. Then, we 
align each subject with metopic craniosynostosis with the 
reference template in the atlas, and compute a patient-
specific, normative reference cranial shape. Then, cranial 
malformations are quantified at every location on the cra-
nial vault as the local Euclidean distance between the nor-
mative reference calculated from the multi-atlas and the 
patient’s cranial shape.

Osteotomy Template
An osteotomy template was defined by specialized cra-

niofacial surgeons based on their previous experience in 
craniosynostosis VSP. Eight cutting planes were defined 
in the fronto-orbital region of the reference template 
(normative subject) in the atlas (Fig. 2). The supraorbital 
axial, frontozygomatic, inferior temporal, and frontonasal 
planes are parallel to the Frankfurt plane. The coronal, 
sphenofrontal, posterior temporal, and midsagittal planes 
are perpendicular to the Frankfurt plane.

Fragments are automatically estimated for the nine 
subjects with craniosynostosis using the osteotomy 

template. For each subject, the preoperative CT image is 
aligned with the reference template using the anatomy of 
the cranial base, and the eight cutting planes in the oste-
otomy template are directly projected onto the subject’s 
coordinate space. Then, the projected cutting planes are 
used to simulate osteotomies in the fronto-orbital region, 
and generate the six bone fragments for FOA: four frag-
ments in the supraorbital bar and two fragments in the 
frontal area (Fig. 2).

Automatic Cranial Vault Remodeling
For virtual cranial remodeling, fragments in the 

fronto-orbital region are reconfigured to achieve the 
desired target shape (Fig. 3). The target shape is the nor-
mative reference cranial shape obtained as described in 
the “Preoperative Cranial Shape Evaluation” section. Our 
algorithm estimates the necessary transformation (ie, 
translation, rotation, and bending) required for each of 
the fragments to achieve the target cranial shape consid-
ering the constraints imposed by the clinical protocol of 
FOA, as explained next.

First, the two halves of the supraorbital bar and both 
frontal fragments are rotated parallel to the Frankfurt 
plane to increase the bitemporal width and the cen-
tral angle. We refer to this step as the central opening. 
Optimal rotation is computed by minimizing the surface-
to-surface distance between the left and right supraorbital 
fragments and the target shape. The rotation angle com-
puted for each supraorbital fragment is applied to each 
ipsilateral frontal fragment. Then, bilateral temporal frag-
ments of the bandeau are rotated parallel to the Frankfurt 

Fig. 1. Proposed workflow for automatic surgical planning of FOa.
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plane to ensure lateral continuity with the healthy bone 
tissue. In addition, the left and right frontal fragments are 
deformed to match the target shape by means of an affine 
model-to-model registration.

Finally, overcorrection is applied to further increase 
the interfrontal angle and the bifrontal width. The user 
can select two predefined levels of overcorrection: (1) 
mild overcorrection, which increases MFB by 7 mm, and (2) 

Fig. 2. VSP of FOa: cutting planes (top) and fragments for cranial vault remodeling (bottom).

Fig. 3. Workflow for the simulation of FOa using a patient-specific normative reference obtained from a statistical shape model. the nor-
mative reference is displayed as a triangulated mesh in the top diagram and a white curve in the bottom diagram.
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severe overcorrection, which increases MFB by 15 mm as rec-
ommended by Fearon et al.14 In addition, surgeons can 
manually input the desired degree of overcorrection into 
the planning software.

Planning Software
A software application called CranioPlan was devel-

oped to automatically plan FOA. This application was 
integrated as an extension of 3D Slicer,22 an open-source 
software platform for medical image informatics, image 
processing, and 3D visualization. The developed applica-
tion enables surgeons to import patient CT imaging stud-
ies, incorporates the tools for automatic estimation of the 
bone fragments in the fronto-orbital region using the oste-
otomy template, and reconfigures these fragments to cor-
rect the calvarial shape. (See Video [online], which shows 
the workflow for automatic planning of fronto-orbital 
advancement using CranioPlan software.) Although the 
software presents a fully automatic plan, it also enables the 
surgeon to manually modify the VSP according to their 
surgical needs and preferences.

CranioPlan enables the quantification of morpho-
logical metrics commonly used by craniofacial surgeons 
during diagnosis, surgical planning, and evaluation of 
surgical outcomes. These metrics include the interfron-
tal angle (IFA),23 the transverse forehead width (TFW),24 
and minimal frontal breadth (MFB).14 These morphologi-
cal metrics are measured from a set of landmarks defined 
in the reference template of our statistical shape model, 
which are projected onto the coordinate space of each 
metopic subject under evaluation. Landmarks for the 
computation of IFA and TFW are determined as previ-
ously described by Mendoza et al,25 whereas the landmarks 
for MFB are defined at the frontotemporal points on both 
sides of the reference cranium. Morphological metrics 
can be computed at any step during the VSP to compare 
the simulated surgical outcome with the preoperative and 
normative reference cranial shapes.

Performance Evaluation
The performance of our software was evaluated by 

automatically planning FOA in the nine patients with 
metopic craniosynostosis. Three treatment strategies 
were computed for each patient: without overcorrec-
tion (OC-0mm), mild overcorrection (OC-7mm), and 
severe overcorrection (OC-15mm). Optimal postopera-
tive cranial shapes determined by our software for each 

subject were compared with the manual VSP performed 
by experienced craniofacial surgeons, and also with the 
personalized normative reference shape, using the follow-
ing metrics: IFA, TFW, MFB, intracranial volume (ICV) of 
the fronto-orbital region, and local malformations in the 
fronto-orbital region (ie, local Euclidean distance between 
the patient’s cranial shape and the personalized norma-
tive reference). The non-parametric Wilcoxon signed-
rank test was used to evaluate the differences in IFA, TFW, 
MFB and ICV between automatic VSP, manual VSP, and 
normative cranial shapes. Applying Bonferroni correction 
for multiple comparisons, the p-value threshold for statis-
tical significance was set at 0.0125 (0.05/4). In addition, 
the processing time required for automatic planning was 
measured for each subject.

Three experienced craniofacial surgeons evaluated 
the validity of automatic planning for surgical deployment 
according to their clinical experience and judgment. The 
automatic VSP for each patient was evaluated using scores 
on a five-point Likert scale, with possible scores for each 
patient ranging from one (inadequate for surgical deploy-
ment) to five (adequate for surgical deployment). Also, 
each surgeon indicated the most suitable treatment strat-
egy for each patient: OC-0mm, OC-7mm, or OC-15mm.

RESULTS
CranioPlan software was successfully used to compute 

an automatic interventional plan for FOA in all patients. 
Evaluation of automatic VSP outcomes indicated a cor-
rect normalization of the cranial shape for all subjects 
(Table  1). All postoperative IFA values were within the 
range reported in the literature for normative patients: 
136.7 ± 6.2 degrees; range 123.8–169.9 degrees.26 The 
average processing time required to complete the auto-
matic planning was 19.22 ± 3.25 seconds. Typical duration 
of manual VSP in our center ranges between 40 and 75 
minutes.

Results without overcorrection (OC-0mm) demon-
strated an accurate matching with the normative refer-
ence shape. There were no significant differences in IFA, 
TFW, and MFB metrics (P > 0.0125). The average absolute 
error was 0.93 ± 0.57 degrees in IFA, 0.66 ± 0.43 mm in 
TFW, 2.16 ± 1.37 mm in MFB, and 1.25 ± 1.04 cm3 in fron-
tal ICV. In addition, local malformations in the fronto-
orbital region were reduced from 2.73 ± 0.88 mm in the 
preoperative stage to 0.45 ± 0.09 mm after automatic VSP, 
representing an average reduction of 82.01 ± 6.07%. The 

Table 1. Mean and SD of Morphometric and Volumetric Values for Preoperative Cranial Shapes, Normative Reference 
Shapes, Manual Surgical Plans Performed by Experienced Craniofacial Surgeons, and Automatic Plans

 

Metric

IFA (degrees) TFW (mm) MFB (mm) Front. ICV (cm3)

Preoperative 115.05 ± 5.26 69.12 ± 5.21 77.87 ± 4.54 161.18 ± 38.44
Normative 129.63 ± 3.89 78.51 ± 4.49 85.77 ± 3.92 190.22 ± 39.38
Manual VSP 133.48 ± 4.64 81.04 ± 4.17 88.87 ± 3.48 203.29 ± 36.46
Automatic OC-0mm 129.10 ± 3.85 78.04 ± 4.75 87.86 ± 4.74 191.47 ± 39.74
Automatic OC-7mm 132.39 ± 4.05 81.08 ± 4.46 92.40 ± 4.95 205.59 ± 42.20
Automatic OC-15mm 138.59 ± 3.18 85.87 ± 4.42 100.36 ± 5.46 235.80 ± 47.10
Automatic plans were computed with CranioPlan software with three different degrees of overcorrection: no overcorrection (OC-0mm), mild overcorrection (OC-
7mm), and severe overcorrection (OC-15mm).
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average reduction was 80.95 ± 8.43% and 82.48 ± 5.29% in 
the supraorbital bar and frontal bone regions, respectively.

Automatic VSP with overcorrection showed increased 
IFA, TFW, MFB, and frontal ICV in all subjects (Table 2 and 
Fig. 4). Manual VSP performed by craniofacial surgeons 
showed an average overcorrection of 7.75% in the frontal 
ICV. Average volumetric overcorrection over the norma-
tive values was 0.66%, 8.16%, and 24.19% for OC-0mm, 
OC-7mm, and OC-15mm, respectively. The differences in 
all parameters between automatic VSP and the normative 
references presented lower variability than those from 
manual VSP, as shown by the SD values in Table 2.

Automatic mild overcorrection (OC-7mm) demon-
strated a strong resemblance with manual VSP for all 
patients, with an average difference of 2.32 degrees in IFA, 
1.28 mm in TFW, 3.74 mm in MFB, and 12.81 cm3 in fron-
tal ICV. There were no significant differences in IFA, TFW, 
MFB, and ICV values (P > 0.0125).

Feedback from three experienced craniofacial sur-
geons indicated that the automatic estimation of osteoto-
mies was accurate and provided a suitable initialization 
for VSP. Surgeons considered that the orientation of 
the coronal cutting plane should be modified in two 
patients to avoid intersection with the coronal suture. In 
the rest of the cutting planes, no manual modifications 
were required. Considering that a total of eight cutting 
planes were defined in each of the nine patients, these 
results indicate that slight manual modifications were only 
required in two of 72 cutting planes according to surgical 
needs and preferences. Overall, surgeons agreed that all 
automatically estimated fragments were suitable for VSP 
(average score = 4.78 ± 0.42). In addition, there was an 
agreement between surgeons that the postoperative cra-
nial shapes generated by automatic interventional plans 
were adequate for surgical deployment (average score = 
4.67 ± 0.48). Surgeons indicated that interventional plans 
(including mild overcorrection) were the preferred treat-
ment strategy for surgical intervention.

DISCUSSION
Existing methods for automatic planning of FOA 

do not incorporate overcorrection, which is essential to 
ensure optimal long-term surgical outcomes.14 In this 
work, we presented an automatic method for the interven-
tional planning of FOA that enables surgeons to quantify 
and incorporate overcorrection into the VSP. The results 
obtained with a mild overcorrection, which increases 
MFB by 7 mm, provided the closest match to manual 
VSP provided by surgeons. While the duration of manual 
VSP ranged between 40 and 75 minutes, automatic VSP 
was completed in less than 30 seconds. Feedback from 

surgeons suggests that the use of CranioPlan software will 
improve repeatability and reduce the preoperative plan-
ning stage duration.

Our approach is based on statistical shape models of the 
healthy cranium used to calculate patient-specific norma-
tive reference shapes. With these, we can define the most 
appropriate cranial shape to target during interventional 
planning. This approach eliminates the subjective determi-
nation of the normal cranial shape presented by previous 
techniques.8,10 Therefore, the combination of normative 
references and VSP can reduce the variability of surgical 
outcomes across different surgeons and institutions.

In addition, our method introduces an osteotomy tem-
plate to automatically estimate the optimal bone fragments 
for FOA. This template includes the bilateral tenon exten-
sions of the supraorbital bar, which are essential during 
FOA to facilitate advancement and subsequent stabilization 
of the remodeled fragments. This study indicates that the 
automatic estimation of osteotomies is accurate and pro-
vides a valuable and objective tool to improve repeatability 
and reduce the duration of the preoperative planning stage.

Multiple studies have highlighted the importance of 
performing overcorrection during craniosynostosis treat-
ment to avoid relapse or lack of growth.15–18 However, 
there is no consensus between surgeons and institutions 
on the amount of overcorrection that must be performed 
to ensure optimal surgical outcomes. Based on the results 
from previous studies,14 our planning software automati-
cally estimates overcorrected postoperative cranial shapes 
based on morphological metrics. CranioPlan provides 
two predefined overcorrection degrees: mild and severe. 
Moreover, surgeons can manually input the desired 
amount of overcorrection, considering the patient clinical 
history and surgical preferences. This overcorrection can 
be quantified for later use in surgical outcome analysis. To 
our knowledge, this is the first tool to consider and apply 
overcorrection for craniosynostosis VSP.

Importantly, our framework for the simulation of 
osteotomies and cranial remodeling is integrated into 
a software application (ie, CranioPlan). Although this 
automatic planning tool provides objective metrics and 
references, it is not meant to replace the surgeon’s clini-
cal judgment or technical skills. Therefore, our software 
enables surgeons to modify the suggested automatic plan 
according to their surgical needs and preferences.

The limitations of the current study are primarily related 
to the automatic reconfiguration of the bone fragments dur-
ing simulated FOA. Our approach estimates a transforma-
tion for each fragment, which may lead to potential overlaps 
between fragments during the virtual remodeling. However, 
the defined physical constraints of FOA avoid overlaps; so 

Table 2. Percentage of Overcorrection of Manual and Automatic Virtual Surgical Plans with Respect to Normative Values

 

Percentage of Overcorrection

IFA (%) TFW (%) MFB (%) Front. ICV (%)

Manual VSP 2.97 ± 2.12 3.27 ± 2.39 3.69 ± 3.62 7.75 ± 8.93
Automatic OC-0mm −0.41 ± 0.76 −0.61 ± 0.84 2.41 ± 1.73 0.66 ± 0.50
Automatic OC-7mm 2.13 ± 0.80 3.29 ± 0.64 7.71 ± 1.84 8.16 ± 2.19
Automatic OC-15mm 6.93 ± 1.25 9.42 ± 1.33 16.99 ± 2.38 24.19 ± 3.07
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we did not encounter any challenges with the data pre-
sented in this study. These constraints may not be suitable 
for simulating other types of open cranial vault remodeling 
techniques. In future work, we will integrate global registra-
tion algorithms into our framework to account for bone 
fragment interactions during simulation.12

Another limitation of our approach is that it does not 
address long-term shape maintenance, as that data were 
not available. However, the quantitative shape analysis 
software could provide the tools essential for long-term 
cranial shape evaluation following surgical correction.

The presented method for VSP can be combined 
with other technologies to further improve the surgi-
cal management of craniosynostosis. Patient-specific 
normative references could be used to perform quan-
titative evaluation of the local malformations, assisting 
physicians during diagnosis21 or postoperative monitor-
ization of surgical outcomes.13 In addition, an accurate 
translation of the VSP into the operating room can be 
assured using novel technological advancements, such 
as intraoperative 3D photography,27 optical tracking,28 
and augmented reality.29

Fig. 4. local malformations of the cranium of a metopic craniosynostosis patient before planning (pre-
operative), after automatic planning without overcorrection (OC-0mm), after automatic planning with 
an overcorrection of 7 mm in MFB (OC-7mm), and after automatic planning with an overcorrection of 
15 mm in MFB (OC-15mm).
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CONCLUSIONS
VSP of cranial vault remodeling based on statistical 

shape models has been demonstrated to be an accurate, 
automatic, and objective tool to improve the surgical 
management of craniosynostosis. The use of normative 
references of the cranium enables the definition of opti-
mal patient-specific shapes to target during preoperative 
planning. Our solution allows the estimation of osteotomy 
locations in the fronto-orbital regions, the automatic 
configuration of the bone fragments to minimize cranial 
malformations, and the integration of overcorrection to 
improve long-term surgical outcomes. This technology 
could reduce the duration of preoperative planning, mini-
mize inter-surgeon variability, and provide consistent and 
improved surgical outcomes.
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Sheikh Zayed Institute for Pediatric Surgical Innovation

Children’s National Health System
111 Michigan Avenue NW

Washington, DC 20009
E-mail: mlingura@childrensnational.org
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