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Abstract
Objective: The purpose of this study is to objectively quantify the degree of overcorrection in our current practice and to evaluate

longitudinal morphological changes using CranioRateTM, a novel machine learning skull morphology assessment tool.

Design: Retrospective cohort study across multiple time points.

Setting: Tertiary care children’s hospital.
Patients: Patients with preoperative and postoperative CT scans who underwent fronto-orbital advancement (FOA) for

metopic craniosynostosis.

Main Outcome Measures: We evaluated preoperative, postoperative, and two-year follow-up skull morphology using

CranioRateTM to generate a Metopic Severity Score (MSS), a measure of degree of metopic dysmorphology, and Cranial

Morphology Deviation (CMD) score, a measure of deviation from normal skull morphology.

Results: Fifty-five patients were included, average age at surgery was 1.3 years. Sixteen patients underwent follow-up CT imag-

ing at an average of 3.1 years. Preoperative MSS was 6.3± 2.5 (CMD 199.0± 39.1), immediate postoperative MSS was −2.0± 1.9

(CMD 208.0± 27.1), and longitudinal MSS was 1.3± 1.1 (CMD 179.8± 28.1). MSS approached normal at two-year follow-up

(defined as MSS= 0). There was a significant relationship between preoperative MSS and follow-up MSS (R2= 0.70).

Conclusions: MSS quantifies overcorrection and normalization of head shape, as patients with negative values were less “metopic”
than normal postoperatively and approached 0 at 2-year follow-up. CMD worsened postoperatively due to postoperative bony changes

associated with surgical displacements following FOA. All patients had similar postoperative metopic dysmorphology, with no significant

association with preoperative severity. More severe patients had worse longitudinal dysmorphology, reinforcing that regression to the

metopic shape is a postoperative risk which increases with preoperative severity.
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Introduction

Metopic craniosynostosis is surgically managed for one or both
of two indications: to treat/prevent neurologic sequelae of
increased intracranial pressure (ICP) and/or to aesthetically
correct head shape malformation. Surgical goals include
improvement of forehead shape, correction of hypotelorism,
and expansion of the anterior cranial fossa to generate space
for the rapidly growing brain.1 Fronto-orbital advancement
(FOA) is often the procedure of choice. It involves reconstruct-
ing and repositioning the frontal bones and the supraorbital
bandeau to widen forehead, correct the frontozygomatic
restriction, and improve the contour of the skull.2 Aesthetic
outcomes following FOA are challenging to objectively
quantify.3

Long-term outcomes following FOA are influenced by the
timing of intervention, pre-operative head shape, surgical tech-
nique, and the subjective assessment of the surgeon, resulting
in a wide variability in reported outcomes.3 Despite quantified
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improvements in head shape in the immediate post-operative
period, abnormal cranial morphology may still develop postop-
eratively.4,5 This potential result has led many to adopt an over-
correction technique to compensate for anticipated growth
restriction and/or relapse.6 However, the extent of overcorrec-
tion is challenging to quantify, as is its influence on the degree
of longitudinal skull dysmorphology. As a result, achieving a
normal or non-stigmatizing head shape is difficult to confirm
objectively, especially in the early postoperative period when
there is overt overcorrection of the anterior cranium.7

Longitudinal follow-up is critical to monitor changes in head
shape postoperatively. Previous studies have utilized cephalometry,
such as the bifrontal angle, to diagnose and classify phenotypic
severity of metopic synostosis.8,9 However, these measurements
are reductive and fail to account for holistic three-dimensional
head shape.10 In addition, the Whitaker Classification is a standard
subjective measure to evaluate severity in craniosynostosis, qualita-
tively scored from1 to4.11While theWhitakerClassification is easy
to use and widely accepted, it is limited due to its subjectivity and
low interrater reliability.12 The purpose of this study was to apply
a validated machine learning quantification tool, CranioRateTM,13

to objectively evaluate immediate and longitudinal postoperative
results in patients with metopic craniosynostosis with the goal of
quantifying the degree of overcorrection and of evaluating the rela-
tionship between degree of overcorrection and longitudinal
morphology.

Methods

Patient Selection and Variable Selection
Following institutional review board approval, a retrospective
cohort study of patients with isolated, non-syndromic metopic
craniosynostosis who underwent FOA by a member of the sur-
gical team between 2007–2020 at a tertiary children’s hospital
was performed. All patients in this study underwent FOA
using the surgical technique previously described.14 Exclusion
criteria included patients with multi-suture involvement and syn-
dromic diagnoses. Patients were only included if they underwent
preoperative and immediate postoperative CT scans, as was the
institutional protocol for the duration of this study. Data col-
lected included patient demographics, preoperative and postop-
erative computed tomographic (CT) imaging and associated
clinical data. CT imaging scans were obtained at three time
points for each patient: preoperatively, postoperatively, and at
two-year follow-up in accordance with standard-of-care in our
center. Our follow-up imaging protocol changed in 2018,
however, and patients who underwent FOA after this time
received a 3D photograph instead of CT. These photographs
were not able to be used in our analysis.

Application of CranioRateTM Algorithm
Each CT image was analyzed utilizing the CranioRateTM

machine learning (ML) algorithms. Two validated metrics
were generated for each imaging sample: Metopic Severity

Score (MSS) and Cranial Morphology Deviation (CMD), as
previously described in the literature.13,15-19 MSS is specific
to metopic synostosis and quantifies the severity of deviation
from normal head shape in the metopic direction; in other
words, MSS quantifies the “metopic-ness” of a patient,
where the score is scaled so that 0 represents an average
normal control and 10 represents the most severely metopic
patient in our dataset. An MSS of less than 0 corresponds to
a patient that is less metopic in shape than a normal patient.
CMD, on the other hand, is a non-specific measure of head
shape that simply quantifies deviation from normal in any
direction, and ranges from 60 to 290. In comparison, CMD
would be high in a patient with severe metopic craniosynosto-
sis as well as any other cranial dysmorphology, including those
resulting from surgery, while MSS will only be high in patients
with metopic craniosynostosis.17 In addition, CranioRateTM

provides percentiles with each score, indicating the relative
severity of each scan compared to a large series of greater
than 250 patients with metopic craniosynostosis.

Statistical Analysis
Descriptive statistics were presented for each severity metric.
In addition, linear regression analyses were performed to
examine the relationships between preoperative, immediate
postoperative, and follow-up severity scores. Statistical analy-
ses were performed using Microsoft Excel (Redmond, WA)
and Stata (College Station, TX). P-values < 0.05 were deter-
mined to be significant.

Results

Fifty-five patients who underwent FOAwith pre- and postopera-
tive CT scans were included in this study. Patients underwent
FOA at an average age of 1.31± 0.51 years. Of these patients,
35 underwent surgery prior to our follow-up CT protocol
change in 2018, 19 patients were either lost to follow-up or
declined a third scan, resulting in 16 patients with two-year
follow-up data at an average of 1.82± 0.70years postoperatively.
Preoperatively, the average MSS was 6.3± 2.5 (54th percentile)
and the average CMD was 199.0± 39.1 (51st percentile).
Immediately postoperatively, the average MSS was −2.0± 1.9
(1st percentile) and the averageCMDwas 208.0± 27.1 (58thper-
centile). At two-year follow-up, the average MSS was 1.3± 1.1
(9th percentile) and the average CMD was 179.8± 28.1 (37th
percentile). These data are summarized in Table 1 and Figure 1.
From prior analysis, the average control patient has an MSS of
0.0± 1.0 and a CMD of 85.2± 19.2, while the average patient
with metopic craniosynostosis has an average MSS of 4.9± 2.3
and a CMD of 189.9± 43.4.

Example images of preoperative, immediate postoperative,
and two-year postoperative CT scans are provided in
Figure 2 and Figure 3. Figure 2 shows a patient with a rela-
tively mild preoperative MSS of 3.0 (20th percentile), overcor-
rected to an MSS of −3.5, and an acceptable two-year MSS of
0.5 (3rd percentile). Figure 3 shows a patient with a relatively
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severe preoperative MSS of 9.2 (95th percentile), overcor-
rected to an MSS of −2.7, and a slightly metopic two-year
MSS of 1.6 (10th percentile). Note that each patient is signifi-
cantly overcorrected (MSS< 0) with a pronounced flattening of
the frontal contour and widening of the temporal regions. At
two-year follow-up in each case, the patient achieved a normal-
ization of their head morphology as defined by MSS.

The relationships between preoperative severity and postop-
erative dysmorphology were examined with linear regression
analysis. There was a significant linear relationship between
preoperative severity and longitudinal morphology (p< 0.001,
R2= 0.70). Per the regression equation, the postoperative MSS
is expected to increase by approximately 0.3 for every unit
increase in preoperative severity. In other words, patients who
are more severely metopic in shape preoperatively are expected
to have a slightly more metopic shape at two-year follow-up.
There was no significant relationship between preoperative
severity and immediate postoperative dysmorphology (p=
0.42, R2= 0.01). All patients are overcorrected to the
maximum amount, and the degree of overcorrection is not
dependent on preoperative severity.14 These relationships are
displayed graphically in Figure 4. In addition, there was a signif-
icant positive linear relationship between immediate postopera-
tive MSS and two-year postoperative MSS (p= 0.004, R2=
0.45). Patients who are overcorrected more significantly
achieve a more normal head shape at two-year follow-up than
those who are not overcorrected as much. This relationship is
displayed graphically in Figure 5. There was no significant rela-
tionship between the length of time from surgery to two-year
follow-up CT scan and longitudinal dysmorphology.

Discussion

This study investigated the preoperative skull shape severity and
postoperative cranial morphology of 55 patients with metopic
craniosynostosis who underwent FOA at a single institution
using a validated machine learning algorithm, CranioRateTM.
We quantified the postoperative overcorrection that is achieved
at our institution using our published standardized technique,
wherein all patients receive maximum overcorrection allowed
by their skin envelope.14 Two unique but related severity
scores were generated for each scan: MSS, which utilizes a
supervised ML algorithm to measure the degree of metopic dys-
morphology of a given skull, and CMD, which utilizes a com-
prehensive statistical analysis of normal head shapes to
measure the normalcy of a given skull, independent of diagno-
sis. Our results further validate that patients become “anti-
metopic” with a negative MSS (normal= 0) following surgical
overcorrection and gradually return to a normal skull shape
over time. These data reinforce the value of CranioRateTM as
an objective severity metric, and this study provides the first evi-
dence that these metrics can be utilized to evaluate immediate
postoperative changes in craniosynostosis.

Evaluation of postoperative results in patients with metopic
craniosynostosis is typically subjective and historically involves
categorical rating of head shape using some variation of the
Whitaker Classification.1,11,20 There have been few significant
advancements in postoperative evaluation of craniosynostosis
in the past thirty-five years since the Whitaker Classification
was first introduced12 and there is a significant need for innova-
tivepostoperative evaluation tools in craniosynostosis research.21

We have shown that the novel algorithms presented in this study
quantitatively stratify preoperative severity and postoperative
morphology. The dual-algorithm approach leverages both
CMDandMSS to followpatients postoperatively, both providing
complementary information about skull shape.

Metopic craniosynostosis is treated with one of several
primary surgical techniques – FOA, as described in this
study, and suturectomy with spring implantation or postopera-
tive orthotic therapy. Debate exists regarding the ideal opera-
tive technique,5,7,22 timing of surgery,23,24 and the severity of
patients who require surgery.2,8 Patients in this study under-
went FOA using our previously published standardized tech-
nique of fronto-orbital overcorrection.14 Overcorrection is an
accepted method of compensating for subnormal postoperative
skull growth in patients with metopic craniosynostosis.5,25

Many craniofacial surgeons and institutions have implemented
overcorrection as a key to long-term normal aesthetic out-
comes, and overcorrection has become a very powerful tool.

Table 1. CranioRateTM Results.

N MSS MSS Percentile CMD CMD Percentile

Preop 55 6.3± 2.5 0.54± 0.27 199.0± 39.1 0.51± 0.27

Immediate Postop 55 −2.0± 1.9 0.01± 0.04 208.0± 27.1 0.58± 0.22

Two-year Follow-up 16 1.3± 1.1 0.09± 0.06 179.8± 28.1 0.37± 0.21

Figure 1. Trends of metopic severity scores MSS and CMD from

preoperative, immediate postoperative, and two-year follow-up post-

operative results.
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However, the ideal degree of overcorrection is very difficult to
quantify, and there has never been a definitive study that estab-
lishes a relationship between overcorrection and longitudinal
head shape outcomes.

Recent results have demonstrated the efficacy of minimally
invasive techniques in the operative management of metopic
craniosynostosis.26 In this historic cohort, no patients received
minimally invasive surgery to treat metopic craniosynostosis.
We currently offer minimally invasive techniques to select
patients and are in the process of analyzing their head shape
changes over time. The standardized operative technique that
we used in this study allowed for a consistent shape morphol-
ogy to be studied longitudinally and we are currently working
to compare these results with those from patients who received
minimally invasive surgery.

Surgical overcorrection in our cohort was confirmed by an
immediate postoperative MSS of −2.0± 1.9 and CMD of
208.0± 27.1. This combination of scores is what one would
expect after overcorrection where features correlated with
“metopicness” now deviate from normal in the opposite

manner. Indeed, a negative MSS can be considered a
measure of “anti-metopic” skull morphology, and a higher
CMD indicates that morphology is more abnormal, or overcor-
rected. This pattern of scores remains consistent at two-year
follow-up, with an average MSS of 1.3± 1.1 and average
CMD of 179.8± 28.1. Previous literature has demonstrated a
similar pattern of return towards metopic shape as a patient
ages, as well.7,27 Thus, we present an objective postoperative
trajectory of patients who have been overcorrected (Figure 1)
and show that the degree of overcorrection correlates with lon-
gitudinal outcomes (Figure 5).

Furthermore, these are the first data to comprehensively
quantify surgical overcorrection using postoperative imaging,
and we propose that this will lead to a significant advancement
in craniosynostosis treatment and research, where outcomes
can be compared objectively among techniques and institu-
tions. CranioRateTM provides the platform to answer previ-
ously proposed clinical questions such as the ideal operative
technique, timing of intervention, and severity of craniosynos-
tosis that necessitates surgery.

Figure 2. Example patient with a relatively mild preoperative MSS of 3.0 (20th percentile, left) overcorrected to an MSS of −3.5 (middle) and

an acceptable two-year follow-up MSS of 0.5 (3rd percentile, right).

Figure 3. Example patient with a relatively severe preoperative MSS of 9.2 (95th percentile, left) overcorrected to an MSS of −2.7 (middle) and

a slightly metopic longitudinal MSS of 1.6 (10th percentile, right).

4 The Cleft Palate Craniofacial Journal 0(0)



Prior research has shown a correlation between length of
follow-up postoperatively and worsening aesthetic results.7,27

It is hypothesized that this long-term regression of shape may
be due to tight soft tissue closure over the newly formed
bandeau and temporal regions, although contributing factors
such as bone flap devascularization must be further investigated.
In addition, these results reinforce the need for surgical overcor-
rection in patients with metopic craniosynostosis. Our results
demonstrate a significant relationship between preoperative
severity and longitudinal severity, but no relationship between
preoperative severity and immediate postoperative severity
(Figure 4). The latter finding confirms the approach we
employ at our institution, in which all patients are maximally
overcorrected regardless of preoperative severity. In addition,
we found a significant relationship between immediate postop-
erative severity and longitudinal severity (Figure 5), which sug-
gests that patients who achieve a more significant overcorrection
are “less metopic” at two-year follow-up. Together, these find-
ings suggest that preoperative severity and degree of surgical
overcorrection both contribute independently to longitudinal
aesthetic results.

Other algorithmic approaches have been developed to evalu-
ate craniosynostosis,4,9,10,28 but they do not provide comprehen-
sive severity metrics and are not available at the point of care.
CranioRateTM has been uniquely and specifically developed to
assist craniofacial surgeons both clinically and in research
endeavors. We have implemented a free, interactive
point-of-care interface that is publicly available (craniorate.org)
and provides detailed quantitative severity metrics (MSS scores
and percentiles among a large series of 250+ patients with
metopic craniosynostosis) for any patient whose CT image is

uploaded. We are currently working to expand CranioRateTM

to other forms of craniosynostosis and demonstrated that its
algorithm can evaluate 3D photographs as well.19

These results rely on the use of three separate CT images
(preoperative, postoperative, two-year follow-up) in the evalu-
ation and management of patients with craniosynostosis. The
significant risk associated with childhood radiation exposure
from radiation-inducing imaging is of particular concern in
these patients.29-31 As a result, we no longer routinely image
these patients longitudinally and are developing a process to
evaluate 3D photographs using CranioRateTM.19

There are several limitations of this study. First, not all
patients in our cohort underwent two-year follow-up
imaging, and our longitudinal analysis was limited to just 16
patients. In the future, we plan to include 3D photographs
which we obtain for all patients at regular follow-up intervals.
Indeed, we are currently building functionality in our toolset to
process 3D photographs to use for longitudinal assessments
and have recently published on this.19

In addition, we only present the results of patients who were
treated at a single institution, though in the future, we plan to
extend these analyses to evaluate the outcomes of other craniofa-
cial surgeons and institutions. It will be valuable to compare the
postoperative head shape changes of patients who have been
operated on using different techniques and with varying
degrees of overcorrection, as well as to increase the size of our
cohort. While CranioRateTM addresses the need to quantify
head shape in craniosynostosis, a normal MSS postoperatively
does not necessarily indicate a good longitudinal result. The
purpose of thismetric is to grossly evaluatemetopic craniosynos-
tosis to study the trajectory of head growth postoperatively.

Figure 4. Relationships between preoperative MSS and (1) immediate postoperative MSS (blue) and (2) two-year postoperative MSS (orange).

The resulting linear lines of best fit are displayed along with their corresponding R2 values.
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CranioRateTM should be used in conjunction with other clinical
and anthropometric evaluations to holistically manage each
patient.32 Finally, only one follow-up image was evaluated for
each patient. After including 3D photographs, we plan to assess
head shape growth longitudinally at regular follow-up intervals.

Conclusion

We propose a novel objective evaluation of head shape
severity to quantify postoperative changes in metopic cranio-
synostosis after FOA. We have quantified the degree of surgi-
cal overcorrection that is achieved at our institution and track a
large cohort of patients through two-year follow-up. Patients
who were overcorrected approach a normal head shape after
an average period of approximately two years. All patients
had statistically similar postoperative metopic severity, with
no significant association with preoperative severity, further
confirming that every patient receives the same overcorrection
procedure regardless of their presenting severity. However,
more severe patients had worse longitudinal severity, which
reinforces that regression to the metopic shape is a postopera-
tive risk that increases with preoperative severity. This novel
study demonstrates the utility of quantifying longitudinal mor-
phologic changes in metopic patients.
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