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A B S T R A C T   

Craniosynostosis, characterized by premature fusion of one or more cranial sutures, results in a distorted skull 
shape. Only three studies have assessed facial asymmetry manually in unicoronal synostosis patients. It is 
therefore important to understand how uni- and bicoronal synostosis affect facial asymmetry with a minimum 
risk of human bias. 

An automated algorithm was developed to quantify facial asymmetry from three-dimensional images, 
generating a mean facial asymmetry (MFA) value in millimeters to reflect the degree of asymmetry. The 
framework was applied to analyze postoperative 3D images of syndromic patients (N = 35) diagnosed with 
Muenke syndrome, Saethre-Chotzen syndrome, and TCF12-related craniosynostosis with respect to MFA values 
from a healthy control group (N = 89). 

Patients demonstrated substantially higher MFA values than controls: Muenke syndrome (unicoronal 1.74 ±
0.40 mm, bicoronal 0.77 ± 0.21 mm), Saethre-Chotzen syndrome (unicoronal 1.15 ± 0.20 mm, bicoronal 0.69 
± 0.16 mm), and TCF12-related craniosynostosis (unicoronal 1.40 ± 0.51 mm, bicoronal 0.66 ± 0.05 mm), 
compared with controls (0.49 ± 0.12 mm). Longitudinal analysis identified an increasing MFA trend in uni-
coronal synostosis patients. 

Our study revealed higher MFA in syndromic patients with uni- and bicoronal synostosis compared with 
controls, with the most pronounced MFA in Muenke syndrome patients with unilateral synostosis. Bicoronal 
synostosis patients demonstrated higher facial asymmetry than expected given the condition’s symmetrical 
presentation.   

1. Introduction 

Craniosynostosis is a condition characterized by the premature 
fusion of one or more cranial sutures, leading to restricted skull growth 
in the direction perpendicular to the premature fused suture (Virchow, 
1851). This condition can manifest as non-syndromic craniosynostosis, 
where it occurs in isolation, or as syndromic craniosynostosis, where it is 
associated with other anomalies that form clinically recognized 

syndromes, typically part of a genetic condition. The latter includes, 
among others, Muenke syndrome, Saethre-Chotzen syndrome, and 
TCF12-related craniosynostosis (Saethre, 1931; Chotzen, 1932; Bellus 
et al., 1996; El Ghouzzi et al., 1997, 1999; Howard et al., 1997; Muenke 
et al., 1997). The prevalence of Muenke syndrome is approximately 1:96 
000 among newborns, compared with approximately 1:105 000 for 
Saethre-Chotzen syndrome, and approximately 1:210 000 for 
TCF12-related craniosynostosis (Cornelissen et al., 2016). 
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Patients with syndromic craniosynostosis usually undergo surgical 
treatment to correct functional problems, such as inhibited skull growth, 
breathing problems, exorbitism, and malocclusion (Hohoff et al., 2007; 
Den Ottelander et al., 2019; De Goederen et al., 2021). In addition to 
these functional problems, surgery also aims to harmonize proportions 
and correct excessive facial asymmetries. Facial asymmetry is not 
exclusive to craniosynostosis patients, as it is also present in the healthy 
population (Ferrario et al., 1993; Ercan et al., 2008). However, more 
severe facial asymmetry has been observed in 90% of unicoronal cra-
niosynostosis patients compared with a healthy control group (Öwall 
et al., 2016). 

Facial asymmetry has also been reported in craniosynostosis syn-
dromes with involvement of one or both coronal sutures (Gallagher 
et al., 2003; Doherty et al., 2007). Only three studies have assessed facial 
asymmetry in unicoronal synostosis patients using photogrammetry. 
However, asymmetry was assessed manually in these studies (Corne-
lissen et al., 2013; Öwall et al., 2016, 2019). It is therefore important to 
understand how both uni- and bicoronal synostosis affect facial asym-
metry with a minimum risk of human bias. 

In order to effectively and objectively quantify the differences in 
facial asymmetry between patients with unicoronal and bicoronal syn-
ostosis over time, it is important to develop an automated tool that can 
accurately measure these variations in a three-dimensional context, and 
which incorporates a quantitative metric that represents the severity of 
facial asymmetry. To automate the process, a standardized and objective 
pipeline is required, reducing the potential for human error or bias. 

The objective of this study was to develop and apply an automated 
method to quantitatively and objectively measure facial asymmetry in 
postoperative 3D images of patients with Muenke syndrome, Saethre- 
Chotzen syndrome, and TCF12-related craniosynostosis in whom one 
or both coronal sutures were affected, and to correlate the results with 
those for a Dutch control group. Furthermore, the aim of this study was 
to conduct a longitudinal analysis of facial asymmetry in these three 
syndromes, specifically examining the development of facial asymmetry 
in unicoronal and bicoronal craniosynostosis over time. 

2. Materials and methods 

A search was conducted for available 3D images for patients who 
were referred between 2005 and 2022 to the craniofacial team at Sophia 
Children’s Hospital Rotterdam in the Netherlands. All included patients 
were clinically diagnosed by an expert (e.g. a clinical geneticist or a 
craniofacial plastic surgeon) with Muenke syndrome (P250R mutation 
in FGFR3), Saethre-Chotzen syndrome (mutations or rearrangements in 
TWIST1), or TCF12-related craniosynostosis syndrome (mutations or 
rearrangements in TCF12). The medical records of the patients were 
checked for available 3D images: 

All patients with 3D images were selected for inclusion according to 
the following criteria: diagnosis molecularly confirmed; were of 
Caucasian descent; had only premature fusion of left and/or right cor-
onal suture(s); had undergone only one craniofacial surgery; were 
younger than 18 years; had undergone no orthodontic treatment; had no 
extraction of permanent teeth; and had not undergone maxillary 
osteotomy. Patients were excluded for the following reasons: diagnosis 
was not molecularly confirmed; were not of Caucasian descent; had 
premature fusion of any other suture besides the coronal; had not un-
dergone only one craniofacial surgery; were older than 18 years old at 
the time of the 3D image; had undergone orthodontic treatment; had 
extraction of permanent teeth or had undergone a maxillary osteotomy. 
Based on the inclusion criteria, 101 patients were eligible. 

In addition, in order to examine how facial asymmetry developed 
over time after surgery, facial images of these patients were used that 
had been collected at different time points. 

This retrospective cross-sectional study was approved by the Medical 
Ethics Committee of the Erasmus University Medical Centre in Rotter-
dam, the Netherlands (MEC-2013-536). The images, made using three- 

dimensional photogrammetry, were obtained as part of orthodontic 
documentation according to the treatment protocol used by the 
craniofacial team in the Erasmus University Medical Centre Rotterdam, 
the Netherlands. 

The control group comprised children from the Generation R Study, 
an ongoing population-based cohort study of pregnant women and their 
children from fetal life onwards (Jaddoe et al., 2006). All women living 
in the study area of Rotterdam, the Netherlands, who delivered between 
April 2002 and January 2006, were eligible. 

2.1. Three-dimensional image acquisition and preprocessing 

Three-dimensional images were captured by a trained photographer 
in a designated 3D imaging room without windows that had a consistent 
amount of ambient lighting. The distance and angle between the patient 
and cameras were fixed when taking pictures, as described by the 
manufacturer’s guidelines. The system (3dMDfacial System; 3dMD Ltd., 
Atlanta, GA, USA), which was calibrated daily, captures images in 1.5 
ms using a 2-pod configuration tailored for frontal facial image acqui-
sition, which includes both ears. Each three-dimensional image com-
prises approximately 20 000 points, and the texture map is of eight 
megapixels. All images of patients were standardized. During image 
capturing, all patients maintained a neutral facial expression with open 
eyes and relaxed, opposed lips. Patients were sitting on an adjustable 
chair, which was used in a fixed position to assure a standard level of 
height and fixed distance between the subject and the camera system. 

The captured images covered the facial region from the ears to the 
medial facial area, and from the hairline to the menton, and were free 
from imaging artifacts. To ensure images of sufficient quality for further 
analysis, the photographer immediately visually assessed the quality of 
the captured images post-acquisition to confirm the completeness of 
three-dimensional image data. 

The selected three-dimensional images were exported from the 
3dMDpatient 4.0 software as polygon files (.ply) with textures. Subse-
quently, a three-dimensional morphology registration pipeline was 
adopted (Booth et al., 2018) to build the three-dimensional images into a 
template-based dataset. In this dataset, each facial image was repre-
sented by a three-dimensional mesh, with a consistent vertex number 
and edge connectivity. 

2.2. Algorithm for facial asymmetry measurement 

An automatic framework was developed for the evaluation of facial 
asymmetry using three-dimensional photogrammetry (Fig. 1). The 
process began by taking the facial shape of each subject as input, after 
which a mirrored reflection was generated. This mirrored image was 
then automatically aligned with the input via rigid registration. The 
vertex-wise distance between these two aligned facial shapes was then 
computed. Finally, two quantitative outcomes were produced for each 
subject: 1) a facial heatmap based on the distance where zero-error re-
gions were perfectly symmetric while higher-error regions were more 
asymmetric; 2) a mean facial asymmetry (MFA) based on the mean of 
the error: 

MFA=

∑Nvertex/2

i
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where Nvertex is the number of vertices in a facial shape, [xi, yi,zi] is the 
vertex of the input facial shape, and [x′

i,y′
i, z′

i] is the vertex in the mirrored 
image closest to [xi,yi, zi]. The unit of MFA is mm. 

Furthermore, as shown in the facial heatmap (Fig. 1), the face was 
further segmented into three parts: upper face segment (hairline to 
glabella), mid face segment (glabella to subnasale), and lower face 
segment (subnasale to menton). Therefore, the MFA was computed for 
each segment. To implement the segmentation, facial landmarks were 
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first automatically detected. Then the face was automatically divided 
into three segments based on these facial landmarks. 

The developed framework was applied to study facial asymmetry in 
patients diagnosed with Muenke syndrome, Saethre-Chotzen syndrome, 
and TCF12-related craniosynostosis syndrome, as well as in control 
subjects. Asymmetry metrics obtained from the control group served as a 
baseline to help interpret the extent of facial asymmetry within the 
studied patient populations. 

2.3. Statistical analysis 

A linear regression analysis was performed to evaluate whether there 
was a significant difference in MFA between patients and controls. In 
this model, MFA served as the dependent variable, while the presence 
(or absence) of craniosynostosis, age, and gender functioned as inde-
pendent variables. A p-value below 0.05 was considered statistically 
significant. 

The patients were first divided into unicoronal and bicoronal cra-
niosynostosis subgroups. Further stratification within each subgroup 
was then carried out based on two factors: 1) the three craniosynostosis 
syndromes (Muenke syndrome, Saethre-Chotzen syndrome, and TCF12- 
related craniosynostosis syndrome); and 2) the three horizontal seg-
ments of the face — upper face segment (hairline to glabella), mid face 
segment (glabella to subnasale), and lower face segment (subnasale to 
menton). In addition, a longitudinal analysis was conducted on subjects 
whose facial images were available at different time points, with the aim 
of investigating how MFA changed over time. The average slope was 
calculated for unicoronal and bicoronal synostosis subgroups and con-
trols as: 

Slope=
MFAT2− MFAT1

T2− T1
(mm / year)

where T1 and T2 are the subsequent timepoints at which 3D photos were 
acquired. 

2.4. Implementation details 

The algorithm for facial asymmetry measurement was constructed 
using the Python programming language. The facial landmarks were 
located via an open-source library (https://github.com/LightOfMonet/ 
3Dface_landmark). The rigid registration algorithm originated from 
the Matlab method ‘pcregistericp’ (https://nl.mathworks.com/help/vis 
ion/ref/pcregistericp.html). The dense error (or distance) was calcu-
lated with the ‘menpo3d’ Python package using the 

‘VTKClosestPointLocator’ (Alabort-i-Medina et al., 2014). This algo-
rithm locates the vertex in the mirrored image closest to a given input 
vertex in the source facial shape. By processing each vertex, a dense 
error map was generated. 

The statistical analysis was performed using the ‘statsmodels’ Python 
package (Seabold et al., 2010.) 

3. Results 

3.1. Patient characteristics 

In total, 66 patients were excluded because the inclusion criteria 
were not met. After excluding these patients, 35 patients were eligible 
for inclusion (Fig. 2). 

The final study group consisted of 35 patients with a mean age of 
10.6 years (SD 3.18) at the time of inclusion — 24 females (mean age 
10.6; SD 3.26) and 11 males (mean age 10.5; SD 3.16). Of this sample, 
16 patients had unicoronal craniosynostosis, of which seven had 
Muenke syndrome, four had Saethre-Chotzen syndrome. Five patients 
had TCF12-related craniosynostosis and 19 patients had bicoronal cra-
niosynostosis, of which 11 had Muenke syndrome, four had Saethre- 
Chotzen syndrome, and four had TCF12-related craniosynostosis 
(Table 1). 18 patients had Muenke syndrome, with a mean age of 11.2 
(SD 2.88), eight patients had Saethre-Chotzen syndrome, with a mean 
age of 8.4 (SD 3.12), and nine patients had TCF12, with a mean age of 
11.2 (SD 3.29). 

For the longitudinal analysis, patients were selected with multiple 
3D images that were in the same study population as mentioned previ-
ously, and as described in Table 1. Seven (out of 16) unicoronal synos-
tosis patients were selected, of whom four had Muenke syndrome, one 
had Saethre-Chotzen syndrome, and two had TCF12-related craniosy-
nostosis. Of the 19 bicoronal synostosis patients, eight were selected, of 
whom six had Muenke syndrome, one had Saethre-Chotzen syndrome, 
and one had TCF12-related craniosynostosis. 

The included 3D images were acquired from patients between the 
ages of 3.7 and 16.8 years. 

The control group consisted of 89 children of the Generation-R study, 
Rotterdam, with a mean age of 10.8 years (SD 1.70). Twenty-four (out of 
89) controls had 3D images taken at multiple timepoints, and were 
included in the longitudinal analysis. 

3.2. Overall results 

The pipeline developed by the authors was applied to the study 

Fig. 1. Developed pipeline for facial asymmetry measurement. The colored half of the face represents asymmetrical features (red: expanding outward with respect to 
the contralateral half). 
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population. Fig. 3 shows the output of facial heatmaps with MFA of 
selected examples of patients and controls. Notably, this figure illus-
trates how an increase in MFA corresponded with a higher degree of 
facial asymmetry. 

3.3. Stratification analyses 

Fig. 4 shows the MFA distribution of unicoronal and bicoronal syn-
ostosis patients and controls. Patients with unicoronal synostosis had an 
overall higher MFA than controls or patients with bicoronal synostosis. 

Table 2 shows the MFA results for patients stratified according to 
three different syndromes. It shows that Muenke syndrome had an 
overall higher MFA than Saethre-Chotzen syndrome and TCF12-related 
craniosynostosis. Table 3 shows that MFA was higher in uni- and 
bicoronal synostosis compared with the controls after dividing the face 

into three facial segments. MFA decreased in severity from the upper 
part to the lower part of the face. 

3.4. Longitudinal analysis 

Fig. 5 shows the results of MFA in longitudinal analysis. The average 
slopes (MFA/year) were − 0.003 (SD 0.016), 0.021 (SD 0.007), and 
0.011 (SD 0.016) for controls, unicoronal synostosis, and bicoronal 
synostosis, respectively. MFA for the bicoronal synostosis patients and 
the controls showed a random pattern in follow-up. However, a trend of 
increasing MFA was seen in unicoronal synostosis patients. 

4. Discussion 

In this retrospective cross-sectional study, it was found that MFA in 
general was around two-to-three times higher in unicoronal synostosis 
patients, and about one-and-a-half times higher in bicoronal synostosis 
with Muenke syndrome, Saethre-Chotzen syndrome, and TCF12-related 
craniosynostosis compared with the control group. Asymmetry was most 
profound in Muenke syndrome patients. 

MFA in patients with unicoronal craniosynostosis was, in general, 
around twice as high compared with MFA in patients with bicoronal 
craniosynostosis. Although both unicoronal and bicoronal patients had 
undergone only one craniofacial surgery, the difference in postsurgical 
MFA in unilateral synostosis and bilateral synostosis could be explained 
by an initially higher MFA presurgically in unilateral synostosis (Öwall 
et al., 2019). Moreover, children with bicoronal synostosis exhibited 
more facial asymmetry than anticipated, given the symmetrical nature 
of the condition. The authors hypothesize that this deviation could be 

Fig. 2. Flowchart displaying the inclusion and exclusion criteria for patients and the final study group.  

Table 1 
Patient characteristics.   

Unicoronal, N =
16 

Bicoronal, N =
19 

Controls, N =
89 

Males N = 5 N = 6 N = 43 
Females N = 11 N = 13 N = 46 
Mean age ±SD 11.0 ± 2.6 10.2 ± 3.6 10.8 ± 1.7 
Muenke syndrome N = 7 N = 11  
Saethre-Chotzen 

syndrome 
N = 4 N = 4  

TCF12-related 
craniosynostosis 

N = 5 N = 4   
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attributed to craniofacial surgery not being completely symmetrical or 
varying closure times of the involved sutures, resulting in increased 
facial asymmetry in these syndromic children. 

It was found that MFA was highest for the upper third of the face in 
unicoronal and bicoronal craniosynostosis patients with Muenke syn-
drome, Saethre-Chotzen syndrome, and TCF12-related craniosynostosis. 

No clear patterns were seen in the longitudinal MFA data for the 
controls. Facial asymmetry may have increased or decreased during 
early puberty in the Dutch control group. These patterns of change in 
facial asymmetry over time have previously been reported in healthy 
children (Becker et al., 2006). The patients with bicoronal craniosy-
nostosis displayed a similar pattern of change in facial asymmetry over 
time. A unique finding, however, was the steady increase in facial 
asymmetry over time exclusively in unicoronal craniosynostosis pa-
tients. Surgery itself may add to asymmetry, considering the asymmetry 
found in bicoronal synostosis patients in this study. 

The method used in this study to objectify MFA took the presence of 
facial asymmetry in a healthy population into account. It is recognized 
that absolute facial symmetry is rare, and that a degree of facial asym-
metry is commonly found in healthy individuals (Ekrami et al., 2020). 
The definition of facial asymmetry in patients in this study was based on 
the statistical significance of the deviation in their facial asymmetry 
compared with the controls. 

Only three studies have examined the facial asymmetry in three di-
mensions using photogrammetry in patients with unicoronal craniosy-
nostosis, and compared these with a control group. However, in these 
studies landmarks were placed manually, or asymmetry was determined 
manually, thereby increasing the influence of measurement error 

Fig. 3. Selected examples for controls and patients. Mean facial asymmetry is indicated below each face. BC: bicoronal synostosis; RC: right coronal synostosis; LC: 
left coronal synostosis. The colored half of the face represents asymmetrical features (red: expanding outward with respect to the contralateral half). 

Fig. 4. Mean facial asymmetry (MFA) distribution for individual patients with 
unicoronal synostosis, bicoronal synostosis, and controls. Each bar represents 
one patient or control case. 

Table 2 
Mean facial asymmetry for different syndromes.   

Unicoronal Bicoronal Controls 

Muenke syndrome 1.74 ± 0.40 mm 
(N = 7) 

0.77 ± 0.21 mm 
(N = 11) 

0.49 ± 0.12 mm 
(N = 89) 

Saethre-Chotzen 
syndrome 

1.15 ± 0.20 mm 
(N = 4) 

0.69 ± 0.16 mm 
(N = 4) 

TCF12-related 
craniosynostosis 

1.40 ± 0.51 mm 
(N = 5) 

0.66 ± 0.05 mm 
(N = 4)  

Table 3 
Mean facial asymmetry in three facial segments.   

Unicoronal 
(N = 16) 

p-value 
(unicoronal 
vs control) 

Bicoronal 
(N = 19) 

p-value 
(bicoronal 
vs control) 

Controls 
(N = 89) 

Upper 
face 

1.95 ±
0.79 mm 

p < 1e-27 0.88 ±
0.35 mm 

p < 1e-10 0.49 ±
0.12 

Mid 
face 

1.44 ±
0.44 mm 

p < 1e-33 0.77 ±
0.18 mm 

p < 1e-12 0.50 ±
0.13 

Lower 
face 

1.31 ±
0.42 mm 

p < 1e-24 0.62 ±
0.18 mm 

p < 1e-3 0.49 ±
0.17 

p-values are from linear regression, where the dependent variable was mean 
facial asymmetry, and the independent variable was with (1) or without (0) 
craniosynostosis; the covariates were age and sex. p-values were corrected for 
age and sex. 
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compared with the fully automated approach presented in our study 
(Cornelissen et al., 2013; Öwall et al., 2016, 2019). The presented 
approach therefore provides a more objective and reliable assessment of 
MFA. 

Certain limitations that were acknowledged in this study included 
the small sample size after stratification of syndromic patients, which 
posed challenges for statistical analysis due to a lack of power. From a 
clinical point of view, the size of the syndromic group was significant 
considering the rarity of the disease, and provides clinicians with 
valuable insights into the differences in facial asymmetry between uni- 
and bicoronal synostosis patients and controls. Another limitation was 
the lack of preoperative 3D images of syndromic patients. Such images 
could aid in determining a preoperative facial asymmetry baseline and 
in quantifying the differences in MFA between syndromes before and 
after surgery, thereby enhancing the understanding of the effect of 
surgery on facial symmetry and its development over time. Lastly, 
another limitation was the smaller age range of the control group 
compared with that of the syndromic patients. Therefore, the develop-
ment of MFA in controls younger than 9 years remains unknown. 

Recently, 3D images have been acquired in all craniosynostosis pa-
tients shortly before and after craniofacial surgery within the Erasmus 
Medical Centre because the preoperative severity of craniofacial mal-
formation may play an important role in the postoperative phenotype 
identified in this study. Moreover, surgery is not able to completely 
correct asymmetry in unicoronal craniosynostosis patients, in which 
asymmetry also increases over time. Future studies based on such data 
might help to understand the higher MFA values found in Muenke 
syndrome, and could provide critical insights into whether surgical 
planning for Muenke syndrome patients with unilateral synostosis 
should consider even more overcorrection than currently performed. 

5. Conclusions 

In this study, it was shown that the MFA was higher in unicoronal 
and bicoronal synostosis patients diagnosed with Muenke syndrome, 
Saethre-Chotzen syndrome, and TCF12-related craniosynostosis 
compared with healthy controls. In the syndromic group, the highest 
MFA was observed in patients with Muenke syndrome affected by uni-
lateral synostosis. 

Interestingly, syndromic children diagnosed with bicoronal synos-
tosis exhibited more facial asymmetry than anticipated, given the 
symmetrical nature of the condition. The authors hypothesize that this 
deviation could be attributed to varying closure times of the involved 
sutures, resulting in increased facial asymmetry in these syndromic 
children. 

Longitudinal analysis showed a seemingly random MFA pattern in 
bicoronal synostosis patients and controls, while an increasing MFA 
trend was observed in unicoronal synostosis patients. 

The authors advocate for use of the presented automated framework 

for quantitative analysis of facial asymmetry, coupled with the continual 
advancement of quantitative methodologies designed for 3D data. This 
will facilitate more objective studies and contribute to improved surgical 
results in the future. 
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