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Abstract

Objective: To evaluate 3-dimensional (3-D) photogrammetry as a tool for assessing the postoperative head shape of patients who
had undergone cranial vault remodeling for metopic synostosis.

Design: We prospectively analyzed images of patients with metopic craniosynostosis who had undergone anterior cranial vault
remodeling and age-matched controls. To ensure standardized facial orientation, each 3-D image was positioned to “best fit” the
preoperative face by aligning 6 soft tissue landmarks. Forehead measurements were taken from a standardized position behind the
surface of the face to landmarks placed in a ray configuration across the forehead.

Setting: Academic teaching hospital.

Patients, Participants: Thirteen pediatric patients with metopic craniosynostosis who had undergone anterior cranial vault
remodeling and age-matched controls.

Interventions: Images were taken preoperatively, immediately postoperatively, and over |-year postoperatively.

Main Outcome Measures: Forehead contours preoperatively and postoperatively, with statistics performed using a multivariate
analysis of variance shape analysis.

Results: Mean postoperative follow-up was 1.8 (0.6) years. The average distance from the origin to forehead landmarks was 55.1
(3.4) mm preoperatively, 59.3 (0.7) mm immediate postoperatively, 59.1 (1.0) mm |-year postoperatively, and 59.4 (0.6) mm in
controls. Postoperative metopic forehead contours varied significantly from preoperative contours (P <.01), while there was no

statistical difference between the 2 postoperative time points (P = .70). One-year postoperative patients were not significantly
different from their age-matched controls (P > .99).

Conclusions: Preoperative metopic forehead contours varied significantly from postoperative contours. Cranial reconstructions
approximated the foreheads of normal controls, and reconstructions were stable at more than |-year follow-up.
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patient population, CT outcome analyses are limited in that
they primarily provide information on bony cranial structures
and carry the downside of radiation. In the literature, there have
been few attempts to assess the facial soft tissues with CT
(Steinbacher et al., 2011).

In recent years, 3-dimensional (3-D) photogrammetry has
had an increasing presence in quantitatively evaluating plastic
surgery outcomes. While standard anthropometric measure-
ments were confined to linear distances, angles, and area cal-
culations of the body’s surface, 3-D photogrammetry enables
the analysis of soft tissue topography and volumes (Honrado
and Larrabee, 2004; Chan et al., 2013). Several studies have
indicated other benefits to 3-D imaging including high preci-
sion, accuracy, and reproducibility (Kau et al., 2007, Wong
et al., 2008; Plooij et al., 2009; Liibbers et al., 2010; Othman
et al., 2013).

The fast, noninvasive nature of 3-D photogrammetry elim-
inates the concern of pediatric sedation and is free of the radia-
tion concerns associated with CT imaging. Since CT imaging is
seldom indicated for postsurgical evaluation, 3-D images
enable the collection of postoperative images (Plooij et al.,
2009). This creates the opportunity for pre- and postoperative
quantitative comparisons at desired time intervals.

Pediatric craniofacial surgeons share a need to objectively
assess morphological improvement in craniosynostosis patients
following surgical correction (Hankinson et al., 2010; Wil-
brand et al., 2012; Wong et al., 2013; Wes et al., 2014). Recent
studies using 3-D photogrammetry for metopic synostosis have
focused primarily on evaluating volumetric changes, such as
frontal and total intracranial volumes, head circumference, and
anterior to posterior ratios; however, these are less specific in
characterizing the change in head shape morphology (Wilbrand
et al., 2012; Seruya et al., 2014; Weathers et al., 2014; Freudl-
sperger et al., 2015). With this in mind, we aimed to elucidate
additional means for quantitatively evaluating the postopera-
tive morphologic changes in patients with surgical correction
for metopic craniosynostosis using 3-D photogrammetry.

Methods

Following internal review board approval, we identified pedia-
tric patients with CT-diagnosed metopic synostosis, both syn-
dromic and nonsyndromic, at a single academic institution
from 2011 to 2014. We excluded patients who had involvement
of multiple sutures or patients without preoperative imaging.
Every patient was seen in a multidisciplinary clinic and had
preoperative photogrammetric imaging using the Canfield
Vectra stereophotogrammetry system (Canfield Imaging Sys-
tems, Fairfield, New Jersey). Demographic data including age,
gender, and race were obtained. All anterior cranial vault
expansion procedures were performed in conjunction with neu-
rosurgery and plastic surgery and included reshaping of the
fronto-orbital bandeau. The surgical technique is shown
sequentially in Figure 1 demonstrating the (A) removal, (B)
reshaping, (C) advancement of the bandeau, and (D) the recon-
struction of the forehead. Of note, the craniectomy was

Figure |. Photographic illustration of anterior cranial vault expansion
procedure. The surgical technique is shown sequentially in these
images, showing the (A) removal, (B) reshaping, (C) advancement of
the bandeau, and (D) the reconstruction of the forehead.

Figure 2. Six soft tissue landmarks (medial and lateral canthi, sub-
nasale, procheilon) were used to optimally align the facial scans in 3-
dimensional space. A, Preoperative image. B, Postoperative image. C,
Overlapped “best fit” image.

extended posterior to the coronal suture, and the bandeau was
designed from the zygomaticofrontal suture to 1 cm above the
supraorbital rim. Following surgery, most patients underwent
immediate (defined as within the first 6 months) and greater
than 1-year follow-up imaging again using the Canfield Vectra
imaging system.

To ensure standardized facial orientation, each 3-D image
was positioned using a Procrustes technique to “best fit” the
preoperative facial image by aligning 6 soft tissue landmarks:
the medial and lateral canthi, subnasale, and procheilon (Cupid
bow; Figure 2). These landmarks were chosen based on previ-
ous studies that have demonstrated high levels of reproducibil-
ity with landmark placement on the midface and have shown a
lesser degree of positional change with cranial vault manipula-
tion and physiological growth over time (Plooij et al., 2009;
Wilbrand et al., 2012; Othman et al., 2013).

Analysis was performed in 3 ways. First, we assessed the
absolute average distance from the origin to the soft tissue
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Figure 3. Superior view of modified vector analysis, demonstrating
landmark placements on the forehead of a patient with metopic cra-
niosynostosis in reference to the origin (O).

landmarks. Second, we used a multivariate analysis of variance
(MANOVA) shape analysis to directly compare individual
forehead shapes. Lastly, we utilized a 3-D qualitative analysis
with color maps.

We modified a vector analysis technique originally utilized
by Marcus et al. (2006) for analysis of sagittal synostosis with
CT scans. In this earlier study, the dorsum of the sella turcica
was used as an origin to measure distances to the outer table of
the cranium in a midsagittal view (Marcus et al., 2006). We
refitted this method to utilize soft tissue landmarks in an axial
view to highlight the morphological changes seen in metopic
synostosis. All distances were measured from an origin posi-
tioned in a horizontal plane 60 mm behind the surface of the
face and 20 mm above the glabella. Distances were then mea-
sured from this origin to 9 soft tissue landmarks spaced every
10 mm across the soft tissues of the forehead (Figure 3).

For comparison, we imaged age-matched controls with no
history of craniofacial disorders, facial surgery, or facial
trauma. Each over 1l-year postoperative patient image was
compared to age-matched controls within +0.2 years of age.

Color mapping was applied to qualitatively compare the
changes between the preoperative and longest follow-up
images within the Canfield Vectra system. With the images
“best fit” in 3-D orientation using the Procrustes technique
described above, we isolated the upper third of the face, defined
from the hairline to glabella, and applied color maps based on
the distances between the 2 surfaces to visualize areas of rela-
tive elevation and depression.

Statistical Analysis

Statistical analysis included a MANOVA performed using
IBM, Armonk, NY, SPSS Statistics. A MANOVA shape anal-
ysis takes into account that individual points along a curve are
dependent on preceding and succeeding points. This allowed
the 9 dependent variables (individual forehead landmarks) to

Figure 4. Patient characteristics.

undergo canonical compression into a single dependent super-
variable, the Pillai’s trace statistic, allowing direct comparison
between shapes, and thus yielding a P value. Values of P less
than .05 were considered significant.

Results

In total, we analyzed images of 13 pediatric patients with CT-
diagnosed metopic craniosynostosis that met the inclusion
criteria (Figure 4). The mean patients’ age at preoperative
imaging (n = 13) was 0.9 + 0.8 years (range 0.3-3.4 years).
At immediate postoperative imaging, the mean patients’ age
(n=11) was 1.6 + 1.1 years (range 0.7-3.8 years). The aver-
age time between cranial vault expansion to immediate post-
operative imaging was 0.2 + 0.1 years (range 0.1-0.5 years)
and varied individually with patients depending on factors such
as patient follow-up, scheduling, and availability of imaging.

At greater than l-year postoperative imaging, the mean
patient’s age (n = 8) was 3.0 + 1.0 years (range 1.8-5.1 years).
The average time between cranial vault expansion and greater
than 1-year postoperative imaging was 1.8 + 0.6 years (range
1.0-2.8 years). Age-matched controls (n = 8) had a mean age of
3.0 £+ 1.1 years (range 1.8-5.2) and were all within + 0.2 years
of 1-year postoperative patient ages, with a mean difference in
age of 0.1 + 0.1 years (range 0.0-0.2 years).

Our results are graphically summarized in Figure 5. Our first
analysis looked at the average absolute distance from the origin
to the soft tissue of the forehead. The average distance in pre-
operative faces was 55.1 + 3.4 mm, compared to 59.3 + 0.7
mm, 59.1 + 1.0 mm, and 59.4 + 0.6 mm for the immediate
postoperative, over 1-year postoperative, and age-matched
control images, respectively. Secondly, using a MANOVA
shape analysis to compare the contours, we found a significant
difference between the preoperative and the immediate post-
operative curvatures (P <.01). There was no significant differ-
ence between the 2 postoperative forehead contours (P = .70).
The age-matched control contour clustered tightly with both
postoperative tracings, and overall, there was no difference
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Figure 5. Graphical representation of the averaged data for the soft tissue forehead contours with standard error bars. The individual forehead
landmarks are represented on the x-axis, and the y-axis is the distance from the origin to the forehead surface, in mm. The red line traces the
preoperative shape and demonstrates the limited projection of the lateral orbital rims and prominent projection at the midline. The green line
represents the immediate postoperative forehead, while the purple line is greater than |-year follow-up. There was a significant difference
between the preoperative (red) and the immediate postoperative (green) shapes (P < .01), and no difference between the 2 postoperative
(green, purple) curves (P = .70). The age-matched controls (blue) cluster tightly with both postoperative tracings. Overall, there was no
difference between the controls and the over |-year postoperative curves (P > .99).

between the normal controls and the over 1-year postoperative
curves (P > .99).

When comparing 1-year postoperative images to their indi-
vidual preoperative scans (n = 8), an average of 3.9 + 2.6 mm
was gained across the forehead, with an average positive dis-
tance of 7.3 + 1.1 mm (range 5.3-10.0 mm) at the most lateral
landmarks.

Lastly, color mapping of the upper facial third further elu-
cidated the trend we saw in quantitative contouring, demon-
strating the relative volume deficit at the midline and lateral
expansion (Figure 6).

Conclusions

Three-dimensional photogrammetry provides a safe and quan-
titative assessment of postsurgical changes and their stability.
Through the use of 3-D photogrammetry, we were able to
quantitatively document the morphology of postsurgical out-
comes of metopic synostosis and compare these results to con-
trols. Our study concluded that preoperative metopic forehead
contours varied significantly from postoperative contours,
while cranial reconstructions approximated the forecheads of
normal controls. The reconstructions were stable at more than
1-year follow-up and did not show signs of significant recur-
rence at our average follow-up time of 1.8 + 0.6 years post-
operatively. Following cranial vault expansion, our over 1-year
postoperative patient group had a measurable 3.9 + 2.6 mm
gain across the forehead, with the greatest amount of change
laterally. On average, there was a positive distance addition of
7.3 4+ 1.1 mm at the most lateral landmarks.

Over the course of our study, we experienced a high attrition
rate, with 13 patients imaged preoperatively, 11 imaged

Figure 6. Example of a color map overlaying a preoperative and over
| -year postoperative images “best fit” in 3-D orientation. Color
mapping was used to highlight changes in the upper third of the face
and further demonstrate the relative volume deficit at the midline,
shown in red, and the lateral expansion in blue after surgical
correction.

immediately postoperatively, and 8 imaged at over 1-year
follow-up. Though our current clinical data still demonstrate
statistical significance, in the future we will continue to mon-
itor and collect images on our longer follow-up patients.
Other limitations of our study include the sample size and
duration of follow-up, as outcomes can vary and show recur-
rence in 5 to 10 years postoperatively. Longer term studies
have demonstrated a trend of temporal hollowing, some of
which may be attributed to soft tissue atrophy as well as bone
reshaping over time (Fearon et al., 2009; Steinbacher et al.,
2011; Seruya et al., 2014; Wes et al., 2014; Patel et al.,
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2016). We may also not be fully capturing the deformity as we
analyzed the contours in a single axial plane 20 mm above the
glabella. With these limitations in mind, we hope to continue to
investigate temporal trends and whether factors such as sever-
ity of the original deformity dictate degrees of recurrence.

Based on our findings, we believe these techniques have the
potential to serve as a standardized measure of postoperative
outcomes that can be used across practice settings. Future stud-
ies will focus on expanding our analysis to take full advantage
of the 3-D data with a grid analysis utilizing X, Y, and Z plane
coordinates and to compare outcomes of different surgical
techniques.
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