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Abstract. 3D photography offers non-invasive, radiation-free, and anesthetic-
free evaluation of craniofacial morphology. However, intracranial volume (ICV)
quantification is not possible with current non-invasive imaging systems in order
to evaluate brain development in children with cranial pathology. The aim of this
study is to develop an automated, radiation-free framework to estimate ICV. Pairs
of computed tomography (CT) images and 3D photographs were aligned using
registration. We used the real ICV calculated from the CTs and the head volumes
from their corresponding 3D photographs to create a regression model. Then, a
template 3D photograph was selected as a reference from the data, and a set of
landmarks defining the cranial vault were detected automatically on that template.
Given the 3D photograph of a new patient, it was registered to the template to
estimate the cranial vault area. After obtaining the head volume, the regression
model was then used to estimate the ICV. Experiments showed that our volume
regression model predicted ICV from head volumes with an average error of 5.81
± 3.07% and a correlation (R2) of 0.96. We also demonstrated that our automated
framework quantified ICV from 3D photography with an average error of 7.02 ±
7.76%, a correlation (R2) of 0.94, and an average estimation error for the position
of the cranial base landmarks of 11.39 ± 4.3 mm.

Keywords: 3D photography · Computed tomography · Intracranial volume
quantification · Registration

1 Introduction

Cranial volume analysis is important to assess craniofacial development and pathology.
Specifically, intracranial volume (ICV) plays an essential role in the assessment of
craniosynostosis and the decision factors for treatment, since the early fusion of the
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cranial sutures can alter brain growth [1, 2]. In addition, longitudinal assessment of ICV
is equally important after surgical treatment to evaluate the outcome of the intervention.

Most methods to quantify ICV are based on brain segmentation from computed
tomography (CT) [3] or magnetic resonance imaging (MRI) scans [4]. However, CT
involves radiation and MRI typically requires sedation or anesthesia for young children.
Due to concerns about the risks of radiation and/or sedation in these patients, 3D
photography has become an increasingly attractive modality to assess head volume,
since it offers radiation-free, non-invasive, and anesthetic-free imaging [5, 6].

Wilbrand et al. [7] demonstrated that 3D photography has great potential to track and
quantify the clinical course of surgical correction of craniosynostosis. Meulstee et al. [8]
used 3D photography to evaluate the cranial shape to identify craniosynostosis. Freudl‐
sperger et al. [9] used 3D photography to capture pre- and post-operative scans of children
with metopic craniosynostosis to compare head volume (HV) changes before and after
surgery. However, these works focus on the head volume and shape, which do not measure
the ICV (volume inside the cranial vault).

The aim of this study is to automatically quantify the ICV from 3D photography.
First, we register a set of paired CT images and 3D photographs from the same patients
to create a regression model that estimates the ICV (obtained from CT) from the HV
measured from the 3D photography. We then use the regression model in conjunction
with the 3D photograph of a new patient, for which we automatically measure the HV
using registration to a 3D photograph reference template. The resulting framework
allows us to automatically quantify the ICV from 3D photography to monitor patients
with cranial pathology.

2 Materials and Methods

In the following sections, we will describe each component of our framework to fully
automatic estimate ICV from 3D photography (see Fig. 1).

Fig. 1. Schematic of the proposed framework. ICV: intracranial volume. HV: head volume. The
methods used for each of the boxes in this figure are detailed in Sect. 2 of the paper.
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2.1 Data Description

Pairs of retrospective head CT imaging and 3D photography were collected by our
institution from 14 subjects (average age 47 ± 66 months, range 2–199 months) with a
variety of craniofacial pathologies (e.g., craniosynostosis and velopharyngeal insuffi‐
ciency). All 3D photographs were taken at an average of 13 ± 18 days (range 0–49 days)
from their corresponding CTs. CT image in-plane resolution ranged 0.26–0.49 mm, with
axial spacing smaller or equal to 5 mm. 3D photographs were acquired using the
3dMDhead System (3dMD, Atlanta, GA). In the next sections, we will refer to this
dataset as Φpairs.

In addition, we also collected an independent dataset Φsingles of 3D photographs from
14 new patients (average age 88 ± 62 months, range 7–193 months) with craniofacial
pathologies without paired CT.

2.2 Intracranial Volume Quantification from CT

To register a 3D photograph to its paired CT image (Φpairs dataset), we first created a 3D
surface representing the patient’s head (including the skin) from CT. We segmented the
image areas with signal intensity higher than −200 Hounsfield units (HU), which sepa‐
rates the whole head from the background. We used morphological opening to isolate
the inner tissues and we extracted the largest connected component, which provided a
binary mask defining the patient’s head. The marching cubes algorithm [10] was used
to reconstruct the head surface from the image, which resulted in a single layered trian‐
gular mesh of the head.

The cranial bones were extracted from CT using the approach described in [3, 11].
In summary, a binary image with the bone structures was obtained from CT by thresh‐
olding at HU > 100. This binary image was then registered (optimizing translation,
rotation and scaling) to a reference template in which a set of 4 landmarks were manually
placed at the nasion, opisthion and the two clinoid processes of the dorsum sellae. This
registration identified the location of these landmarks in the CT image of each patient,
which define the two planes at the cranial base that we used to extract the cranial vault.
Given the cranial vault of the patient, the CT-based intracranial volume (VCT_ICV) was
calculated as the volume within the cranial vault (i.e. between the cranial bones and the
planes defined by the cranial base landmarks).

2.3 Head Volume Quantification from 3D Photography

To extract the part of the head surface obtained from 3D photography that corresponds
to the cranial vault, the head surface obtained from its paired CT was registered to the
3D photograph using the iterative closest point algorithm (ICP) [12], which minimized
the following equation:

E =

∑N

i=0
||Tpi − qi

||2, (1)
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where pi are the homogeneous coordinates of point i in the head surface extracted from
CT, qi are corresponding coordinates in the 3D photograph, N is the number of points
on the surface from CT, and T is the rigid transformation estimated. Point correspond‐
ences were established by searching each point on the CT surface to locate its closest
point in the 3D photograph.

After registration, the cranial base landmarks identified in the CT image were propa‐
gated to the 3D photograph using T. The head volume (V3D_HV) from the 3D photograph
was calculated as the volume between the head surface and the cranial base defined by
the 4 cranial base landmarks, as illustrated in Fig. 2.

Cranial base landmarks
Plane 2

Cranial base Head surface

Fig. 2. Cranial vault area estimation for head volume measurement. The green surface represents
the patient’s head surface, which can be obtained from CT or 3D photograph. The cranial base
(in purple) corresponds to two planes defined by the 4 cranial base landmarks at the nasion,
opisthion and the two clinoid processes of the dorsum sellae. (Color figure online)

2.4 Intracranial Volume Estimation from 3D Photography

From the two volumes quantified in previous sections, VCT_ICV and V3D_HV, we built a
linear regression model. This model will allow predicting the ICV given the HV calcu‐
lated from the 3D photograph of a patient (V3D_HV). In this section, we present a method
to estimate V3D_HV without the need of a paired CT image.

We selected a 3D photograph of a patient with a paired CT image as a reference
template (Rshape) in which we located the cranial base landmarks (Rlandmark) using its CT
image as previously explained. Then, given the 3D photograph of a new patient
(Mshape), we registered it to the reference template to estimate the location of the land‐
marks. Table 1 shows the proposed registration algorithm.
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Table 1. Cranial base landmarks estimation via registration.

Taffine is an affine surface-based transformation estimated using the ICP algorithm,
as shown in Eq. 1. Tlocal is a B-spline based transformation estimated as proposed in [13].
The registration between Rshape and Mshape is first optimized by affine transformation, and
then refined by a non-rigid deformation.

This registration allows determining the position of the 4 cranial base landmarks on
a new 3D photograph without using a corresponding CT image, and thus computing the
HV. Using the volume regression model created in previous section, we then estimated
the ICV from the calculated HV.

3 Evaluation and Results

The CT-based true intracranial volume (VCT_ICV) and the head volume (V3D_HV) from its
corresponding 3D photograph in dataset Φpairs were computed to create a linear regression
model as explained in Sect. 2.2. The model, which is shown in Fig. 3, yielded a clinically
acceptable average volumetric error of 5.81 ± 3.07% and a correlation (R2) of 0.96.

y = 0.59x + 120743
R² = 0.96
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Fig. 3. Linear regression model predicting intracranial volume based on the automated head
volume quantification from 3D photography.
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We used the proposed framework to estimate the ICV (V3D_ICV) using only the 3D
photographs from the patients in Φpairs, and we compared the estimated values with the
real ICV (VCT_ICV) quantified from their paired CT images. We obtained an average
volumetric error of 7.02 ± 7.76% and a correlation (R2) of 0.94. In addition, we obtained
an average estimation error for the position of the cranial base landmarks of 11.39 ±
4.3 mm. Figure 4 represents the Bland-Altman analysis [14] showing the agreement
between V3D_ICV and VCT_ICV. There was one outlier that represents 31.67% of the error
due to artifacts in the 3D photograph close to the neck area, which could be improved
by a more efficient pre-processing. If we exclude this case the average volumetric error
decreases to 5.16 ± 3.63%. Next, we used a Wilcoxon rank-sum test to test whether the
distribution of V3D_ICV and V

CT_ICV
 were statistically different, obtaining a p-value of 0.91.

Therefore, we could not reject the hypothesis that the ICV estimated from 3D photog‐
raphy has the same distribution than the true ICV estimated from CT imaging.
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Fig. 4. Bland-Altman plot comparing the estimated ICV from 3D photography (V3D_ICV) and the
true ICV from CT (VCT_ICV ) for the patients in Φpairs.

Finally, we estimated the ICV from an independent dataset of 3D photographs
(Φsingles) using the proposed framework. Figure 5 shows the ICV quantified from the 3D
photographs of both datasets (Φsingles and Φpairs) together with the true ICV from the CT
images in Φpairs. We also calculated an age regression function of the form y = 𝛼x𝛽 both
for the true ICV volume from CT, and for the ICV estimated from 3D photography,
where y is the ICV in mm3 and x is the age of the patients in months. As it can be observed,
the age regression functions are similar, indicating the potential to estimate ICV from
3D photography using our framework.
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Fig. 5. Representation of the ICV against the age of the patients. Blue diamonds show the true
ICV quantified from CT images for the cases from Φpairs. Green squares show the ICV estimated
from 3D photography for the cases from Φpairs, while red squares show the ICV estimated from
3D photography for the cases in Φsingles. The blue line represents the age regression function
estimated for the true ICV obtained from CT, while the magenta line represents the age regression
function for the ICV estimated from 3D photography in both Φpairs and Φsingles. (Color figure online)

4 Conclusions

We proposed an automated, non-invasive, radiation-free framework to estimate intra‐
cranial volume (ICV) using 3D photography, and we evaluated its accuracy using CT-
based measurements.

Experiments showed that our volume regression model predicted ICV from head
volumes with an average error of 5.81 ± 3.07% and a correlation (R2) of 0.96. We also
demonstrated that our automated framework quantified ICV from 3D photography with
an average error of 7.02 ± 7.76% (p-value = 0.91), a correlation (R2) of 0.94, and an
average estimation error for the position of the cranial base landmarks of 11.39 ± 4.3 mm.

Future work includes the validation of the proposed framework on a larger popula‐
tion. In addition, the framework can be extended to integrate cranial shape assessment,
which will allow for a non-invasive longitudinal assessment of the surgical outcome for
several craniofacial interventions.
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