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ABSTRACT

Surgical intervention for metopic synostosis has been much debated but aims to correct trigonocephaly and
hypotelorism while ensuring enough space for undisturbed brain growth. The aim of this study was to evalu-
ate changes in partial intracranial volumes and the interfrontal angle following fronto-orbital advancement.
Twenty-six non-syndromic metopic synostosis patients treated with fronto-orbital advancement at Uppsala
University Hospital between 2012 and 2022 who had undergone computed tomography preoperatively and at
age three were included, as well as 40 age- and sex-matched controls who had undergone computed tomog-
raphy for post-traumatic evaluation. Demographic information, imaging, pre-, peri-, and postoperative data
were collected. The frontal-, middle-, and posterior intracranial volume and their relative distribution were cal-
culated in the softwares Craniosyn and ITK-SNAP 3.8.0. Preoperatively, patients had smaller interfrontal angles
(p < 0.001), total intracranial volumes (p = 0.03), and frontal volumes (p = 0.02), compared with controls. At age
three, the total intracranial volume (p = 0.96) and frontal volume (p = 0.51) did not differ significantly between
patients and controls, whereas the interfrontal angle remained smaller in the synostosis group (p < 0.001). The
relative intracranial volume distribution between frontal-, middle-, and posterior volumes did not match the
distribution in healthy controls pre- or postoperatively, where the middle volume ratio was notably greater,
and both the frontal- and posterior volume ratios were smaller in patients. Fronto-orbital advancement and
subsequent growth improve the total- and partial intracranial volume in metopic synostosis to match the
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volumes of healthy controls at age three but does not restore the relative intracranial volume distribution.

Introduction

Metopic synostosis is the second most common single-suture cranio-
synostosis and is characterized by trigonocephaly, hypotelorism,
bitemporal narrowing, biparietal widening, and a midline forehead
ridge [1 - 10]. The incidence of craniosynostosis in Sweden is 7.7 cases
per 10,000 live births [11], and approximately 1 in 5,000 live births for
metopic synostosis with a slight male predominance, and most cases
occur spontaneously [1, 9]. Recent literature has shown an increasing
incidence for unknown reasons [12, 13].

The metopic suture is the only cranial suture that fuses physiolog-
ically during the time-period when the brain grows most rapidly, be-
ginning at an approximate age of 3 months and fusing completely
around 9 months of age [14]. A patent metopic suture in adulthood is,
however, considered a physiological variant [14]. The consequences
of premature metopic suture fusion exhibit a diverse phenotypic
presentation, with deformities along a spectrum raging from metopic
ridge to severe trigonocephaly [15, 16]. Previous studies have report-
ed an increased risk for cognitive, mental, and behavioral challenges
in children with trigonocephaly [3, 9, 17-24]. As of today, the correla-
tion between the severity of metopic synostosis and mental develop-
ment is not fully understood. Moreover, the incidence of intracranial
hypertension in metopic synostosis has been much debated and re-
mains uncertain [3, 9, 18, 25]. Early surgical intervention, often per-
formed between 6 and 12 months of age, mainly aims to create the
best possible circumstances for the developing brain by restoring

forehead and skull shape [2, 3, 5, 7, 9]. Surgical techniques for treating
metopic synostosis can grossly be separated into two main groups:
various types of fronto-orbital advancement and endoscopic strip
craniectomy, followed by helmet-assisted molding [2, 3, 26, 27]. Me-
topic ridge is not operated, and mild metopic synostosis cases sel-
domly require surgical intervention due to the increased evidence on
spontaneous correction of skull shape with growth [15, 28, 29].
Severity of metopic synostosis can be measured from radiological
imaging or 3D photogrammetry, for example, by determining the
interfrontal angle (IFA) [30] or using CranioRate [31]. Calculations of
total- and frontal intracranial volume (FIV) have been used as an
indirect measure of deformity and to quantify the frontal expansion
achieved by surgery and subsequent growth. According to prior
studies, the total intracranial volume (TIV) in children with metopic
synostosis appears to be within the range observed in the healthy
population or slightly smaller [32-35]. Few previous studies have
analyzed the distribution of partial intracranial volumes [35, 36], but
the frontal volume has been reported to be smaller in patients
preoperatively but approaching the volumes of controls following
fronto-orbital advancement and subsequent growth [34]. To our
knowledge, only one previous study has aimed to measure the
posterior cranial volume in this condition, based on 3D
photogrammetry, reporting no difference compared to controls
preoperatively or 1 year after surgery [34]. The conflicting reports on
the relevance and effect of surgical intervention in metopic synostosis
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are reflected in the diverse management ranging from centers not
operating any patients regardless of severity to centers operating
even mild cases. There is an ongoing clinical trial in Rotterdam
(NCT06069479), evaluating conservative versus surgical treatment for
metopic synostosis with the aim to inform future treatment guidelines.

The aim of the present study was to evaluate morphological- and
volumetric outcomes following fronto-orbital advancement and
subsequent growth in children with non-syndromic-isolated metopic
synostosis compared to controls, hypothesizing that the shape and
volumes would be normalized at 3 years of age. The novelty of this
study lies in improved understanding of the intracranial volume
distribution following fronto-orbital advancement, an area that has
been poorly investigated. This may contribute with improved insight
on cranial growth and compensatory mechanisms in metopic
synostosis following surgical treatment, which could guide the
development of future treatment strategies.

Material and methods
Patients and controls

This single-center retrospective cohort study included patients with
non-syndromic isolated metopic synostosis treated with fronto-orbital
advancement between 2012 and 2022 at the Uppsala University
Hospital. Inclusion criteria were single-suture non-syndromic metopic
synostosis with trigonocephaly, surgical treatment by fronto-orbital
advancement, and available computed tomography (CT) of sufficient
quality preoperatively and at age three. All patients were examined by
a clinical geneticist preoperatively for the evaluation of potential signs
of syndromic stigma and genetically tested if there was any suspicion
of syndromic status based on clinical examination or family history.
The following data were collected from the Uppsala Craniofacial
Quality Registry: sex, age at surgery, syndromic status, and length of
hospital stay. Data on head circumference and blood loss were

obtained from medical records and the system for perioperative care
and monitoring. One patient had 22q11 deletion syndrome but was
left included as this was considered a co-incidental diagnosis. All
patients were confirmed to not have any craniofacial syndrome. Sex-
and aged-matched children without craniosynostosis who underwent
CT-examination for post-traumatic evaluation were used as controls.
Exclusion criteria for controls were insufficient CT quality or any condi-
tion or injury that could potentially affect cranial growth or shape.

Surgical technique

Fronto-orbital advancement was performed according to the
following main steps (Figure 1): (1) lazy s bicoronal skin incision, (2)
subgaleal dissection and raising a separate pericranial flap as well as
release of the temporal muscles, (3) bifrontal craniotomy in front of
the coronal sutures, (4) transbasal orbital osteotomies for the supraor-
bital bar with tongue in gooves, (5) frontal bone and supraorbital bar
split in midline, (6) subpraorbital bar widened with interpositional
parietal bone graft and resorbable plate fixation and angle to tongue
in grooves reduced and armoring at the angle with 3/0 PDS sutures,
(7) the two piece forehead fixed to supraorbital bar to optimal shape
with multiple 3/0 PDS sutures, (8) the whole construct fixed with hori-
zontal resorbable plates at tongue in grooves and 3/0 PDS suture at
nasal radix, (9) temporal muscles rotated anteriorly and suture to lat-
eral aspect of supraorbital bar, (10) bone dust glued to remaining
defects and periosteum, galea and skin sutured in layers with 3/0 and
4/0 Monocryl suture, and placement of an active surgical drain in the
subgaleal plane.

Total- and partial intracranial volume

The software Craniosyn, developed in collaboration with the Center
forImage Analysis at Uppsala University, was used to define and seg-
ment total- and partial intracranial volumes, as previously described

Figure 1. Fronto-orbital advancement as performed to treat metopic synostosis at Uppsala Craniofacial Center.
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Figure 2. Three predefined landmarks in the skull base: frontozygomatic suture, frontosphenoid suture, and opisthion.

[37]. Semi-automatic segmentation of the TIV was achieved through
automatic identification of bony boundaries based on Hounsfield
units. In cases with incomplete bone formation/calvarial defects,
manual outlining was required. TIV was automatically calculated from
the software. To divide TIV into partial volumes, four landmarks (opis-
thion, frontosphenoid suture, and the anterior borders of both fron-
tozygomatic sutures) were placed before segmenting to create
landmark-based infinitive planes to determine the FIV, middle intrac-
ranial volume (), and the posterior intracranial volume (PIV) (Figures
2 and 3). ITK-SNAP, a widely used open-source segmentation soft-
ware, was used to visualize and calculate the three partial volumes.
Division into partial volumes allowed for the calculation of relative
volumes: the frontal to total volume (FIV%), middle to total volume
(MIV%), and posterior to total volume (PIV%).

Figure 3. The portioning of the Frontal Intracranial Volume (FIV), Middle
Intracranial Volume (MIV), and Posterior Intracranial Volume (PIV).

Determining the IFA

The method employed in this article was the same as developed by
Kellog et al. [30, 32]. MITK, an interactive open-source software for
viewing and performing measurements on medical images, was used
to enable the implementation of this method. In a two-dimensional
axial plane on each CT-scan, the IFA was determined between the
most anterior point of the cranium and the supraorbital notches
(Figure 4).

Statistical analysis

Statistical analyses were performed in R (R Foundation for Statistical
Computing), and p < 0.05 was considered statistically significant.
Mann-Whitney U-tests were employed to analyze potential differ-
ences in age between patients and controls at both ages. Additionally,

Figure 4. Measurement of the interfrontal angle.
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Table 1. Demographic and perioperative data.

Variables Preoperative Perioperative Postoperative
Metopic (n) 26 26 24
Age (days) Xx=157+92SD Xx=241+61SD X=1080< 158 SD
(3-323) (185-336) (511-1236)
Sex 20 Male - 19 Male
6 Female 5 Female
Standard <-2:6 - <-2:3
deviation of head >2<1:8 >2<1:7
circumference (n) 0+1:11 0+1:15
>1:1 >1:1
Weight (kg) - x=85+£32SD -
(7-11)
Time (min) - X=261+42SD -
(180-350)
Blood loss (%) - X=36+21SD -
(0-77)

Hospitalization - Xx=5+2SD(3-11)
(days)
Complications -

(%) (Oxford scale)

3.8 (one grade 3) -

Mann-Whitney U-tests tests were utilized to investigate differences in
TIV, FIV, MIV, PIV, FIV%, MIV%, PIV%, and IFA between patients and
controls at both ages, and to compare IFA by age-group in controls.
Wilcoxon signed rank tests were used to compare FIV%, MIV%, PIV%,
and IFA pre- and postoperatively. Linear regression investigated
potential correlation between FIV and IFA in pre- and postoperative
patients.

Ethics

This study followed the Declaration of Helsinki and was approved by
the Ethical Review Board of Uppsala (Dnr 2013-402), and informed
consent was obtained from the parents of all participants.

Results
Patients and controls

Twenty-six patients including 20 males and 6 females were included.
In the synostosis group, the mean age at CT-scanning was 157 + 92
(3-323) days pre-operatively and 1,080 + 158 (511-1,236) days post-
operatively. Two patients in the postoperative group had undergone
CT-examination at 2 years of age even though the Swedish national
guideline for craniosynostosis aims for CT at age three. Forty controls
were included: 16 were age-matched with the preoperative metopic
group and 24 with the postoperative metopic group. The mean age at
CT-scan in the control group matching the preoperative synostosis
group was 186 days + 44 (118-253), p = 0.24 when compared to the
age of patients. The mean age at CT-scan in the control group match-
ing the postoperative synostosis group was 1192 + 68 (1074-1330), p
< 0.001 when compared to the age of patients. There were no availa-
ble controls with CT-scans at both the preoperative age for patients
and at age three.

Table 2. Summary of preoperative data.

Demographic and perioperative data are summarized in Table 1.
Two patients were missing follow-up CT-examination and were
excluded from the analyses of postoperative data. The mean age at
fronto-orbital advancement was 241 + 61 days. The weight the day
before surgery was 8.5 + 3.2 kg. The mean operation time was 261 +
42 min (including pre- and postoperative care in connection to the
surgery). Perioperative mean blood loss was 35.5 £ 21 % of total
circulating blood volume. Mean hospitalization time was 5 + 2 days.
One patient was reoperated on postoperative day seven due to a
fracture of an absorbable plate. Preoperatively, six patients had a
head circumference below -2 SD, eight between -2 SD and -1, 11
between -1 and +1 SD, and one above 1 SD.

Preoperative results

The median IFA in the preoperative patient group was 133.25, com-
pared to 157.44 in the age-matched control group (p < 0.001). In the
preoperative patient group, the median TIV was 856.6 cm?, while it
was 931.9 cm? in the age-matched control group (p = 0.028). The
median FIV in the preoperative patient group and the age-matched
control group was 87.32 cm?® and 115.6 cm?, respectively (p = 0.018).
The preoperative patient group exhibited a median FIV%, MIV%, and
PIV% of 11.29, 65.75, and 19.05%, respectively, compared with the
age-matched control group, where the medians were 12.43% (p =
0.56), 59.17% (p < 0.001), and 25.80 (p = 0.02)%, respectively. A sum-
mary of preoperative data is presented in Table 2.

Postoperative results

The median TIV at the postoperative CT-scan and in the age-matched
control group was 1299.85 cm?® and 1273.30 cm?, respectively (p =
0.96). The median FIV was 166.15 cm? at the postoperative CT-scan in
the patient group and 163.80 cm? in the age-matched control group
(p = 0.51). The median FIV%, MIV%, and PIV% in the postoperative
group were 13.85, 61.64, and 24.46%, respectively, compared to the
age-matched control group, where these values were 11.73% (p =
0.35), 57.30% (p = 0.005), and 31.26% (p = 0.008), respectively. The
median IFA was 143.32 postoperatively, and in the age-matched con-
trol group, it was 151.16 (p < 0.001). Table 3 displays a summary of
postoperative data. There was no linear relationship between FIV and
IFA for the patient group postoperatively (p = 0.48, Adjusted R-squared
= 0.02). IFA was smaller in older controls compared to younger con-
trols (p = 0.003), as indicated in Table 4.

Discussion

In this study, we investigated the distribution of partial intracranial
volume in patients with non-syndromic metopic synostosis following
fronto-orbital advancement. Based on these findings, fronto-orbital
advancement and subsequent growth improve the total- and partial
intracranial volume in metopic synostosis to match the volumes of
healthy age-matched controls at 3 years of age. However, the relative
intracranial volume distribution did not match that of healthy con-
trols postoperatively, with significantly larger medial volumes and

Group N Age at CT, Median TIV, Median FIV, Median FIV%, Median  MIV%, Median  PIV%, Median IFA, Median
Preop. Metopic 26 151.5 856.6 87.32 11.29 65.75 19.05 133.25
Controls 16 194.0 931.9 115.60 12.43 59.17 25.80 157.44
p 0.24 0.028 0.018 0.56 <0.001 0.02 <0.001

TIV: Total Intracranial Volume; FIV: Frontal Intracranial Volume; FIV%: Ratio of Frontal Volume to Total Volume; MIV%: Ratio of Middle Volume to Total Volume;

PIV9%: Ratio of Posterior Volume to Total Volume; IFA: Interfrontal angle.
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Group N Age at CT, Median TIV, Median FIV, Median FIV%, Median  MIV%, Median  PIV%, Median IFA, Median
Postop. Metopic 24 1107.0 1299.85 166.15 13.85 61.64 24.46 143.32
Controls 24 1191.5 1273.30 163.80 11.73 57.30 31.26 151.16
p <0.001 0.96 0.51 0.35 0.005 0.008 <0.001

TIV: Total Intracranial Volume; FIV: Frontal Intracranial Volume; FIV%: Ratio of Frontal Volume to Total Volume; MIV%: Ratio of Middle Volume to Total Volume;

PIV%: Ratio of Posterior Volume to Total Volume; IFA: Interfrontal angle.

significantly smaller posterior volumes in patients both pre- and post-
operatively. Whether this was a result of the surgical intervention
itself or due to compensatory mechanisms remains to be determined.
These findings may have implications for developing improved treat-
ment and long-term follow-up protocols and highlight the need for
further research on intracranial dynamics in metopic synostosis.

Both the TIV and FIV were significantly smaller preoperatively in
patients compared to controls, an expected finding. However, in the
postoperative patient group at age three, there was no significant
disparity observed for either TIV or FIV compared to controls,
indicating successful reconstruction of frontal- and overall volume by
fronto-orbital advancement. Future studies including functional
outcome in relation to partial volume measurements could elucidate
the relevance of this finding further regarding the complex
relationship between shape and function in craniosynostosis. In
addition, there were no statistically significant differences between
FIV% pre- and postoperatively compared with controls, and PIV% was
smaller both pre- and postoperatively compared with controls,
suggesting a complex interaction between frontal- and posterior
skull growth in metopic synostosis. The MIV% was notably greater in
both pre- and postoperative patients compared with controls, but
still significantly reduced by 3 years of age, indicating a postoperative
decrease in biparietal widening. The IFA was significantly reduced in
both pre- and postoperative metopic patients when compared with
controls and was significantly increased after surgery, suggesting
successful morphological improvement.

Previous studies have presented conflicting results with respect to
TIV in metopic synostosis compared to controls. The present study
confirms the recurrent finding that children with metopic synostosis
have significantly reduced TIV when compared with healthy children
[32-35, 38]. In addition, the present study found that the absolute
frontal volume was initially smaller in children with metopic synostosis
compared with controls, but that following fronto-orbital
advancement, this difference was no longer present postoperatively
at age three, in line with previous studies [4, 34]. Consistent with the
present study, both previous studies treated metopic synostosis with
fronto-orbital advancement. However, there was a disparity in the
follow-up period, with Qing et al. having a 1-year follow-up and
Freudlsperger et al. presented immediate results 8-days after surgery.
Consequently, this study added an additional perspective of stability
in sufficient frontal volume at age three.

Regarding comparable research based on CT-scans with identical
ages for CT, two previous publications looked into similar matters at
the same ages [39, 40]. In contradiction to the present study, Maltese

Table 4. Comparison between pre- and postoperative data.

Group n FIV%, MIV%, PIV%, IFA,
Median Median Median Median
Preop Metopic 26 11.29 65.75 19.05 133.25
Postop Metopic 24 13.85 61.64 24.46 143.32
Change 2.56 -4.11 5.41 10.07
p 0.53 0.03 0.26 <0.001

FIV%: Ratio of Frontal Volume to Total Volume; MIV%: Ratio of Middle Volume
to Total Volume; PIV%: Ratio of Posterior Volume to Total Volume; IFA:
Interfrontal angle.

et al. showed significantly smaller frontal volumes compared to
controls both pre-operatively and at 3 years of age. Notably, the study
from Maltese et al. found comparable TIV between preoperative
patients and controls, as well as reduced TIV in patients at 3 years of
age. Conversely, the present study found the opposite: smaller TIV
before surgery and normalized TIV at 3 years of age. Future
comparative studies looking further into demographic parameters
and comparing different variations of fronto-orbital advancement
could elucidate this finding further.

In the present study, no differences in frontal volume ratio
compared with controls were found either before or after surgery.
Both Maltese et al. and Bhatti-Softeland et al. showed an increase in
the frontal volume ratio after surgery although it did not reach to that
of controls [35, 39]. This disparity could be due to different
methodologies and landmarks for defining the frontal volume. In the
current study, the frontosphenoid suture was used as landmark to
separate the frontal volume, while previous authors used the coronal
suture. The rationale for choosing the frontosphenoid suture was
stability over time with growth, where its relative position changes
less than that of the coronal sutures. Other potential factors for the
conflicting findings could be the range in severity of trigonocephaly
or differences in controls.

Patients had a significantly smaller posterior volume ratio compared
with controls, which remained at 3-year of age. In contrast, the middle
volume ratio was larger in the metopic group both pre-operatively and
at age three when compared with controls but showed a significant
reduction at the 3-year follow-up. This finding supports the fact that
metopic synostosis affects not only the frontal volume but also the
entire calvarium, which may explain the compensatory increase in
cephalic width observed in the parietal region.

The IFA has been widely used to characterize severity of
trigonocephaly, with its main benefits being that it is simple to
measure and conceptually easy to comprehend. However, it has its
limitations, including that the supraorbital notch may not be as
visible on follow-up CT-scans. In the context of postoperative
evaluation, previous studies have employed diverse methods for
assessing IFA. Nguyen et al.,, the only study employing the same
method asthe present study, demonstrated asignificantimprovement
in IFA on two-dimensional axial CT-scan 1 year following surgery with
equivalent results to controls [2]. The results of the present study
align with these findings, indicating a postoperative increase in IFA,
although it did not reach the levels observed in the healthy
population. This difference might be attributed to the different time
points for follow-up CT or caused by statistical differences between
control samples. The same results have also been confirmed by other
authors [41, 42]. In theory, IFA should correlate to FIV, but our
findings did not align with this expectation, which is most likely
explained by the limited sample size.

The largest limitation of this study was that postoperative
metopic patients were not ideally aged-matched to the healthy
controls, owing to the age spread within the patient group and
few performed CT without identified pathology in otherwise
healthy children. A common challenge and limitation noted in
both the current and prior studies is the small sample size, making it
challenging to detect subtle differences. Further studies on larger
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sample sizes are needed to address this limitation, preferably
including collaborations between multiple craniofacial centers.
Strengths of the study include a high participation rate, preoperatively
matched groups, the access to CT-scans preoperatively, and at a
standardized follow-up age, as well as the use of advanced and stable
measurements to determine partial volumes and IFA.

In summary, the present study found successful correction of
trigonocephaly and improvement of total- and partial intracranial
volumes by 3 years of age after fronto-orbital advancement, however,
without elucidating how much of this was explained by the surgery
itself, spontaneous improvement with growth, or a combination of
both. This highlights the current conflicting data and praxis on
surgical indication in metopic synostosis within the field. At Uppsala
Craniofacial Center, our current protocol is to follow all metopic
patients at the clinic and only treat them surgically by fronto-orbital
advancement in severe cases, if there is a suspicion of raised
intracranial pressure or if that is the informed preference of the
parents. All moderate and mild cases are followed until 2 years of age,
and so far, we have observed sufficient spontaneous correction with
growth in these groups of metopic patients without any signs of
functional impact.
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