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OBJECTIVE The objective of this study was to propose a new skull outline-based method to objectively quantify com-
plex 3D skull shapes and frontal and supraorbital retrusion in metopic craniosynostosis using 3D photogrammetry.

METHODS A standard section from 3D photogrammetry, which represents the trigonocephalic shape, was used in this
study. From the midpoint of the area of this section, half diagonals were calculated to the skull outline at 5° increments

in the anterior half of the head. These half diagonals were used to create a sinusoidal curve, and the area under the
sinusoidal curve (AUC) was used to represent the mathematical expression of the trigonocephalic head shape. The AUC
from 0° to 180° (90° from the midline to each side) was calculated and is referred to as AUC,_,5,. The AUC from 60° to
120° (30° from the midline to each side) was also calculated and is referred to as AUCq,_,- A total of 24 patients who
underwent endoscopic strip craniectomy and 13 age- and sex-matched controls were included in the study. The AUC
values obtained in patients at different time points and controls were analyzed.

RESULTS The mean preoperative AUCq,_.,, and AUC,_4, in the patients were significantly lower than those in control
individuals. The increase in both AUC,_..,, and AUC,_¢, values is statistically significant at the discontinuation of helmet

therapy and at final follow-up. Receiver operating characteristic curve analysis indicated that AUCq,_..,, is @ more ac-

curate classifier than AUC_, .

CONCLUSIONS The proposed method objectively quantifies complex head shape and frontal retrusion in patients with
metopic craniosynostosis and provides a quantitative measure for follow-up after surgical treatment. It avoids ionizing

radiation exposure.

https://thejns.org/doi/abs/10.3171/2022.1.PEDS21553
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ETOPIC craniosynostosis (MCS) is the second
M most common type of single-suture synostosis,
and its prevalence is speculated to be increas-
ing.!? It results from premature fusion of the metopic su-
ture. MCS has a characteristic head shape, namely, trigo-
nocephaly, with forehead narrowing, midline ridging,
bitemporal narrowing, biparietal widening, hypotelorism,
and frontal and supraorbital retrusion.?
Itis suggested that the diagnosis of MCS is mostly based

on examination findings.* However, CT is a widely used
modality not only for confirmation of diagnosis but also for
quantification of the pathology and outcomes. Despite ef-
forts, an objective quantification for MCS has not yet been
established. Objective quantification of trigonocephaly is
essential to evaluate the severity of the preoperative mal-
formation, for postoperative follow-up assessment, and to
study associations between trigonocephaly and neurobe-
havioral and cognitive disorders. Almost all conceived

ABBREVIATIONS AP = anteroposterior; AUC = area under the sinusoidal curve; AUC,_s, = AUC from 0° to 180° (90° from the midline to each side); AUC;,_.,, = AUC
from 60° to 120° (30° from the midline to each side); CVR = cranial vault remodeling; ESC = endoscopic strip craniectomy; MCS = metopic craniosynostosis; PHT = post-
operative helmet therapy; rHD = relative half diagonal; ROC = receiver operating characteristic.
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FIG. 1. A: Section 3 skull outline in 3D photogrammetry. B and C: The skull outline is transferred to AutoCAD while preserving the
midline (B) and showing the center of this section (C), which is found by dividing the AP diameter in the midline by two, and sample
half diagonals at 0°, 35°,90°, 110°, and 180°. Figure is available in color online only.

attempts at quantifying trigonocephaly are based on the
measurement of a ratio or angle between anthropometric
landmarks or by measuring volumes.>-® Recent advance-
ments and availability of 3D imaging with CT has led to
various more sophisticated techniques, although none of
them have gained popularity in clinical use.*!

There are two main surgical techniques for the cor-
rection of MCS: cranial vault remodeling (CVR) and en-
doscopic strip craniectomy (ESC) of the metopic suture
followed by postoperative helmet therapy (PHT). While
CVR tries to achieve the final corrected shape during the
operation due to the nature of the surgery (some regression
is pronounced, and overcorrection is employed by many
surgeons), suturectomy followed by PHT demands more
time until the desired result is achieved, and close follow-
up is of paramount importance. Taking into account the
efforts to reduce ionizing radiation exposure, 3D photo-
grammetry becomes a very handy tool in craniosynostosis
patients for follow-up and has been shown to be as effec-
tive as CT scanning for anthropometric measurements.!!

In this study, we propose a new skull outline—based
method to objectively quantify complex 3D skull shape
and frontal and supraorbital retrusion in MCS using 3D
photogrammetry. This method takes into account frontal
retrusion, which is one of the most important indicators
for aesthetic outcome in MCS. The method eliminates
radiation exposure in MCS patients, and it can easily be
integrated into 3D photogrammetry scanner software to
automatically determine the results of the present method.

Methods

This retrospective study was approved by the local eth-
ics committee of Marmara University.

Calculation of the Area Under the Sinusoidal Curve

Images obtained using the STARscanner laser acqui-
sition system (Orthomerica Products) were used for this
study. After adjusting images using bilateral tragions and
sellions as external landmarks, 3D photogrammetric im-
ages were first divided into 10 equally distant parallel sec-
tions, with section O crossing bilateral tragions and the sel-
lion, and section 10 crossing through the vertex. Then, the
skull outline in section 3, which best represents the largest
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head circumference, trigonocephalic head shape, and fron-
tal retrusion, was used in all measurements for a standard
approach. The biparietal diameter between tragions was
divided in two, and a perpendicular line crossing this mid-
point was used as the midline thereafter. The image was
consequently transferred to AutoCAD (Autodesk), where
the rest of the calculations took place. The anteroposte-
rior (AP) diameter was calculated along the midline, and
its center represented the AP midpoint, which also corre-
sponds to the center of the skull outline in section 3. Half
diagonals were calculated from the defined center point to
the skull outline at 5° increments clockwise, starting from
left temporal region, designated as 0°, to the right tempo-
ral region, designated as 180° (Fig. 1). This puts the frontal
midpoint at 90°. These half diagonals were then divided
by the measured AP diameter to compute the relative half
diagonals (rHDs), which are dimensionless and indepen-
dent of a child’s age and absolute skull size. The rHDs
were normalized using the 0-1 normalization method.
Normalized tHDs were then plotted in Microsoft Excel
to create a sinusoidal curve, which was also dimensionless
and represented a mathematical expression of the anterior
half of the complex 3D skull shape (Fig. 2). The area under
the sinusoidal curve (AUC) from 0° to 180° (90° from the
midline to each side) was calculated and is referred to as
AUC,_,5- The AUC from 60° to 120° (30° from the mid-
line to each side), which represents the maximum shape
abnormality in MCS in section 3, was also calculated and
is referred to as AUC,_.;,0. AUC,_ ;50 and AUC,_,,,, Were
then used for statistical analysis.

Patients and Controls

Patients with nonsyndromic single-suture MCS who
underwent surgery at our tertiary center with an ESC
technique between January 2018 and January 2021 were
selected. Inclusion criteria for this study consisted of the
following: 1) patient age younger than 6 months at the time
of surgery, 2) preoperative diagnosis with CT, 3) ESC as
the surgery, 4) STARscanner scanning preoperatively or
early postoperatively, 5) follow-up with STARscanner un-
til the time of PHT discontinuation or beyond, and 6) end
of the PHT period. Patient sex, age at surgery, duration
of PHT, and AUC,_,4, and AUC,_,,,, at three different
time points—preoperative or early postoperative (preop-
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FIG. 2. Sinusoidal curve of a control group participant. The curve starts
at the left temporal region at 0°, where the rHD is nearly the lowest;
reaches to frontal midline at 90°, where the rHD is nearly the highest;
and finishes at the right temporal region at 180°, where the rHD is again
nearly the lowest.

erative AUC,_, and preoperative AUC,_.,,,), When the
PHT was discontinued (post-PHT AUC,_,s, and post-PHT
AUC,_5), and at last follow-up (final AUC,_,,4, and final
AUCq,_.,,,)—were collected. Measurements from 13 age-
and sex-matched control individuals were collected. Inclu-
sion criteria for the control cohort consisted of the follow-
ing: 1) open cranial sutures without craniosynostosis; 2)
scanning with STARscanner for suspicion of deformity or
other head shape disorders; 3) no diagnosis of any disor-
ders and/or syndromes that may cause head shape defor-
mities; 4) cranial vault asymmetry index lower than 4.5,
cranial index greater than 80, and head circumference be-
tween the 10th and 90th percentiles for the STARscanner
measurement; and 5) normal STARscanner results. Thus,
no further recommendations were given.

Surgical Technique

Patients were placed supine in a gel horseshoe head-
rest. After proper preparation and draping, a 3-cm-long
horizontal incision was made behind the hairline bisecting
the midline. A burr hole was placed in the midline, and a
suturectomy was performed 8 to 10 mm to the anterior
fontanelle with Kerrison rongeurs. The suturectomy was
completed using a high-speed drill under an endoscopic
view anteriorly, until reaching the frontonasal sutures.
The dura mater and suturectomy edges were thoroughly
inspected for CSF leakage and bleeding, and meticulous
hemostasis was accomplished.

Helmet Protocol

PHT was usually initiated within 2 weeks after surgery
following regression of scalp swelling and wound healing.
Custom-made molding helmets were used to direct cal-
varial growth into a normal shape by limiting frontal and
occipital poles to promote bifrontal expansion. Helmets
were worn 23 hours a day and aimed to be used until 1
year of age during the rapid growth of the head and brain,
as described in the literature.'>!3 During the PHT course, 1
or 2 helmets were used depending on serial measurements
and the clinical course of the patient.
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Follow-Up

Follow-up visits took place during the PHT period ev-
ery 2 weeks whenever possible together with STARscan-
ner measurements. A thorough neurological examination
together with head circumference measurement was per-
formed. PHT discontinuation was decided by the senior
author (A.D.), taking into account the evolution in the
trigonocephalic appearance of the patient, 3D photogram-
metric imaging, and family satisfaction. After the PHT
period was discontinued, follow-up visits took place at
3-month intervals. Further 3D imaging was left to family
preference. An index case is presented in Fig. 3 to show
the process and progress throughout the course of treat-
ment.

Statistical Analysis

Receiver operating characteristic (ROC) curve analysis
was used to study the performance of our proposed classi-
fiers (AUC,_, 5o and AUC,_,,,) in distinguishing skull out-
lines of MCS patients versus control group participants.

ROC curve analysis also facilitates the determination
of threshold values below which a cranium would be clas-
sified as trigonocephalic and above which the cranium
would be classified as nontrigonocephalic. This analysis
essentially draws a plot of sensitivity (true positive) by 1 —
specificity (false positive) at every possible threshold value
by dichotomizing the patients into having a trigonocephal-
ic cranium or not. The point that provides the best balance
of sensitivity and specificity is selected as the optimum
cutoff value.

The overall accuracy of an ROC curve can be deter-
mined by the area under the ROC curve, which is a com-
bined measure of sensitivity and specificity that describes
the inherent validity of a diagnostic test. The maximum
area under the ROC curve (1) corresponds to a diagnos-
tic test that is perfect in group classification. On the other
end of the spectrum, the minimum area under the ROC
curve (0) means that the classifier incorrectly classified all
subjects.

A paired-sample t-test was used to compare the mean
AUC,_15 and AUC,_, 5, values at different time points in
MCS patients and controls. Statistical analysis was per-
formed using SPSS (version 22, IBM Corp.); p < 0.05 was
considered statistically significant.

Results
Patient Population

A total of 24 patients (17 males and 7 females) satisfied
our inclusion criteria. The mean age at surgery was 2.94
+ 0.47 months (range 2—4.5 months). The mean duration
of PHT was 8.72 + 1.66 months (range 4.6—11.4 months)
(Table 1). The control group included 13 children (9 males
and 4 females). Their mean age at 3D photogrammetry
was 5.28 + 4.38 months (range 2.29-17.84 months).

Area Under the Sinusoidal Curve From 60° to 120°

The differences between the mean AUC,_,,,, at three
different time points of patients and the control population
are shown in Fig. 4.
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FIG. 3. Example of the process and the progress of an index patient. Although it is not relevant to calculations, 9-week postopera-
tive data are presented for a better depiction of the course. A-C: Preoperatively. Top view photograph (A), skull outline in 3D pho-
togrammetry (B), and sinusoidal curve and AUC,_.,, value (C). D-F: Nine months postoperatively. Top view photograph (D), skull
outline in 3D photogrammetry (E), and sinusoidal curve and AUCq,_y, (F). G-I: Post-PHT after 9.1 months of helmet therapy. Top
view photograph (G), skull outline in 3D photogrammetry (H), and sinusoidal curve and AUC,_.,, value (I). J-L: Final follow-up at
15.2 months after surgery. Top view photograph (J), skull outline in 3D photogrammetry (K), and sinusoidal curve and AUCg_15

value (L). Figure is available in color online only.

The mean preoperative AUCg,_,,,, was 45.65. When
stratified by sex, the preoperative AUC_,,,, was found
to be higher in females (46.8) than in males (45.18);
however, this difference was not statistically signifi-
cant (p = 0.190). The mean post-PHT AUC,_,,,, and fi-
nal AUC,_,,, were 52.54 and 50.64, respectively. The
mean AUC,_,,, in the control population was 55.80. The
paired-sample t-test showed that the mean 6.89 increase
from preoperative AUCq,_,,,, to post-PHT AUCq,_,,,, and
the mean 4.99 increase from preoperative AUC_,,,, to
final AUC_,,,, were both statistically significant (both p
<0.001) (Table 2).

The difference between the mean AUC,,_,,,, value of
the control population and mean preoperative AUC,_,,,,

TABLE 1. Patient characteristics of the study population

Variable Mean + SD
Age at op 2.94 + 047
PHT duration, mos 8.7+1.66
Follow-up duration, mos 15.08 £ 1.78
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value of the patients represents the mean initial cranial
defect with which our patients presented; this averaged
10.15. The combined effect of surgery and PHT recti-
fied on average 67.88% of the initial cranial defect; how-
ever, this value decreased to 49.16% at the final follow-up
(Table 2).

Comparing the mean AUC,_,,, of MCS patients at
different time points with that of controls revealed that,
despite the relative correction achieved while managing
MCS patients, their preoperative AUCq,_, 5, post-PHT
AUCq,_5, and final AUC,_,,,, are nonetheless consistent-
ly significantly lower than those of controls (p < 0.001 for
the three time points) (Table 2).

Area Under the Sinusoidal Curve From 0° to 180°

The differences between the mean AUC,_,q, at three
different time points of patients and the control population
are shown in Fig. 4.

The mean preoperative AUC,_, 5, was 66.26. Female
patients had higher mean preoperative AUC,_,5, values
(68.95) than male patients (65.16); however, this differ-
ence was not statistically significant (p = 0.280). The mean
post-PHT AUC,_, s, and final AUC,_,q, values were 77.83
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FIG. 4. The mean sinusoidal curves for the different groups. The AUCs of each curve represent the mathematical expression

of the head shape in each group. The difference between control and preoperative (pre) patients represents the shape deficit in
MCS patients, the difference between final and pre represents the correction with treatment, and the difference between final
and control represents the residual shape deficit between final follow-up in MCS patients and controls. Figure is available in color

online only.

and 72.18, respectively. The mean AUC,_,,q, in the control
population was 88.10, which is significantly higher than
the preoperative AUC,_, 4y, post-PHT AUC,_ 40, and final
AUC,_,5, values in the patients (p < 0.001 for the three
time points) (Table 3).

The paired-sample t-test showed that the mean 11.57 in-
crease from preoperative AUC,_,,q, to post-PHT AUC,_, s,
and the mean 6.59 increase from preoperative AUC,_,
to final AUC,_,4, were both statistically significant (p <
0.001 and p = 0.031, respectively) (Table 3).

Relative to the mean initial AUC,_,s, cranial defect
measured preoperatively as 22.44, surgical intervention
followed by completion of PHT resulted in an average

TABLE 2. Descriptive analysis of AUCq,_,,, values

skull outline correction of 52.94%; however, this value re-
gressed to 27.11% at the final follow-up (Table 3).

ROC Curve Analysis

The area under the ROC curve of the AUC,_, 4, and that
of the AUC,_,,, were 0.978 (p < 0.001, 95% CI 0.938—
1.00) and 1.000 (p < 0.001, 95% CI 1.00-1.00), respec-
tively. These findings not only indicate that AUC,_,,, is
more accurate than AUC,_ 4, as a classifier to distinguish
between skull outlines of patients with MCS versus con-
trol participants but also suggest that AUC_,,,, 1S seem-
ingly a perfect diagnostic test (Fig. 5). Additionally, based
on the same ROC analysis, the following cutoff values are

Variable Value p Value
Preop AUCq,_ 1, 45,65 +2.71 (37.94 t0 49.22) <0.001*
Post-PHT AUCq; 15 52.54 + 2.17 (45.80 to 55.35) <0.001*
Final AUCg_ 15 50.64 + 1.61 (47.33 to 52.44) <0.001*
Control AUCq,_ 15 55.80 £ 2.01 (52.18 to 58.74)
Apreop to post-PHT AUCq; 15 6.89 + 3.01 (0.89 to 13.24) <0.001
Apreop to final AUC4, 150 4.99 + 3.15 (1.33 to 10.55) <0.001
Apost-PHT to final AUCg_ 150 -1.56 + 1.40 (-3.65 to 1.54) 0.003
% correction at PHT discontinuationt 67.88%
% correction at final follow-upt 49.16%

Mean values are presented as the mean + SD (range).

* The mean AUC,,_,.,, value is significantly less than that in the control population (p < 0.001).

T Calculated as follows: (post-PHT AUCq,_,.,, — preoperative AUCq,_1,)/(control AUC,, 1, — preoperative AUCq,_,1,0) x 100.
1 Calculated as follows: (final AUC,_,.,, — preoperative AUCq,_1,)/(control AUCq,_.,, — preoperative AUC,,_15,) x 100.
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TABLE 3. Descriptive analysis of AUC,_4, values
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Variable Value p Value
Preop AUC,_, 5 66.26 + 7.67 (55.50 to 84.29) <0.001*
Post-PHT AUC,_, 5 77.83 +7.33 (67.08 to 94.62) <0.001*
Final AUC,_ 5, 72.18 £ 4.15 (65.26 to 78.07) <0.001*
Control AUC,_, 5 88.10 £ 7.75 (72.66 to 100.41)
Apreop to post-PHT AUC,_ 14 11.57 + 11.52 (-14.28 to 34.03) <0.001
Apreop to final AUC,_g, 6.59 +9.26 (-7.18 t0 22.26) 0.031
Apost-PHT to final AUC,_ 5, -4.70 £4.99 (-12.13to 5.11) 0.008
% correction at PHT discontinuationt 52.94%
% correction at final follow-up% 2711%

Mean values are presented as the mean + SD (range).

* The mean AUC,_,,, value is significantly less than that of the control population (p < 0.001).
1 Calculated as follows: (post-PHT AUC,_,5, — preoperative AUC,_,,qo)/(control AUC,_, s, — preoperative AUC,_,;go) x 100.
T Calculated as follows: final AUC,_,,s, — preoperative AUC,_,s,)/(control AUC, s, — preoperative AUC,_,5,) x 100.

proposed, below which a skull outline may be classified
as metopic: 50.7 for AUCq,_5, (100% sensitivity, 100%
specificity) and 78.66 for AUC,_, ¢, (95.8% sensitivity and
92.3% specificity).

Discussion
Surgical treatment of MCS consists of two main tech-
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niques: ESC of the metopic suture followed by PHT and
open CVR. In the late 1990s, ESC was suggested to have
comparable results to CVR while providing additional ad-
vantages such as reduced morbidity; decreased operative
time, blood loss, and hospital stays; and limited scars.!
More recently, it was also suggested that improvement
continues long after discontinuation of PHT, and results
of the two techniques are equivalent in long-term follow-
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FIG. 5. A: Scatterplot of AUC,_, stratified by the status of the subject with a vertical reference line at 78.66 representing the
proposed threshold. B: Scatterplot of AUC,_.,,, Stratified by the status of the subject with a vertical reference line at 50.7, repre-
senting the proposed threshold. C: ROC curve for classification of metopic synostosis versus normal cranium outlines by using the
AUC,_4, (dotted blue line) and AUCq,_..,, (SOlid green line). Figure is available in color online only.
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up.>16 Today, the surgical technique of choice depends
primarily on the child’s age at presentation, training and
preference of the surgeon, and preference of the family.
CVR has the advantage of achieving the final desired head
shape during the operation due to the nature of the sur-
gery, although a regression over time is debated.”” On the
other hand, ESC relies on the rapid growth of the head in
the 1st year of life, which is directed using custom-molded
helmets as described in the literature."* This puts great im-
portance on serial imaging and quantification for patients
who undergo ESC followed by PHT.

Although several quantification methods have been
introduced to quantify the complex head shapes in MCS,
each has its own limitations. Measuring a distance or an
angle between anatomical or anthropometric landmarks
is among the earliest versions of this quantification effort
in MCS. The interfrontal angle is one of the most com-
mon methods that uses anatomical landmarks.® Likewise,
similar methods are reported, which mainly depend on
an angle between orbital landmarks and the most ante-
rior part of the cranium.!®-2° These methods have common
shortcomings, as they focus on the anatomy of the anterior
cranial base, while evaluation of frontal and supraorbital
retrusion that gives the patient actual trigonocephalic ap-
pearance is not considered. They may also have orienta-
tion difficulties depending on the technique of axial CT
imaging that can be oriented in different planes, such as
Frankfort horizontal or sellar nasion planes.'®* Measuring
distances between anatomical landmarks, including in-
tercanthal width, cranial breadth, and facial and frontal
width, are also described extensively.?'* However, with
the advances in imaging technology, 3D renderings of CT
images have become available. This allowed for more so-
phisticated methods, which were thought to produce more
accurate results for the stratification and classification of
the dysmorphology than linear distance—based indices.!”
The use of skull outline methods was also described us-
ing both CT and 3D photogrammetry, although some of
them are highly complicated for use in daily clinical prac-
tice‘9,10,24

Older techniques that use CT images for evaluation
expose children to significant amounts of radiation. Chil-
dren are more vulnerable to the adverse effects of radia-
tion exposure than adults, not only because they are more
sensitive, but also because imaging with CT results in a
higher effective dose with the same settings.”> Low-dose
CT imaging protocols revealed that up to a 40% decrease
in radiation doses did not compromise the diagnostic qual-
ity for 3D evaluation.?¢?” However, the necessity of CT im-
aging in the diagnosis and/or postoperative management
of single-suture craniosynostosis is a much debated sub-
ject.*2829 Consistent with the “as low as reasonably achiev-
able” principle, it is our belief that follow-up of craniosyn-
ostosis patients with CT is redundant.

The use of 3D photogrammetry avoids radiation ex-
posure and thus provides a unique tool for serial imaging
to monitor the development and progress in head shape.
On the other hand, it is a relatively new technique, and it
comes with its own set of limitations. There are reports
on distance and angle measurements with 3D photogram-
metry,’*3! but this modality does not show bony structures,
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which may limit these types of measurements regarding
orbits and the cranial base. It allows for composite and
superimposed recreation of 3D head shape contours, but
these contours do not give quantified information and they
are rather qualitative assessments.?*3? The present method
incorporates 3D imaging, hence eliminating radiation ex-
posure as suggested in the literature,**282° while providing
quantification of the skull dysmorphology associated with
MCS. Moreover, it is focused on frontal and supraorbital
retrusion, which are fundamental aspects of the final aes-
thetic outcomes in MCS. We did not use any CT imag-
ing for the evaluation of trigonocephalic head shape at any
time point in any patient postoperatively.

The described method utilizes 3D photogrammet-
ric images that are already in clinical use and does not
necessitate further workup, as the methodology for 3D
photogrammetry is already suggested to be reliable.®
Several measures are considered. We started from the left
temporal region and finished at the right temporal region,
crossing the anterior midline, and half diagonals are mea-
sured every 5°. Consequently, this method incorporates
the entire complex anterior surface features into the final
measurement. Dividing these half diagonals by the actual
AP distance gives us rHDs, which are dimensionless mea-
surements. This allows comparing not only measurements
of different patients or controls with each other but also
measurements in the same patient at different time points.
The sinusoidal curve generated and the AUC do not have
any kind of dimension; rather, they are mathematical ex-
pressions of the head shape. Although we used AutoCAD,
laser acquisition systems are readily capable of measuring
half diagonals and AP diameters. The method can easily
be integrated into photogrammetry scanner software to
automatically determine AUC values; rHDs can be mea-
sured at every single degree from 0° to 180° to obtain a
better resolution in AUC values.

The most temporal parts of the sinusoidal curves seem
to provide no information about the trigonocephalic shape
(Fig. 4), although this overall shape is the result of extreme
narrowing in the frontal midline and a continuous wid-
ening in the parietal areas. This led us to define a sec-
ond AUC, from 60° to 120° (30° from the midline to each
side), which represents the most trigonocephalic abnor-
mality discriminating part of the sinusoidal curve. Even
though both AUCs (AUC,_s, and AUC,._,,,,) showed a
significant difference between controls and preoperative
head shapes, and between preoperative and postopera-
tive final head shapes, ROC curve analysis indicated that
AUC,_. 1 1s more accurate than AUC,_,5, as a classifier to
distinguish between skull outlines of MCS patients versus
control participants.

The described method provides a percentage of the
correction achieved, but it is obvious that the relation be-
tween the percentage correction and actual trigonocephal-
ic shape correction is not linear. This nonlinear relation
makes it difficult to set a proper stratification threshold for
patients preoperatively in terms of the severity of the dis-
order. However, ROC curve analysis was able to propose
cutoff values below which a skull outline may be classified
as metopic. Studies with a greater number of patients may
provide further data that can be used for stratification.



It was also suggested that lateral orbital improvement
continues long after discontinuation of PHT and a slow
improvement in head shape takes place in long-term fol-
low-up after ESC and PHT.'®>* Our mean final follow-
up duration was 15.2 months, which is a relatively short
period. Longer-term follow-up may reveal the nature of
this nonlinear relation between percentage correction and
shape correction, thus allowing stratifications and classifi-
cation of the outcomes. Nonetheless, the present method
successfully differentiates between normal and metopic
head shapes, quantifies cranial shape deficit, and presents
a gradual percentage correction of this deficit after ESC
and PHT.

Limitations

This retrospective study has several limitations. The
limited number of patients included in this study allowed
differentiation of metopic head shapes from controls but
prohibited stratification of metopic patients in terms of se-
verity of the disorder. In addition, it is not possible to de-
fine the nature of a nonlinear relation between percentage
correction that is shown with AUC values and the actual
shape correction of patients. This type of assessment may
need longer-term follow-ups, since minimal AUC progress
may end up with a more prominent shape correction and
a more prominent satisfaction about general aesthetic ap-
pearance, years after surgery.

Conclusions

Quantification of complex head shape and frontal and
supraorbital retrusion in MCS is of paramount importance
after ESC and PHT. Three-dimensional photogramme-
try avoids ionizing radiation exposure and allows for se-
rial imaging and close follow-up after surgical treatment.
The proposed method objectively quantifies complex head
shape and both frontal and supraorbital retrusion while
avoiding radiation exposure in MCS patients. It also pro-
vides a quantitative measure for follow-up after surgical
treatment. Using a larger number of patients, the described
method can be utilized to propose cutoff values for the
stratification of preoperative MCS patients according to
the degree of severity of the skull dysmorphology at pre-
sentation and even of postoperative outcomes according to
the extent of correction realized.
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