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Abstract
Objective: Several severity metrics have been developed for metopic craniosynostosis, including a recent machine learning-derived
algorithm. This study assessed the diagnostic concordance between machine learning and previously published severity indices.
Design: Preoperative computed tomography (CT) scans of patients who underwent surgical correction of metopic craniosynostosis were quantitatively analyzed for severity. Each scan was manually measured to derive manual severity scores and also
received a scaled metopic severity score (MSS) assigned by the machine learning algorithm. Regression analysis was used to correlate manually captured measurements to MSS. ROC analysis was performed for each severity metric and were compared to
how accurately they distinguished cases of metopic synostosis from controls.
Results: In total, 194 CT scans were analyzed, 167 with metopic synostosis and 27 controls. The mean scaled MSS for the patients
with metopic was 6.18 ± 2.53 compared to 0.60 ± 1.25 for controls. Multivariable regression analyses yielded an R-square of 0.66,
with signiﬁcant manual measurements of endocranial bifrontal angle (EBA) (P = 0.023), posterior angle of the anterior cranial
fossa (p < 0.001), temporal depression angle (P = 0.042), age (P < 0.001), biparietal distance (P < 0.001), interdacryon distance
(P = 0.033), and orbital width (P < 0.001). ROC analysis demonstrated a high diagnostic value of the MSS (AUC = 0.96,
P < 0.001), which was comparable to other validated indices including the adjusted EBA (AUC = 0.98), EBA (AUC = 0.97), and
biparietal/bitemporal ratio (AUC = 0.95).
Conclusions: The machine learning algorithm offers an objective assessment of morphologic severity that provides a reliable composite impression of severity. The generated score is comparable to other severity indices in ability to distinguish cases of metopic
synostosis from controls.
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Introduction
Comprising up to 25% of non-syndromic craniosynostosis
cases, metopic suture craniosynostosis can result in trigonocephaly, orbital hypotelorism, bitemporal narrowing, and deformities of the orbital rims.(Posnick et al., 1994; Kolar, 2011;
Birgfeld et al., 2013) Fusion of the suture can range from
mild ridging to a pronounced “keel-shaped” deformity. As
physiologic closure of the metopic suture occurs between 3
and 10 months of age, however, the indication for surgical
intervention for metopic synostosis remains controversial
(Vu et al., 2001).
While immediate surgical correction is recommended in
cases of severe deformity and observation alone is usually
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appropriate for most mild cases, the decision of whether or not
to intervene in moderate cases is often equivocal. Previous
studies have sought to quantify the severity of deformity in
metopic synostosis to provide insight into deﬁning a threshold
for intervention. Various indices composed of linear distances,
angles, and ratios based on imaging have been
suggested.(Posnick et al., 1994; Bottero et al., 1998; Beckett
et al., 2012; Kellogg et al., 2012; Ezaldein et al., 2014;
Wang et al., 2016; Naran et al., 2017; Cronin et al., 2020;
Chandler et al., 2021) More recently, a machine learningderived analysis of skull shape has been used to generate an
objective score measuring head shape deformity.(Bhalodia
et al., 2020) Initial validation of this algorithm has demonstrated high degree of correlation between the algorithm
scores and expert ratings of severity on aggregate.
This study sought to investigate the relationship between
the manual severity measures and the machine learning algorithm score to assess the validity of the algorithm against the
previously published metrics. In addition, the manual measurements reproduced from the literature were compared with the
machine learning score on their respective abilities to accurately distinguish cases of metopic synostosis from unaffected
controls.
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Figure 1. Endocranial bifrontal angle measurement on superior
view of the skull.

Methods
This study was conducted according to the World Medical
Association Declaration of Helsinski. Approval for this study
was obtained by the Yale University Institutional Review
Board (#2000026415), and patient consent was not obtained
as only de-identiﬁed patient data was used.

Morphologic Severity Quantiﬁcation
Preoperative computed tomography (CT) scans of patients
who underwent surgical correction of metopic craniosynostosis were obtained from multiple US craniofacial centers as
part of the Wake Forest Craniofacial Imaging Database consortium. Additionally, CT scans of control subjects who presented
for trauma to Yale New Haven Hospital without any confounding craniofacial conditions were obtained.
Manual measurements were performed by manipulating
Digital Imaging and Communications in Medicine data using
Materialise software (Mimics version 22, 3-matic version 13,
Leuven, Belgium). Measurable metopic severity indices
included: endocranial bifrontal angle (EBA), adjusted EBA,
frontal angle, posterior angle of the anterior cranial fossa,
metopic index, horizontal cone angle, temporal depression
angle, orbital rim angle, foramen ovale midline distance, and
the bitemporal/biparietal distance ratio and were previously
published (Supplementary Table 1; Figure 1). (Posnick et al.,
1994; Bottero et al., 1998; Beckett et al., 2012; Kellogg
et al., 2012; Ezaldein et al., 2014; Wang et al., 2016; Naran
et al., 2017; Cronin et al., 2020; Chandler et al., 2021) Each
measurement was performed twice by two independent
reviewers, with each set of measurements at least 2 weeks

apart. Both inter- and intra-rater reliability were conﬁrmed
with a Pearson correlation coefﬁcient >0.9.
Independently, an unsupervised machine learning algorithm
also assigned each of the CT scans a quantitative shape severity
score. The scaled metopic severity score (MSS) produced by
the algorithm represents the severity of the patient’s head
shape based on characteristic features of metopic synostosis
(Figure 2). To generate the severity score, machine learning
was used to combine the expert ratings from 18 craniofacial
surgeons with 3-D skull-shape analysis using Shapeworks software as previously described.(Cates et al., 2017; Bhalodia
et al., 2020)

Statistical Analysis
The correlations between each manual measurement of traditional metopic severity index and the computer generated
MSS were analyzed through univariable linear regressions.
Those variables which were found to be independently signiﬁcant on univariable regression were subsequently
included in a multivariable linear regression model to identify
which morphologic severity indices had the greatest impact on
the MSS. To properly evaluate relative manual measurements,
age (months) and sex were controlled for within the multivariate model. Additionally, a Shapiro-Wilk-W test was utilized to
ensure that the variables were all normally distributed. The
requirement of homoscedasticity was veriﬁed within the examined variables by running a Lagrange multiplier test.
In cases where the measurement was a ratio, the numerator
and denominator of the ratio were assessed separately. The
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Table 1. Patient Demographics.

Gender
Male
Female
Age (months)
Scaled MSS

Metopic (n = 167)

Control (n = 27)

128
26
7.18 ± 4.70
6.18 ± 2.53

14
13
9.21 ± 7.82
0.60 ± 1.25

Correlation Between Machine Learning
and Manual Measurements

Figure 2. Heat map representing the head shape deformities
expected with metopic synostosis. The red shade indicates the area
where outward deformation will increase the estimated severity.
The blue shade denotes the area where inward deformation will
increase the estimated severity.

effects of multicollinearity within each of the models was monitored by ensuring that the variance inﬂation factor (VIF) was
below the accepted threshold of ﬁve. In cases of collinearity,
the manual measurement that generated a lower r-squared
value was removed from the model. A standardized beta coefﬁcient was obtained for each variable to evaluate the individual
predictive value of each variable. To assess the ﬁt of the model,
we report adjusted R2 values.
A receiver operator characteristic curve (ROC) was also
created for each severity index to assess the diagnostic value
of each of the manual measurements and the MSS. Upon creation of independent receiver operating characteristic curves,
the diagnostic utilities of each severity index were compared
by their area under the curve (AUC). Statistical analysis was
conducted using SPSS Statistics (version 25, Armonk, NY).
All p-values within the model were two-tailed, and signiﬁcance
was set at p < 0.05

The independent craniofacial variables selected for within the
ﬁnal model were: adjusted EBA, frontal coronal angles, posterior angle of the anterior fossa, orbital rim angle, temporal
depression angle, biparietal distance, interdacryon distance
and the upper orbital width. On multivariable regression
analysis, adjusted EBA (P = 0.023), posterior angle of the anterior cranial fossa (p < 0.001), temporal depression angle
(P = 0.042), age (P < 0.001), biparietal distance (P < 0.001),
interdacryon distance (P = 0.033), and orbital width
(P < 0.001) were found to be signiﬁcantly related to scaled
MSS. EBA was excluded due to high collinearity with adjusted
EBA, with the model using adjusted EBA yielding a higher
R-square of 0.66. Of the signiﬁcant variables, age, biparietal
distance, and orbital width had the greatest impact on the
scaled MSS with standardized B coefﬁcients of −0.37, 0.57,
and −0.31 respectively (Table 2).

Comparison of Severity Indices in Distinguishing
Metopic Synostosis from Controls
The diagnostic utility of the manually-determined severity
indices and the algorithm-derived severity score was assessed
through ROC curve analysis. Where a higher AUC indicated
higher sensitivity and speciﬁcity for differentiating between
cases of metopic synostosis and controls, several measures
had comparable diagnostic capacity with AUC values above
0.9. The scaled MSS had an AUC of 0.96 (P < 0.001;
Table 2. Multivariable Linear Regression Model for Scaled MSS
(R-Square = 0.66).

Results

Variable

P

Standardized B

A total of 194 CT scans were included in this study, including167 metopic craniosynostosis and 27 controls. Of the
metopic synostosis cohort, 128 (76.6%) were male with a
mean age of 7.18 ± 4.70 months. The mean scaled MSS for
the patients with metopic was 6.18 ± 2.53. The control group
of 27 CT scans was composed of 14 males (51.2%), and had
a mean age of 9.21 ± 7.82 months. There was no statistically
signiﬁcant difference between the ages of the metopic and
control cohorts (P = 0.136). The mean scaled MSS for the
controls was 0.60 ± 1.25 (Table 1).

Adjusted EBA
Frontal coronal angle
Posterior angle of the anterior fossa
Orbital rim angle
Temporal depression angle
Age (months)
Biparietal distance
Interdacryon distance
Orbital width
Male

0.023
0.64
<0.001
0.15
0.042
<0.001
<0.001
0.033
<0.001
0.41

−0.16
−0.36
0.26
0.10
−0.12
−0.37
0.57
−0.15
−0.31
0.05
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Table 3. ROC Analysis for Each Measurement in Distinguishing
Cases from Controls.

Figure 3. Receiver operating characteristic curve displaying the
diagnostic value of the machine learning algorithm generated metopic
severity score for distinguishing metopic craniosynostosis from
controls.

Figure 3). The value for scaled MSS that maximized sensitivity
and speciﬁcity was 2.16, which resulted in a sensitivity of
0.891 and a speciﬁcity of 0.926.
The strongest individual measurements were the adjusted
EBA, EBA, and biparietal/bitemporal ratio which had AUC
values of 0.98 (P < 0.001), 0.97 (P < 0.001), and 0.95 (P <
0.001). The other craniometric indices were less valuable.
The frontal coronal angle (AUC = 0.798, P < 0.001), upper
orbital width (AUC = 0.75, P < 0.001), and interdacryon distance (AUC = 0.74, P < 0.001) had lower but still statistically
signiﬁcant AUC values (Table 3).

Discussion
The operative indication for metopic synostosis remains undeﬁned as the metopic suture is the only major suture to close
physiologically in infancy. Various attempts to deﬁne a threshold for intervention based on degree of morphologic deformity
have been published. Recently, machine learning technology
has been combined with 3-D imaging data to provide an automated measure of severity not limited by 2-D manipulation of
the image or human measurement error.
This study sought to explore which manual measurements
most correlated with algorithm severity, as well as determine
the efﬁcacy of each metric in distinguishing scans of metopic
synostosis from control scans. Posnick et al., ﬁrst quantiﬁed
various measurements that signiﬁcantly differed in metopic
synostosis on craniomorphometric analysis including bitemporal width, interorbital distance, and medial wall protrusion.
(Posnick et al., 1994) Subsequent studies proposed various
severity metrics based on manual measurements of CT

Variable

Area

Standard
Error

P

Adjusted EBA
EBA
ScaledMSS
Bitemporal/Biparietal Ratio
Frontal Coronal Angle
Upper Orbital Width
Interdacryon Distance
Interzygomaticofrontal suture
distance
Lateral Orbital Width
Posterior Angle of Anterior Fossa
AP Diameter
Metopic Index
Horizontal Cone Angle
Foramen Ovale Distance
Orbital Rim Angle

0.98
0.974
0.957
0.935
0.798
0.752
0.742
0.66

0.008
0.011
0.014
0.023
0.044
0.043
0.043
0.07

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.008

0.591
0.556
0.547
0.532
0.506
0.476
0.462

0.071
0.06
0.076
0.059
0.057
0.071
0.057

0.131
0.35
0.438
0.589
0.921
0.691
0.529

imaging, including the EBA proposed by Beckett et al.,
(Beckett et al., 2012) adjusted EBA by Naran et al., (Naran
et al., 2017) metopic index by Wang et al., (Wang et al., 2016)
orbital rim angle by Ezaldein et al., (Ezaldein et al., 2014) intercranial volume by Cronin et al., (Cronin et al., 2020) central
angle by Havlik et al., (Havlik et al., 1999) and frontal angle
by Chandler et al.(Chandler et al., 2021).
The high R-square of 0.66 of the linear regression model
developed in this study indicated a high degree of correlation
between the composite of the manual measurements and the
scaled MSS. While signiﬁcant individual measurements exhibited a moderate correlation with scaled MSS (absolute value
of R between 0.3−0.5), the multivariable model demonstrated
a strong correlation with high predictive capacity. Thus, the algorithm provided a holistic evaluation of severity that considered
several of the previously published manual metrics.
One previous study has attempted to characterize severity in
metopic synostosis by considering global head shape.
Ruiz-Correa et al., proposed a geometrically-based approach
for characterizing the deformity in metopic synostosis at multiple levels rather than relying on an individual
plane.(Ruiz-Correa et al., 2008) The Trigonocephaly Severity
Index was based on outlines of the calvaria calculated at
various axial planes, and thus incorporated overall information
regarding the skull shape. The composite of manual measurements computed in TSI proved to be superior individual measurements based on an isolated measurement on a single slice
of CT. The drawback to the method proposed by Ruiz-Correa
and colleagues, however, was the complex nature of the calculation which relied on software not readily available at all institutions. The scaled MSS computer-generated score is similarly
based on skull shape at a global level, and thus would provide
an attractive alternative for assessing severity that is much
easier to incorporate into practice.
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Of the manual metrics included in this study, the algorithm
score correlated most with biparietal distance, orbital width,
and age. The positive correlation between biparietal distance
and severity score likely represents the compensatory increase
in lateral diameter that result with more severe constriction of
the frontal bone. The fact that age negatively correlated with
scaled MSS also suggests a relationship between age at presentation and severity of deformity. Study of the natural history of
metopic suture synostosis has shown that suture fusion begins
at about 4 months in the majority of cases with almost ubiquitous closure after 9 months.(Pindrik et al., 2016; Vinchon,
2019) Fusion typically commences at the nasion and proceeds
superiorly.(Weinzweig et al., 2003) This study suggests a relationship between age of suture fusion and severity of morphologic deformity, as more morphologically severe patients had
an earlier presentation.
Many of the indices performed well in distinguishing cases
from controls, including scaled MSS. Of the measurements
tested, adjusted EBA, EBA, biparietal/bitemporal ratio, and
scaled MSS all were comparable in differentiating the cases.
The advantages of using the computer algorithm are the reduction of the risk of measurement error as well as the ease of
application. The quantitative methods to measure severity
manually rely on the calculation of distances and angles
based on selected anatomic landmarks which may be difﬁcult
to locate or can be affected by image orientation. The measurements in this study were analyzed only after orienting
each skull in a consistent plane using specialized software,
which may not be readily available. While no algorithm can
replace physician judgement in individual cases, the algorithm
offers an objective means by which physicians can assess morphologic deformity and can serve as an adjunct in clinical
decision-making for ambiguous cases.
The cases of metopic craniosynostosis included in this study
were compiled from multiple US craniofacial centers and were
operative cases of metopic craniosynostosis. One limitation of
this study is that the diagnosis of metopic synostosis was
dependent on the judgement of the surgeon who contributed
the case to the database. In addition, this study included only
patients who underwent surgery for metopic craniosynostosis.
Future studies seek to include patients who were labeled as
“mild” cases and in whom surgery was deferred. Most mild
cases of metopic synostosis who do not undergo surgery
usually will not undergo imaging. This study nevertheless presents the largest cohort of patients with metopic synostosis
evaluated by a machine learning algorithm.

Conclusion
A machine learning algorithm for determining severity in
metopic synostosis has the advantage over previously
described craniometric measures by providing a composite
evaluation of skull shape abnormality. The severity score generated by the machine learning algorithm is comparable to previously validated severity indices in distinguishing cases of
metopic synostosis from controls.
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